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Chapter 2 Introduction

2.1 Introduction

Radiation research is more critical than ever as we continuously evaluate the
effects of ionizing radiation on all types of electronic devices. Radiation is a
powerful tool that enables advancements in medicine, security, and electronics
testing. X-ray irradiation, in particular, plays a key role in simulating specific
environments and testing radiation effects and device reliability. The
measurement of absorbed radiation, known as dosimetry, is essential for such
studies. Measuring radiation accurately in real-time is essential to protect people,
ensure equipment reliability, and conduct meaningful scientific research. Without
proper monitoring, researchers and engineers risk drawing incomplete
conclusions or, worse, exposing themselves and their equipment to unsafe
conditions.

The current industry standard for measuring X-ray dose rates involves ionizing
gas chambers . While highly accurate, these systems are bulky, expensive, and
require specialized infrastructure such as gas lines, high-voltage supplies, and
complex cabling [1]. This makes them inaccessible for many laboratories and
impractical for flexible, low-cost setups. As a result, there is a critical need for a
simpler, more affordable way to monitor X-ray dose rates without sacrificing
accuracy.

At the University of Central Florida, the Precision X-ray 320, which delivers a
precise radiation dose with energy up to 320 KV is going to be used for
irradiation experiments. But there is currently no integrated system to measure or
display real-time dosimetry during operation. This limits the ability to benchmark
device degradation under controlled dose conditions.

To tackle this challenge, our project proposes the development of a portable,
solid-state X-ray detector based on a silicon PIN photodiode. In order to make it
simple, affordable and portable, the project will use low-noise amplification
techniques and digital readout electronics. The photodiode will generate a
current proportional to the incident X-ray flux [1]. This current will then be
converted into a voltage by the precision transimpedance amplifier and read by
Raspberry Pi. Raspberry Pi will convert these measurements into dose rates by
applying calibration formulas. Finally, the dose rates will be logged and visualized
on a PC/display for real-time monitoring [4].



We will use the AXUV20HS1 PIN diode, selected for its fast response, low
capacitance, and adequate active area coverage. The diode will be connected
with a transimpedance amplifier circuit for current readout, Raspberry Pi for
real-time conversion of diode current into dose rate, and a USB interface for
PC-based visualization and logging.

The system will further include:

e Filter integration (e.g., 150 ym Al or 2 mm Al + 1 mm Pb) to approximate
Co-60 spectra and enable energy-dependent calibration.

e A benchmarking mode to compare diode readings with reference
MOSFET degradation data to ensure consistency with industry-standard
Co-60 irradiation [4].

e Error-handling features, including saturation detection, baseline zeroing,
and range switching, to improve measurement reliability [4].

e Stretch functionalities, such as a handheld display, wireless data transfer,
and onboard memory for storing historical dose measurements.

By combining these features, our project aims to close the gap between
complicated, high-cost dosimetry methods and the need for a real-time,
accessible, and reliable radiation measurement tool for research purposes.

2.2 Goals and Objectives

The goals and objectives are provided below. The goals define our expected
outcome from this project and the objectives define the specific means to achieve
that.

Basic goal:

Build a safe, portable, real-time radiation dosimeter using a silicon PIN diode that
is capable of measuring, displaying, and logging dose rates during X-ray
irradiation experiments.

Basic Objectives:

e Build a transimpedance amplifier circuit with precision, low-noise,
low-input-bias-current operational amplifiers for diode current readout [1].

e Implement a program on Raspberry Pi to convert diode current into dose
rate.

e Log data using a high-resolution Analog-to-Digital Converter (ADC) [5],
then process these values with a Raspberry Pi to convert them into dose
rates. The dose rates will be stored in a CSV file on a USB drive, which
can later be accessed on a PC.



Advanced goals:

Integrate digital calibration curves, compare measurements against reference
standards and implement an automated error-checking function.

Advanced Objectives:

Add digital calibration curves for different filters (no filter, 2 mm Al filter, 2
mm Al + 1 mm Pb) by programming the Raspberry Pi to convert raw diode
current to accurate dose-rates.

Implement a real-time benchmarking mode to compare dosimeter
measurements with MOSFET degradation data collected from a
parameter analyzer.

Automate error-checking functions: saturation detection, baseline zeroing,
and range switching to ensure the software continuously monitors for
hardware disruptions.

Stretch goal:

Increase system portability and usability by adding features that make the
prototype standalone and user-friendly.

Stretch Obijectives:

Include wireless connectivity and mobile app to display dose-rates on a
real-time dashboard for remote monitoring.

Use the Raspberry Pi’'s microSD card to store data that can later be
retrieved into a PC to access historical files [5].

2.3 Prior Related Work

2.3.1 Development of a Silicon PIN Diode X-Ray Detector:

The Silicon PIN Diode X-Ray Detector is a PCB designed to detect
radiation output by monitoring dose rate. As x-ray flux passes through a
diode a current is produced. This current can be used to calculate the flux
which leads to the calculation of the radiation dose. This project consists
of many shared qualities with the PCB we will design.

The PCB consists of an AC and DC circuit to measure the radiation. The
end goal for this project is to combine the AC and DC circuits to measure
the pulses from the diodes at lower and higher dose rates respectively.
The AC circuit was coupled to measure the radiation. A gamma ray is sent
to a photodiode creating a photocurrent which is then sent through a
high-pass filter coupled with a low-pass filter with a passband of 160 Hz to
18kHz.



10

In the DC circuit a high pass filter is placed in series with a non-inverting
amplifier, two capacitors are also used to filter noise. This circuit worked
and the output voltage measurements were taken at different distances
from the source of the radiation. Using the Inverse Square Law and the
known dose rates (at some of the distances), the dose rates at unknown
distances were estimated. [1]

2.3.2 Experimental analysis of a novel and low-cost pin photodiode
dosimetry system for diagnostic radiology:

The system for diagnostic radiology is a two stage amplifier to measure
the photocurrent from the PIN sensor, this current is then processed to be
displayed on an LCD screen. The first stage of this amplifier is a
trans-resistive amplifier to measure current changes which are then
converted to voltages and sent to the second stage, a voltage amplifier, to
amplify the first stage output voltage to a range between 0V and 2.5V. The
circuit design was found to be very sensitive to noise and was placed in a
small metal box to shield it. To evaluate the signal changes a full-wave
rectifier was used.

In addition to this circuit, in this project a Digital Processing Unit was used
to process the data. The first block of this was an ADC to digitalize the
voltage output from the circuit. A signal channel analyzer (SCA) is used to
measure the noise sources, this is used as a trigger signal to activate the
multichannel analyzer (MCA). When the SCA is active the MCA begins to
capture the data from the input signal, when the SCA is not active the
MCA uses the data collected to calculate the voltage. [6]

2.4 Required Specifications

Figure 2.4.1 Specifications Table

Parameter Value/Spec

Dimensions of Housing 50mm L x 20mm W x 20mm H
X-ray energy limit <320 keV

Dose rate range ~0.01 — 23 Gy/min

Weight <3lbs

Power supply 5v battery

Cost $2000
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Display time 2-5 seconds

Accuracy >95%

Display Onboard 480x320 SPI TFT (3.5inch)
Sensor Photodiode (AXUV20HS1)

2.5 Prototype lllustration

33V Len
Rega\oro seieen
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SWMA conneCroc
1SV Y
m‘“‘?ﬁlﬁ“ r's;t g\m.
1.8V K
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Image 2.5.1 Prototype illustration
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2.6 House of Quality:

Figure 2.6.1 House of Quality
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Marketing Requirements |[Engineering Requirements
1,4, 6|7x5x3 inches
2, 4|X-ray energy limit <320keV
2, 4|Dose rate range ~0.01 — >3 Gy/min
1, 4| Weight of <3lbs
4, 5|DC power supply of 5V
4, 5|Display time of 3 seconds
3, 4|Display Method
5|Up to 100W power consumption
6|Cost not exceeding $3000
Marketing Requirements:
1. Size
2. Safety
3. Display
4. Usability
5. Power Consumption
6. Cost
Figure 2.6.2 Work Distribution
Task Primary Secondary
Voltage Input Labiba Myesha
SMA Port 1 Madeline Janani
Diode Myesha Labiba
Op Amp Myesha Labiba
SMA Port 2 Madeline Janani
uUSB Janani Madeline
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MCU Janani Madeline
LCD Janani Madeline
PC Janani Madeline
Power Supply Labiba Myesha
Voltage Regulator Madeline Janani
PCB Labiba Myesha

2.7 Milestones

Figure 2.7.1 Senior Design 1 Milestones

Senior Design | - Fall 2025

Milestone Planned Duration Status

Project idea Week 1 Completed
Divide and Week 2-3 Completed
Conquer Doc

Meeting with Advisor (Dr. Week 4 In Progress
Sahawneh)

Research and Design Week 4-7 In Progress
Create initial PCB schematic Week 7 Incomplete
Select components Week 8 Incomplete
Initial PCB Design Week 9-Week 10 Incomplete
60 Page Document Submission | Week 10 Incomplete
Initial prototyping Week 11 Incomplete
Troubleshooting Week 12-15 Incomplete
Final 120 Page Document Week 16 Incomplete

Submission
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Figure 2.7.2 Senior Design 2 Milestones

Senior Design Il - Spring 2026
Milestone Planned Duration Status
Order final PCB and parts Week 1 Incomplete
Design and fabricate housing Week 2-3 Incomplete
Fabricate/print housing Week 4 Incomplete
PCB assembly Week 4-6 Incomplete
Build website Week 5-8 Incomplete
Configure digital processing unit | YVeek 6-8 Incomplete
Integration Week 7-9 Incomplete
Testing and Troubleshooting Week 8-12 Incomplete
Presentation Prep Week 12-13 Incomplete
Final Presentation Week 14 Incomplete

Chapter 3 Introduction

3.1 General Research on X-ray

Research on X-ray radiation has been a relatively new topic. The need for this
area of research started around the 1940s-1950s around World War Il when
nuclear weapons were being built. The earliest research focused on simple
vacuum tubes and semiconductor diodes and transistors under gamma and
X-ray exposure. Then around the 1960s-1980s, there was more motivation
behind the research as scientists were working on space crafts. As there was a
critical need to test electronic devices under space conditions, there was a bigger
push on radiation research. NASA, U.S. military and Soviet space programs
pushed heavily on radiation research. In this era, BJTs and simple MOSFETs



17

were tested heavily and the idea behind Total lonizing Dose (TID) and Single
Event Effects (SEE) were established. Around the 1990s-2000s, semiconductor
devices were making good progress and they got smaller. As the scale got
smaller, the radiation sensitivity increased (4). Researchers then studied the
radiation effect on the latest semiconductor devices under radiation
environments. Modern research now focuses on radiation effects of different
transistors (FinFET, GAAFET, 3D ICs), wide band-gap semiconductors (GaN,
SiC), commercial off the shelf electronics and so on. As technology gets smaller
and smaller day by day than ever before, new radiation research is critical to
maintain the reliability of electronic devices.

Understanding the importance behind radiation research, our project focuses on
finding a method to measure the absorbed radiation, dosimetry, with an X-ray
machine accurately. There are a few methods to approach this problem. The
current industry standard for measuring X-ray dose rates involves ionizing gas
chambers. These methods are complicated, expensive and bulky. They also
require specialized infrastructure such as gas lines, high voltage supplies, and
complex cabling [1]. Considering the time constraint of this project, budget, and
space in the laboratory, these methods are impractical. So, our goal is to find a
method that is much simpler, affordable and easy to set up in a laboratory.

Radiation research is more critical than ever as we continuously evaluate the
effects of ionizing radiation on all types of electronic devices. Radiation is a
powerful tool that enables advancements in medicine, security, and electronics
testing. X-ray irradiation, in particular, plays a key role in simulating specific
environments and testing radiation effects and device reliability. The
measurement of absorbed radiation, known as dosimetry, is essential for such
studies. Measuring radiation accurately in real-time is essential to protect people,
ensure equipment reliability, and conduct meaningful scientific research. Without
proper monitoring, researchers and engineers risk drawing incomplete
conclusions or, worse, exposing themselves and their equipment to unsafe
conditions.

The current industry standard for measuring X-ray dose rates involves ionizing
gas chambers . While highly accurate, these systems are bulky, expensive, and
require specialized infrastructure such as gas lines, high-voltage supplies, and
complex cabling [1]. This makes them inaccessible for many laboratories and
impractical for flexible, low-cost setups. As a result, there is a critical need for a
simpler, more affordable way to monitor X-ray dose rates without sacrificing
accuracy.

3.1.1 Fundamentals of X-ray generation

X-rays can be produced in a vacuum tube where electrons are accelerated using
a high voltage and directed towards a metal target. When the electrons slow
down by colliding with the target, they emit radiation known as Bremsstrahlung.
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This forms a continuous spectrum of X-ray energies. Additionally, the target
atoms may emit distinct X-ray lines when the electrons from the inner shells are
replaced by the higher energy electrons. The intensity and energy of the X-rays
depend on the accelerating voltage that is measured in kV and current,
measured in mA. The voltage and the penetrating beam is proportional to each
other [5].

When the X-ray hits a material, they interact through photoelectric absorption,
Compton scattering and pair production depending on their energy. These
interactions cause the ionization and excitation of the atoms and molecules. If
these interactions happen in biological tissues, they can cause DNA damage [5].
Such effects are studied heavily in radiobiology research as they help scientists
understand how the cells get impacted by ionizing radiation. They can also help
with cancer treatment. In the world of electronics, these interactions are studied
heavily to learn how radiation affects semiconductor devices. The research on
radiation is particularly relevant to space electronics and defense applications.

3.1.2 X-RAD and its applications

The precision X-ray 320, X-RAD series is one of the most advanced self
contained biological irradiators available for laboratory use. It operates at up to
320 kV with a maximum tube power of almost 4200 watts [7]. It offers controlled
and reproducible X-ray doses for applications including small animal irradiation,
tissue and cell culture exposure and radiation reliability testing of materials and
devices. It is designed to provide precise and safe research in biology and
electronics. The system has a fully shielded cabinet that prevents radiation
leakage and allows users to perform experiments in normal environments without
the need for an enclosed radiation vault [8].

The X-ray 320 uses a high voltage generator to power the X-ray tube, a cooling
system to maintain the temperature and a control interface called TouchRad. This
touchscreen enables users to configure different parameters, such as voltage,
current, exposure time, and dose rate with high accuracy. It also has
password-protected user accounts to ensure that only authorized users can
access the system [8]. The database records all the experiments done on the
system and a user can view the history anytime. It also allows users to export all
the data to an external software (Microsoft Excel) if they need to be reproduced.

3.1.3 Operational features and modes of control

The X-RAD 320 has several modes of operation that accommodate various
experimental needs. Users can independently set the tube voltage, current, and
exposure time, providing full control over beam conditions in manual mode. In
time mode, X-ray exposures can be terminated automatically after a preset time.
This ensures consistency in repeated trials [9]. Dose mode enables the system to
automatically stop once a defined radiation dose has been delivered. This is
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usually measured in grays or centigrays. This mode is particularly useful in
biological studies where dose precision is very important. A cycle mode is also
available for experiments which require repeated exposures over multiple
intervals, such as fractionated irradiation studies or stress testing of materials
under cyclic radiation doses.

The system’s advanced safety interlock system prevents the emission of X-rays
unless all conditions are met. The cabinet doors are equipped with magnetic
interlocks that disable X-ray generation when open. An emergency stop button
instantly terminates operation if needed. A warning light on top of the cabinet
lights up whenever the X-ray tube is active, and the system continuously
monitors for cooling flow, tube temperature, and filter positioning. If any fault is
detected, the irradiator automatically aborts the X-ray exposure and alerts the
user through error messages displayed on the touchscreen [9].

3.1.4 Facility requirements and installation considerations

Despite the X-RAD 320 being a self-contained irradiator, it still requires a
properly equipped facility. The system weighs approximately 2,345 kilograms
(about 5,170 pounds) and measures roughly 78 inches in height, 57 inches in
width, and 41 inches in depth [8]. It requires a dedicated single-phase electrical
supply rated at 180-264 volts AC with a 40-ampere circuit and a grounded
disconnect box located within three meters of the unit. Adequate cooling and
ventilation are necessary to ensure the operation of the X-ray tube and generator
as they use several kilowatts of heat. The system can be fitted with either an
oil-to-air or oil-to-water cooling system depending on facility infrastructure, and
produces roughly 6,000 BTU per hour during extended use. The installation area
must have at least 20 centimeters of free space on all sides for maintenance
access and proper airflow [8].

Facilities must confirm that the floor can support the system’s weight and that
access paths such as hallways and doors can accommodate the large cabinet
dimensions before installation. During setup, qualified technicians must check
alignment, interlock verification, and radiation leakage tests to ensure the system
meets federal radiation safety standards. The manufacturer specifies that cabinet
leakage should not exceed 0.2 millirem per hour at any accessible surface
ensuring that the device can operate safely in standard research environments
without exposing users to harmful radiation [9].

3.1.5 Safety protocols and radiation protection

Because the X-RAD 320 emits ionizing radiation, comprehensive safety protocols
are very important. System users must complete formal radiation safety training
and be certified by their institution’s radiation safety officer before using the
system. Access to the irradiator room must be controlled, and warning signage
must be posted on the wall to indicate when the machine is in operation.
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Personnel badges or dosimeters are often worn to monitor cumulative exposure
over time. The irradiator’s cabinet provides adequate shielding but all laboratory
staff must follow the rule of keeping exposure “As Low As Reasonably
Achievable” (ALARA).

The system incorporates multiple safety redundancies to protect users. The door
interlocks, baffle sensors, and key-switch prevent unintentional emission of
X-rays. The “X-Ray On” light outside the cabinet provides a visible alert during
exposures and the system continuously monitors coolant flow and internal
temperature to prevent overheating [9]. In the event of a malfunction the system
automatically shuts down and logs the fault for diagnostic review. This can
happen when the cabinet door is open, a loss of coolant, or power failure. These
features ensure compliance with international and U.S. radiation safety
regulations including standards set by the Food and Drug Administration (FDA)
and state radiation control agencies.

3.1.6 Maintenance, calibration and quality assurance

Maintaining accuracy and reliability in dosimetry requires routine inspection and
calibration of the X-RAD 320. The manufacturer recommends daily visual checks
of cabinet condition, door interlocks, warning indicators, and coolant levels [9].
Any evidence of leaks or irregular noises must be reported immediately. Annual
maintenance must be conducted by certified service engineers who will inspect
the high-voltage connections, verify interlock operation, test cooling performance,
and conduct a radiation leakage survey around the cabinet. Calibration of the
X-ray output includes measuring dose rates at defined source-to-specimen
distances and verifying them against reference dosimetry systems.

Calibration data are very critical for ensuring experimental consistency. For
example, the X-RAD 320’s nominal dose rate is approximately 3 gray per minute
at 320 kilovolts and 12.5 milliamperes with a 50-centimeter source-to-specimen
distance and a 1-millimeter copper half-value layer [7]. Adjustments in distance,
filtration, or current will change the dose rate. These changes must be
documented carefully. Many research institutions perform monthly constancy
checks using dosimeters or ion chambers to confirm that the system’s output has
not shifted. The instrument’s built-in software helps this process by automatically
recording exposure parameters that researchers can correlate with dosimetry
data to maintain long-term stability.

3.1.7 Applications in biomedical and physical research

The X-RAD 320 is widely used in biological and medical research for its ability to
deliver uniform and repeatable radiation doses. In radiobiology, the system is
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employed to irradiate cell cultures, tissues, or small animals to study DNA
damage, repair mechanisms, and radiation-induced carcinogenesis. It also plays
a huge part in developing radioprotective drugs and radiosensitizers, substances
that modify the biological response to radiation [4]. The precise control over dose
and energy spectrum allows researchers to simulate clinical or environmental
radiation exposures on a smaller scale. The system acts as a bridge between
laboratory experiments and clinical therapy.

The X-RAD 320 has a significant role in the field of materials science and
electronics reliability testing beyond biology. Researchers, especially
semiconductor researchers, often use the system to study the effects of total
ionizing dose on devices such as Schottky diodes, MOSFETSs, or GaN-based
components. Radiation can change charge distribution in insulating layers, shift
threshold voltages, and induce leakage currents, all of which are essential
parameters in radiation-hard electronics design. Because the X-RAD 320
enables tightly controlled dose delivery, it can replicate the radiation
environments encountered in space or nuclear facilities. For researchers working
in university radiation and reliability laboratories interested in replicating space
environments, the system provides a compact and precise platform for evaluating
electronic degradation mechanisms.

3.1.8 Advantages and limitations

The X-RAD 320 offers several advantages for research laboratories. Its fully
shielded cabinet eliminates the need for a separate concrete shielding room. This
reduces facility costs. The intuitive touchscreen control system makes the
operation simple and minimizes user error. The built-in data logging allows
traceability and reproducibility. Optional accessories such as beam-hardening
filters, motorized collimators, and rotating specimen platforms allow users to
tailor beam geometry and uniformity to specific experimental needs [9]. The
modular design also supports upgrades such as dose measurement systems and
environmental chambers that maintain controlled temperature and humidity
inside the irradiation zone.

Despite the advantages, the system has some limitations. Although 320 kilovolts
provides sufficient energy for small animals and thin materials, it may not
penetrate larger animals or very dense materials. They might require
megavoltage systems unlike the X-RAD 320. The equipment’s size and weight
require significant floor support and space, and its power and cooling demands
may require dedicated electrical and HVAC infrastructure. Additionally, proper
regular maintenance and calibration are essential. Otherwise, dose inaccuracy
can cause inaccurate research outcomes. Lastly, the equipment must still be
operated under institutional radiation permits and subject to periodic safety
inspections even though the leakage levels are low.
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3.1.9 Conclusion

For laboratories engaged in biological or electronic radiation research, the
X-RAD 320 offers a balance of flexibility, precision, and safety that few systems
can match. At the University of Central Florida, the Precision X-ray 320 is going
to be used for irradiation experiments. But there is currently no integrated system
to measure or display real-time dosimetry during operation. This limits the ability
to benchmark device degradation under controlled dose conditions. The goal of
our project is to build a tool to directly measure the dose-rate or dosimetry. The
X-ray machine will be the main focus in this case.

3.2 Diode Selection

The diode is the primary sensing component of our X-ray detection system. A
diode allows current to flow in one direction, but when exposed to light or
radiation, it can also act as a sensor. Specialized diodes, called photodiodes,
generate a current when photons strike the sensitive area of the device. So, the
diode will be capturing the incoming X-rays and converting that energy into an
electrical signal that we can process and display.

When X-rays strike the active region of the diode, they generate electron-hole
pairs that create a measurable current. The size of this current depends on the
intensity of the radiation and the physical characteristics of the diode, such as its
sensitive area, capacitance, and biasing requirements. This current will be put
through an op-amp, filtered, and converted to a readable voltage by the rest of
our electronics before being shown on the readout interface.

We researched and compared several diode options based on their electrical and
physical properties, as well as their practicality for our project. The results of our
comparison and what we valued are shown below.

3.2.1 ARACOR / Quantrad 010PIN025

The ARACOR 010PIN025 was well-suited for total ionizing dose (TID)
measurements and its responsivity and calibration data were widely
published, which made it a reliable option. However, the diode is now
obsolete and no longer commercially available, so it is not considered a
viable option. [1]

3.2.2 CERN AXUVHS5

The AXUVHS5 diode was developed for use at CERN facilities and offers
ultra-fast rise time of 0.7 ns and very low capacitance (15-50 pF).
However, it has a very small active area, which limits the signal strength,
and the diode is not readily available through commercial vendors.
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3.2.3 AXUV20A

The AXUV20A has a large sensitive area to collect the X-ray signal and
low reverse bias, but a significantly slower response time. This would be
suitable for slow monitoring systems, but for our project, we want
something that would be able to provide real-time monitoring. We intend
for the readout machine to adapt as we change the X-ray parameters from
the X-rad 320. Slow response time would not be feasible. [2]

3.2.4 AXUV20HS1

After careful consideration, the AXUV20HS1 diode was ultimately chosen
for our design. It has a good-sized sensitive area of 20 mm? to collect the
signal from the X-ray beam, and it will not cause an excess amount of
noise and capacitance. Compared to the other options, it has the largest
rise time of 3.5 ns; however, it still provides a quick response time when
detecting changes in dose rate. It is crucial to have a fast response time
because our machine aims to measure dose levels in near real-time rather
than averaging values over long periods. The diode has a high reverse
bias voltage, which means we need to consider designing a proper biasing
network. Another practical advantage of the AXUV20HS1 is its availability.
This diode is sold by major electronic distributors on the internet, making it

a reliable source for both prototyping and long-term use. [3]

Table 3.2.5 summarizes the main candidates.

Table 3.2.5 Diode Comparison

Attribute ARACOR/Qu | CERN/ AXUV20HS1 | AXUV20A
antrad AXUVH25
Sensitive Area |10 mm? 1 mm? 20 mm? 23 mm?2
Capacitance |N/A 15-50 pF 300-900 pF 500-1500 pF
Reverse Bias | oy 100y |52V 150 V 10V
Voltage
Responsivit Calibrated vs. [0.1-0.3 A/W Similar to Similar
P Y |Co-60 dose (broadband) |AXUVHS5
Rise Time N/A 0.7 ns 3.5 ns 2 ps (much
slower)
Availability Obsolete Limited (not Cqmmermal Commercial
sold anymore) [(DigiKey)
Suitable for More suitable
Designed for [CERN X-ray . for static or
Use Case o i~ high-speed
TID calibration [facilities . slow-scan
dosimetry o
monitoring
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8—60 keV with [8—-60 keV with
Spectral MatchAI filter Al filter 10-100 keV 10-100 keV
Calibration . Not directly
Curve Yes (published) z(:eEsR(kl'])ternal to available; must Meunsetrz‘teed
Availability be generated d
3.3 Op-amp

The operational amplifier (op-amp) is the interface between the photodiode
sensing element and the microcontroller digital processing unit in this X-ray
dosimetry system. The AXUV20HS1 photodiode generates a very small
photocurrent that is proportional to the incident X-ray flux that we want to
measure. This flux has a magnitude typically ranging from picoamperes to
nanoamperes. The microcontroller's analog-to-digital converter (ADC) can not
read a current, so the x-ray signal needs to be converted to a voltage. The initial
stage of the op-amp design will be a current-to-voltage conversion stage. The
op-amp, configured as a transimpedance amplifier (TIA), performs this
conversion.

The TIA topology was selected for its ability to convert the photodiode's current
output into a proportional voltage while maintaining the diode at a virtual ground.
This lessens the effects of junction capacitance and has better response speed.
The transfer function of the TIA is defined by the feedback resistor (Rf), where
Vout=-1;, x R;. The selection range of the feedback resistor is therefore crucial to
the system's sensitivity and dynamic range. The performance of the op-amp
within this TIA configuration directly impacts the readout system's overall
accuracy.

3.3.1 ADA4530-1

The Analog Devices ADA4530-1 is an excellent option for an op-amp to
be used in our project. This op-amp features femtoamp-level input bias
current and an integrated guard driver to minimize leakage currents when
using very high-value feedback resistors, which we need to use. Although
its bandwidth is lower than the OPA140, it remains sufficient for the
system’s operational frequency range (below 150 Hz). So, we will conduct
testing with this diode as well. [4]

3.3.2LTC6468

The LTC6268, also by Analog Devices, was also reviewed due to its high
speed and low input bias, but it was ultimately deemed excessive and
ruled out for the current design. Its high 500 MHz bandwidth is a lot more
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than the required signal bandwidth for X-ray dose-rate monitoring, and its
sensitivity to layout parasitics makes it more difficult to stabilize. [5]

3.3.3 OPA141

After evaluating our options, the Texas Instruments OPA141 was selected
as the primary op-amp for the transimpedance amplifier stage. It has a

good balance between precision, bandwidth, and cost. With a low input
bias current and a gain-bandwidth product of 11 MHz, the OPA141 can

handle both low and high dose-rate signals without distortion or oscillation,
even when paired with the high-capacitance AXUV20HS1 photodiode. So
the OPA141’s low input bias current and 11 MHz bandwidth made it
suitable for our use. [6]

3.3.4 Op-Amp Comparison

Parameter TI OPA141 ADI ADA4530-1 ADI LTC6268
Input Type JFET CMOS CMOS
Input Bias 10 pA 20 fA 3 fA
Current
Input Offset 120 pVv 20 pv 200 pVv
Voltage
Gain Bandwidth | 11 MHz 2.9 MHz 500 MHz
Product (GBW)
Input Voltage 5.1 nV/NHz 7 nVIANHz 4 nV/NHz
Noise
Slew Rate 20 V/us 1.5 V/us 500 V/us
Supply Voltage |[4.5-36V 4.5-16 V 2.7-5.25V
Range
Typical Supply 1.8 mA 1 mA 16 mA
Current
Package SOT-23-5, SOIC-8 SOIC-8, DFN-8
Options SOIC-8
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3.3 Filters

The purpose of the filter in the X-ray detection circuit is to remove unwanted
electrical noise and ensure that the output signal from the transimpedance
amplifier (TIA) accurately represents the radiation intensity measured by the
AXUV20HS1 photodiode. Filters are essential in signal conditioning because
they define which frequency components are preserved and which are
attenuated before the signal is digitized by the microcontroller’'s ADC. [7]

In the context of this project, several types of filters were evaluated, including
low-pass, high-pass, and band-pass, to determine which best fits the
characteristics of the signal being measured.

3.3.1 High-Pass Filter

A high-pass filter attenuates low-frequency components while allowing
higher frequencies to pass. These filters are often used in AC-coupled
systems to remove DC offsets or baseline drift. However, in this system,
the signal of interest is a slowly varying voltage proportional to the x-ray
dose rate. Removing low-frequency or DC components would eliminate
the steady-state radiation signal, leaving only noise and transient
fluctuations. Therefore, a high-pass filter would not be appropriate for this
application.

3.3.2 Band-Pass Filter

A band-pass filter allows a specific range of frequencies to pass while
attenuating both lower and higher frequencies. They’re usually used in
applications where the desired signal is in a known frequency range, so
they can be designed to know what to expect. In the X-ray readout
system, there is no intended range of interest, and it is very broad; the
signal varies slowly over time as dose rate changes. If we used this type
of filter, we would risk filtering out genuine variations in radiation intensity
while providing little benefit against broadband electronic noise.

3.3.3 Low-Pass Filter

A low-pass filter allows slow or DC signals to pass while attenuating
high-frequency noise. This is ideal for analog sensor applications where
the signal of interest changes gradually over time. The photodiode output
current that will be converted by the TIA output voltage varies
proportionally with X-ray intensity, which is at a low frequency.
High-frequency components at the op-amp output primarily come from
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external environmental sources or noise from the ESP32 microcontroller
and LCD.

3.4 Microcontrollers

The microcontroller unit (MCU) is a major component of our system. It will be
responsible for acquiring sensor data, performing necessary processing, and
driving the LCD. For our project, we considered several factors when evaluating
potential microcontrollers. We needed multiple available GPIO pins, compatibility
with various communication protocols, fast processing, and it had to meet our
power requirements. The chosen microcontroller must reliably handle tasks such
as sampling analog signals from the photodiode and op-amp, convert them to
digital values, process them into dose rate readings, and update the LCD in real
time. [9]

3.4.1 Raspberry Pi

The Raspberry Pi offers the most processing power among the options
considered. Its ability to run a full operating system like Linux provides
flexibility for advanced tasks, such as data logging, remote access, or
creating graphs. The Raspberry Pi does not include a built-in ADC,
meaning additional hardware would be required to digitize the amplified
photodiode signal. This increases circuit complexity and makes the design
harder to implement.

From a power perspective, the Raspberry Pi consumes significantly more
current than a microcontroller, which reduces the practicality of running the
device on battery power. Although fast processing allows for data
manipulation and advanced visualization, it is unnecessary for the scope
of our project and could cause more complications.

3.4.2 Arduino

Arduino boards are simple to use and heavily documented. For this
system, their accessibility and large set of community libraries could help
accelerate prototyping, especially for tasks like driving an LCD screen or
writing data to an SD card reader.

However, Arduino is limited in several ways that directly affect our project.
The 10-bit ADC included in these boards would not provide the resolution
needed for accurately measuring small changes in the diode’s signal,
which directly impacts dose rate accuracy. Power consumption is another
limiting factor. While Arduinos operate efficiently at 5 V, they don't have
power-saving modes compared to other microcontrollers, making them
less ideal for a battery-powered device like ours. Also, the Arduino
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platform has mid-level processing speed and memory, which would not be
able to efficiently update the display every 2—4 seconds.

3.4.3 MSP

The MSP430 family of microcontrollers from Texas Instruments is what our
group is more familiar with using. They are specifically designed for
ultra-low-power applications, which aligns well with the project’s goal of
creating a portable, battery-powered device. Its strong analog
performance and flexible ADC configuration make it a strong candidate for
an X-ray detector machine. Its 12-bit ADC provides better resolution than
the Arduino, so it would have more accurate dose rate measurements.
The MSP430 could reliably sample the photodiode’s amplified output and
process dose rate measurements with minimal energy usage, making it
one of the more power-efficient options. [10]

However, the MSP430 falls short in other areas of our project. We aim to
implement SD card logging, which the MSP430 could not support without
additional design considerations. Development tools for the MSP430 are
highly reliable but are less supported in terms of ready-made libraries for
displays, SD cards, and advanced peripherals. This means longer
development time and more manual implementation.

3.4.4 ESP32

The ESP32 offers a strong balance of the properties we want to focus on
for our readout machine. It has strong performance and efficiency. Its
dual-core processor provides enough power to simultaneously manage
data inputs, real-time filtering, and user interface tasks. The built-in 12-bit
ADC provides sufficient resolution for digitizing the amplified diode output,
ensuring that small variations in dose rate can be captured and displayed
accurately.

In terms of communication, the ESP32 supports multiple communication
interfaces such as UART, SPI, and 12C, which allows straightforward
integration with the LCD, SD card, and other peripherals required for the
system. If we choose to expand on the machine’s capabilities in the future,
we would be able to consider the built-in Wi-Fi and Bluetooth. [11]

Power consumption is moderate, and with sleep modes available because
the machine will not always be in use, the ESP32 can be optimized for
battery use. Another advantage of the ESP32 is its strong documentation
and assistance. It has numerous open-source libraries for display control,
data logging, and wireless communication, which reduces development
time and simplifies debugging. For our senior design project, we have
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to troubleshoot, so this community support is a major advantage.

For these reasons, the ESP32 was selected as the microcontroller for the
X-ray readout machine. It provides the right combination of processing
capability, integrated features, and ease of development, making it the
most practical and efficient option for meeting the project’s requirements.

Table 3.4.1.1 ESP Comparison

Feature ESP32- ESP32-WROOM- ESP32- ESP32-S3
DevKitC 32 WROVER DevKit
ADC 12-bit 12-bit 12-bi 12-bit
Resolution
Processing Dual-core Dual-core Dual-core Dual-core
Power Xtensa Xtensa Xtensa Xtensa LX7
Memory ~520 KB RAM, ~520 KB RAM, 520 KB RAM | 512 KB RAM
(RAM/PSRAM) | no PSRAM no PSRAM +4-8 MB + optional
external PSRAM
PSRAM
Display Reliable, but Library support PSRAM Improved
limited memory | depends on the | allows GPIO count
for complex clone board smoother and memory
graphics display help
updates and | multitasking
data logging
Connectivity | Wi-Fi, Bluetooth | Wi-Fi, Bluetooth | Wi-Fi, Wi-Fi,
Bluetooth Bluetooth,
USB
Community / | Strong, official Very strong, Strong but Currently
Library Espressif docs widely used in fewer expanding
Support education/protot | examples
yping than

WROOM
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3.5 Debugger for MCU

Another important consideration for our project is to include a debugger for the
microcontroller. A debugger would allow us to monitor the system in real time and
be able to set break points as well as run the program and track variables
simultaneously. This will be particularly useful when checking the photodiode
readings as well as making sure that they are updating correctly onto the LCD as
expected. The ESP32 supports debugging through the Esp-Prog as well as FTDI
adapters connected through JTAG and UART interfaces. This allows for easier
troubleshooting without the reliability of serial output which will save us some
time during testing and development which given our strict deadline as per
Senior Design requirements will be a constraint.

When looking at which ESP32 to use, our group is currently considering the
ESP32-WROVER as well as the ESP32-S3 Devkit for testing and prototyping.
The WROVER includes a PSRAM which will be helpful for tracking the data as
well as quickly updating the LCD. The Devkit, during prototyping for the demo
video, will be helpful with an improved GPIO count as well as built-in USB
debugging and higher efficiency when running multiple processes. Our final
decision will come down to when we do real-time testing and by choosing a
variant that is balanced it can make our work easier and keep our detector to be
reliable.

3.6 SD Card Reader

3.6.1 SD Card Connectors

For this project we will use an SD card to save the data from our MCU. One of
our goals is to allow our design to be easily portable, by adding an SD port this
will allow our data to be even more portable and displayed in spaces other than
just our PCB. There are some limitations to the portability of our design without
the use of an SD card as a way to transport and display the data because of the
use of the x-ray machine. The machine cannot be moved from where it is
positioned in the lab and we will need to have the filter connected to the output
wires from the machine so our PCB will not be able to move too far from where
the machine is. Adding an SD card will allow for our calculated values and
graphs to be viewed even from across campus from the Radiation Effects and
Reliability Lab. In addition the data we are recording from the x-ray machine will
change

There are two different options for SD cards we can use and will compare to
choose the best option for our design. MicroSD cards and full-sized SD cards are
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the two most common types of SD cards that we will decide between using for
this design. Full-sized SD cards have dimensions of 32mm x 24mm. These cards
are usually used in cameras and most laptops and computers have an SD card
reader built in, the readers are usually sized for a full-sized SD card and can
easily use an adaptor to fit a microSD card instead. These microSD cards are
15mm x 11mm and are typically used in cell phones and embedded systems. [25]

For our application it makes the most sense to utilize a microSD card connector
to store data. One concern we had with this choice was the need of an adaptor to
connect the card to standard sized SD card readers; however, they are smaller
and more compact which will help to keep size and cost down for our design. We
will still be using the microSD card because most of these SD cards will come
with adaptors to allow the cards to be easily connected to different devices
regardless of the type of connector they have.[26] In addition, microSD cards can
typically store up to 32GB of data which is more than enough to store the graphs
we will be saving.

3.6.1.1 Catalex MicroSD Card Adapter

This is an arduino module that is capable of connecting to our MCU and
saving data to a microSD card. The operating voltage of this part is 3.3V
which will allow for the device to be directly connected to the same power
supply as the ESP32 which also runs on a 3.3V supply. There are eight
pins on the SD card, six of which are used in this design. Chip select,
controller-out, positive supply, serial clock, ground, and controller-in. This
option is 11mm x 15mm and 1mm thick, this is not a significant amount of
space however we can still look at smaller options. [27]

3.6.1.2 AdaFruit MicroSD Card Breakout Board+

This module is designed by AdaFruit Industries and also uses SPI to
share data. Since there is an onboard regulator the connector can support
either a 5V or 3.3V input voltage and would work with our input 3.3V
regulator. The actual SD card port on this board requires a 3.3V input so
the regulator can switch off allowing the 3.3V to enter the board without
modification. When the microSD card is connected the DET pin is pulled
up to the 3.3V input and is otherwise connected to ground. When using
SPI logic, the serial clock pin is used along with the serial out pin. For this
setup a serial in and chip select pin are also enabled to share data
between the chip and ESP32 using 3.3V logic. The board connects to our
PCB using male header pins which can easily be soldered onto our
design. This option is slightly larger than the Catalex, 31.85mm x 25.4mm
and costs $7.50. [28]
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3.6.1.3 Adafruit MicroSD SPI or SDIO Card Breakout Board

This third option for our SD card connector is also from AdaFruit and can
work with 3.3V power only. One major difference between this option and
the previous option from AdaFruit is the requirement of SDIO pins for the
most ideal operation. The ESP32 that we are using does function at 3.3V
however it uses SPI. This board can use SPI to function however it will be
slower and it will no longer achieve the speed and ideal functionality it
would have if SDIO was used. It is also much more difficult to connect the
SPI wiring when this board is used in the SPI setup. This board is however
smaller and cheaper than the breakout board+ at 25.4mm x 22.8mm and
$3.50 which is ideal for the sizing and cost goals of our project. [29]

3.6.2 SD card connector comparison

For our design we will be using the AdaFruit MicroSD Card Breakout Board+
because it meets all of our functionality requirements. This option will be able to
function at the 3.3V input we will be able to provide as well as communicate with
our ESP32 easily in SPI. This option is slightly larger and more expensive than
the other options however, the other options had very little documentation to help
with designing our project using these boards. The breakout board+ will be the
simplest option for our design and the easiest to purchase and test so it will be
the option we are using in this project.

3.7 Display
3.7.1 PC vs. LCD:

A personal computer (PC)’s general purpose is to perform as a computing device
that provides a power platform for processing data, running software, and
interfacing directly with hardware. In the context of our project, the PC would
serve a centralized display where our sensor would be able to display
measurements, graphs and sensor outputs that can be further collected and
analyzed. It uses a full operating system and has flexibility to run specialized
programs such as data visualization suits, dashboards, and scripts perfect for
radiation detection systems. A PC also brings in storage capabilities, displays,
easy connectivity to external devices via USB and wireless interfacing.

From a project perspective, the PC is not just an end-user interface but also a
backend that is able to run computations. It can handle the heavy workload being
able to store long experimental logs, performing calibration calculations and can
support remote data access. Another positive to PC’s are their versatility, they
are adaptive to evolving making it easy to use specifically in a research
environment. In addition to their ability to handle a heavy workload and be
versatile, PC’s include processing power, compatibility with almost all software



33

ecosystems and salability for complex tasks like high volume data logging, and
real time graphing (like dose-rate vs. time graphs) for our project that the LCD
may not be able to support.

A liquid crystal display (LCD) is a thin, low power visual interface that provides
feedback directly to users. An LCD is often integrated to display only the most
essential information perfect for sensor readings, dose rates, and error
messages (for error checking). The LCD differs from the PC in the way it is not
general-purpose, it is more specific to its dedicated interface meaning it must be
programmed to connect to the device. An advantage to an LCD is its
lightweightness, portability, and lighter in terms of resources. This is important in
places where size, power, and mobility of the device.In respect to our project, an
LCD offers the ability to present results directly on the hardware without relying
on an external computer. Additionally the use of an LCD would make our device
self-contained and portable whereas a PC could be impractical and make the
device less accessible. Although the capabilities of the display are a bit more
limited than a PC, the LCD will align well with a project such as the PCB where
the prototype is a standalone, this could ensure that the user can monitor with
dose rates with minimal setup, leading to quicker results and minimal set up.

Our X-ray detector requires a display to communicate real-time measurements to
its users. Without a display (PC or LCD), the system would produce raw data
with no way for researchers to be able to interpret and visualize the results during
experiments. Incorporating one of these displays is the best way to allow
researchers to interpret results and be able to visualize the measurements from
the diode and our understanding. Additionally, using a display will allow for the
system to be practical, safe, and align with our goal of real-time dosimetry. It's
important to compare the PC to the LCD to figure out the most effective solution
for our project. The PC is far more powerful with an unlimited amount of storage
and computation resources as well as the ability to advance data visualization
relevant to the project. Its advanced capabilities makes it ideal for a large-scale
project like ours where high-resolution graphs, calibration comparisons and data
logging is required. A PC can also integrate with external tools making it easier to
export data for papers interested in research as well as remote monitoring.
These capabilities are beyond the scope of an LCD. From a programming
aspect, programming on a PC allows for full software environments with
advanced visualization, processing, and multiple applications giving it a much
broader scope.

On the other hand, the LCD prioritizes practicality in its portability as well as its
integration. It consumes way less power and requires no external set-up and can
be embedded directly into the device’s housing, making it better for quick
monitoring when it comes to viewing dose-rates. The low cost of an LCD would
also align well with our budget, however, the limitations with an LCD are way
more with the lack of having extensive logs, complex calculation abilities and
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interfacing with advanced external systems. Programming an LCD is limited to
displaying numeric outputs whereas a PC allows for a broader scope for
researchers to be able to analyze.

Another key factor between the PC and the LCD is user experience. A PC allows
for more flexibility, for example, the ability to export the data with the option of a

CSV file. An LCD is limited to showing simple outputs without the option to export
files; this makes it less suitable for detailed research but perfect for quick outputs.

The choice to choose between a PC and LCD is dependent on the scalability of
the project as well as its use between computational value or embedded

usability.

For our project, we have chosen to use an LCD display. Our main reasoning for
this being portability, real-time device monitoring as well as the advantage this
has for our project financially. Our objective is to build a compact dosimeter that
researchers can use directly in the lab, having a PC adds the constraint of the
device not being portable and affordable for researchers to use directly in the lab.

We did not choose the PC because it would require additional cost, power
requirements, and complexity in terms of set up. While it does offer advanced
capabilities, relying on a PC would make the device less portable. Since we are
ultimately trying to create a self contained device the PC became unnecessary
for the scope of the project.

3.7.2 LCD Selection

When it comes to choosing an LCD, we had a couple key considerations in mind
which included display size, the ability for the display to be a touch screen, and
the number of required pins making it compatible with our MCU. Table 3.7.2.1
summarizes our choices of displays.

Table 3.7.2.1 LCD Comparison

Feature Parallel TFT Character SPITFT LCD 12C TFT Touch
LCD LCD LCD
Screen Size 3.5-5.0in., full 16x2 or 20x4, 2.4-3.5in., 3.5-4.0in.,
graphics text only graphics graphics + touch
Resolution/ High Limited to text 240x320 — 320x%480,
Output (320%480+) characters 480%320 interactive
Interface High (many Low (simple Moderate (4to | Only 2 data lines
Complexity GPIO lines) but limited) 5 pins)
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Integration with
ESP32

Difficult, heavy
routing

Easy but
non-scalable

Good, requires
optimized
drivers

Minimal wiring,
easy PCB
integration

Data Supports plots Only numeric Supports plots Full graphics +
visualization and graphics text and graphics touch interaction
Power Moderate Very-low Moderate Moderate
Consumption
Cost Range $20-40 $8-15 $15-25 $30-50
Touchscreen Optional None Resistive or Capacitive panel
options (resistive or capacitive built in

capacitive) panel option

available

3.7.3 Parallel TFT LCD

The Parallel TFT displays provide high resolution and have fast refresh
rates, but they require a large number of GPIO pins and complex wiring. In
terms of compatibility with the ESP32, this heavy pin usage would limit
flexibility for other peripherals. While it would be capable to use, the
unnecessary complexity of the hardware would make it impractical for our

project.

3.7.4 Character LCD

The common 16x2 or 20x4 character LCDs are inexpensive, simple to
drive, and have excellent library support. However, they can only show
text and numeric values, which wouldn’t be enough for the scope of our
project which includes plotting and visualizing dose-rate data. Due to the
fact that we would like our system to present the radiation graphically, this
option was not feasible for our project.

3.7.5 SPITFT LCD

The SPI TFT would be perfect for wiring simplicity given its need for only
4-5 pins and performance given its capability to display graphics.
However, the SPI has multiple dedicated pins that have a slower
throughput than parallel which could create bottleneck issues when
dealing with other SPI peripherals.
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3.7.6 12C Touch Display

The 12C touch display is the perfect display for our project simplified wiring
and performance capabilities. It requires only 2 lines of data (SDA/SCL)
which simplifies the wiring process on the ESP32 and frees up pin space
for other sensors and interfaces. The panel supports capacitive and
graphic input allowing for us to be able to visualize doserates. Though it is
slightly more expensive, the easy integration process and capabilities
make it the best option for our project.

3.8 Power Supply

Based on our calculations on the selected parts, the power output of the device is
calculated between 0.045W - 68W. The battery selection for this device is going
to be based on this. We will focus on efficiency, reliability and cost when
comparing and selecting different power supplies.

Table 3.8.1 Power Distribution

Component/Part Power Requirement Power Usage
Op amp +4.5V - 20V, £10mA 0.045W - 0.2W
Regulator 3V -17V, <4A 12W - 68W
ESP32 2.2V - 3.6V, 250mA 0.55W - 0.9W
I12C Touch Display 3.3 -5V, <200mA 0.66W - 1W

There are lots of different power supply sources available on the market. We will
compare different power supplies here and select the one that’s most suitable for

our project.

3.8.2 Alkaline batteries

Alkaline batteries are the most common type of disposable battery used at
home. You can find them in many sizes, like AA, AAA, C, D, and 9V. They
work by using zinc and manganese dioxide with an alkaline liquid inside.
Each battery gives about 1.5 volts of power. Alkaline batteries store a fair
amount of energy. They last between 5 and 10 years when kept on a shelf
[4]. They work best in things that do not use much power all at once, such
as remote controls, wall clocks, flashlights, and many toys. These
batteries are cheap and easy to find in stores around the world. This is
why most people choose them for single-use needs. AA alkaline batteries
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cost less than many rechargeable types when you buy them. However,
alkaline batteries have some problems. They do not work well in devices
that need a lot of power or work for a long time without stopping. In these
cases, the voltage drops and they run out faster. They also do not perform
as well in cold temperatures. Since they are single-use, you have to throw
them away, which creates waste.lt is easy to use alkaline batteries
because you do not need a charger. But for devices you use a lot,
rechargeable batteries save more money in the long run and are better for
the environment.

3.8.3 Zinc-carbon batteries

Zinc-carbon batteries were made before alkaline batteries. They are
cheaper and still sold for devices that do not need much power. These
batteries have about 1.5 V and less energy and capacity compared to
alkaline batteries. Their low price matters only for the cheapest products.
They do not last long if the device uses much power. They also do not
work well with higher current or last long in storage, as they lose charge
quickly. Because of these problems, they are mostly used in cheap toys or
as emergency backups, where cost is more important and little power is
needed [4]. More people now use alkaline or rechargeable batteries
because zinc-carbon batteries do not perform well and are not good for
the environment when thrown away.

3.8.4 Silver Oxide batteries

Silver-oxide cells are small batteries shaped like buttons or coins. People
often use them in wristwatches, some calculators, hearing aids, and
special instruments that need accuracy. These batteries usually give about
1.55 volts of power [4]. Some other coin batteries, like lithium types, can
give a bit more voltage. Silver-oxide batteries are known for steady power
and high energy for their size. They also last a long time on the shelf. This
is why they are a top choice for devices that need reliable power for long
periods without changing batteries, such as watches. These batteries are
more expensive than many others. This is because they contain silver,
which costs a lot. They are usually not rechargeable, meaning you use
them once and then throw them away. These batteries can be found in
stores that sell electronics or watch parts. But, their higher price and
environmental concerns limit their use to special cases where small size
and steady power are very important. There are some rechargeable
button batteries, such as silver-zinc or lithium rechargeable cells, but
these are not as common as the regular, non-rechargeable silver-oxide
cells.
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3.8.5 Zinc-air batteries

Zinc-air batteries are mostly used in hearing aids and other small devices
that need a lot of power in a tiny size. These batteries work by mixing zinc
with oxygen from the air. Because they get oxygen from outside instead of
keeping it inside the battery, they can store a lot of energy for their weight
and size. They have great energy density for small button-shaped
batteries. They also cost less than some other types. But once a zinc-air
battery is opened and it touches air, its life starts to run out. These
batteries can only last for a limited time after being exposed to air. They
also do not work as well if it is too humid or too dry, or if the weather is
very hot or cold. Most zinc-air batteries for consumers cannot be
recharged. Scientists are working on special rechargeable types, but
these are not common. Zinc-air batteries can usually be found in places
that sell hearing aid supplies. They are great for small devices that need to
work a long time on one battery. However, they must be handled very
carefully to make sure they last as long as possible.

3.8.6 Lithium batteries

Primary lithium batteries, such as lithium manganese dioxide coin cells
(CR series), lithium thionyl chloride (Li-SOCI:), and lithium iron disulfide
types, have high energy density and a long shelf life. These batteries also
work well in cold temperatures. Lithium coin cells like the CR2032 are very
common in small electronics and sensors because they are small and
provide steady power. Larger primary lithium batteries, such as Li-SOCIZ2,
are often used in industrial sensors, memory backup, and remote
telemetry. These applications need batteries with very low self-discharge
and a long life, sometimes lasting many years without being replaced. The
typical voltage for these lithium batteries is around 3.0 volts, which is
higher than other types like alkaline batteries [4]. Their energy density is
also much higher. Primary lithium batteries usually cost more than
alkalines, but the higher price is worth it for devices that need long battery
life or that must work well in very cold conditions. Most lithium primary
batteries cannot be recharged. Special rules are in place for shipping and
handling these batteries, and some types, such as those with thionyl
chloride, need extra safety measures. These batteries are easy to find
through electronics stores and industrial supply companies.

3.8.7 Lithium-ion batteries

Lithium-ion batteries are the most common rechargeable batteries for

many uses, such as phones, laptops, electric cars, and even storage for
buildings. This type of battery comes in different forms, including lithium
cobalt oxide (LCO), lithium nickel manganese cobalt (NMC), and lithium



39

iron phosphate (LFP). Most lithium-ion cells provide about 3.6 to 3.7 volts
each. They can store a lot of energy for their size and weight, usually
between 150 and 260 Wh/kg for standard types, and even more for some
high-energy versions [4]. Lithium-ion batteries work efficiently when
charging and discharging. They do not lose much energy when not being
used and can last for hundreds or even thousands of cycles, depending
on the type and how they are used. These batteries are used in devices
like smartphones, laptops, electric vehicles, and even for storing energy
linked to the power grid. Prices for lithium-ion batteries have dropped a lot
over the years, but battery packs still make up a large part of the cost of
electric vehicles. Special battery management systems (BMS) are needed
to keep these batteries safe by watching over charging, preventing
overcharging or deep discharge, and balancing all the cells. Problems can
happen if the batteries are damaged or overheated. There are also
concerns about collecting materials for these batteries, especially lithium,
cobalt, and nickel, which can have environmental impacts. Lithium-ion
batteries are easy to find in both stores and industry. They are easy to use
when paired with proper safety electronics. Each subtype has strengths
and weaknesses. LCO batteries have high energy but don’t last as long.
NMC types balance power and energy well and are popular in electric
cars. LFP has a bit less energy, but lasts longer, is safer, and usually costs
less [5].

3.8.8 Nickel-metal hydride batteries

Nickel-metal hydride (NiMH) batteries are a popular type of rechargeable
battery. They replaced nickel-cadmium batteries in many products
because they are safer and more efficient. Each NiMH cell gives about 1.2
volts. These batteries can hold more energy than nickel-cadmium but less
than most modern lithium-ion cells [4]. NiIMH batteries are often sold in
familiar AA and AAA sizes. They are used in items where low cost, easy
recharging, and safe operation are important, such as toys, cordless
phones, and older digital cameras. NiMH batteries lose charge faster
when not in use compared to lithium-ion types, but some special versions
lose power more slowly. They can be charged several hundred times
before wearing out. Prices and availability are both moderate, so finding
replacements is usually easy. The main problems with NiMH batteries are
that they can lose their charge more quickly and don’t store as much
energy as lithium-ion cells. Because of this, they are not ideal for devices
that need a lot of power or where weight and size matter most. However,
they are still useful anywhere standard voltage is necessary and where
lithium-ion batteries are not safe or not a good fit.
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Battery Power | Energy |Lifespan | Cost Size and Disadvantages
supply | Density Portability
(Wh/kg)
Alkaline 1.5V/9 | 80-150 | Single $0.3-$5 |, AA, AAA, C, | Not rechargeable,
V use D sizes not proper for high
power devices
and causes waste
Zinc carbon | 1.5V 30-80 Single $0.2-$1 | Portable, AA, | Low-energy
use AAA sizes density, short
shelf life and high
internal resistance
Silver oxide |[1.55V [ 100-180 [ Single $1.5-$5 | Very small Expensive
use (button) compared to other
batteries, not
rechargeable
Zinc-Air 1.4V 100-300 [ Single $1-$5 Very small Short active life,
use humidity sensitive
Lithium 3.0V 200-300 | Single $1-$10 | Compact and | Not rechargeable,
use lightweight costly
Lithium-ion | 3.6V 150-250 [ Recharg | $1-$180 | Portable for Costly, thermal
eable + phones and runaway risks
EVs
Nickel-meta | 1.2V 60-120 | Recharg | $2-$6 Portable, AA, | Lower energy
| hydride eable AAA sizes than Lithium-ion

3.9 Battery selection

For our project, we have decided to go with simple alkaline batteries. They are
easily accessible, low cost and have a wide variety to choose from.

The 1.5V alkaline battery is a common type of battery. It can be found in many
sizes, such as AA, AAA, C, and D. All of these sizes give the same voltage: 1.5V.
Bigger batteries, like C and D, hold more energy and last longer than smaller
ones. This means larger sizes are better for devices that use more power, while

smaller ones fit better in compact gadgets.
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These batteries use a chemical reaction inside. Zinc and manganese dioxide
produce electricity through this reaction. It is a more reliable system than older
zinc-carbon batteries. Because of this chemistry, alkaline batteries give a steady
voltage. They also last longer and perform better, especially in devices that need
ongoing power. Clocks, radios, and remotes work well with these batteries.

Alkaline batteries can be kept in storage for a long time. Many brands say they
last five to ten years without losing much power. This is good for people who buy
in bulk or use batteries for emergency supplies. They work in many different
environments. Their temperature range of operation is from -18°C to 55°C [29].
This makes them useful both indoors and outdoors, in cold or hot places.
However, they do not work as well in extreme cold. The battery’s power drops
when it gets very cold. These batteries are also affordable. You can usually buy
one for $0.30 to $1.00 per cell. Price depends on the brand and package size.
Buying a lot at once is often cheaper. Because of this, alkaline batteries are
common in homes and offices. People trust them for their reliability and long shelf
life.

3.9.1 AA Alkaline batteries (1.5V)

AA alkaline batteries are the most common type of 1.5V battery. They are
present in almost every household. Each AA battery measures 50.5 mm
long and 14.5 mm wide. These batteries usually offer a capacity between
2,000 and 2,800 mAh under normal use [29]. People use them to power
remote controls, game controllers, wall clocks, wireless mice, and
flashlights. AA batteries are available in different types. The standard
models are used for everyday devices. High-drain and professional-grade
versions work better for items like digital cameras or toys that need a
quick boost of power.

In stores, there are many brands available. Duracell Coppertop and
Energizer MAX are known for lasting a long time. They cost more but
provide steady performance and a long shelf life. Rayovac and
AmazonBasics are the budget-friendly brands. They can perform almost
as well as the big brands in low-drain devices. A 24 pack of
AmazonBasics AA batteries costs about $10 to $12. The same amount
from Duracell might cost $15 to $20. Although premium brands are more
expensive, both types work similarly in devices like remotes and clocks.

AA batteries are popular because of their size and power balance. Their
energy density is high for their small size. This means they fit many
devices without being too big or bulky. However, these batteries are not
perfect. When used in high-drain devices, like cameras or powerful
flashlights, the voltage drops quickly. In these cases, rechargeable NiMH
or lithium batteries work better. They last longer and keep their voltage
even when the device needs more power.
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3.9.2 AAA Alkaline batteries (1.5V)

AAA alkaline batteries use the same chemical setup as AA batteries. They
are just smaller in size. Each AAA battery is 44.5 mm long and 10.5 mm
wide [30]. This compact shape makes them perfect for slim or lightweight
devices. People commonly use them in remotes, wireless keyboards,
small flashlights, and thermometers. Their energy storage, or capacity, is
usually between 800 and 1200 mAh [30]. The exact amount depends on
the battery brand and how quickly the battery is drained. While AAA
batteries have less energy than AA versions, their small size is a big
advantage in devices where space and weight are important.

AAA batteries cost about the same as AA batteries per battery. However,
since they hold less power, their cost per amount of energy is a little
higher. For instance, a 24 pack of Energizer MAX AAA batteries often
costs about $15. The same pack from AmazonBasics usually costs $10 to
$11. The best things about AAA batteries are their lightness and
convenience. They are easy to handle and fit in small gadgets. Their
downside is they don’t last as long, especially in devices that use a lot of
power. Despite this, for normal uses like remote controls and LED lights,
AAA batteries give enough power. They also keep a steady voltage across
most of their life, making them reliable for everyday items.

3.9.3 C Alkaline batteries (1.5V)

C-size alkaline batteries are bigger than AA and AAA batteries. They
deliver more power, with a typical capacity between 6000 and 8000 mAh.
Like the others, they also provide 1.5V per cell. Because they are larger,
they fit more active material inside. Each C battery is 50 mm long and 26.2
mm wide [31]. This allows them to run devices for a much longer time
before needing to be replaced.

C batteries work well in medium powered devices. Common uses include
radios, large flashlights, children’s toys, and some medical tools. Their
steady voltage and high energy capacity are useful where changing
batteries often would be a hassle. You can buy C-cell batteries from top
brands like Duracell and Energizer. These are available in packs of 2, 4, or
12, with prices from $1.50 to $2.50 per battery. Less expensive brands,
like Rayovac or AmazonBasics, cost under $1 each when bought in large
packs.

The best thing about C batteries is their ability to hold a lot of energy and
keep a stable power output. Their size and weight are the main
downsides. This makes them tough to use in small gadgets or slim
devices. Also, not as many modern products need C batteries. That
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means stores may not always keep them in stock, especially compared to
AA or AAA batteries.

3.9.4 D Alkaline batteries (1.5V)

D-size alkaline batteries are some of the biggest cylindrical batteries one
can buy. They provide the same 1.5V as smaller batteries, but their
capacity is much higher- usually from 12000 to 18000 mAh. Their larger
size gives them more power to run high-drain devices for a long time.
Each D battery is 61.5 mm long and 34.2 mm thick [33]. This makes them
good for things like industrial flashlights, large radios, motorized toys, and
backup power supplies.

D batteries are great for situations where you need energy to last a long
time without changing batteries often. They are popular for use in
emergency kits and field gear. Top brands like Duracell and Energizer are
trusted for their quality, but they are more expensive. A pack of four from
these brands usually costs $12 to $15. Generic brands like AmazonBasics
or Rayovac are more affordable, priced at $6 to $8 for a 4 pack.

The main benefits of D batteries are their large power capacity and long
run time. However, they are also heavy and bulky. This makes them hard
to use in small or handheld devices. Because demand for D batteries is
lower now, stores do not always keep them in stock. Even so, D batteries
remain common in industrial gear and for emergency use because of their
reliability and strong power output.

3.9.5 9V Alkaline batteries

The 9 volt alkaline battery is easy to spot because of its rectangular
shape. Inside, it holds six small 1.5V cells wired together to give a total of
9 volts. This higher voltage is useful for many electronic devices. Some
common uses are smoke detectors, portable radios, guitar pedals, and
testing tools like multimeters. The usual capacity for a 9V battery is
between 400 and 600 mAh [34]. This is less energy than larger cylindrical
batteries, but the 9V shape is perfect when one small battery needs to
give higher voltage.

Premium brands like Duracell and Energizer sell 9V batteries for about
$3-5 each. Cheaper options from AmazonBasics or Rayovac usually cost
around $2 each in big packs. The biggest advantage of the 9V battery is
its high voltage in a compact size. This makes building simple circuits
easy for devices that need more voltage. 9V batteries also fit in small
spaces. The main downside is their lower capacity, so they won't last as
long in devices that use a lot of power. These batteries also lose power
faster when stored or used in high-drain products. Because of this,
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modern devices often switch to AA batteries or rechargeable lithium-ion
packs for better efficiency and longer life.

Table 3.9.6: Alkaline battery comparison

Batteries | Capacit | Nominal | Weight | Operating Market Cost
y (mAh) | voltage temperature | availability

AA 2000-28 | 1.5V ~249g |-18°-55°C Very high $0.75-$

alkaline 00 2

(1.5V)

AAA 800-120 | 1.5V ~12g |0°-60°C Very high $0.40-$

alkaline |0 1.50,

(1.5V) higher
is
recharg
eable

C 6000-80 | 1.5V ~65g [-18°-55°C High $1.5-$5

alkaline 00

(1.5V)

D 12000-1 | 1.5V >659g [-18°-55°C High $1.5-$5

alkaline(1 | 8000

.5V)

9V 400-600 |9V ~45-50 [ 0°-50° C Moderate $5-$7

alkaline g

For our project, we need a battery with a voltage range of 5V to 10V. We have
two main choices: use a 9V battery or connect 1.5V batteries in series. We
decided to use four AA 1.5V alkaline batteries connected in series to provide a
total of 6V. Selecting more than four batteries could make the pack too large for
our PCB, and since battery holders often hold two batteries each, using four is
ideal.

Four AA batteries in series provide about 6V, which is suitable for circuits that
use 5-10V. The voltage will gradually decrease as the batteries discharge,
making it easy to monitor how much power is left. AA batteries are widely
available and inexpensive, and buying four costs only a few dollars, much less
compared to lithium packs. Each AA alkaline cell typically provides 1800-2800
mAh at low-to-moderate loads, so a four-cell pack will deliver plenty of capacity
for our device. This means long run times, especially for low-power projects.
Compared to a single 9V alkaline battery, which usually has only 400-600 mAh,
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four AA cells offer higher capacity and more stable voltage during use. One
downside is that AA batteries are not rechargeable, so they will need to be
replaced, creating some waste. However, replacing batteries is easy and less
complicated than regular recharging.

3.10 Voltage Regulator

Voltage regulators are used to provide a near constant voltage to a system. A
voltage regulator ensures that regardless of the voltage coming out of the power
supply, the power applied to the system is always in the right range needed for
the system's function. Voltage regulation is important to ensure equipment safety,
improves performance and prevents damage to the system. [35] For this project
we have two uses for voltage regulators. The first is to ensure our MCU is being
provided consistent power at a specific voltage from the batteries. The second is
providing the correct power supply as the rails to the filter. The ESP32
microprocessor that we are using will take in a voltage of 3.3V. Our supply
voltage we are using will be a 6V battery, because of the difference in supply
voltage and needed input voltage for the ESP32, we need to use a regulator to
create this drop in voltage. For the second regulator we will be using the same
supply voltage of 6V and decreasing it to a voltage of 5V which is required of the
Operational Amplifier we are using for our filter design.

3.10.1 Linear Regulator

Linear regulators are integrated circuits that work as a variable resistor
which responds to a change in the input voltage to maintain a regular
output voltage. Linear regulators behave differently from switching
regulators by cutting off the excess voltage supplied from the input to keep
the output at this constant voltage. In order to successfully do this, the
excess voltage is dissipated from the regulator in the form of heat. Linear
voltage regulators are able to handle step-down conversions, which is
needed for our design, they are also relatively simple with minimal parts
which would allow for an easier design. One main disadvantage to using a
linear regulator compared to a switching regulator is the heat generation.
Since linear regulators use heat dissipation to release the excess voltage,
it tends to generate a lot of heat especially when the dropout voltage is
larger, which ours will be. [35] The efficiency of these regulators is also
much less than switching regulators due to the fact that linear regulators
rely on power dissipation to step down the voltage. The efficiency of a
regulator is found by dividing output power by the input power. The
efficiency of linear regulators varies depending on the drop from input to
output voltage, however they are typically less efficient than other options.
[36]Since our design uses a voltage drop from 6V to 3.3V if a linear
regulator was used the efficiency of this part would likely be low.
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Linear regulators can only work to produce an output voltage that is lower
than the input voltage. For our design we will be looking at dropping
voltage with both of our regulators so this aspect of a linear regulator
design will be possible for our system, however, it may not be ideal.

3.10.2 Switching Regulator

Switching regulators are also integrated circuits used to convert an input
voltage to a desired output voltage. As the name implies switching
regulators have components that switch on and off to stop and start
current flow to the IC. In a switching regulator the voltage is regulated by
supplying the required amount of input voltage needed only when it is
needed. The output voltage of the regulator is calculated using pulse-width
modulation averaging. This means that the duty cycle (the amount of time
the switching elements are allowing current flow) is multiplied by the input
voltage. The output voltage is then calculated as the product of the duty
cycle and the input voltage. When this product reaches the desired output
voltage the switch will cause the components to stop generating an output
until it is ready to begin the cycle again.

One of the main reasons a switching regulator is preferred to a linear
regulator is efficiency. As mentioned above switching regulators tend to
have much higher efficiency than linear regulators. Since switching
regulators convert the total voltage being supplied to the regulator to the
required output voltage, there is no extra voltage that needs to be
dissipated. This means that the input power is equal to the output power,
meaning there is a theoretical 100% efficiency.[36] In most practical
applications an efficiency of around 90% can be expected. In addition the
heat dissipated by the regulators is minimal especially when compared to
the linear regulators as these use heat dissipation to regulate the voltage.

Switching regulators are also more versatile than linear regulators and can
be used for both stepping up and down the input voltage. For our design
we will only need to lower the input voltages however, it is worth noting the
increased capabilities of using a switching regulator in design than a linear
regulator.

3.10.3 Comparison

One of our design goals is to have a highly efficient design and final product.
Since there is such a large difference between the expected efficiencies of a
linear and switching regulator it makes the most sense to use a switching
regulator in our design so we are using the best possible options. Since a
switching regulator can be used for both regulators, we will be using two different
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switching regulator designs to create an output voltage of both 5V and 3.3V from
a shared input of 6V batteries.

3.10.4 Boost vs. Buck vs. Buck-Boost

Having chosen switching regulators, the next step for finalizing the design is to
choose the types of switching regulators. Switching regulators have three types,
buck, boost, or buck-boost. We need to choose a regulator that will be able to
drop our supplied 6V to both 3.3V and 5V with a current of 1.5A and 1.8mA
respectively.

Boost regulators are used to step up a supplied voltage to a higher voltage. In
order to do this, a switch is connected into the circuit and when turned on the
inductor in the circuit, which is connected to the power supply, and the diode is
reverse-biased. With the voltage being supplied to the inductor, the current is
increased to its maximum value. After a set time period, the switch will open and
the same current will flow through the diode which sends the energy from the
power supply to the load. With the switch open the current of the inductor will
decrease back to its minimum and the process will repeat. In boost regulators the
ideal efficiency is calculated by dividing the output power by the input power.
These regulators are only used to increase supply voltage. For our design we
only need to output a lower voltage and therefore cannot use this option.

Buck regulators are used to drop voltage from a higher input to a lower output, in
order to do this they behave very similarly to boost regulators by switching on
and off components to keep the voltage at the value needed. The efficiency is
also calculated the same way as the efficiency of a boost regulator, by dividing
the output power by the input power. This will work for our design as it decreases
input voltage.

There is a third option of regulators to explore, the buck-boost regulator.
Buck-boost regulators behave the same as both the buck and boost regulators,
either raising or dropping the voltage depending on the way they are designed in
the PCB. However, they do have a larger digital footprint meaning the design will
be more complex and take up more room on our PCB. Seeing as one of our
goals for this project is portability and therefore keeping our design small and
user friendly, it is more logical to choose buck regulators than buck-boost options.

3.10.4.1 TPS56425x

When choosing a buck regulator we were looking for a simple and efficient
regulator with a feedback system to continuously compare the output to
the reference voltage ensuring a constant 5V and 3.3V output.[37] In
addition to the differing voltages, we need to have a 1.5A output current
for the 3.3V regulator to supply enough current to all of the loads
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connected to this supply. We will also need a 1.8mA output current for the
5V regulator as the Operational- Amplifier requires this current supplied to
the supply rail.

The TPS56425x is a synchronous buck regulator designed by Texas
Instruments. The regulator is able to take in an input between 3V and 17V
and can produce an output voltage from .6V-10V. This meets the
requirements of our system by allowing the 6V input voltage converted to
a 5V and 3.3V output. The regulator we choose must be able to support
both the 1.5A and 1.8mA current, this regulator has a 4A continuous
current which is well above the average current draw meaning it can
comfortably handle the ESP32 current needs. There are three models of
this regulator; TPS564252, TPS564255, and TPS564257. All three of
these options can have an efficiency of around 95% for a 6V input for both
a 5V and 3.3V output.

The TPS564252 operates in Eco-mode meaning that it is able to keep a
high efficiency during light loading. The TPS564257 operates in FCCM
mode keeping the same frequency and lower output ripple during all load
conditions. The TPS564255 operates in OOA mode which prevents audio
noise generation. [39]Since our device is being powered by a battery, we
will be using the TPS564252 for design as Eco-mode is the best option for
function at a light load. [38]

3.10.4.2 TPS564252

Using the WEBENCH designer to create a schematic of our regulator
using the TPS564252 IC, our first design option was made for the first
regulator (3.3V). This design will have around a 94.4% efficiency making it
a viable option for our design. It will use 5 capacitors, 5 resistors and one
inductor with a total BOM count of 13. This design can produce an output
current of up to 4A. This design has an actual output of 3.32V with a
tolerance of 2.67% also making it very reliable and accurate for our
design. For the second design of a 5V regulator, the efficiency will be
89.6%. For this option the actual output voltage is 5V with a 2.8%
tolerance making it very reliable and accurate with our design. [40] If
purchased from DigiKey the regulators are $0.52 making these ICs a very
cost effective option. [38]

3.10.4.3 TPS51385

The TPS51385 is another option of a synchronous buck regulator
designed by Texas Instruments. This regulator is able to take in a
4.5V-24V input voltage from our battery supply. This can then produce
anywhere from 0.6V-5.5V output, which means it is capable of producing
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our desired 3.3V and 5V voltage. This regulator has a 7A continuous
output current. Based on our design this regulator should be able to

supply a 1.5A output current, this 7A current is much larger than this
current and therefore is able to support the current requirement.

When designed for the first regulator, dropping the voltage to 3.3V, this
option has an efficiency of 95.3% with a BOM count of 14. It will require 6
capacitors, 3 resistors and 1 inductor. This design will have an actual
output voltage of 3.33V making the tolerance 10.13% this is significantly
more than the TPS564252 making it less reliable. [42]For the 5V regulator
the efficiency is increased to 85.8%, almost the exact same as the
TPS564252. The actual output will be 5.01V with a tolerance of 10.26%
this means that the actual output is a larger variation from the expected
output than the other option.[41] [42]

3.10.4.4 TPS563300

The last option for our buck voltage regulators is the TPS563300 from
Texas Instruments. This regulator can take in a voltage from 3.8V to 28V
and can supply an output voltage from 0.8V to 22V as well as up to a 3A
output current. Because of this, this regulator would be a viable selection
for our design. [43]

For the 3.3V regulator, using the TPS563300 IC and the input of 6V, the
output voltage will be 3.27V with a 3.56% tolerance. This design has an
efficiency of 93.6%, slightly less than the first option but slightly higher
than the second. [45] When stepping the voltage down to 5V and current
to 1.8mA using the TPS563300 the actual output voltage will be 4.98V
with a tolerance of 3.73%. This part will have a 95.7% efficiency which is
really good and also comparable with the other regulator options. [44]

3.10.5 Comparison

All of these regulators are usable options for our design, they will allow for our
input voltage of 6V to generate an output voltage of both 3.3V and 5V. The
TPS564252 operates with a lower output current range than the TPS51385, this
current is still larger than the current we will expect to need for our design but it is
more reasonable than the 7A output current from the TPS51385. There is also
slightly less output voltage tolerance from the TPS564252 than the TPS563300
making it a more accurate design with results closer to what we expect. The
TPS564252 has less output voltage tolerance than the both other options while
also being less than half the price. The efficiency for both regulator designs (3.3V
and 5V) is largest with the TPS564252 making it our most efficient option. Overall
we will be choosing the TPS564252 for our design because of the cheaper price,



lower output voltage tolerance, over 90% efficiency, and input/ output value
ranges more suitable with our design requirements.

Table 3.10.5: Buck Regulator Comparison
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Buck Input Output Output Output Efficiency | Price
Regulator | voltage Voltage Voltage Current
range Range Tolerance | Operating
Point

TPS564252 | 3V-17V | 0.6V-10V | 2.67% or | 0-4A 94.4% or | $0.52
2.8% 89.6%

TPS51385 | 4.5V-24V | 0.6V-5.5V | 10.13% or | 0-7A 92.3% or |$1.07
10.26% 85.8%

TPS563300 | 3.8V-28V | 0.6V-5.5V | 3.56% or | 0-3A 93.6% or | $1.10
3.73% 90%

3.11 Housing

In the paper Experimental analysis of a novel and low-cost pin photodiode
dosimetry system for diagnostic radiology, a PBC similar to the one we will be
making was designed. In their design they used metal housing for minimizing the
effect of ambient temperature on the diode while in the X-Ray chamber. For our
design we are using a PCB with the diode inside the X-Ray machine to collect
the dose rate from the machine. This is then sent to our second PCB with the
filter and ESP32 board to do our calculations and display data. The only part of
the design that will be exposed to the radiation, and need a form of housing, is
the diode PCB.

3.11.1 Housing requirements

The goal of this protective housing is to cover as much of the circuit as possible
because exposure to the x-rays could cause damage to the circuit. This needs to
be designed using materials that can be manufactured into the shape and design
we need and can also withstand and shield against the x-rays. The X-Ray
Calibration lab is using aluminum to build the housing and it will be manufactured
in the UCF machine shop.

In addition to protecting the circuit from the ionizing x-rays, the housing has to
also have a section that will leave the PIN diode exposed so it is able to actually
sense the radiation to generate the current we will be measuring. There is a
small window on top of the housing box, this will be used to place the diode
which will be exposed to the radiation. There is also a small circular cutout on
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two of the sides of this box. These are used to connect the PCB to a coaxial
cable which sends the generated current to our main PCB board outside of the
machine. This design is 50mm long x 20mm wide x 20mm tall. This specification
will play a role in our final design of the PIN diode PCB which will need to fit
inside of the box.

3.12 Coaxial Cable

3.12.1 Coaxial cable connection

The PCB board containing the PIN diode will be placed inside the Precision Xray
320 and connected to our second PCB for data analysis through the coaxial
cable on the machine. For our design we will need to select a coaxial cable
connector for both the diode and main PCB boards to allow the current
generated from the sensor to flow to the filter and MCU.

There are three different designs of coaxial cables that we will be looking
between, through hole, surface mount, and edge mount. Through holes are
mounted onto the PCB and inserted through holes that are drilled into one side of
the PCB and are then soldered to pads on the other side. Surface mount
connectors are designed to be soldered directly to the PCB, similar to how we
will solder resistors and capacitors onto our board. Finally, edge mount
connectors are similar to surface mount but instead of being soldered to the top
of the board they are soldered to the side.[46] In the X-Ray Calibration lab the
housing was designed using the measurements of a through hole coaxial cable
connector.

3.12.2 SMA Connectors

In addition to the lab requiring a through hole connection, the cable in the
precision x-ray needs an SMA connector which is best for signal integrity. SMA is
typically able to operate in a frequency range of 12-18 GHz however for a lab use
the frequency is typically up to 26.5GHz. Because of this, the connectors we will
be looking at are those that are able to operate in the range of around
18-26.5GHz and with an impedance of 50ohms. In looking for different options
for this connector | found three that stood out as they had a mechanical design
that matched the requirements of our design.

3.12.2.1 RFPC-SMA27-F

This connector is SMA through hole with a right angle for the soldering
pins, meeting the requirements we are looking for. It also operates with a
50o0hm impedance. This part has a maximum frequency of 6GHz and a
unit cost of around $2.26. Since we are looking for parts that will operate
with a maximum frequency between 18 GHz and 26.5GHz, this part will not
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be suitable for our design as its maximum frequency is significantly lower
than this value. We will not be using this part for this main reason.

3.12.2.2 SMA-J-P-H-ST-EM1

This is another SMA through hole connector that we will be considering for
this design. Similar to the previous option, this connector uses through
hole soldering at a 90" angle that is required for our design. This option
has a maximum frequency of 20GHz and an impedance of 50ohms
making it a better choice for our system as it will be able to operate at a
frequency that is more precise for our usage. This part has a unit price of
$2.43 making it slightly more expensive than the previous part however it
is still a better option due to the frequency requirements.

3.12.2.3 SMA-J-P-H-RA-TH1

The final SMA through hole connector we looked at was this option. This
connector, also sold at digikey, is also connected to the PCB at a right
angle making the physical design appropriate for our usage. In addition,
this option also has a maximum frequency of 20GHz with an impedance of
50omh. This part will also meet the electrical requirements of our design
but it has a unit price of $3.40 which is significantly more than the previous
option. Because of this, we will be using the SMA-J-P-H-ST-EM1 for our
design.

3.12.3 SMA Connector Comparison

For this design we will be using the SMA-J-P-H-ST-EM1 for our connections
between the x-ray machine and our main PCB. This option is the correct size and
shape for our design. In addition it has a maximum operating frequency of
20GHz which is in our ideal range of 18-26.5GHz. Since the first option looked at
(RFPC-SMAZ27-F) is not in this range it will not be the one we choose. Compared
to the SMA-J-P-H-RA-TH1 at a price of $3.40, the SMA-J-P-H-ST-EM1 which
costs $2.43 is a more cost effective option for our design and will be what we use
in this project.
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Table 3.12.3: SMA Connector Comparison

Part Impedance Maximum Center Price

Frequency Contact

Materials

RFPC-SMA2 |50 6GHz Brass $2.26
7-F
SMA-J-P-H-S | 50 20GHz Beryllium $2.43
T-EM1 Copper
SMA-J-P-H-R | 50 20GHz Beryllium $3.40
A-TH1 Copper

3.13 Software Comparison

The software for the Silicon PIN Diode X-Ray Dose-Rate Detector plays a critical
role in ensuring accurate data acquisition, conversion, visualization, and logging
of radiation dose measurements. Because the detector relies on a
photodiode—amplifier interface that produces continuous analog signals, the
software must efficiently manage real-time data conversion and transmission
from the microcontroller to the display or web dashboard. The selected software
must therefore balance performance, flexibility, scalability, and ease of
implementation, ensuring accurate measurements while remaining accessible for
development and future modification.

To determine the most suitable software environment, multiple software
frameworks were examined based on their compatibility with the Raspberry Pi 4
and the ESP32 microcontroller, which act as the system’s digital processing and
data-handling units. Specifically, this section compares (1) LAMP, (2) MERN, and
(3) PERN web development stacks for visualization and data logging, as well as
(4) embedded programming frameworks including Arduino IDE, Visual Studio
Code (VS Code), and Espressif IDE for hardware control. The objective is to
select an ecosystem that supports both reliable embedded operation and
accessible user-interface development.

3.13.1 Web Development Stack Comparison

The system’s front-end interface must display real-time radiation levels, historical
dose-rate data, and hardware diagnostic messages. Since the detector outputs
continuous readings through the ADC-Raspberry Pi pipeline, the web stack must
provide high-speed asynchronous updates and seamless database integration.
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3.13.1.1 LAMP Stack

The LAMP (Linux, Apache, MySQL, PHP/Python) stack is one of the most
established solutions for server-side development. Its open-source nature and
strong community support make it a reliable option for stable, low-complexity web
applications. LAMP excels in structured data management through MySQL,
which offers relational data storage and easy integration with CSV logging from
the Raspberry Pi. Additionally, Linux-based servers provide security and strong
uptime, ensuring that dose-rate logs remain consistent and protected from
corruption. However, LAMP’s front-end limitations, its primarily static HTML
pages, restrict interactivity, making it less suited for modern, real-time
dashboards that require dynamic data refresh.

Advantages: mature ecosystem, low setup cost, simple implementation, stable
database management

Disadvantages: limited real-time visualization capability, less dynamic Ul options

3.13.1.2 MERN Stack

The MERN (MongoDB, ExpressJS, ReactJS, NodedS) stack introduces a more
modern, JavaScript-based approach. ReactJS allows real-time data visualization
through reactive components that update instantly when new dose readings are
received. NodeJS and ExpressJS provide robust back-end routing for handling
HTTP requests and WebSocket communication, enabling the Raspberry Pi to
continuously stream dose-rate data without page refresh. MongoDB’s flexible
NoSQL schema suits unstructured datasets which is ideal for storing
timestamped dose readings, calibration logs, and error messages. The MERN
stack is also highly scalable, supporting potential future extensions such as
remote web access or wireless dashboard monitoring.

Advantages: real-time Ul with ReactdS, scalability, full-stack JavaScript
development

Disadvantages: higher development complexity, more system resources required
than LAMP

3.13.1.3 PERN Stack

The PERN (PostgreSQL, ExpressJS, ReactdS, NodeJS) stack combines
MERN’s JavaScript interactivity with the robust structure of SQL databases.
PostgreSQL offers advanced querying, data integrity, and relational modeling
which is useful for calibration records and multi-user access control. Compared
to MongoDB, PostgreSQL’s consistency ensures that each radiation reading
corresponds to a unique timestamp, preventing duplication and maintaining
experimental traceability. PERN thus serves as an ideal compromise, providing
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real-time performance while retaining data consistency critical for radiation
research.

Advantages: real-time visualization, relational database consistency,
cross-platform compatibility

Disadvantages: slightly higher configuration time, moderate learning curve

3.13.1.4 Stack Summary

Table 3.14.1.2 Software Stack Comparison

Criteria LAMP MERN PERN
Real-time capability | Low High High
Database type Relational (MySQL) [ Non-relational Relational
(MongoDB) (PostgreSQL)
Complexity Low High Moderate
Resource demand | Low Moderate/ High Moderate
Recommended for | Low High High
project

3.13.2 Embedded Programming Frameworks

The embedded software governs the data acquisition pipeline, including
analog-to-digital conversion, baseline correction, and error detection. The chosen
programming language and framework must maximize hardware efficiency on
the ESP32 and enable seamless communication with the Raspberry Pi.

3.13.2.1 C/C++

C/C++ was selected as the primary embedded programming language due to its
compatibility with both Arduino and ESP-IDF frameworks. The language provides
low-level access to hardware peripherals, essential for precise timing in ADC
reads and interrupt-based sampling. C/C++ ensures low memory overhead and
high execution speed, reducing latency between diode signal acquisition and
digital conversion. While Python offers easier syntax, its higher abstraction
introduces unnecessary computational overhead, which can distort real-time
readings.



Advantages: high speed, memory efficiency, full ESP32 library support

Disadvantages: steeper learning curve, manual memory management

3.13.2.2 Python / MicroPython
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MicroPython offers ease of prototyping and scripting flexibility but lacks the
deterministic timing control required for radiation-rate measurement. Its slower
execution makes it suitable only for high-level data parsing, not time-critical ADC

sampling. Thus, it was considered a second choice, reserved for optional

integration scripts running on the ESP32 side for post-processing.

3.13.3 Integrated Development Environment Comparison

Table 3.13.4.1IDE Comparison

IDE Familiarity ESP-IDF Abstraction | Advantages |Disadvantag
Support level es

Arduino IDE | Moderate No High Simplified Limited
libraries with | low-level
rapid control
prototyping

VS Code High Yes Moderate Integration Requires
with set-up time
ESP-IDF,
debugging
tools

Espressif Low Yes Low Full Heavy

IDE framework learning
control curve

3.13.4 Containerization Frameworks

To simplify deployment across development environments, containerization tools
such as Docker and Podman were compared. Docker remains the industry

standard, offering well-documented image repositories and configuration through
Dockerfiles. However, Podman’s rootless execution enhances security which is a

key advantage for devices exposed to network interfaces. For this project,

Podman was selected for its lightweight footprint and reduced system overhead,
aligning with the ESP32 resources.
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3.13.5 Final Software Selection and Rationale

After comprehensive comparison, the following software environment was
selected for implementation:

* Embedded Layer (ESP32): C/C++ using Arduino IDE for low-latency control
and ADC interfacing.

* Processing Layer (Raspberry Pi): Python and NodedS backend to collect,
convert, and forward dose-rate data.

» Web Layer: PERN stack for database storage (PostgreSQL), ExpressJS API
routing, and ReactJS-based dashboard for visualization.

+ Containerization: Podman for deployment security and reproducibility.

This configuration offers the best trade-off between real-time performance,
scalability, and maintainability. C/C++ on the ESP32 ensures deterministic sensor
sampling; NodedS and PostgreSQL provide reliable cross-platform data
management; and React enables a responsive and intuitive interface for
researchers monitoring experiments in real time.

The software design of the Silicon PIN Diode X-Ray Dose-Rate Detector
emphasizes reliability, modularity, and extendibility. By integrating a PERN-based
visualization layer with C/C++-driven embedded control, the system provides a
unified architecture that captures radiation data, processes it with minimal
latency, and displays it in a modern, accessible format. The selection balances
proven stability from traditional stacks like LAMP with the flexibility of modern
JavaScript frameworks, ensuring a sustainable path for future upgrades such as
wireless monitoring and cloud data logging. Ultimately, this architecture enables
a seamless bridge between hardware-level sensing and user-level visualization,
critical for achieving real-time radiation dosimetry.

Chapter 4 Standards

Standards and design constraints are used to ensure engineering projects are
safe, reliable, and compatible with other products. These principles help to allow
components designed by different manufacturers to function together effectively
while also establishing guidelines that maintain quality across industries. In this
section, we discuss the relevant standards and design constraints that guided the
development of our X-ray dose rate readout machine.




58

4.1 Safety Standards

4.1.1 Occupational Safety Standards (OSHA)

The Occupational Safety and Health Administration (OSHA) establishes
regulations designed to protect individuals working with electrical systems,
laboratory equipment, and ionizing radiation. For our project, these standards
ensure that the design, development, and testing maintain our health and safety.
[46]

4.1.1.1 Radiation Safety Compliance

OSHA sets strict limits on occupational exposure to ionizing radiation,
which are relevant when working with the Precision X-ray 320 machine in
the lab. These standards require engineering controls such as shielding,
administrative controls such as restricted access, and personal protective
equipment to reduce exposure. Warning signs, interlocks, and controlled
usage protocols align with OSHA’s requirements for laboratories working
with X-ray sources. [X] By adhering to these guidelines, our project
minimizes the likelihood of unsafe radiation exposure to team members or
bystanders during testing. We as a team will not be interacting with the
machine itself. Under the direction of our sponsor, we will have additional
support from her lab in using the X-ray machine.

4.1.1.2 Electrical Safety Standards

The photodiode detector and readout device involve PCB design, power
regulation circuits, and battery operation, which fall under OSHA
standards. OSHA requires that all electrical systems be designed and
handled in ways that prevent hazards such as shock, short circuits, or
overheating. This means using proper insulation, grounding, and
protective enclosures for exposed wiring. [X]

4.1.1.3 Grounding and Bonding Requirements

OSHA emphasizes proper grounding and bonding of all electronic
systems to reduce the risk of electrical shock and equipment failure. For
our device, this means ensuring that the PCB includes ground planes and
protective grounding of any exposed conductive parts. [X]
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4.1.1.4 Enclosures and Accessibility

According to OSHA standards, all components that have energy must be
housed in protective enclosures that prevent accidental contact by users.
For our project, we are exploring various non-conductive housing
materials to create a custom enclosure with limited openings for displays
and connectors. Sharp edges, exposed wires, or protruding solder joints
must be avoided to reduce the likelihood of user injury. [X] OSHA further
requires that labels and hazard markings be placed on enclosures to
indicate voltage levels or potential risks.

4.1.1.5 Laboratory and Workplace Practices

Beyond radiation and electrical safety, OSHA standards extend to general
laboratory practices, including emergency preparedness, equipment
labeling, and safe handling of electronic components. For instance, all
testing setups must be clearly labeled with hazard warnings, and
equipment must be operated in environments free of clutter or
unnecessary personnel. Furthermore, OSHA requires that emergency
procedures be in place, including access to fire extinguishers, first-aid kits,
and spill-control materials in laboratory environments.

4.2 IEEE

The Institute of Electrical and Electronics Engineers (IEEE) is a widely known
organization that develops international standards that establish best practices in
the design, testing, and operation of electrical and software systems. For our
X-ray dose rate detector, several IEEE standards directly apply to both the
hardware and software components. [X]

4.2.1 |IEEE 315 — Graphic Symbols for Electrical and
Electronics Diagrams

IEEE 315 defines a universal set of schematic symbols for electrical and
electronic components. By following this standard in all design
documentation, our schematics become unambiguous and easily
interpretable by engineers, manufacturers, and reviewers. This is
particularly important for multidisciplinary projects like ours, where the
PCB design incorporates a mix of analog front-end circuitry (op-amps for
current-to-voltage conversion), digital logic (MCU interfaces), and
peripheral components (LCD and SD card). Compliance with IEEE 315
ensures that our circuit diagrams are consistent. [X]
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4.2.2 |IEEE 1057 / IEEE 1241 — Standards for ADC
Performance Characterization

Since our design relies on converting the diode’s current into a digital
signal via the ESP32’s analog-to-digital converter, IEEE has established
performance parameters for that component. Applying these standards
ensures that the readout system produces reliable dose rate
measurements, reducing the risk of misinterpretation caused by ADC
inaccuracies. This is especially critical in radiation detection, where small
variations in measured signal may correspond to significant differences in
dose rate. [X]

4.2.3 IEEE 12207 — Software Lifecycle Processes

IEEE 12207 establishes guidelines for the planning, development, testing,
and maintenance of software systems. In our project, the embedded
firmware on the ESP32 is central to system functionality, handling sensor
interfacing, real-time signal processing, data logging, and LCD updates.
By following IEEE 12207, we can structure our development process to
include requirements definition, modular coding, version control, and
systematic testing. This ensures that the software is maintainable,
extensible, and reliable, reducing the risk of undetected bugs in critical
data acquisition routines.

4.2.4 |EEE 829 / ISO/IEC/IEEE 29119 — Software Test
Documentation Standards

When developing this system is it crucial to test it extensively. IEEE 829
provides a standardized framework for test plans, test cases, and result
reporting. Applying this framework to our project means that every
subsystem is comprehensively verified.

4.3 PCB Design Standards- IPC-2221A

The IPC-2221A standard is a standard that covers generic requirements for
printed circuit board design. The standard covers board design, component
selection and mounting, and other important design requirements. This standard
is applicable to PCBs with through-hole, and surface mount components, both of
which will be used in our design. By using this standard, there is less room for
error and miscommunication when transferring a PCB design from the designer
to the manufacturer. It is also necessary to follow as it sets standards that will
help keep our board operable and functioning correctly if followed. In using these
standards while designing our PCB we can ensure that we will be able to
effectively select and place our parts to allow for proper testing, and usage of
each component within their requirements. [51]
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4.3.1 Board Layout Design

The layout of the PCB should be designed so specific areas of the board
are reserved for sections of the design. For example, in our board, we
should have a section for the power supply and voltage regulators, and a
section designed for the filter and op-amp. It is also a requirement that the
components have testable points accessible to allow us to test their
functionality effectively. In order to meet this standard and have a
successful design we must also ensure that the layout accurately shows
the size and locations of all components. We also must ensure that there
is at least 1.5mm between our components and the edge of our board to
allow proper space to solder and test the parts. [51]

Our board must have a 0.8mm to 2.4mm thickness, this is to prevent
warping and to allow for more ease in soldering with through-hole
components. In addition, there are PCB parameters that need to be taken
into account when using manual assembly. The PCB size (if using
automatic assembly) must be able to fit the manufacturers’ equipment
specifications. When using pick and place machines we need to ensure
that orientation of components is clear on the design. [51]

4.3.2 Component Selection

In our design we must select components that are able to withstand
thermal stress, humidity, temperature cycling and all environmental
conditions it may face during installation and its usage. Our design will
likely use both surface mount and through-hole soldering so it is important
to consider components that will be capable of handling the stresses of
both assembly methods. [51]

4.3.3 Thermal Management

In ISP-2221A thermal management is used to ensure all components are
able to function within their allowable limits. In addition the correct trace
width must be measured based on the current carrying capacity and
acceptable temperature rise. This is important to remember for design as
failure to meet this requirement could cause the board to overheat, which
could cause damage to our PCB or the parts being used on it. [51]

4.4 Requirements for Soldered Electrical and Electronic
Assemblies- IPC J-STD-001J

This standard is focused on the materials, methods, and criteria for soldering in
electronics. It mentions specific solders, fluxes and cleaning agents that can be
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used in the design of a PCB. This standard is in accordance with IPC-2220, the
previously mentioned standard, meaning that the standards mentioned in this will
align with the standards mentioned in IPC-2220. The use of this standard will
allow for safety of both the components and circuit board and also of the
designers who are using the standardized soldering materials. [52]

4.4.1 Soldering Requirements

In J-STD-001J the general soldering process requirements are covered,
these are used to prevent damage to both the board and components
being soldered onto the board. For hand soldering it is required to control
and monitor the tip temperature which should be kept between 340-380°C.
When using reflow soldering complete wetting to allow for the components
to be fully mounted onto the board. [52]

4.4.2 Material Requirements

Material requirements play a vital role in ensuring the reliability, safety, and
overall performance of electronic assemblies. The materials selected for
soldering, flux application, and cleaning directly influence the electrical
integrity, thermal stability, and lifespan of the system. In our design,
maintaining proper material quality is essential to ensure consistent
conductivity, corrosion resistance, and long-term durability under varying
environmental and operational conditions. Establishing clear material
guidelines helps prevent contamination, weak solder joints, and premature
failure, allowing the device to perform reliably throughout its intended use.
[52]

4.4.2.1 Material Requirements- Alloys

In IPC J-STD-001J, the main material requirements focus on solder alloys,
fluxes, and cleaning agents. The solder alloy used must align with
J-STD-006, another standard focused on the requirements of solder
alloys. These alloys can be either Sn-Pb or lead-free, in our design we will
be using lead-free alloys. [52]

4.4.2.2 Material Requirements- Fluxes

The standard J-STD-001J requires the solder fluxes used to meet another
standard J-STD-004 which describes the requirements for fluxes used in
the soldering process. This standard covers different types of flux
including liquid flux, and paste flux. These flux residues used must be
non-corrosive and should be able to be removed according to the cleaning
requirements (typically <1.56ug/cm? NaCl equivalent). [52]
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4.5 SD Association

The SD Association is responsible for many standards relating to the design and
use of SD cards. SD cards are widely used and because of their functionality, it is
extremely necessary for the cards to meet specific standards. Since these cards
are designed with the purpose of collecting data from one device and sending it
to another, they need to be designed in a way that will allow the card to
effectively connect with many devices. One of the main ways this is ensured is
through standards of size and layout of the SD cards. [53]

SD cards must all use the same pinout to effectively communicate with different
devices. In SPI mode- which we will be using- there are two pins for transferring
data, pin 3 is used as the data input and pin 7 as the data output. Pin 2 is also
used for chip selection, allowing communication to the SD card, pin 5 is used as
the serial clock to synchronize data transfer. The final two pins which are used in
SPI design are the power supply (pin 4) and ground (pin 6). It is vital that all SD
cards use the same pinout design for effective communication and data transfer
to take place between multiple devices.

In addition to the pinout of MicroSD cards needing standards, the physical and
sizing elements of MicroSD cards need to be consistent as well. These cards are
required to have the dimensions of 11 x 15 mm with a 1mm thickness.[54] There
are also standards for memory on these cards, standard SD cards (both SD and
microSD) have up to 2GB of memory available. Bus speed for these cards is also
standardized for both a default mode and high speed mode. This uses two lanes
for data transfer and a bus speed of 12.5MB/s for default speed and 25MB/s for
high speed SD cards. Through standards of embedded SD’s, the engineering of
the system is simplified since all of these devices should be designed with the
same input/output interface. [54]

4.6 Communication Standards
4.6.1 Serial Peripheral Interface (SPI)

Serial Peripheral Interface (SPI) is a widely used synchronous
communication protocol that enables fast, full-duplex data transfer
between a central controller and multiple peripheral devices. Originally
introduced by Motorola, SPI has become a staple in embedded systems
due to its simplicity, reliability, and high-speed performance therefore
making it ideal for applications like our detector system, which requires
quick and consistent communication between the microcontroller, ADC,
and supporting sensors [55].

Compared to other serial protocols such as I1°C, SPI offers higher data
throughput and lower latency, which is particularly useful when



64

transmitting continuous analog-to-digital data. Unlike I1°C, which relies on
shared addressing across devices, SPI uses individual chip-select lines to
communicate directly with each peripheral. This point-to-point approach
allows faster and more deterministic control of timing and data flow, both
of which are crucial in our system’s real-time data acquisition.

Although SPI does not have a single governing standard under
organizations like IEEE, it is well-defined by industry practices and
manufacturer documentation. Companies such as Texas Instruments,
NXP, and STMicroelectronics publish detailed SPI guidelines in their
datasheets and application notes, which serve as de facto standards for
electrical characteristics, timing, and compatibility. Over time, enhanced
versions like Dual, Quad, and Octal SPI (QSPI/OSPI) have emerged,
improving the bandwidth by transmitting multiple bits per clock cycle.
These variants are often used for fast memory interfacing or large data
transfers [56].

SPI operates over four key signal lines:

e SCLK (Serial Clock): Synchronizes communication.

e MOSI (Controller Out, Peripheral In): Transfers data from the
controller to the device.

e MISO (Controller In, Peripheral Out): Sends data from the device
back to the controller.

e (S (Chip Select): Activates specific devices for communication.

The controller generates the clock and manages device selection,
ensuring data is transferred predictably. In multi-device systems, additional
logic or multiplexing may be used to reduce the number of dedicated
select lines, simplifying wiring while maintaining data integrity.

SPI is highly configurable through its clock polarity (CPOL) and clock
phase (CPHA) settings, which define how data is sampled relative to the
clock edge. This flexibility allows SPI to adapt to a wide range of
peripheral requirements. Communication typically occurs in 8-bit frames,
though implementations may vary depending on device capabilities.
Operating voltages are defined by the hardware, commonly 3.3V or 5V for
embedded applications, with manufacturer timing diagrams specifying
setup and hold times for stable operation.

For our X-ray detector project, SPI provides the necessary speed and
simplicity to relay converted photodiode data from the ADC to the
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microcontroller with minimal delay. This deterministic timing is essential for
ensuring that measurement results accurately reflect the radiation
exposure in real time. Additionally, because the system runs in a
controlled hardware environment, the short wiring distance minimizes
noise and helps maintain data integrity.

While SPI excels at speed and design simplicity, it lacks built-in error
detection and acknowledgment mechanisms. Designers typically address
this through software-level solutions, such as adding cyclic redundancy
checks (CRC) or redundant sampling routines. Another design
consideration is scalability since each peripheral requires its own
chip-select line, adding more devices can increase pin usage.
Nonetheless, in systems like ours with only a few key components, SPI
remains an efficient and dependable choice.

Overall, SPI continues to be one of the most practical communication
standards in embedded hardware design. Its straightforward architecture,
broad industry support, and adaptability make it a perfect fit for compact
systems requiring high-speed, low-latency data exchange. Reference
materials from manufacturers such as Texas Instruments,
STMicroelectronics, and NXP provide detailed best practices for
implementing robust SPI communication in both prototype and
production-level designs [57].

4.7 Constraints

4.7.1 Health and Safety (X-Ray)

Health and safety represent some of the most critical constraints in the
development of an X-ray dose rate detector, as the project involves both ionizing
radiation and electronic hardware. Unlike many embedded systems, this device
must be developed and tested in close proximity to a highly powerful X-ray
source, which creates specific risks that must be managed.

4.7.1.1 Radiation Exposure Risks

The most significant safety consideration is ionizing radiation exposure.
Even though the detector itself does not emit radiation, its testing
environment places team members in potential proximity to x-ray beams.
This requires strict adherence to laboratory safety protocols, including
limited access, use of lead shielding, radiation warning signage, and
appropriate personal protective equipment (PPE). In addition, the system
must be designed to minimize unnecessary operator interaction with the
source during measurement.
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4.7.1.2 Electrical Safety Risks

The system includes sensitive analog front-end circuitry, high-current
op-amp stages, and a battery power supply. Improper wiring, poor
insulation, or overloading could result in electric shock or overheating.
These risks constrain the design to include proper grounding, fuses,
protective enclosures, and heat management. Furthermore, since the
device may be used in a laboratory with other sensitive instruments,
electromagnetic interference (EMI) must be minimized to prevent
cross-system hazards.

4.7.1.3 False Readings and Ethical Safety

Another health-related constraint lies in the accuracy of measurement. If
the detector produces false negatives or positives, operators may
unknowingly expose themselves or others to unsafe conditions. This
elevates the importance of calibration against known radiation standards,
redundancy in measurement verification, and well-documented testing
procedures.

4.7.2 Manufacturing PCB:

Custom PCB fabrication requires lead time for design, ordering, and assembly.
Errors in the layout may necessitate reorders, increasing both cost and time
pressure on the team. Since the senior design schedule is fixed, this creates a
constraint where PCB errors cannot be easily recovered without significant
project disruption. [X]

4.7.3 Economic

For many senior design projects, cost represents a primary limiting factor.
However, in our case, direct financial constraints are minimized because our
sponsor is funding the acquisition of necessary components, fabrication services,
and testing equipment. This sponsorship allows us to prioritize technical
performance and reliability without being forced to compromise based on price
alone.

4.7.3.1 Component Availability and Supply Chain Factors

Even with funding secured, the availability of specialized components
such as the AXUV20HS1 photodiode or specific op-amp models can pose
economic challenges. Global supply chain fluctuations, semiconductor
shortages, or shipping delays may still impact the timeline of the project.
For example, if the photodiode becomes back-ordered, alternative



67

sourcing options could increase costs or extend delivery times, potentially
disrupting our schedule.

4.7.3.2 Tariffs and Import Considerations

Another factor that remains outside of our direct control is the potential
impact of tariffs or international trade regulations. Many electronic parts
are manufactured overseas, and changes in tariff policies could increase
overall project expenses. It also makes it harder to obtain because of
supply chain uncertainty and shipping. While these additional costs would
be absorbed by our sponsor, they nonetheless represent an economic
constraint that could influence budgeting and procurement planning.

4.7.3.3 Long-Term Commercialization Considerations

Although sponsorship covers this prototype phase, scaling the design for
widespread use would introduce significant financial considerations.
Certification for radiation measurement devices, compliance with safety
standards, and mass production would all require substantial investment.
Thus, while immediate financial pressures are alleviated, the project must
still be designed with economic scalability in mind should it be pursued
beyond the academic setting.

4.7.4 Time

One of the biggest constraints our group is going to face when working on this
project is the time limitation given by the design of the course. We have two
semesters to write our paper, design our prototype, develop it as well as test the
system before presenting it at the final showcase on top of taking other classes
and extracurriculars. This constraint makes it crucial for us to make smart
decisions with quick thinking as well as making sure we are making deadlines on
time as we don’t want to compromise our performance or part of the project.

An additional challenge to this project is that this project is sponsored. We had to
make sure to take our Sponsor’s time and schedule into consideration too to
make sure that we are keeping our sponsor updated while meeting the
requirements, standards, and specifications led by her and the rest of the team.
Working alongside our own time constraints as well as hers had made it crucial
for our team to have a disciplined schedule set very early on in the beginning of
the first semester. We made sure to form our group early on, meet with our
sponsor and the research team to work on the project specifications and
standards as well as set strict timelines for our group to meet recurring only once
a week just as a group and another time to meet with our sponsor to provide
updates. Setting this time as well as framing deadlines early on has aimed to
mitigate the time pressures that may come up later in the project and the
semester begins to ramp up.
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Another issue stemming from having a time constraint is the amount of time
needed for manufacturing our device. We need time to build, test, and debug our
device which can be quite challenging with such a short timeframe to complete
the project. Errors in system design are expected and almost inevitable when
designing a device at the scope of which we are. Each problem requires time to
resolve and debug and we need to account for that when making
milestones/deadlines so that we don’t heavily disrupt our progress and ultimately
compromise on the performance of our project. Additionally, having a sponsor
who is in charge of our finances can also add to unexpected delays when it
comes to ordering parts. It is important for us that we are asking for parts to be
ordered in advance and strict about when we need them to make sure that our
workflow is not impacted but also make sure that it is done in time for our
sponsor’s needs as we are also working simultaneously to meet their deadlines.

Shipping delays could also impact our work especially when ordering PCB’s, and
our photodiode which is a crucial piece for our project. WIth that in mind, it is
imperative that we are not only ordering things in a timely fashion but making
sure that we also have ordered backups so that time isn’t working against us if
one component is not working and we have extra to rely on.

Proper communication is also necessary to make sure that we are not slowing
our progress especially when we are communicating with our team, our sponsor,
and the research team that we are working closely with. Collaborating with
essentially 10 people (between our 4 person team, our sponsor, and her 5
person team) makes scheduling difficult and makes having multiple meetings and
documentation important when working on our in person collaboration.

The effect of this constraint could result in a compromised, rushed, final product if
we don’t properly manage our project. We have made weekly meetings a priority,
as well as organized an extensive Google Drive for us to document all our work
and progress to make sure that the project is on track and ensure that time is not
against us when completing this project, rather for us during our project
completion throughout this semester and the next.

4.7.5 Power

One of the most important parameters to consider in this project is power.
Without sufficient power, the components will not operate, while excessive power
can damage them. We must also ensure power consumption stays within
acceptable limits since heat generated from power loss may harm the
components. This constraint affects our battery choice, voltage regulator
selection, thermal management solutions, run time, and safety margins. As
indicated in Figure 3.8.1, the power consumption of the electrical components
ranges from 0.045W to 68W, with total system consumption between 13.26W
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and 70.10W. The total power consumption will dictate our selection of efficient
power sources.

We plan to use four 1.5V AA alkaline batteries in series for a 6V supply, which
meets the components’ 5-10V requirement. However, we need to check the
batteries’ runtime and peak current capabilities before finalizing the hardware
design. Assuming a battery capacity of 2000 mAh, a 6V system drawing 13.26W
requires about 2.21A (13.26W/6V), resulting in an estimated runtime of 0.9 hours
(2000 mAh/2.21A) or 54 minutes. At maximum load (70.10W), the current draw
rises to 11.68A, reducing runtime to just 10 minutes (2000 mAh/11.68A = 0.17
hours). Actual runtimes may differ from these estimates due to ideal condition
assumptions.

Our selected buck regulators operate at approximately 90% efficiency. Factoring
this in, the system at 13.26W will actually draw (13.26/0.9)/6V = 2.46A, resulting
in a runtime of about 49 minutes. At maximum load, the current increases to
roughly 12.98A with a runtime of around 9 minutes (0.15 hours). As we can see,
higher power consumption decreases runtime.

Both batteries and regulators generate heat, emphasizing the need of proper
thermal management such as heatsinks, airflow, or thermal vias on the PCB to
protect the components. The hardware design should include a 20%-30% safety
margin above the peak expected power usage. Our project aims to build a
power-efficient, reliable system. By implementing safeguards against power
overconsumption, planning for unforeseen circumstances, and ensuring effective
thermal management, we can create a stable, energy-efficient, and dependable
device.
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Chapter 5 Comparison of ChatGPT and Similar
Platforms

5.1 Introduction of LLMs and Comparison

Generative artificial intelligence (Al) chatbots and large language models (LLMs)
have become increasingly prevalent over the past several years. Models such as
ChatGPT, Microsoft Copilot, and Deepseek are built on massive datasets and
deep learning architectures capable of summarizing information, predicting text,
and generating original content. These LLMs are used in many people’s daily
lives, and individuals rely on Al to access an abundance of information, making
their lives easier and more efficient. By providing a prompt and expecting an
original response, people are able to boost productivity and have access to
information faster than ever before. Some may use Al for creativity, such as story
writing, while others use it in technical research settings. Regardless of the
application, there is a need to identify the strengths and weaknesses of these
LLMs and how they are relevant to our project and report writing.

5.1.1 ChatGPT

ChatGPT, developed by OpenAl, quickly became one of the most recognized and
widely used LLM platforms. As of October 2025, the most recent architecture is
GPT-5 with more reasoning and faster processing than previous models. In
research, it is frequently used for tasks such as condensing information, design
brainstorming, data interpretation, and code prototyping. Its integration with
features such as browsing, memory, and image analysis makes it even more
convenient to use. The platform also has “memory” and “Deep Research” modes,
which enable the model to recall past prompts and search for information with
citations. This can make long-term research projects much easier.

Despite its versatility, ChatGPT has its limitations. While its responses are
coherent, they can occasionally overstate findings or merge unrelated concepts.
This can cause confusion or simply misinformation for researchers, which can be
detrimental. There is an emphasis on how to prompt the chatbot, which is crucial
in getting the output one would want. It may oversimplify complex models or
misinterpret experimental data if not guided by carefully structured prompts. Due
to these drawbacks, most researchers treat it as an assisting tool rather than a
primary source, ensuring that all Al-assisted outputs are verified.

5.1.2 Microsoft Copilot

Microsoft Copilot is an LLM integrated into Microsoft’s productivity suite, which
includes Word, Excel, PowerPoint, and Outlook. Rather than serving as a
standalone chatbot, Copilot acts as an assistant that provides contextual
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recommendations, document editing support, and task automation directly within
the user’s workflow. It should be noted that Copilot is powered by OpenAl’s
models. So some answers that Copilot generates may resemble ChatGPT. Its
integration allows it to interpret and manipulate existing documents, summarize
large data sets, and even generate content. This makes it especially valuable for
people who mainly use Microsoft Office products for daily productivity. Another
benefit of Microsoft Copilot is that it is considered safer than other LLMs in terms
of data security. Because it operates within Microsoft’'s ecosystem, it has those
safeguards in place for your data, ensuring that research data remains private
and traceable. This can be an advantage when working on a project that is more
classified, such as defense research, medical trials, or semiconductor design
projects.

However, Copilot does have its drawbacks. It is not as flexible as other Al
platforms because it is confined to Microsoft's ecosystem. This poses an issue
for cross-functional applications. Also, while Copilot can synthesize content and
summaries from documents, it does not clearly indicate where specific pieces of
information come from within those files. This makes it difficult for users to verify
or trace statements back to their original context, a serious limitation for technical
documentation and legal or compliance work where citations are critical.

5.1.3 Deepseek

DeepSeek is a newer LLM that is rising in popularity for focusing on technical
tasks like coding, data analysis, and precise research. DeepSeek LLM 67B
surpasses LLaMA-2 70B on various benchmarks, particularly in the domains of
code, mathematics, and reasoning [citation number]. This LLM allows full access
to its architecture and training parameters, making it appealing to research
institutions that want reproducibility and transparency about the model’s
behavior. Since the model’s code and training parameters are publicly available,
it can be adapted for specialized use cases. In academia, where resources may
be limited, the ability to run on standard GPU setups without heavy cloud
infrastructure is preferred. Another advantage is its customizability. Because it is
open-source, users can fine-tune the model with their own data or modify its
architecture to better align with their research needs.

However, DeepSeek also has several disadvantages that limit its usability. Since
it is newer and less widely tested, it lacks the extensive user support that you can
find in systems like ChatGPT or Microsoft Copilot. Furthermore, safety systems
are still developing, which is challenging in environments where strict data control
is needed.
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5.2 Project Impact

Upon examining various LLM options and weighing their pros and cons, we will
discuss how our team has used LLMs in our project development. Some of the
main advantages we valued were accessibility, multi-modal capabilities, and
organization.

Throughout the development of our project, our team actively utilized ChatGPT
as a tool to enhance our decision-making. We selected ChatGPT primarily for its
accessibility and adaptability, as it could be applied to multiple phases of the
design process. One of the most significant ways it supported our work was
during component selection and standards research. Finding reliable information
on electronic components and applicable safety or IEEE standards typically
requires extensive research across numerous datasheets and websites. Using
an LLM consolidated this information, allowing our team to compare
specifications more efficiently.

However, we also considered the limitations of using ChatGPT and refrained
during certain tasks. We avoided using it for numerical analysis, circuit
simulations, or code generation, as the model's mathematical reasoning is not
always precise. ChatGPT has been shown in several independent evaluations to
produce inaccurate or inconsistent mathematical results, particularly in tasks
requiring symbolic computation or multi-step quantitative reasoning [X] (Bang et
al., 2023).

5.3 Case Studies

In this section, we compare how different Large Language Models, including
ChatGPT, Microsoft Copilot, and DeepSeek respond to the same set of prompts
to see how they perform in technical and explanatory contexts. Our goal is to get
a better sense of each model’s organization, depth, and efficiency, especially
when applied to engineering-related topics. By looking at their responses side by
side, we can identify where each model excels, where it falls short, and what
responses we would prefer to help us with our project. All LLMs were familiar
with the context of our project and we only asked the prompt one time with no
follow up questions.

5.3.1 Case Study 1

We prompted the LLMs: “What are some electrical engineering standards related
to PCB design?”. Refer to Appendix E, [1a], [1b] and [1c] for the Case Study 1
outcomes from ChatGPT, Microsoft Copilot, and Deepseek. This was a question
we asked aiming to have a list of standards we can further explore to integrate
into chapter 4 of our paper.
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ChatGPT provided an extensive list of standards that covered many aspects of
PCB design. It also provided a summary table at the end including all the
standards and their key focuses. This was helpful in selecting what was relevant
to us. The only minor drawback is that it focuses primarily on design-oriented
standards and briefly touches on fabrication or assembly guidelines, which would
have given a more broad overview. Having a more diversified list would allow for
our standards to be more comprehensive.

Microsoft Copilot gave a much shorter list of standards and did not explain what
they were or why they were relevant. It was a more condensed version than the
ChatGPT response, this can be understood because they come from the same
model. One thing that Copilot did that was appreciated was that it included a link
to where it got this information to use as a reference.

Deepseek output the longest list of standards and broke down what the standard
is and why it is important. It lacked consistency in its answer because some
standards had explanations for why they were important, and some simply had a
list of key focuses. Regardless, this answer gave us lots to choose from.

5.3.2 Case Study 2

We prompted the LLMs: “What does an MCU do?”. Refer to Appendix E, [2a],
[2b] and [2c] for the Case Study 2 outcomes from ChatGPT, Microsoft Copilot,
and Deepseek. We aimed to understand how the LLMs do with explaining the
functionality of a component in simple, digestible terms.

ChatGPT’s explanation of the MCU is detailed and structured. It shows a
connection between theoretical understanding and real-world application. One of
its biggest strengths is how it integrates the MCU's internal functions with specific
project relevance, such as how the ESP32 would operate within an X-ray dose
rate detector. This applied context makes it particularly valuable for us writing a
technical document. However, for someone that does not know anything about
technical jargon with electronics this might be too excessive for someone looking
for a quick summary.

Microsoft Copilot gave a lot of irrelevant information in its response. It did not do
a good job at answering what an MCU does but dumped information about
MCUs in general. It also does not relate anything to our project so it is not as
relevant of an answer to use when trying to understand how it fits into building
our x-rate dose rate detector. The response was not concise and provided a lot of
fluff, like how they differ from microprocessors. The answer provided was not
efficient in teaching someone what an MCU does.

The response from Deepseek was very detailed and touched on how the MCU
would fit into our project and integrating components. This answer allows one to
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easily understand what an MCU is and in great detail explains what the MCU will
do while maintaining an easy-to-understand structure.

5.3.3 Case Study 3

We prompted the LLMs: “If | want an output voltage of 2.5V and the AXUV20HS1
photodiode produces 2.5 microamps of photocurrent at any given x-ray intensity,
what feedback resistor should | use when constructing the TIA?”. Refer to
Appendix E, [3a], [3b] and [3c] for the Case Study 2 outcomes from ChatGPT,
Microsoft Copilot, and Deepseek.This question assists us in the design of the
circuitry as well as tests the LLMs ability to perform computations. This is a
simple enough computation to perform by hand using Ohm’s law so it can easily
be checked.

The ChatGPT answer is the only one that includes the negative sign in the
transimpedance amplifier (TIA) equation: Vout = -Iphoto x Rf. That's a crucial
detail because, in a standard TIA configuration, the circuit inverts the signal.
While all models get the correct magnitude of 1 MQ, ChatGPT explicitly explains
the inverting signal that if you want a positive 2.5V output, you'll need to either
add a non-inverting stage after the TIA or reverse the photodiode's orientation.

The Microsoft Copilot answer is the most straightforward and the least detailed. It
gives the formula, and the direct calculation to get to the answer. It's good if you
just need the number and a quick justification. The calculation it uses to solve for
the resistor is Rf = Vout/Iphoto. However, in the process of simplifying the
calculation, it fails to mention the inverting aspect of the TIA. It's efficient, but it
leaves out important details that could trip you up when actually building the
circuit.

The Deepseek answer is the most technically advanced and goes above just
doing the calculation. The initial calculation also misses the negative sign,
simplifying the equation to Vout = Iphoto x Rf. But what makes this response
stand out is continuing to turn a simple resistor calculation into design advice for
implementation. The practical concerns include: Op-Amp selection, stability and
bandwidth, resistor specifications, and diode biasing. From an engineering
standpoint, it is the most thorough and | don'’t feel the need to ask for more
follow-up questions because they were already answered.

5.3.4 Case Study 4

We prompted the LLMs: “Describe the main sources of noise in a low-current
photodiode readout circuit and how they can be minimized through op-amp
design and PCB layout.”. This was a good question to ask the LLMs because it
tested their ability to condense complex technical information and tested their
practical application ability.lt required the models to go beyond simple definitions
and demonstrate how different factors interact in a real engineering context. It
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also helped highlight differences in how each model structures information and
what details they prioritize. It could also show the accuracy of the information
because if the same answer is repeated, there is a chance it is valid.

The ChatGPT response is the most organized and compact with information. It
concisely breaks down the noise sources into four main categories: thermal,
shot, flicker, and op-amp V/I and proceeds to make a three-part guide focusing
on op-amp selection, circuit design, and PCB layout. The solutions it provided
were easy to understand and doable. ChatGPT commonly provides a table at the
end of each prompt when there is a lot of information provided, which is
appreciated because it can be viewed over, and the more detailed explanation is
right above.

Microsoft Copilot’'s response does a decent job of breaking down the technical
aspects of noise in a low-current photodiode readout circuit, but it's very short
and not informative. The bullet points make it easy to skim, but they limit flow and
depth. In a research or design context, I'd prefer the content to have more
background that connects ideas like explaining why each noise source matters
and how the minimization techniques interact with one another. However, the
information was similar to ChatGPT as it correctly identifies thermal, shot, flicker,
and op-amp noise, and it highlights practical design considerations like guard
rings, feedback capacitors, and low-bias op-amps. This response was similar to
ChatGPT which shows how they use the same model.

The Deepseek response does a great job breaking down noise sources in
transimpedance amplifier design. It talks about the thermal and shot noise and
parasitic effects and then transitions deep dives into practical noise-reduction
strategies. It offers good advice for op-amp selection, bandwidth control, and
PCB layout. | especially like how it connects theoretical equations with practical
design practices. This is helpful in getting background for why we choose
components and why they work. The way the layout section is explained was
more conversational than the other LLMs. | personally liked this flow because it
made it much easier to read while still maintaining organization. The other
versions, while more concise, do not really provide the answer one would want
when doing such a technically advanced project.

5.3.5 Case Study 5

We prompted the LLMs: "What factors should be considered when selecting and
integrating software for an embedded system in an engineering project?”. Refer
to Appendix E, [5a], [5b] and [5c] for the Case Study 5 outcomes from ChatGPT,
Microsoft Copilot, and Deepseek. This was a question we asked to aim for a list
of factors we can explore to directly integrate when working on the software
selection and comparison of packages part of our paper.
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5.3.5.1 ChatGPT

ChatGPT gave a detailed breakdown of the factors to consider when selecting
software for an embedded system. It emphasized areas such as hardware
compatibility, real time performance, security and maintainability. The response
explained how software choices must align directly with processing power,
memory limitations, and communication interfaces which is useful in our case for
understanding how to match the software to our project’s hardware. It also
mentioned real-time considerations and the use of operating systems for
performance purposes. The answer was strong in terms of holisticness and its
organized manner. It covers both the technical side and implementation side of
things, but generally leaned more toward principles than software examples upon
first search. This probably can be expanded on with more questions but it is a
little limited to direct application to our system set up.

5.3.5.2 Microsoft Copilot

Microsoft Copilot gave a more concise response that focused mainly on
language selection and efficiency in terms of the software. It mentions
compatibility with the hardware and real-time considerations briefly but does not
go into detail when explaining the integration process or testing methods which
are essential to the project. The benefit to copilot was that it gave examples of
tools and frameworks which makes it easier to see how things would be
implemented. Nonetheless, there is a lack of depth when it comes to answering
the list of factors and the answer is less useful for system set up compared to
Chat GPT.

5.3.5.3 Deepseek

Deepseek offered the most technical response of the 3 Al models. It broke down
embedded softwares into firmware development, communication protocols, and
debugging workflows. Additionally, it provided some insight into common conflicts
experienced which the other 2 models lacked information on. Some of these
included interrupt management, modular programming as well as how one can
go about mitigating this. Although these were some great benefits, the model’s
answer still lacked implementing how the project will be managed which Chat
was successful in mentioning. The detail in explaining the technical stuff makes it
a valuable application for our design however, it needs more of a holistic
response.

ChatGPT provided the most holistic and organized answer. While Copilot offers a
very clear answer and Deepseek provides strong technical insights, a
combination of these helped us understand how software should be selected and
integrated within an embedded system.
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Chapter 6 Hardware Design

At the start of the hardware design phase, we organized the X-ray Dosimetry
System into several functional sections to better understand its operation and
interconnections. We broke down the system into subsections and analyzed the
requirements needed for those sections as well as chose components. This
assists us with understanding how each subsection will be connected and
interact with each other to create the overall readout system.

6.1 Subsystem Overview

The X-ray Dosimetry System was divided into several key subsystems. Each
subsystem fulfills a specific role in the measurement, processing, and output of
X-ray radiation. The main subsystems include the X-ray source machine, diode,
op-amp, microcontroller, and LCD display. Figure 6.1 illustrates the overall
subsystem block diagram, showing how data flows through the device.

Image 6.1.1 Subsystem Diagram

6.2 Diode PCB

The AXUV20HS1 photodiode did not exist in Fusion 360’s default component
libraries, so | had to create it manually. This process involved designing a custom
schematic symbol to represent the diode’s anode and cathode terminals, building
a corresponding PCB footprint with two through-hole pads spaced 2.54 mm
apart, and adding a 5 mm silkscreen outline to match the diode’s physical body.
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Afterward, | linked the symbol and footprint together into a new component within
my personal library, mapping each pin to its corresponding pad. This ensured the
AXUV20HS1 could be accurately placed in both the schematic and PCB layout
for our project.

B,
Vv

Image 6.2.1 Diode Component Schematic

The diode PCB was designed to securely hold the AXUV20HS1 photodiode and
provide a clean, low-noise interface between the X-ray source and the second
PCB board that will be used to amplify and filter the signal. It will be a compact
20 mm x 50 mm layout that fits within the X-ray chamber housing and ensures
minimal parasitic effects. A reverse-bias resistor and decoupling capacitor were
placed close to the diode to maintain a stable bias voltage and reduce
high-frequency noise.

To preserve signal integrity, a ground plane and guard trace were implemented
around the photodiode and input node, minimizing leakage currents and stray
capacitance that could distort the intended signal. An SMA connector provides a
shielded path for transmitting the signal to the secondary board and we included
a low-capacitance TVS diode to protect the circuit from transient voltage spikes
during operation.

Image 6.2.2 Diode PCB Schematic
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6.3 Voltage regulator design

There are two voltage regulators being used in this system, the first is the
regulator which will be connected to the battery pack for the input voltage and the
output voltage will be connected to the V. port of the MCU. To design this
regulator the equations and schematics from the datasheet were used along with
the WEBENCH Power Designer.

6.3.1 3.3V Regulator

We will need five capacitors, four resistors, and one inductor for the design of this
regulator. This design will allow for low variability between expected and
observed output voltage (2.67%) and high efficiency (91.1%). Below is the CAD
schematic designed in Fusion 360 using the schematic provided by WEBENCH
for the 3.3V regulator.
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Image 6.3.1 3.3V Regulator Schematic

6.3.2 5V Regulator

This regulator is similar to the regulator shown in 6.3.1 but with slightly different
values to generate a 5V output instead of 3.3V. Like in the 3.3V regulator, this
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design uses five capacitors, four regulators, and one inductor. This design will
allow for low variability between expected and observed output voltage (2.80%)
and high efficiency (93%).Below is the CAD schematic designed in Fusion 360
using the schematic provided by WEBENCH for the 5V regulator.
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Image 6.4.1 5V Regulator Schematic

6.4 ESP32 Pinout

This pinout is designed in Fusion 360 using the ESP32-WROOM-32E CAD. The
connections shown are those which will be used to connect to our peripherals on
the PCB board. Connections to the LCD screen, SD card connector, the

amplifier, and 3.3V regulator input. [18]
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Image 6.4.1 ESP32 Pinout Schematic

Table 6.4.2 ESP32 Pin Functionality
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System Connection ESP32 Pin Function
Photodiode ADC SENSOR_VP Input from filter/
Amplifier diode sensor
LCD Screen TFT_CS GPIO5 LCD Chip Select

DC/RS GPI1035 Data/Command
Select
RST GPIO32 Hardware Reset
MOSI GPI1023 Shared SPI Bus
MISO GPIO19 Shared SPI Bus
SCK GPIO18 Shared SPI Clock
SD Card SD _CS GPIO33 SD Chip Select
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Connector
MOSI GPIO23 Shared SPI Bus
MISO GPIO19 Shared SPI Bus
SCK GPIO18 Shared SPI Clock
Programming UART_TX TXDO USB-UART
UART_RX RXDO
Power 3.3V 3V3 Regulator
GND GND Common Ground
EN EN Enable Pin
Testing LED GPIO4 Used to show
functionality
Table 6.4.3 ESP32 Peripherals
Signal ESP32 Pin Connected Devices
SCK GPIO18 LCD and SD
MOSI GPI1023 LCD and SD
MISO GPIO19 LCD and SD

Chapter 7 Software Design

This project incorporates heavy software in two areas. The first is the LCD
application, which displays the real-time dose rate readings and is able to
visualize the results graphically. The other is the embedded software
programmed onto the ESP32 which processes the data received from the
photodiode to calculate the dose rates. The ESP32 is able to communicate this
information to the display. These 2 components are foundational for the system
and working together is imperative for capturing, processing and presenting the
measurements in a clear way. Each part serves its own purpose but is working in
tandem for accuracy, reliability, and use in the design.




83

7.1 LCD Application Design

The LCD part of the project is quintessential for allowing the user to be able to
visualize and read the real-time dose rates coming from the x-ray. The goal of
this software is as follows:

1. Process and transmit data: Successfully obtain and process the
dose rate data from the ESP32 microcontroller, ensuring accurate
conversion from the photodiode signal to measurable values.

2. Display and visualization: Present the calculated dose rates on the
LCD display in real time, while also graphing the data to show
trends over the duration of X-ray testing.

3. User interaction: Allow users to customize how the dose rate
information is displayed—choosing between numerical values,
graphical plots, or other visual formats for improved clarity.

4. Educational objective: Provide a tool that helps educate laboratory
personnel on accurate dosimetry techniques and enhances their
understanding of the X-ray machine’s radiation output

These goals are set in place to serve as a reminder and guide to our team of how
to create a tool that will display the work from the PCB and with this in mind, we
can design the software inn way that not only shows the values but creates an
impactful learning experience as well as a creative way to display dose rates.

The application will constantly update a real-time graph that visualizes the dose
rate readings while simultaneously displaying the values onto the LCD. This
provides the users both an immediate reference and also a dynamic visual of
how the dose rates change over time. By seeing it on a graph users can better
identify patterns and fluctuations in radiation intensity during testing time.

To accommodate different preferences, the display will include a mode to be able
to view the graph and date or just the graph and data one at a time. This feature
to be able to customize the data displayed is especially useful in scenarios where
the user does not want to focus on reading the visuals without the distraction of a
number or vice versa. This is also helpful when monitoring data trends over a
period of time.

Overall this display is designed to be both informative and self explanatory. By
offering multiple visualization modes, the application supports users with different
levels of technical expertise to make the results clear and easy to interpret in real
time. This will allow us to accomplish our broader goal which is improving
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usability and promoting a better understanding of dose rate behaviors in the
X-ray testing environment.

7.1.1. LCD Application Design Flowchart

This section consists of the flowcharts showing how the LCD operates from
start-up to visualization and finally, user interaction. Each flow specifically
illustrates how a specific function of the application works and how it interfaces
alongside the ESP32.

In the figure below, we can see how the system is initialized. When the LCD is
powered on, it interfaces with the MCU to then verify the connection and baud
rate, then the initial Ul layout is loaded and then the display waits for incoming
data from the ESP32.
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Image 7.1.1.1 LCD Display Initialization

In the figure below, the ESP32 collects the dose rate from the photodiode and
sends the data packet. The LCD then receives the packet and validates the
format to which the data is then parsed. It is parsed through the payload to then
numeric value and timestamp and then the data will store and buffer for graphing
and then display values in real time. The system can then loop continuously at a

set refresh rate.
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Image 7.1.1.2 Data Processing Flow

In the figure below, it will be going over displaying and graphing the updates.
First it will retrieve the latest buffered data, and then plot the data on a graph.
The screen will then have a numeric dose rate. Then there will be the option to
scroll on the graph and refresh the axis dynamically. Then the graph is outputted

to the LCD controller for rendering.
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Image 7.1.1.3 Graph Rendering Process

In the figure below, the user is given the option “Display Mode” from there a
menu will appear to display either the numeric data or graphic data or a

combined view.

Options:
1. Numeric Only
2. Graph Only
3. Combined View



88

The application will then update the Ul layout accordingly and provide the option
to export. Below can also be found a drawing of what the Application Ul will look
like when providing these options to the researcher.

-

Choose your option [select]

Numeric value ] [ Graph value ] [cOmbined view

Export

Image 7.1.1.4 Display View
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appears Display
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Application updates Ul Display graph
layout accordingly and numeric
values

Save last used.

Figure 7.1.1.5 Ul Mode Control

The figure below shows the process of error detection and reconnection handling
within the system. Although this software operation is happening primarily on the
inside of the software, it is crucial for making sure that the software is reliable and
useful. When there is a timeout or data is lost from the x-ray, the software will
signal the LCD to display a “Connection Error” message. The system will attempt
to re-establish its communication with the MCU. The system will then attempt to
communicate once more with the ESP 32. If the reconnection is successful,the
application will log the error and resume normal operations. If the reconnection
fails the system will stay in standby until the connection is restored.
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Error and Reconnection Handling Flow
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Figure 7.1.1.6 Error and Reconnection Handling Flow

Chapter 10 Administration

10.1 Budget:

The budget for this project is set at $3,000, as agreed upon by our team and
faculty sponsor, to ensure financial feasibility for the radiation lab while providing
flexibility for replacement parts and prototyping. This budget covers a wide range
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of components, including our core circuit elements, PCB fabrication costs, and
the high-cost photodiode at the center of our design. Additionally, funds are
allocated to account for potential replacements or design modifications, allowing
us to address unforeseen expenses without jeopardizing project progress. A
detailed breakdown of cost is provided in the Bill of Materials table below.

10.2 Bill of Materials:

As seen by the table above, we are below the goal limit of $3000 by exactly
$1,525.50 allowing for prototyping and replacement parts.

Table 10.2.1 Bill of Materials

Component Part Name Quantit | Unit Price (USD) Total Price (USD)
y

Core Circuit Components

TPS564252 Regulator IC 4 $0.52 $2.08

MicroSD Card Breakout 2 $7.50 $15.00

Board+

SMA-J-P-H-ST-EM1 SMA 4 $2.47 $9.72

Connector

OPA141AID Op-Amp 3 $3.07 $9.21

ESP32 Dev Kit 1 $10.00 $10.00

ESP32-WROOM-32E-N4 3 $4.87 $14.52

MCU Module

LR6XWA/BXU 1.5V AA 10 $4.50 $45.00

Battery

OLIREXD 2 AA Battery Holder |5 $8.00 $40.00

(2-slot)

AXUV20HS1 Opto Diode 2 $627.06 $1254.12

Additional Components

2.8" TFT Resistive Touch 3 $24.95 $74.85

Shield (LCD Display
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Total

Grand Total - - $1474.50
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