ECE 493 Senior Advance
Design Project

Affordable USB Oscilloscope

Final Project Report

Team members: Phu Duong
Duy Luong
Jasem A. J. M. Alsaei
Bao Phan
Giang Nguyen
Thu Viet Minh Nguyen

Faculty Advisor: DrJensPeter Kaps
ECE 43
Date of Submissiorivay 5, 2023



Design Project: Affordable USB Oscilloscope

Table of Contents

1. EXECULIVE SUIMIMALY. . ..ciiiiiineeeeieiti e e ettt e ettt e e e e e e e et et e e e et e eeb e e e e e eeene st e e e e eeennannes 5
2. Problem StatemMeNL. ... ...t aaans 5
2.1 Motivation and ldentification Of NE@M..........ccouuiiiiiiii e 5
P Y = 14 = A Y=Y 6
G Y o] o] (0= T o FE TP PTTR R PSPPPPPTRPPPIN 7
3.1 Problem ANAIYSIS........uuuiiiiiiiiii e e e eennnnn e e eennnn ]
I O 18| g Y o] o] o T- Tod o FE PSP PPPTTRRSSPPPRPRN 7

G T R O 1V Y T P 7
3.2.2 ApProach HardWare............cooiiuiiiiieiieei et eeeenvennen e eee
3.2.3 APProaCh MICIOPIOCESSOL. ...ttt ettt ettt ettt e e e b e e e e eeannaas 7
3.24 Approach Graphical USer INTErfacCe.........covvuviiiiiiii et 8

3.3 Alternative APPIOBCKNES . ......... ittt e et e e 8
TR Tt I 11 o g T =TT o U SPPP 8
3.3.2 PYQUGTAPN. et 9
3.3. 3 AREINALIVE IMCUS ... it e e e ettt e e e e e e e e e et e 9

3.4 System Requirement SPeCIfiCatiQNS..........c.uuiiiiiiiii e e e e 10
G Y 1175 o =T (U] (=T 1= £ S 10
3.4.2 Operational REQUINEMENTS ... ..ciuueieeeei e e e e et e e e e et e e e eat e e e e e e e e esen s 10

4. System Decomposition & ArChItECIULE............uiiiiii e e 11
4.1 Level Zero DEeCOMPOBI .........uuieririieeeii e e e e e e e e e e et e e e et e e aeeeaa e e e eaa e eesnnaeeeasnaaaaaees 11
4.2 Level ONe DeCOMPOSITION. ... ..ciiui i eeeei e et e e e e e e e e e e e e et e eeeaa e e eaan e eeeneanns 12
4.3 Level TWO DECOMPOSITION. ... .ciiiii et e e e et e e e e e e e e e e e e e eeneaans 12
5. Background KNOWIEAQE. .........uiiiiii e e e e e e e e e 14
o Y g = (o o T (0] £ = o o 14
S I N1 (=] 01U = o T APPSR 14
5.1.2 AC/DC COUPING.....ouuniiiiii e e e e e e e e e e e e e e e e e en e e e eaans 15
5.1.3 Voltage Gain AMPIfIEr.........ouiiiii e e 15
5.1.4 DC Offset using PWM MethOd...........coouuiiiiii e 16
5.1.5Unity Gain BUFfEr........ouiii e 17
5.1.6 RC LOW PASS FIlLOE ... ettt e e e eeaan e 18

B.2 IMCU. ..ttt e e e e et —— ettt e e e e e e e e aaaaeeeeaaeeeteaaatarar it n—————_ 19



Design Project: Affordable USB Oscilloscope

5.2.1 ADC CONVEITEIS. ...ttt e ettt e et e e et e e et e e et e e et e e et e e ennn e eanaeeens 19
T2 10 1Y 19
5.2.3 STMB2CUDEIDE...... .. ittt e e e et e e e e e e s e e e eeanes 19
A o Y I 3 1V = P 19
o2 T N I 4 1Y 20

SR L SRR 20
CRB I r= 11 [=To [ B T=T ] [o | F PO PPPTT R PSPPPPPPIN 21
6.1 Analog FronENd SChEMALICS........ccuuiiiiiii e 21
6.1.1 Power SUppIyBY SCREMALIC. ......couuiiiii e 21
6.1.2 USB Soft Start SChemMaLiC..........coouuiiiiiie e 22
6.1.3 AtteNUALOr SCNEMALIC ......uuieiiii e e e e e e e e e et e e e ean e e e eenaneeeeees 23
6.1.4 AC/ DC Coupling SChemMaALIC.........uuuiiiiiiiiiiii e 25
6.1.5 Gain Amplifier SChEMALIC..........oiiiiiii e 25
6.1.6 DC Offset using PWM, Buffer, and RC Low PB8ter Schematic.....................cccunn.n.. 27
6.1.7 Buffer and RC Low Pass Filter, and Voltage Protection Schematic........................ 28
6.1.8 The Whole Design SChemMALIC..........cccuuiiiiiiii e eee e e e 29
6.2 PCB ANalog FrORENG........ciiiiiieiii et e e e e e et re e e e e e e e et e e e e e e e e ennaneeeees 29
GRG0 |V O 1 I = T | o 32
G U I 9 T o | 37
7. Experimentation and Success EValualion............coouuiiiiieiiieiice e 39
7.1 Experimentation AfICU ...........oooiiiiii e e 39
A N R o =T =T o | A O U ] = 39
7.1.2 EXPeriment 2: GPLO.......co e e e 41
7.1.3 Experiment 3: USB CONLINUE........cooui i e e e e e e e e e 42
7.1.4 Experiment 4: MCU Testing with Fre@ihd.................cooiiiiiiiieer e, 43
7.1.5 Experiment 5: ADC Speed TeStNG........iiiiiiiieieii e e e 45
7.2 Experimentation Of GUILL............ii i e e e 45
7.2.1 Experiment 1: Reading Data from The USB Port Testing............ccccoeeevveeiiiieviiineens 45
7.2.2 Experiment 2: FUNCLIONS TESHNG......cccvviiiiiiii e ee e eeenni e e enn e ennn . 4O
7.2.3 Experiment 3: Comunicate to MCU TeStNG ........cccvvuiiiiiiiiieeieee e 46
7.3 FrontENd/MCU/GUI EXPerimentationl.........coouuiiiiiieiie e e et ee e evae e e e e e eana s 47
7.3.1 The Whole Project TeStiNg.......cccuuuiiiiiiiiiiiieii e e e nn e enn e ennn AT



Design Project: Affordable USB Oscilloscope

7.3.2 Frequency Response for FERMO PCB............oooiiiiiii e 49

7.4 Project SUCCESS EVAlUALIONL..........iiiiiiiiii et eeneees 51
7.4.1 Overall Project EValUation...........coouuiiiiiiiieieeis e e e 51
A A © 1 g1 g £ U= P 51

8. AdMINISLrative ProjECT ASPECLS. ... .ccvuriii ettt ettt e e e e e et e e e e a e e e eeeeas 52
8.1 PrOJECE PrOQIESS.. . iiitti ettt ettt e ettt e e e e e e et et e e ettt et e e e e aeeeeetb e e e e eenenes 52
8.2 ProjecCt ChallENQES........uuuiiiiiiiie ettt e e e e e eeeeee 52
8.3 FUNAS SPEINL.....ceitiii ettt et e e e et br e e e e e e eab e e e eeae 53
8.4 MarrHours Devoted t0 The PrOJECL........coiiiiiii et 53
8.5 Individual Team Member ContribULIONS. ........ooiviiiieie e 54

S I =SS0 FS R I g =T PP 54
9.1 Additional Knowledge and SKills Learned...............uuuiiiiiiieiiiiiiiii e 54
9.2 TEAMING EXPEIIEIBC. ......uuii ittt e ettt e e e et e e e e e enne 55

S B ] 4= 1| R == oS 55
9.2.2 Team COMMUNICALION. ... ....ieiiteeeeeie e e eeeeie e e et e e e ea e e e eaa e eeeeea s eeeesn e eeeesneeeesnanaeeees 55

S I T I 4T 1 = (o 4 Vo R 55

10, REIBIBNCES. ...ttt ettt e e e et et e ae e e e e e e et b e e e e e e ata e e e es 56
11. Appendix A: Proposal (EGED2)........cccouuiiiiiie et e e e e e e e e e e e aan e 56
12. Appendix B: Design Document (EQED2)..........oiveuuieeii et e e e e e e eeenana e eaan e 80
13. Appendix C: BOM for single channel Front ENd DeSIgN...........ovvvvviiiiieeeiiieeeiieeeeieeees 130



Design Project: Affordable USB Oscilloscope

1. Executive Summary

This project involves the design and construction of an affordable USB Oscilloscope device that
meets study requirements of undergraddeetrical and Computer Engineering (ECE) curriculum. The
primary aim of the task is to design and construct an affordable USB Oscilloscope which will have a low
cost even if the chip is in a shortage crisis condition. Secondly, the performance ofghedestihave
a high accuracy. Finally, the design should have the same features as other oscilloscopes in the market
such as AC/DC coupling, attenuator, amplifier, DC offset, buffer, low pass filter, and voltage protection.
The device shall use the custd®@B design for the analog front end and microcontroller that have
interface to the open source software (PyQtGraph) via USB connection to display and navigate the
results.

Initially in ECE 492, this project will be divided into three small separate teaahsas front end,
microcontroller, and GUI. Each team member will have their own task to do research and break down
the problems to understand clearly their assigned part from the project. After coming up with the sketches
and designs, the fromind, micr@ontroller, and GUI will be tested individually or in combination with
other teams in the project throughout the period of ECE 492. For theefidnpart, the input going
through the circuit must have the correct output as we calculated by formulaghdericrocontroller
(MCU) must perform ADC fast enough and not miss data while transmitting to GUI. Finally, the GUI
must receive/transmit data from/to MCU and perform live waveform generation. After the individual
testing period, each part will be fixedthd improved to be more efficient and meet the main goal. At the
very end of ECE 492, three groups will come together to start coming up with a full custom PCB design
for the real affordable USB Oscilloscope device with the full connection of threeMarxiisig forward
to ECE 493, this will be the period of building and testing the device as a whole.

2. Problem Statement

2.1 Motivation and ldentification of Need

For many years, undergraduates of the Electrical and Computer Engineering department have been
necessitated to purchase the USB Laboratory Instruments such as the Analog Discovery 2 (AD2) or
Advanced Active Learning Module (ADALMO0O00). These USB Laboratory Instruments help students
to learn and conduct lab experiments in their own time for their convenience without depending too
much on the open hours of the lab rooms on campus. Thanks to the convenience of these devices, during
COVID-19 period, students were able to use the Analog Discovery 2 and Advanced Active Learning
Module to continue their studying at home safely without any obstacles. The pandemic has resulted in a
high demand for these devices, as students around theycauattrying to get a hand on it for their
study. The surge in demand has challenged manufacturers around the world to quickly adapt and
respond. Unfortunately, this outbreak has resulted in a serious chip shortage, which has led to a serious
soaring of pice for these devices.
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Currently, the AD2 will cost around $399 and the ADALM2000 will cost around $252.79, which
not every student can afford this overwhelming price for these devices. To reduce the significant amount
of money that students need to invéw the equipment, this project will develop a less expensive
oscilloscope solution compared to the current market. The new affordable USB Oscilloscope will include
a communication port by USB, 64GB RAM to transmit and receive data, 2 chanAstsAI2C with
5Msps, at least 2Mhz clock speed, and enough geperpbse input and output to connect with the
front end. This new device can measure the scope of AC/DC signals with an average accuracy and
precision measurement in order to meet study requireroéntsdergraduate Electrical and Computer
Engineering curriculum.

2.2.Market Review

i _ . Samplin| Number | Sampling _
Model Device Picturel Bandwidt g Rate | of Analog | Resolutio Price ($)

h (MHz) (MSa/s) | Channels| n (bit)

Analog
Discovery 2
(AD2)

30 100 2 14 $399

Advanced
Active
Learning
Module
(ADALM2000)

Hantek 2D72
Handheld
Oscilloscope
with Digital
Multimeter

10 100 2 12 $252.79

20 250 2 8 $174

FNIRSI-5012H
2.4-inch
Screen Digital
Handheld
Pocket
Oscilloscope

100 500 1 8 $76.99

Table 1: Current Open Source Alternative Oscilloscopes
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3. Approach
3.1 Problem Analysis

In order to solve the problems that we described above; the designed system hastheseaeet
requirements: the device hardware should bedosgt while still fulfilling the requirements for most
laboratory exercises in the undergraduate ECE curriculum. The total part cost should noBfceed
This is a tough challenge for our team to owene because some electronic devices like chips,

mi crocontroll ers, boardsé are in short supply
make sure this laboratory instrument can measure the scope of AC/DC signals with an average accuracy
and pretsion measurement. Therefore, in order to accomplish these requirements, we will be very
selective with our design and component choices.

3.20ur Approach
3.2.10verview

To solve the problem above, we design a device, and it must overcome three chdfiestgéss
hardware cost, it must be low cost even if the chip is in a shortage crisis condition. The second is
performance, the design must have high accuracy. Finally, the design should have the same features as
other oscilloscopes in the market, ahd design has more features than otherdost oscilloscopes.
3.2.2Approach Hardware

To meet the project requirements, we must consider the capabilities and features of an oscilloscope,
such as AC/DC coupling, attenuator, amplifier, DC offset, bufbev,dass filter, and voltage protection.
The ADC of the microcontroller accepts input voltages in the range of 0 to 3.3 volts, with attenuators
having two scales of 1.25 and 12.5 for voltage ranges of @).Vpp and (4 40) Vpp, respectively. A
onechamel analog switch will be used to change the attenuator scale, whileca@noel analog switch
will be used for switching the amplifier with four scales of 1, 2.5, 5, and 10. We will use a switch to
toggle between AC/DC coupling, and the buffer will ®eas a current amplifier. To eliminate signal
noise above 500 kHz, we will use a low pass filter, as the device can only measure frequencies up to 500
kHz. We will use a DC offset with PWM to adjust the signal to the right range of the ADC, which only
recaves positive voltages from 0 to 3.3 volts. Each circuit will be designed with components chosen
based on calculation formulas and information from the component datasheets, with a focus on
minimizing cost.
3.2.3Approach Microprocessor

We have to considevrhat microprocessor is fit for our design. To get the right microprocessor, we
must know what features are built in the microprocessor. For example, how much RAM does it have?
How does a microcontroller transmit and receive data to or from a PC (USB/WAHRETY? How many
ADC bits and ADC channels does it have? What are the sampling rate and clock speed? The last
consideration is the price and the availability of a microcontroller in the market.

After reviewing 3 microcontrollers, such as the MSP430G25b8clapad, STM32F302R8T6
Nucleo board, and STM32F303RET6 Nucleo board. We know that the first two do not meet
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requirements of the project. The RAM must be more than 64kB to store ADC data, and the
microcontroller has 2 input channels. The first one, MSP4836Gfaunchpad, has 512 RAM andii0

ADC. The second one, STM32F302R8T6 Nucleo board, has 16k RAMjt WDC, and 1 ADC
channel. The last one is the STM32F303RET6 Nucleo board. It has 80k RAM, 4 ADC channels. It meets
our project.6s requirements

3.2.4 Approach Graphical User Interface

The GUI is the primary interface between the user and the overall system. It will allow the user to
enter the system configuration command and display a waveform data. The questions: how does the
board connect to the PC? Wha the script language to create the GUI system? Which application
framework do we use? How does the GUI communicate to the board?

The GUI section of this project is done using Python as its base. Serial data is collected using
PySerial,processed using NumPy, and finally plotted using PyQtGraph with communication buttons
that connect it to the microcontroller. PySerial will receive data from the microcontroller using USB into
the serial port of the computer. The data collected from UBBessed into arrays and smoothed using
NumPy. Finally, the processed data is sent to PyQtGraph to be plotted and show the signal output.

3.3 Alternative Approaches

3.3.1Plugin Board

This alternative approach comes from the chip shortage. Sin&Tt182F303RE single chip is
hard to get, instead of disordering the chip from the Nucleo board which has a chance of destroying the
chip, another option is to design a plugin board that can connect directly to the Nucleo development
board. This approach @milar to some of the Arduino shields that add additional functionality to the
main board.

Figure 1: Arduino shield addon Board
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This approach might introduce complexity to the overall design. It might also introduce more
pointsof falu e whi ch makes it hard to figure out what

3.3.2PyQtGraph

Another approach that might make it in the end is a Python extension that makes it easy to create
plots and has a graphical user interface called PyQtGraph.

A tale of 2 subplots

1.0 1

0.5 1

0.0 1

Damped oscillation

—
N
w
4
W

Undamped
o
o

000 025 050 075 100 125 150 175 2.00
time (s)

Figure 2: PyQtGraph signal plaxample
PyQtGraph has an eagy-use fast interface and has a simple backend. Scripts can be used to collect
the signal input data from the MCU and plot it into a graph with user controls. However, PyQtGraph

lacks the professional and familiar look of Vééarms Live, and needs to be created from scratch to turn
it into a full-fledged.

3.3.3 Alternative MCUs

Currently, the top pick is the STM32F303RE MCU for its large flash/RAM capacity vs price. This
project needs a large RAM capacity to storedigmal data that is to be imported to the computer via
USB. However, if the RE version were to not be available, the STM32F303RD can be used since it has
the same RAM capacity but with reduced Flash capacity.
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Flash size (bytes) / RAM size (bytes)
A

512K/ 80K

L <vvi32r303r0 | stmazrsoav | STM2F30szD
asekraek| | [ stmazraoace | svazraosrc || stvsersoav [
128k/a0k| | [ sTMazraoace J] stmazraosns [ svisersosve [

(ZA AL G STM32F303K8 @ STM32F303C8

KA AT STM32F303K6 | STM32F303C6

» Pin count

32-pin LQFP 48-pin LQFP 64-pin LQFP 100-pin 144-pin
49-pin WLCSP LQFP/CSP LQFP
UFBGA
(0.5 mm pitch)

Figure 3: STM32F303 Series
3.4 System Requirement Specifications

3.4.1 Mission Requirements

This project involves the design and construction of an affordable USB Oscilloscope device that
meets study requirements of undergraduate Electrical and Computer Engineering (ECE) cuiTicelu
primary aim of the task is to design and construct an affordable USB Oscilloscope which will have a low
cost. Secondly, within an affordable price, any student can purchase and play around with the device.
Finally, the design should have the saneduees as other oscilloscopes in the market such as AC/DC
coupling, attenuator, amplifier, DC offset, buffer, low pass filter, and voltage protection. The device
shall use the custom PCB design for the analog front end and microcontroller that haveeitdettia
open source software via USB connection to display and navigate the results.

3.4.2 Operational Requirements

0 Input/output requirements

3 The device shall have two analog input channels and the output will display the signal on the
LCD via the opersource software. The users are able to change the configuration or setting
that they want with the output signal.

Oscilloscope

- Channels: 2
-l nput I mpedance| 1 Mq
- 12 bits ADC

-Ram O 64KB

- Sample Rate 5 Msps

- Bandwidth 2 MHz

- Useful MaxFrequency 500 kHz
- Voltage Range +20V

- USB

3 The device has the working range input fré2@V to +20V

10
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The input impedance is 1 MOhm
The signal bandwidth is 2 MHz

External Interface Requirements

The device will use the power source/ communication from the USB

Function requirements

The device will use the microcontroller with analog front end to analyze the input signal as the
following specification

The device will have the trigger option (GPii@ger/Level trigger)

The max frequency that device can measure is 500KHz

The device will have a sample rate 5 MS/s

The device will have a DC offset.

Memory for channels is 40KB, each channel is 20KB

oftware requirements

The software application can ron Linux, Window, OSX

It should run on any platform which supports the following packages: python, PyQtGraph,
NumPy, C, C+, ¢é

Speed minimum is 10 fps

Easy to use and operation

Technology and systemide requirement

The analog front end with custoRCB design will be interface with microcontroller in order

to process the input data

The microcontroller shall have at least 2 ADCs, RAM size is greater than 64K for fast respond
The device should be as small as possible

The device should be leaost (ess than $50)

USB is using to data communication

4. System Decomposition & Architecture
4.1 Level Zero Decomposition

AUO Board

Analog input
channel 1 ADC: 12 bits
Sampling rate: 5 Msps

Bandwidth: 2 MHz

Frequency: 500 KHz | data I

Voltage Range:
Max +/- 20V
Min +/- 20mV

commands Computer:

- User input
‘Visual output

User

Interface/Control

Analog input
channel 2

USE Signal Display

USB connection Power Supply (5V)

LED

Main power

Figure 4: Level Zero Functional Architecture Block Diagram

11
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The Level zero provides the overview of the top down oscilloscope design. The system is shown as
in figure below which include 2 analog input channels, user command, DC power supply from USB.
The output is the waveform signal which will be shown in the.GUI

4.2 Level One Decomposition

The design is in the detail as the figure below, signal will be conditioning by the Front End then the
microcontroller which has an ADC function will convert/ process the analog signal to digital signal. By
the communicatiothrough the USB, the data is transmitted to the GUI then the waveform will be plotted
to visualize the analog signal on the monitor.

Signal Conditioning:
P Protection circuit
Front end
“SA [ Microcontroller: Computer:
. User
> Anglgr?vteor;?;?:tal 0 Interface/Control
. o Signal Display
Signal Conditioning: ) L Universal
»| Protection circuit Serial Bus
Front end

Figure 5: Level One Functional Architecture Block Diagram

4.3 Level Two Decomposition
Level 2: Front-End

>
>
QD
o
«Q
=1
2
3 GPIO Timer PWM
= Control Control
g
>
V l
wn
Attenuator |——»| AC/DC »  Amplifier |———| DC offset

Coupling

Buffer Low pass Voltage ADC
> filter —®| Protection (MCU)

Figure 6: Level Two Functional Architecture Blobkagram- Analog Input Signal Preconditioning

12
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The main hardware for the oscilloscope is the analog front end that is starting with the attenuator
which is used to scale down the input signal. The DC/AC coupling function is used to block/unblock the
DC offset that we want in the signal. The amplifier is used to scale up the signal to the range that the
ADC can be read. Different scales will be controlled by analog switches by GPIO signal from the
microcontroller. In addition, the signal will be offset abaeeo for the ADC is able to read. to strengthen
the current, the buffer is added to provide the needed current to send to the ADC. The low pass filter will
help to filter out the noise signal that is not needed. and finally, the voltage protectiontis pisgdct
the unwanted high voltage that suddenly appear to damage the microcontroller.

Level 2: MCU

The MCU will receive the signal from the freehd and transfer it to the computer
(GUI). The MCU includes GPIO, Timer PWM, ADC, DMA, and the USBe GPIO will control the
AC/DC coupling and amplifier of the frond. The GPIO will choose specific options in AC/DC
coupling and amplifier circuits to process signals. Also, the timer PWM will control the DC offset of the
front-end by variable outpwoltage to shift signal up and down. The signal received from the drant
will go to the ADC, then move forward to DMA and then the USB. From the USB, there will be 2
feedbacks to the Timer PWM and the GPIO. The MCU will use USB to transfer/receive/ftata the
GUI. In transferring, the MCU transfers signal under digital form to GUI. In receiving, the MCU receives
a signal from the GUI to change the FE setup, adjust the signal before it goes through the MCU.

DMA
Attenuator

— Computer:

ADC 5 Memory 5> USB ‘e User
Interface/Control
i Signal Display

AC/DC coupling

CPU -

Amplifier

GPIO

DC offset
—— TimerPWM |*+——

Front-End MCU

Figure 7: Level Two Functional Architectui@lock Diagram- Microcontroller
Level 2: GUI

After the memory dump through USB happens, the data will be moved from the ADC into the main
local machine. This data is interpreted by the computer as a hexadecimal number which needs to be
further processed before being plotted into the live plot. Thegarsion from hexadecimal to a voltage
number is needed because the cursor function of the plot will show whatever row value is shown which
is why having the voltage value is correct. Furthermore, the signal will be capped between 0 to 3.3v
because of thADCs limitations, this means that the input signal will not be the same as the data out of

13
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the ADC which is where further processing is needed to return the signal back to its original form before
plotting.

ADE ‘@» Data Visualizati
Script - || Data Visualization
Gul (PyQtGraph)

Computer

Screen

Figure 8: Level Two Functionarchitecture Block Diagram GUI

- User Interface

The GUI section of this project is done using Python as its base. Serial data is collected using
PySerial, processed using NumPy, and finally plotted using PyQtGraph with communication buttons
that connecit to the microcontroller. PySerial will receive data from the microcontroller using USB into
the serial port of the computer. The data collected from USB is processed into arrays and smoothed using
NumPy. Finally, the processed data is sent to PyQtGraph plotted and show the signal output.

5. Background Knowledge
5.1 Analog FrontEnd

The Analog Front End includes multiple sections in order to provide the correct input signal to the
ADC of the MCU. There are attenuators, AC/DC coupling, gain diexdj low pass filter, and DC offset
using PWM in our fronend design. The basic background knowledge and calculation used to select the
hardware components are listed below.

5.1.1 Attenuator

The attenuator uses a simple resistor to do voltage dividgorevent the capacitance effects at the

high frequency, the capacitors are connected parallel to the resistor which needs to satisfy the equation
below.

Yzd Y26
Y
Y Y

W Wi

14
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QD V, § R; C,

Ground

Figure 9: A Frequency Compensated Voltage Divider
5.1.2AC/DC coupling

AC and DC stand for Alternating (Capacitive) Coupling and Direct Coupling, respectively. This
parameter is critical since it affects the frequency content of the signals. The majority of signals are made
up of both AC and DC components. TRE component is the 0 Hz component that functions as a time
domain offset. For more detail, AC coupling eliminates DC offset by connecting-bldaking
capacitor in series with the signal. AC coupling effectively rejects the signal's DC component,
standadizing it to a mean of zero. On the other hand, DC (direct coupling) allows both alternating current
and direct current signals to travel across a link. The DC component is a 0 Hz signal that functions as an
offset for the AC component of the signal [2].

5.1.3 Voltage Gain Amplifier

An amplifier is a type of electronic device that may amplify the amplitude of a signal (adiyiag
voltage or current). It is a twport electrical circuit that uses electricity from a power souremb@ance
the amplitude of a signal supplied to its input terminals, resulting in a higher amplitude signal at its
output. Gain is the ratio of output voltage to input voltage [3]. The figure below is thievented op
amp configuration and the gain wiklcalculated by.

o Y
0 P V

15
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? ) )
R2
Ov
O _;_ O

Figure 10: Voltage Gain Amplifier Circuit
5.1.4 DC Offset using PWM Method

DC offset is an average amplitude deviation from zero. When the signal goes out of the range ADC
of the oscilloscope, the DC offset adds the Ditage to the incoming signal to move it in the range [1].

V(nRa6)

Figure 11: Range Signal by Analog Offset

For many Microcontrollers, the default output is pulse width modulation. It may be necessary to
convert a PWM to a DC signal in orderdommunicate with an external circuit or device because that
circuit or device may need a variable DC output.

Desired DAC Voltage = A * duty cycle

with A is the peak value of the square wave and duty cycle = (width / period) * 100

16
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Period

Output

Count |B|9|0|1]|2|3(4[5|6|[7|B|9|0|1|2|3|4|5|6|7]|B|H

f T

Match Overflow

Figure 12: PWM Timing Cagram

PWM signal across RLC low pass Filter to invert DC signal

M——

EWM (:) I R > DC Output

Figure 13: DC Voltage by using PWM
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5.1.5 Unity Gain Buffer

The output voltage follows or tracks the input voltage, the amplifier is a unity gain buffer. A
voltage buffer amplifier's voltage gain may be unity, and it gives significant current gain.
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10V
Input

10V Output
ViN QO ed 4

Figure 14: Unity Gain Buffer Configuration
5.1.6 RC Low Pass Filter

The low pass filter (LPF) is a filter that allows the passing of the signal with low frequency and
blocks the signal with high frequencies [2].Low pass filters are commonly usdectnonic circuits to
remove high frequency noise from a signal, to limit the bandwidth of a signal, or to isolate low frequency
components of a mixed signal. Removing high frequency noise from a signal before amplification in
order to improve sound quli

Input Signal Output Signal
M‘T T ﬂ /\ /
| ‘ / \ /
A -\
TNV \/
Combination of high High frequencies Only low
and low frequencies attenuated by filter frequencies remain

Figure 15: Low Pass Filter

" p o« P : p
Q cu ‘Yé 0 cu 'Y‘Q Y cu 6"Q
. P . 076
w Rt a w Y w

¢* Qo a

° VWA
R
Vin(s) —» L] —® Vout(s)
v

Figure 16: RC Low Pass Filter
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5.2 MCU

The microcontroller iske a computer integrated on a chip and used to control electronic devices.
It is a selfcontained embedded system with peripherals, processors, and memory.

(@]

0 CPU is considered the brain of the microcontroller. It has the function of fetching and decoding
instructions.

O«

Input/output port is used to control and communicate with devices such as monitors, LEDs,
printers, etc.

O«

In microcontrollers memory is used to store data and programs.

O«

Serial port is the part that connects the microcontroller and other exieripgherals.

O«

Timer and counter are a part of the clock speed of MCU, and it can be adjustable in configuration.
It can be used as a delay or creating an event.

5.2.1 ADC Converters

In a digital oscilloscope, the analog signal is at the input, afteruatien/amplification and
preliminary filtering such as for ac coupling, goes to an ar@atigital converter (ADC). Each channel
has a separate ADC, each with an external clock. Aralaoggital conversion takes place by means of
sampling. The samplegeataken at specific rates and the amplitude of each sample is measured and
stored. Intuitively, we know that the accuracy of the digital signal at the output depends upon the number
of samples that are taken.

5.2.2 DMA

Direct Memory Access (DMA) is a capability provided by some compuismarchitectures that
allows datato be sent directly from an attached device (such as a disk drive) oetineryon the
computer's motherboard. The microprocessor is freed from invelewith the data transfer, thus
speeding up overall computer operation.

5.2.3 STM32CubelDE

STM32CubelDE is an alh-one multtOS development tool, which is part of the STM32Cube
software ecosystenS5TM32CubelDE is an advanced C/C++ development platfeith peripheral
configuration, code generation, code compilation, and debug features for STM32 microcontrollers and
microprocessors. It is based on the Eclipse/CDT framework and GCC toolchain for the development,
and GDB for the debugging.

5.2.4 HAL Driver

The Hardware Abstraction Layer (HAL) driver layer provides a simple, generic-imstiince set
of APIs (application programming interfaces) to interact with the upper layer (application, libraries and
stacks). The HAL driver APIs are split into two caiggs: generic APIs, which provide common and
generic functions for all the STM32 series and extension APIs, which include specific and customized
functions for a given line or part number. The HAL drivers include a complete set oftceasly APIs
that smplify the user application implementation. For example, the communication peripherals contain
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APIs to initialize and configure the peripheral, manage data transfers in polling mode, handle interrupts
or DMA, and manage communication errors. The HAL dsvare featur@riented instead of H°
oriented. For example, the timer APIs are split into several categories following the IP functions, such
as basic timer, capture and pulse width modulation (PWM). The HAL driver layer implemetitaeun
failure deteabn by checking the input values of all functions. Such dynamic checking enhances the
firmware robustness. Rutime detection is also suitable for user application development and
debugging.

5.2.5 LL Driver

Low Layer (LL) drivers offer a fast lighveightexpertoriented layer which is closer to hardware
than HAL. It means the LL driver offers lel@vel APIs at register level, such as a set of functions to
initialize peripheral main features according to the parameters specified in data structured, a set o
functions to reinitialize peripheral without recompiling. To use LL drivers, they require deep knowledge
of the MCU and peripherals specifications.

5.3 GUI

For the GUI section, the GUI design is based on the PyQtGraph. When we connect the
microcontroller board and front end to a PC via USB, then run a python script that we develop to launch
the GUI. In this script, we will collect the live data using PySerial/PyUSB, process the data using Numpy,
and we will plot the waveform using PyQtGraptyQtGraph is a pusgython graphics and GUI library
built on PyQtPySide and NumPy. It is intended for use in mathematics/scientific/engineering
applications. Despite being written entirely in python, the library is very fast due to its heavy leverage
of NumPy for number crunching ar@t's Graphics View frameworfor fast display. PyQtGraph is
distributed under th®lIT opensource license

A

Filled plot, axis disabled

AN

Figure 17: Main Features of PyQtGraph

20


http://www.riverbankcomputing.co.uk/software/pyqt/intro
http://www.pyside.org/
http://www.numpy.org/
https://doc.qt.io/qt-5/qgraphicsview.html
http://www.opensource.org/licenses/mit-license.php

Design Project: Affordable USB Oscilloscope

PyQtGraph is known to run on Linux, Windows, and OSX. It should, however, run on any platform
which supports the following packages:

O«

Python 3+

PyQt 5, PyQt6, PySide2, or PySide6

NumPy

SciPy is optional for some numerical procedures
pythorropengl bindings are required for 3D graphics

O¢ O¢ O¢ O«

PyQtGraph can be installed using these methods:

0 From PyPI
3 Last released version: pip instpilgtgraph
From conda
3 Last released version: conda instalcondaforge pyqtgraph
To install systerwide from source distribution: python setup.py install
Many linux package repositories have released versions.

To use with a specific project, simply cofne PyQtGraph subdirectory anywhere that is
importable from your project.

O« O«

O¢ O«

We can learn PyQtGraph by browsing through the examples. We can use this cqmthandn
pyqgtgraphexampledo launch the example application.

6. Detailed Design

The information below presents a comprehensive design and calculation for a single channel
oscilloscope. The design encompasses three main components:-anfiomardware component, a
Microcontroller Unit (MCU) equipped with features like a timer and speed\Pahd a usefriendly
GUI component. Each of these components is described in detail to provide a complete understanding
of the oscilloscope's functionality.

6.1 Analog Front-End Schematics

The analogront-end circuit constitutes a vital component of mithl storage oscilloscope. This
paper presents the design of a Rgifformance analoigont-endcircuit featuring wide band, low noise,
and high input impedance characteristics. The circuit design encompasses several building blocks such
as high impedare buffer, DC offset adjustment, and gain amplifier. A higpedance passive probe
was utilized to conduct an extensive performance evaluation of the circuit in both time and frequency
domains.

6.1.1 Power Supply-5V Schematic

A -5 V power supply is a soce of power that delivers a steady voltage outpubofolts. It is
typically used in electronic circuits that necessitate a dual power supply, meaning they require both a
positive and negative voltage source to function such as a rail smplifierin this design. To obtain
the-5 V voltage output, the typical charge pump switching regulator is used in this design.
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Negative 5V Power supply
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Figure 18 Negative 5V Power Supple Schematic
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Figure 19:Negative 5V Power Supple Simulation
6.1.2 USB Soft Start Schematic

USB soft start serves the purpose of preventing current surges that occur when a USB device is first
connected to a power source. These surges can potentially cause harm to either the USB device or the
USB port. USB soft start achieves this by graduallgpieng up the voltage across the USB port that the
typical pmos transistor is using in the circuit for thus controlling the flow of current. This controlled flow
of current ensures the safety of both the USB device and the USB port from any possible harm.
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USB Soft Start Schematic
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Figure 20: USB soft start schematic
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Figure 21: USB Soft Start Simulation

6.1.3 Attenuator Schematic
Our design utilizes mechanical relays due to several advantages they offer over digital switches,
such as a high degree of isolation, affordability, and immunity to signal frequency. Specifically,

mechanical relays are not affected by the signal frequeamsyring consistent performance across a
range of frequencies. This makes them an affordable option for applications where cost is a concern,
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without compromising on performance. For the resistor and capacitor, the standard value with tolerance
acceptedl - 5%) for cost saving purposes.

Attenuator Schematic
e I
| D1 :
! Hitr 48 {AC/DC Coupling }:
|
: k1 I
[ r;?_l !
! L R13 |
: e 820K :
‘ |
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Figure 22: Attenuator Schematic
Calculation for {.25:1)Scale
@2 o Y, ., 820 S iz 0B
Wi Wi=—= = Wi
Y. Y, 82M® 2 0®
Select:Y, 8270
Y, 2070
0; 827100
0, 20840
Calculation for {2.5:1)Scale
: . Y 6 & w
w2 Wi wiz 08 8
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Select:Y, 6 &

Y, 8270
6 680
5, 82190

6.1.4 AC/ DC Coupling Schematic

The Photo MOSrelay, also known as solstate relays, offer several benefits over traditional
mechanical relays is used in our design to optimize the component space, stable operation, low power
consumption, and low noise.

AC/DC COUPLING

| Attenuatator output » [ I I |Gain Amplifier »

I

1 I
| |
1 I
1 1
| I
1 I
1 |
| I
| |
1 I
1 1
- :
i .
1 I
1 |
l I
1 I
1 |
| I
| |
1 I
1 I
1 |

1t | AQY2845X

| ™
| acdc—GPIO control>—m—
R1 \v4
GND

Figure 23: AC/DC Coupling Schematic
0 ! ! 3180
® 27025210

Select C = 47 nin order to have the signal over 500kHz pass though.

6.1.5 Gain Amplifier Schematic

In order to meet the input requirement for the ADC of Microcontroller which is working from 0 to
3.3 Voltage. The input signalill be divided into certain range as the table #1 and the different amplifier
scale is designed such 1, 2.5, 5, 10 times in order to meet the output Wain/6ltage range. The
maximum amplification is 10 and bandwidth requirement is 2 MHz, thengpLMP 7731 is selected
for our design with the following features such as low noise, precision, with Gain Bandwidth Product
(GBW) 22 MHz, Rail to Rail supply voltage 10V.
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GAIN AMPLIFIER
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Figure 24: Gain Amplifier Schematic
Setting Range Peak to Peak Attenuation Amplification Final
[V/Div] [+/-V] V] V] V] Amplification Value
0.01 0.04 0.08 1.25 0.06 10 0.64 8
0.02 0.08 0.16 1.25 0.13 10 1.28 8
0.05 0.2 0.4 1.25 0.32 10 3.20 8
0.1 04 0.8 1.25 0.64 5 3.20 4
0.2 0.8 1.6 1.25 1.28 2.5 3.20 2
0.5 2 4 1.25 3.20 1 3.20 0.8
1 4 8 13 0.62 5 3.08 0.38
2 8 16 13 1.23 25 3.08 119
5 20 40 13 3.08 1 3.08 0.077

Table2: Amplification vs Voltage Range
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Calculation:
- 1.1 Path
0] 1 i 1 %
Y, 100 2)
Select:’Y 62
Y, 170
- 1:2.5 Path
0 1 i 1 io 8285
2 100
Select:'Y 187Q
Y, 170
- 1:5 Path
Y, 100 %
Select:'’Y 38Q
Y, 170
- 1:10Path
o 1 Al 1 219 g 0
Y 100
Select:'Y 9a™Q
Y, 170
6.1.6 DC Offset using PWM, Buffer, and RC Low Pass Filter Schematic
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Figure 25: DC Offset using PWM, Buffer, and RC Low Pass Filter Schematic
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c =1

oz C: |

Choose, L= 10uH and C = 1uF, so R=6ahd"Q= 50 kHz.

t

he f ol

The variable DC signal output depends on the duty cycle of the PWM signal.

6.1.7 Buffer and RC Low Pasd-ilter, and Voltage Protection Schematic

OWi

ng

r el

at

The typical unity amplifier is used here to strengthen the signal OPA863 is used in our design. In
addition, Low Pass Filters are commonly used in electronic circuits to remove high frequency noise from

a signalto limit the bandwidth of a signal, or to isolate low frequency components of a mixed signal.

They are also used in audio applications to remove high frequency noise from a signal before
amplification or playback, resulting in improved sound quality.

Low pass filter calculation:

Buffer — LPF — VOLTAGE PROCTECTION

Buffer

1
LPF ! Voltage protecto

+3.3V

BAV19 QDW

[ike}

: GMD :ADC

r

c
s
Ak,
GND

______________________________________________________

Figure 26: Buffer and RC Low Pass Fllter and Voltage Protection Schematic

frequency | Xc i Vout
10 99471839.43 | 99471839.43 5
50 19894367.89 | 19894367.89 5
100 0947183.943 | 9947183.944 5
1000 094718.3943 | 994718.3994 | 4.999999975
4000 248679.5986 | 248679.6187 | 4.999999596
10000 09471.83943 99471.8897 | 4.999997473
50000 19894.36789 | 19894.61921 | 4.999936836
100000 0947.183943 | 9947.686585 | 4.999747357
500000 1989.436789 | 1991.948477 | 4.993695398

Table 3: Frequency vsoM of low pass filter simulation
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Figure 27: The Whole Design Schematic
6.2 PCB Analog FrontEnd

The FrontEndPrinted Circuit Board (PCB) has been designed with detail to ensure optimal signal
transmission without any degradation or interference. The layout has baaizegto ensure that the
input and output signals take the shortest and straightest path possible. To achieve this, the PCB has beer
designed with four layers, with the front and back layers dedicated to signals, an inner layer for power,
and another laydor ground.
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To create the PCB, KICAD 6 software was used to optimize the layout to a compact size of 2.71" x
1.44". OSH PARK manufacturer was selected to fabricate the PCB using FR408 substrate, purple mask
over bare copper, and an ENIG (immersion géildsh. The detailed design of the PCB, including all
traces and vias, can be found in the table below. To accommodate the SMD components, 0603 resistor
and capacitor footprints were used, which allows a trace to pass through the component. The assembly
of the components was carried out in the GMU lab, with the use of a soldering oven for SMD
components, and harsbldering for througlnole components.

Description Size
Trace clearance 5mil (0.127mm)
trace width for signal 12mil (0.305mm)
Trace withfor power and GND 24 mil(0.6096mm)
Drill size 10mil (0.254mm)
Annular ring 4mil (0.1016mm)
Minimum Hole size 10 mil (0.254mm)
Maximum Drilled Hole Size 260 mil (6.604mm)
Via Plating Thickness 12mil (0.305mm)
Fabricated Hole Size Tolerance | +/-2.5mil max (0.0635mm) + mil typical (0.0254mm)
Fabricated Hole Position Tolerancg +/-2.5mil max (0.0635mm) + mil typical (0.0254mm)

Table4: PCBDesignDetail
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J11 (connestto MCU)

1 Attenuator
2 AC/DC
3 Amp 1-10
4 Amp 1-5
5 Amp 1-1.25
6 Amp 1-1
7 PWM
8-9-10 GND

Table5: J11 Pinout Detail connectso MCU
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Figure 28: Front of PCB forSngle Channel
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Figure 29: Backof PCB forSngle Channel

6.3 MCU Design

For the detailed degn of MCU, there are three parts. First, the controller layteisnicrocontroller
processor configuration. The function of the MCU is required for the GUI. This function will include
direct memory access (DMA), ADC converter and speed, Timer, GPICharldSB transmit/receive.
STM32CubeMX and Keil will be used to support these functions. STM32CubeMX is used for setup
MCU configuration, and Keil is used for coding part of the MCU. For the MCU hardware, this will
include the Hardware abstraction layer (HAlriver and the low layer (LL) driver. HAL driver is used
to perform functions such as GPIO, Timer, ADC, DMA, and USB. LL driver is used for adjusting or
changing irregister level while the MCU is running without reinitialization by STM32CubeMX.

Controller Layer> Microcontroller Processor Configuration

Requests from GUI
General-purpose input/output
Eunction > Direct Memory Access (DMA)
ADC clock, ADC sampling time

Timer
USB

STM32 Cube

Driver
Low Layer (LL) Driver

Hardware > Hardware Abstraction Layer (HAL)

Figure 30: MCU Detailed Design
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Connection
Pin Name (Hpa“rg\’s;fe) (sf’é’fiﬁv‘iii) Pin Name (Hp;rm;fe) (spélf:\?v(;g)
PAO ADCL_In PA12 USB DP
ao | ta0tnom | SP00u | o | Mewer | cPlo_ou
(Fﬁ(?) ACI [A)g and | &pio out ZE;;;) 1z§f2"2'gri%ff) GPIO_Out
o | s | oo ou | ST | At | oo o
PAL1 USB DM

Table 6:10 Pins Connect to Front_ En®esign

These are pin names and pin purposes we use for 1 channel eERdbdesign. We use 6 pins
(PA8-10, PB4. PB10, and PC7) with GPIO_Out purpose to change settings in the design. We use 1 pin
(PAO) as the input which is the output from Fr&amd desyn. We use 2 pins (PAl1l, PA12) for USB
data minus and USB data plus, and they are connected between the microcontroller and PC.

Pin Configuration:

The STM32F303RE microcontroller is a versatile and powerful device that is commonly used in a
wide range oémbedded systems applications. One of the key features of this microcontroller is its ability
to operate at a maximum clock speed of 72 MHz, which allows it to process instructions at a high rate
of speed.

USB: We need to enable USB from STM32CubelDE. UBSB DEVICE, we need to choose
Communication Device Class (Virtual Port Com). Then, we need to connect an external 8.000 MHz
crystal to the board. After finishing configuration on STM32CubelDE, we run the C file in STM32, then
we can see the PC recognize thSB port in the PC device manager. To call USB functions, we need
to include usbd_cdc_if.h in the C file.

Timer for PWM: we use Timerl and channell, we set it to PWM Generation CH1. From the clock
source, we choose an internal clock. In the paramet@ngsete set the prescaler to 0, counter mode is
up mode, counter period is 33QQbecause we want to generate PWM from 0V to 3.3V). Also, in DMA
settings, we need to add DMA corresponding to TIM1_CH, change direction Memory to Peripheral.
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Figure 31:Pin Configuration for FrontEnd

Timer for trigger: we need to activate Timerl16, and set prescalér(72 Mhz to 1Mhz), counter up
mode. Also, we enable Timerl6 interrupt to perform tasks in interrupt service routine.

ADC: we choose ADCI1, inpufl singleended. ADC 1zit resolution, right alignment, enable
continuous conversion mode, enable DMA continuous requests. The rest is the default setting.

DMA: in the DMA option, we need to add ADC1, direction is peripheral to memory, and circular mode.

GPIO: To achieve the desired functionality of the Fent design, we need to configure the GPIO pins

as output pins. This configuration enables the microcontroller to control the signals that are sent out to
the FrontEnd components. It is essential @refully select the specific GPIO pins to be used for this
purpose, based on their availability and suitability for the FEomtt design. Once the appropriate pins
have been identified, we can proceed to configure them as output pins by setting the GRIEY. Ou

This configuration enables the microcontroller to drive the selected pins with the appropriate signals
required by the FroriEnd design. By setting up the GPIO_Out flag correctly, we can ensure that the
FrontEnd design functions correctly and &ddly.

RCC: RCC, which stands for "ResistOapacitorCrystal," is a crucial component in electronic circuits

that provides clock signals to various digital components. To ensure proper functioning of the circuit, it

is essential to set up both higheed ad lowspeed clocks, which can be achieved through the use of
crystal/ceramic resonators. These resonators are highly accurate and stable devices that generate precis
oscillations at a particular frequency, which can be used as a clock signal for thlecdimponents. By
carefully selecting and setting up these resonators, the RCC can maintain accurate and reliable clock
signals, ensuring that the electronic circuit functions optimally.
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Figure 32: MCU Flow Chart
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When starting the device, tkevice is initialized peripheral, then moved to the command block. In
the command block, the device checks the command coming from the PC, either stop or start command.
If the command is stop, the device stops everything and waits for the next comntia@d.olifnmand is
start, the device executes the adjust setting, then moves to mode block. The command from the PC will
tell the device to perform continuous mode or single mode. In the continuous mode, the device gets ADC
data and sends it to the PC by USBie device keeps performing that cycle until it receives a new
command. When the device is in single mode, it checks the trigger and sets a timer to know when to stop
sending data to the PC and wait for the next command

Thebelowtable is calculated ke following formula and based on fixed samples (10000 samples).
The sampling time and ADC clock need to be changed depending on input and screen division to display
the signal correctly. Otherwise, if the ADC reads too fast, the signal is up and doausdeata is
overwritten. If the ADC reads too slow, the data is repeated.

screen

0000 X ADC Clk —12.5

Sample time =

sample time+12.5

Sample per second =1 +

ADC Clk
__sample time+12.5
Teonv = ADC Clk

Time per division |Screen|Sample per second| Samples |ADC Clock |Sample time| |Calculated sample time
1us 10us |[5Msps 50| 72Mhz 15

2us 20us |5Msps 100|72Mhz 15

Sus 50us |5Msps 250|72Mhz 15

10us 100us |5Msps 500|72Mhz 1.5

20us 200us |5Msps 1000|72Mhz 15

50us 500us |5Msps 2500|72Mhz 1.5

100us 1ms SMsps 5000(72Mhz 15

200us 2ms S5Msps 10000|72Mhz 15

500us 5ms [2Msps 10000|36Mhz 45|< 55
1ms 10ms | 1Msps 10000( 18Mhz 45]|< 55
2ms 20ms |0.5Msps 10000{9Mhz 45|< 55
5ms 50ms |225Ksps 10000|7.2Mhz 19.5]< 23.5
10ms 100ms |97Ksps 10000(7.2Mhz 61.5|> 59.5
20ms 200ms |56.25Ksps 10000 1.125Mhz 75|< 10
50ms 500ms [20.09Ksps 10000{0.28125Mhz 15|= 1.5625
100ms 1s 8.79Ksps 10000{0.28125Mhz 19.5|> 15.625
200ms 2s 3.80Ksps 10000{0.28125Mhz 61.5(> 43.75
500ms 5s 1.83Ksps 10000( 1.125Mhz 601.5|> 550
1s 10s 916sps 10000(0.5625Mhz 601.5|> 550
Sample time options: [1.5,2.5, 45,75, 19.5,61.5, 181.5, 601.5]

ADC clk options(72Mhz): [72, 36, 18, 12,9,7.2,6,4.5, 225, 1.125, 0.5625, 0.28125]

Table 7: Calculated sampling time and ADC clock
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6.4 GUI Design

Receive data from
MCU

\ 4

Signal Processing YES Plotting

A 4

y

Visualization

Figure 33: GUI Detailed Design

The goal for the GUI is to be able to process all the signals from the ADC to the original signal,
create an array from that data, plot all that information fast enough to not notice any delay, and finally
to be able to do all that wittwo-channels and a functional looking GUI. The GUI will be made fully
with Python including some important math and GUI libraries, and these libraries are as follows:

NumPy/SciPy (arrays and matrix math)
Serial

PyQt5/PySide (GUI toolkit)

PyQtGraph (fast pitting of data)

These are the main libraries that are used to make the user interface of the system. The GUI allows
the user to interact with MCU to display and manipulate oscilloscope readings. The GUI settings allow
the user to adjust the voltage anddimer division, apply a DC offset, and control the attenuator,
amplifier, sampling time, and ADC clock settings. The voltage values displayed on the GUI are adjusted
based on these settings, and the interaction between the GUI and the MCU involvessdatiagrting
the voltage values to match the uselected parametershe GUI was tested using Windows 10 and
11, and for it to run properly, the port and baudrate number need to match the MCU's serial. The board
also needs to be connected for it to wdik change the port and baudrate number, change reader =
SerialReader(port="COM7', baudrate=12000000) in line 400 of the code. COM7 can be changed to
COM# depending on the port number in the Device Manager of Windows. The main function "def
update():",ad fAdef pl ot _data():0is the main | oop that
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Figure 34: The zoom function in PyQtGraph
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Figure 35: The GUI Screen
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The GUI is made of three different sections: signal plot, controls, and cursor information.

1. Signal plot: The main part of the GUI is a plot displaying the oscilloscope readings-imrealr

as a single capture, depending on the user's choice.
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2. Controls:There are several control elements in the GUI, allowing users to adjust the display and
functionality of the oscilloscope. These controls include:

Voltages/Div: A combo box for selecting the voltage per division on thes,

Time/Div: A combo box foselecting the time per division on thexis.

DC Offset: A spin box for adding an offset value to the voltage readings.

Run and Stop buttons: Buttons for starting and stopping the continuous data reading and plotting.
Single button: A button for capturirand plotting a single set of 200 points.

Attenuator: A combo box for selecting the attenuator value.

AD/DC: A combo box for selecting AC or DC coupling.

Amplifier: A combo box for selecting the amplifier value.

Sampling Time: A combo box for selecting templing time.

ADC Clock (MHz): A combo box for selecting the ADC clock frequency.

N W (W W (W (W (W (W (W W

3. Cursor: The plot includes a crosshair cursor that moves with the mouse and displays the x and y
values at the cursor's position.

The received data from the MCUsdsaled to voltage values between 0 and 3.3 volts. The received
values are then adjusted based on the-seected settings for the attenuator and amplifier that are
determined by the selected attenuator and amplifier settings. The calibration process iagsting
the displayed values based on the selected GUI settings. This is achieved by applying the DC offset value
and inverting the original voltage according to the attenuator and amplifier settings.

7. Experimentation and Success Evaluation

7.1 Experimentation of MCU
7.1.1 Experiment 1: USB

In order to prepare for the PABSB testing later on, the first step is to figure out how to use the
STM32 and turn it into a USB that can transfer the data. This experiment is dependent on the coding in
IDE ard a simple circuit that is connected to the STM32. To make sure that the USB can transfer data,
a message is being added to the code section. After connecting the USB wire to the computer and running
the code for STM32, Hercules SETUP utility is used tewviwhether or not the message can be

transferred successfully.
while (1)

CDC_Transmit FS((uint8_t *)data, strlen(data));
HAL Delay(1000);

if (buffer[0]=='0"){
HAL GPIO WritePin(GPIOA, GPIO PIN 5,SET);
1
else if (buffer[0]=="2z"){
HAL GPIO WritePin(GPIOA, GPIO PIN 5,RESET);
1

Figure 3. The code is for testing with receiving, transferring, and turning on/off LED
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S=static int8 t CDC_Receive Fs(uint8 t* Buf, uint32 t *Len)
) o

/* USER CODE BEGIN 6

USBD _CDC sSetRxBuffer (&hUsbDeviceFs, &Buf[0]);
2 USBD_CDC _ReceivePacket (&hUsbDeviceFs);
4 uint8 t len = (uint8 t) *Len;
memcpy (buffer, Buf, len);
return (USBD OK);

USER CODE END 6 */|

Figure 37: USBReceiveFunction

For transferring, we do not need to do anything. To receive data, we need to modify the receive
function of the board. We need to add a buffer, so data coming from the PC will be stored in it. Then

MCU will change performance based on how we design MCU.
while (1)

f

1
if (n==10240){
n=0;
HAL ADC Start DMA(&hadcl, (uint32 t*)adc buff, ADC BUFF);
}
sprintf (msg, "%hu\r\n", adc buff(n]);
CDC_Transmit FS((uint8 t *)msg, strlen(msg));
HAL Delay(l);

n++;
if (command buffer[0]=='1"){ // command string is ne
if (command buffer[1]=="0"){ // SMP 1.5 clo le
changeSampling0 (shadcl) ;
command buffer[0]="0"; // set this command string becomes old
}
else if (command buffer[l]=="'1")({ SMP 2.5 clock cycles
changeSamplingl (shadcl) ;
command buffer[0]="0";
}
else if (command buffer[l]=='2"){ // SMP 4.5 clock cycles
changeSampling?2 (shadcl) ;
command buffer[0]="0";
}
else if (command buffer[1]=='3"){ // SMP 7.5 clock cycles
changeSampling3 (shadcl) ;
command buffer[0]="0";
}
else if (command buffer[l]=="4"){ // SMP 19.5 clock cycles
changeSampling4 (shadcl) ;
command buffer[0]="0";
}
else if (command buffer[l]=='5"){ // SMP 61.5 clock cycles
changeSampling5 (&hadcl) ;
command buffer[0]="0";
}

Figure 38: CombiningTransferring,Receiving by USB and ADC

The code is MCU transfers data to laptop, and MCU receives data from laptop to change MCU
configuration. The code is MCU performs ADC. If MCU receives data coming from the PC, MCU will
changeADC speed such as sampling time or ADC clock to slow down or speed up ADC.
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7.1.2 Experiment 2: GPIO

MCU also needs to use STM32 to control the 3.2V DC voltage input for-ErahtBefore plugging
in to the FrordEnd breadboard circuit, testing was donevtigh a simple LED circuit. By using the
GPIO on the STM32, the code is modified to be high or low in order to turn on and off the LED on the
breadboard. The testing was working well. After that, STM32 was connected directly to the breadboard
circuit of Frat-End for DC and attenuator testing. When modifying the code on STM32, the STM32
successfully provided 3.2V DC voltage to the circuit.

HAL_Init();

SystemClock_Config(};

MX_GPIO_Init();
MX_USARTZ_UART_Init();

HAL_GPIO_WritePin(GPIOB, GPIO_PIN_ 7, 0);

Figure 40: When theCode assign turn on/off inpipoltage
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7.1.3 Experiment 3: USB continue

In this experiment, the MCU team was testing how to use the STM32 and turn it into a USB that
can transfer the data. The experiment was dependent on the coding in IDE and &istoiplbat is
connected to the STM32. MCU team got the simple circuit soldering for the USB that can connect
directly to the STM32 without using a breadboard. After connecting the new circuit to the computer and
running the code for STM32, Hercules SETuUtHty can receive the message successfully.

Figure 41: Pin and USBCable Circuit

+33V +33V
N /]\

:

1
VCC
usan- oA 2Lp- o9
PA 12 3 2|
UsSB_D+ D+ 4w
4 z[>
GND «
-
o [Ty
GND

Figure 42: Schematic for USB

Figure 43: USB Cable Circuit after Soldering
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Figure 44: Close up of th&oldering Circuit
7.1.4 Experiment 4: MCU Testing with Front-end

MCU team is successfully able to use the GPIO on the STM32, the code is modified to use the
buttons on the breadboard in order to control the 3.2V DC voltage input for theBfr@dnETM32 was
connected directly to the PCB of the Fréirtd for DC, preampiier, and attenuator testing. The testing
was successful. MCU is able to control the PCB with the button circuit.

Figure 45: Testing between Frorgnd and MCU
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Figure 46: Connection between Fromind and MCU witlSoldering Circuits
Connection

_ Purpose Purpose _ Purpose Purpose

Pin Name (Hardware) (Software) Pin Name (Hardware) (Software)
PAO ADC1_In PA12 USB DP
PA8 Amplifier 1:10 PB4 Amplifier 1:1
(1/0) (onloff) GPIO_Out (1/0) (on/off) GPIO_Out
PA9 PB10 Amplifier 1:2.5
(1/0) AC/DC and AC GPIO_Out (1/0) (on/off) GPIO_Out
PA10 Attenuator PC7 Amplifier 1:5
(1/0) (12.5/1.25) GPIO_Out (1/0) (onfoff) GPIO_Out
PAl1l USB DM

Table8: ThePin Connectiors of STM32Board

In addition to transferring data from the STM32 to a PC using a Python script via USB, the MCU
team also successfully resolved the testing for GPIO/PWM. The process for transferring data from the
STM32 to the PC involved the MChiandling input signals via ADC and sending data to the PC through
USB. The PC, in turn, recognizes the virtual com port of the MCU and receives the data. The MCU was
also able to receive data from the PC via USB by using a Python script. This allowed! tiheséhd
commands to the MCU, which could then change the MCU configuration accordingly.
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7.1.5 Experiment 5: ADC Speed esting

MCU successfully adjusted ADC sampling time and ADC clock. STM32F303RE default values,
72Mhz clock, 1.5 sample time.
=void changeADC1Clockl () {
HAL ADC Stop DMA (shadcl);

LL RCC SetADCClockSource (LL RCC ADC12 CLKSRC PLL DIV 1);
HAL ADC Start DMA(shadcl, (uint32 t*)adc buff, ADC BUFF);

Figure 47 Code for Changing ADC1 Clock
void changeSampling0 (ADC HandleTypeDef* hadc) {
HAL ADC_Stop DMA (&hadcl);

LL ADC_SetChannelSamplingTime (ADC1, LL ADC CHANNEL 1,LL ADC SAMPLINGTIME 1CYCLE 5);
HAL ADC Start DMA(&hadcl, (uint32 t*)adc buff, ADC BUFF);

Figure 48: Code for Changing Sampling Time

To change ADC clock sampling time, we need to write our own function and call functions in Lower
Layer libraries such as stm32f3xx_|l_adc.h and stm32f3xx_Il_rcc.h.

7.2 Experimentation of GUI

We developed a GUI application in Python using PyQt5 library that reads serial data and displays it
on a plot. The GUI allows the user to specify voltage time division, time scaling values and DC offset
for the plot,after that usecan run and stop reading the data from the USB port. Besides, the GUI also
allows the user to communicate with MCU from the user's commands.

7.2.1 Experiment 1: Reading Data from The USB Port Testing

® | AUO - Affordable USB Oscilloscope — [} >

Figure 49: The Plot that Reading Data from U$®rt
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In this testing, we wrote code that used the PyQtGraph library to create a simpileeegalbt of
data received over a serial connection allowing the user to visualize and analyze the data in real time.
The plot updates at a specified interval, #reldata is converted to a voltage value before being plotted.

7.2.2 Experiment 2: Functions Testing

In this testing, we created a GUI that has various controls to adjust the voltage scale, time scale, and
DC offset of the plot, as well as run and stoftdns for reading data from the USB port. The plot can
update i mmedi ately when we change the value of
We also add the plo10240 points() method that is used to plot the whole buffer of MCU in a single
shot using a timer function. This method is called when the "Single&{@24tOpoints)" button is clicked.
Moreover, we also add the cursor function into the GUI to measure certain parameters of a waveform.

B AUQ - Affordable USB Oscilloscope - O X

Voltage

0.5v v
Time
2ms £

DC Offset

0.00

AILd

Run Stop

Single(Plot 10240 points)

Cursor X
-0.003
Cursor Y
1.134

Figure 50: The GUI after adding sonfeunctions andButtons
7.2.3 Experiment 3: Communicate to MCU Testing

We added some functions like attenuator, AC/DC, amplifier, sampling time, ADC clock into this
GUI to communicate to MCU. By using these functions, the usecaatnol the FronEnd voltage and
convert analog to digital speed of the MCU.
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Figure 51: TheFinal GUI

7.3 Front-End/MCU/GUI Experimentation
7.3.1 The Whole Project Testing

To obtain a correction factor for calibration purposes, a differenaeeplitude versus frequency
test is performed to create a correction table. The following procedure outlines the steps to conduct this

test:

=

Step 1: Connect the input of the Frdfrid design to the waveform generator of the Analog
Discovery 2 device (AD2).

Step 2: Connect the output of the Fr&md design to the development board STM32 Nucleo
64 based on the table provided.

Step 3: Connect the STM32 Nucitéd to the PC using a USB cable.

Step 4: Run the microcontroller for the PC to recognize the USB cable.

Step 5: Run the GUI Python script.
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Step 6: Open the Waveforms software provided by the Analog Discovery 2 device and configure
the waveform generator to produce a sine wave with the desired amplitude and frequency.

Step 7: Choose options for voltage/diwis and time/division on the user interface, then click

"run" to display the signal.

Step 8: Repeat steps 6 and 7 to measure other values based on table below and frequency from
1-500kHz each step 50kHz

Output Scope

Input Scope

Input signal Generator

Figure 52 TestingResult by AD2

Figure 53. GUI Navigation
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Attenuator Gain Vmput (V)| Vout theoretical (V) | Vout experiment (V) |Error (%)
1-1 v 0.8 0.794 0.76
1-25 0.78 1.56 1.535 1.63
1.25-1
1-5 0.378 1.52 1.47 3.40
1-10 0.196 1.568 1.49 5.23
1-1 5 0.385 0.396 2.78
13.1 1-25 5 0.962 1 3.80
1-5 4 1.538 1.555 1.09
1-10 4 3.077 3.124 1.50

Table9: Correction Factor Testing Results

7.3.2 Frequency Response for FrontEnd PCB

Figure 54: NetworkAnalyzer by Analog Discovery 2

In FrontEnd Design, there are two attenuator paths and four amplifier paths, requiring total of 8
frequency response tests with different attenuateaimplification ratios of 1.25:1, 1.25:2.5, 1.25:5,
1.25:10, 13:1, 13:2.5, 13:5, and 13:10. To carry out these tests, follow these steps:

1.

w

Connect the input of the Frekind circuit to thevaveform generator of the Analog Discovery 2
device (AD2).

Connect the output of the FreBnhd circuit to the oscilloscope of AD2.

Open the Waveforms software provided by the Analog Discovery 2 device.

Configure the waveform generator to produce a sineewdth a starting frequency of 100 Hz
and an amplitude of 1 V.

Configure the network analyzer to set the frequency range from 1 kHz to 10 MHz.

Click on the "Run" button in the Waveforms software to start the measurement.

The Waveforms software will autoniedlly sweep the frequency range, measure the input and
output signals, and calculate the frequency response of the circuit.

The frequency response data displayed a Bode plot
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9. Repeat steps-8 for each of the remaining attenuagonplifier paths.

The freqency response Bode plot of the Fr@md circuit provides valuable insight into the
behavior of the circuit with respect to different attenuatmamplifier ratios. This information can be
utilized to optimize the design of the circuit for the intendppliaation. Based on the Bode plot, it is
observed that signals with attenuatimramplifier ratios of 1.25:1, 1.25:2.5, 13:1, 13:2.5, 13:5, and
13:10 can be transmitted up to 500 kHhis indicates that the circuit can effectively amplify and
transmit high-frequency signals with these ratios. However, signals with attenttatemplifier ratios
of 1.25:5 and 1.25:10 can be transmitted to 300 kHz

FREQUENCY RESPONSE

— Amiplification 0.8 = Amplification 2 Amplification 4 Amplification 8

e Amplification 0.077 s Amplification 0.19 e pmplification 0.38 ==——pmplification 0.77

1 10 100 1000 10000 100000, 000000 10000000

-10

-20

MAGNITUDE (DB)

FREQUENCY (HZ)

Figure 55: FrequencyResponse for FrorREnd PCB
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7.4 Project Success Evaluation

7.4.10verall Project Evaluation

[ Oscilloscope (requirement) %5‘31(1:1]125@?]?? (our product)
U Channels: 2 finets:
O Input impedance 1 MQ - Inqu impedance 1 MQ
O 12 bit ADC g Ilti bit p;I;(Ij(B
O Ram>64 KB m =
a Sample. Rate 5 Msps > g ;ﬁiﬁ iﬁt; ir[ I‘*IiIIiPS
g ﬁ:gngﬂt:xiFI:‘;H; ency 500 kHz (some scales bandwidth is less than 2 MHz)
O  Voltage R _E; 203 1 Useful Max Frequency 500 kHz
S (some scales only work up to 300 kHz)
- USB 1 Voltage Range +/- 20V
1 USB

Figure 56: The Requirements at the beginning of the Project compares to our Product

The MCU team successfully managed to transfer data from the STM32 to a PC via a Python script
using USB. To transfer data from the STM32Hhe PC using USB, the MCU team had the MCU handle
input signals via ADC and send data to the PC. The PC then recognized the virtual com port of the MCU
and received the data. Additionally, the MCU team also succeeded in receiving data from the PC via
USB by utilizing a Python script. With this set up, the PC was able to send commands to the MCU,
which allowed the MCU to change its configuration accordingly.

7.4.20ther Issues
- Reason for the project

At present, the AD2 and ADALM2000 caspproximately $399 and $252.79, respectively, which can

be an overwhelming price for many students. As a result, to reduce the significant investment required
for these devices, this project aims to develop a more affordable oscilloscope solution coontrered
current market offerings. This new, cestective USB oscilloscope will fulfill the study requirements

of undergraduate Electrical and Computer Engineering curriculum.

- Potential use of the project

The objective of this project is to design a naffordable USB oscilloscope that must overcome three
primary challenges. The first challenge is the hardware cost, which must remain low even if the chip
is in a shortage crisis condition. The second challenge is performance, as the design must offer high
accuracy. The final challenge is ensuring that the design incorporates the same features as other
oscilloscopes in the market while also offering more features than otheokiwscilloscopes.

The new affordable USB Oscilloscope will include a commuigoaport by USB, 64GB RAM to
transmit and receive data, 2 channeldt2ADC with 5Msps, at least 2Mhz clock speed, and enough
generalpurpose input and output to connect with the front end. This new device can also measure the
scope of AC/DC signals.
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- Alternatives to the implemented design that could impact costs and effects on resources use and the
environment and community. Alternatives to the chosen design solution
+ Resistor ladder to reduce the number of digital switches and resistors in thenidont
+ Placing the MCU chip in the PCB instead of the plugin board to reduce the clutter and extra wires
needed.

- Maintainability/maintenance of the final design solution
+ Software: Everything on the GUI was run using Python with popular python libraries such as
(Serial, Numpy, PyQt5, PyQtGraph) which can be updated without compromising the software side
of the project.
+ Hardware: if there were any defective pargplacement is as simple as desoldering and
resoldering that specific part.

-Retirement, replacement, or disposal of the pr
The STM32Nucleo board can be repurposed to different projects. Moreomoxicparts such
bateries were used so disposal of the device is simple.

8. Administrative Project Aspects

8.1 Project Progress

- Front-End: For the progress in Froend, PCB design of Fromind was in the progress and was sent
out to the PCB manufacturer in the first 2 months of Spring 2023. In additicBMhmwer supply was
still needed to be tested on a breadboard PCB assembleddmgteechannel5 V power supply works
fine in the PCB.

- MCU: To prepare for PCRISB testing of the MCU, the first step is to configure the STM32 for USB
data transfer. This involves coding in an IDE and connecting a simple circuit to the STM32. The MC
team has already soldered a simple circuit for USB, eliminating the need for a breadboard. With this
setup, the MCU has successfully transferred data from the STM32 to a PC using a Python script, and
vice versa. In addition to this, the MCU team has aisole progress in testing GPIO/PWM. The team
tested how to use the STM32 to control the 3.2V DC voltage input for-Erahtwhich was directly
connected to the PCB for DC, preamplifier, and attenuator testing. Finally, the MCU team successfully
adjustedie ADC sampling time and ADC clock using the default values of the STM32F303RE, which

is a 72MHz clock with a 1.5 sample time.

- GUI: We developed a GUI application in Python using PyQtte GUI allows the user to interact
with MCU to display and manipuia oscilloscope readings. The GUI settings allow the user to adjust
the voltage and time per division, apply a DC offset, and coA@dDC settings. The voltage values
displayed on the GUI are adjusted based on these settings, and the interaction thet@tdrand the
MCU involves scaling and inverting the voltage values to match thesakmted parameters.

8.2 Project Challenges

Front-End: FrontEnd hardware almost meets the project requirement, only some amplification
path can work up to 300kHz. Thenplifier with 22MHz Gain Bandwidth Product was used in the design.
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The higher Gain Bandwidth Product should be used in order to let theefrdmtardware can work with
all the signals up to 500 kHz.

MCU: We complete most of the tasks. The team completed GPIO, USB (transfer/receive), Timers,
DMA, and ADC. In the ADC task, the team is able to complete some frequency of input. We did not
complete all frequencies from 1 to 500 kHz.

GUI: there are some imprements in the future: Automatic USB port detection, automatic
timescale for the signal, and increasing the speed of data collection. Add trigger function and 2 channels
function
i Changes to the design, tasks, schedule:

+ FrontEnd:did not change anythgnat this point yet

+ MCU: did not change anything at this point yet.

+ GUI: At the beginning, we intended to develop a GUI based on the Waveforms Live application

of Diligent but after that we changed to develop GUI using PyQtGraph because we lackdgewle

on JSON encoding that is the communication protocol of Waveforms Live. PyQtGraph is a library

of Python so we can easily get familiar with fit.

8.3 Funds Spent

The following breakout cost is to design and test for a single channel, but the costedinced if we
buy a largenumberof components.

Cost for Single Channel Cost per units (assuming
Oscilloscope per unit 1000 units)
Components for single $20.082
channel
PCB cost $13
STM32 Nucleet4
Development Board $12.99
Miscellaneous Item $5
Total Cost (Single device) $51.072
All time Total (492/493) $599.49

Table D: Cost Breakdown of Solution

8.4Man-Hours Devoted toThe Project

Thetable below summarized the total miaours that were devoted to the project over the course of
two semesters. It is broken down into each main technical project aspect.
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Project Area Approximate hour per week Total hours (30 weeks)
(hours)
Frontend/MCU 22 660
GUI 10 300
System In_:_egrgtlon and Final 10 60 (6 weeks)
esting
Documentation an@ourse
. 2 60
Delivery
Total (hours) 1080

Table 1: Total ManHours Devoted to The Project
8.5 Individual Team Member Contributions

- Front-End

+ Giang Nguyen: Worked on DC offset, buffer, LPF design, PCB design and testing.

+ Phu Duong: Worked on attenuator, AC/DC coupling, amplifier, voltage supphgY¥ tesign,
searched components, PCB soldering and testing.

- MCU
+ Bao Phan: Worked on USiBansmit/receive, ADC converter, timer.
+ Thu Viet Minh Nguyen: Worked on GPIO for attenuator/preamplifier/DC, solderingRSB.

- GUI
+ Duy Luong: Wrote control functions and GUI design.
+ Jasem A. J. M. Alsaei: Wrote functions to receive and seadiéta to MCU and plot it continuously.

9. Lessons Learned

9.1 Additional Knowledge andSkills Learned

Front-End:
- 4 player PCB design skKill.
- Practicing on using an oven to solder SMD components.
- Reading Technical Data sheet to understarmtder toselect the components which are suitable
to our design.
- Problem solving: By working on hardware
solving skills and learn how to approach complex problems systematically.

- Reading the data sheet (descdptof STM32F3 HAL and lowayer drivers, reference manual
of STM32F3 family), understanding the concept and where to find information in it.

- STM32 Microcontroller software (STM32CubelDE).

- Programming language in Python with multiple modules (dysaPy; serial, Python).
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- Programming language in C (coding for STM32 microcontroller).
- Apply skills and knowledge from ECE 447 (microcontrollers class).
- Apply skills and knowledge from ECE 350 (Endded Systems and Hardware Interfaces)

- Programming language in Python with multiple modules (SuysnPy, serial, Python).

- Programming language in Python using these libraries: PyQtGraph, PyQt5

- Understanding of Objed@riented Programmingoncepts, including classes, objects, methods,
and inheritance.

9.2 Teaming Experience

Throughout the project, our team had weekly meetings with the professor and team members to
update on the progress. Through this project, everyone in the team lealnaolevdessons about
teamwork and the team environment. Since this was one of the longest team efforts for most of us, there
were many situations that werefiest-time experience for us. Some of these lessons learned are
highlighted below

9.2.1 Small Tean

At the start of the project, our team immediately divided all members into three small teams, each
with two members. The fror@nd team's goal was to ensure that the input going through the circuit
produced the correct output. The microcontroller (MCEam was focused on ensuring that the
performance of the ADC was fast enough to avoid missing data while transmitting to the GUI.
Meanwhile, the GUI team was responsible for receiving and transmitting data from and to the MCU, as
well as performing live waaform generation. Each team worked separately on their respective tasks,
with regular weekly meetings scheduled with our professor to provide updates on progress and answer
any questions that arose.

9.2.2Team Communication

Throughout the project, weekly eatings were mandatory for all members. This was the only
efficient way that the team could exchange information about the project. During these meetings, we
were able to have questions and concerns with our professor. For the last 2 months of theuyroject,
team also increased the meeting time during the weekend to catch up with the project. Beside these
weekly meetings, we also communicated online. Through online communication, we mainly update the
team with all the due dates of the projects. We als gmogle doc and google slides for all the
documents. By using these shared documents, all members can easily access the contents and edit.

9.2.3Time tracking

Time tracking is crucial for the success of this project. Initially, during the first three weeks of the
Fall 2022 semester, our group was a bit relaxed as we were unsure of the topic to choose for ECE 492.
However, as soon as we finalized the projectcofiie entire team worked relentlessly to conduct
thorough research. We dedicated our personal time to delve into the assigned tasks and expand our
knowledge base. The way we schedule our work was mainly based on the meeting with our professor
each week. Ker each meeting, there would be some new tasks from our professor that we had to
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complete before the next meeting. By doing so, it helped push our group to meet all the deadlines of the
project. In ECE 492, our goal was to have the PCB done before EEEo4@e could begin all the

testing as the new semester started. However, due to the long holidays, we could not reach that goal
which took us around 2 months total. 1 month in ECE 493 for PCB plus 1 month for soldiering, testing,
and validation. So, therét prototype of the PCB needs to be done before 493 to make time for testing,
redesigning, and remaking the PCB.
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1. Executive Summary

This project involves the design and construction ohféordable USB Oscilloscope device that
meets study requirements of undergraduate Electrical and Computer Engineering (ECE) curriculum. The
primary aim of the task is to design and construct an affordable USB Oscilloscope which will have a low
cost even ithe chip is in a shortage crisis condition. Secondly, the performance of the design must have
a high accuracy. Finally, the design should have the same features as other oscilloscopes in the market
such as AC/DC coupling, attenuator, amplifier, DC offsatfer, low pass filter, and voltage protection.
The device shall use the custom PCB design for the analog front end and microcontroller that have
interface to the open source software (waveform live) via USB connection to display and navigate the
results

Initially in ECE 492, this project will be divided into three small separate teams such as front end,
microcontroller, and GUI. Each team member will have their own task to do research and break down
the problems to understand clearly their assignednean the project. After coming up with the sketches
and designs, the fromnd, microcontroller, and GUI will be tested individually or in combination with
other teams in the project throughout the period of ECE 492. For theefidmart, the input gag
through the circuit must have the correct output as we calculated by formulas. Next, the microcontroller
(MCU) must perform ADC fast enough and not miss data while transmitting to GUI. Finally, the GUI
must receive/transmit data from/to MCU and perfdive waveform generation. After the individual
testing period, each part will be fixed and improved to be more efficient and meet the main goal. At the
very end of ECE 492, three groups will come together to start coming up with a full custom PCB design
for the real affordable USB Oscilloscope device with the full connection of three parts. Moving forward
to ECE 493, this will be the period of building and testing the device as a whole.

2. Problem Statement

2.1 Motivation and ldentification of Need

For many years, undergraduates of the Electrical and Computer Engineering department have been
necessitated to purchase the USB Laboratory Instruments such as the Analog Discovery 2 (AD2) or
Advanced Active Learning Module (ADALM 200. These USB Laboratory Instruments help students
to learn and conduct lab experiments in their own time for their convenience without depending too
much on the open hours of the lab rooms on campus. Thanks to the convenience of these devices, during
COVID-19 period, students were able to use the Analog Discovery 2 and Advanced Active Learning
Module to continue their studying at home safely without any obstacles. The pandemic has resulted in a
high demand for these devices, as students around the caumtinying to get a hand on it for their
study. The surge in demand has challenged manufacturers around the world to quickly adapt and
respond. Unfortunately, this outbreak has resulted in a serious chip shortage, which has led to a serious
soaring of prie for these devices.
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Currently, the AD2 will cost around $399 and the ADALM2000 will cost around $252.79, which
not every student can afford this overwhelming price for these devices. To reduce the significant amount
of money that students need to invést the equipment, this project will develop a less expensive
oscilloscope solution compared to the current market. The new affordable USB Oscilloscope will include
a communication port by USB, 64GB RAM to transmit and receive data, 2 chanAstsAI2C with
5Msps, at least 2Mhz clock speed, and enough geperpbse input and output to connect with the
front end. This new device can measure the scope of AC/DC signals with an average accuracy and
precision measurement in order to meet study requireroéntsdergraduate Electrical and Computer
Engineering curriculum.

2.2. Market Review

Model

Device Picture

Bandwidth
(MHz)

Sampling
Rate
(MSa/s)

Number of
Analog
Channels

Sampling
Resolution
(bit)

Price ($)

Analog
Discovery 2
(AD2)

30 100 2 14 $399

Advanced
Active Learning|
Module
(ADALM2000)

10 100 2 12 $252.79

Hantek 2D72-
Handheld
scilloscope with
Digital
Multimeter

20 250 2 8 $174

~NIRSI-5012H
P 4-inch Screen
igital Handheld
Pocket
Oscilloscope

100 500 1 8 $76.99

Table 1:Current Open Source Alternative Oscilloscopes
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3. Approach
3.1 Problem Analysis

In order to solve the problems that we described above; the designed system has to meet these
requirements: the device hardware should bedosgt while still fulfilling therequirements for most
laboratory exercises in the undergraduate ECE curriculum. The total part cost should not exceed $50.
This is a tough challenge for our team to overcome because some electronic devices like chips,
mi crocontrol | er s supply@rad mdre épemasiveethan lrefore. Moreover, we have to
make sure this laboratory instrument can measure the scope of AC/DC signals with an average accuracy
and precision measurement. Therefore, in order to accomplish these requirements, we will be ve
selective with our design and component choices.

3.2 Our Approach

3.2.1 Overview

To solve the problem above, we design a device, and it must overcome three challenges. First, it
is hardware cost, it must be low cost even if the chip is in a shortsige condition. The second is
performance, the design must have high accuracy. Finally, the design should have the same features as
other oscilloscopes in the market, and the design has more features than ctiustloscilloscopes.

3.2.2 Approach Hardwae

Before buying components, we must figure out what an oscilloscope can do, and what features it
has. For example, AC/DC coupling, attenuator, amplifier, DC offset, buffer, low pass filter, and voltage
protection. The ADC of the microcontroller accepte thput voltage for 0 to 3.3 Volt. Hence, the
attenuators have 2 scales 1.25 and 12.5 for voltage4PMpp and (4 40) Vpp respectively. Therefore,
one channel analog switch is needed to change the attenuator scale. The amplifier will have 4 scales 1
2.5, 5,1 and 10. A two channel analog switch will be used for switching the amplifier.

For the AC/DC coupling, we need a one channel analog switch to select AC/DC coupling. The
buffer is needed for the current amplifier's purpose. The device will neesuhe max frequency 500
kHz. Therefore, the Low Pass filter will help to eliminate all the signal noise that is higher than 500 kHz.
The ADC only receives the positive voltage from 0 to 3.3 Volt, the DC offset with PWM will be used to
adjust the signab the right range of the ADC. After that, we design a circuit for each of them, and the
next step is to figure out what component is a right fit for the circuit by applying calculation formulas
and information from the datasheet of that component. Memeed to keep the price as low as possible.

3.2.3 Approach Microprocessor

We have to consider what microprocessor is fit for our design. To get the right microprocessor, we
must know what features are built in the microprocessor. For example, how mithiéds it have?
How does a microcontroller transmit/receive data to/from a PC (USB/UARFi\¥i How many ADC
bits and ADC channels does it have? What are the sampling rate and clock speed? The last consideration
is the price and availability of a microdooller in the market.
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After reviewing 3 microcontrollers, such as the MSP430G2553 launchpad, STM32F302R8T6
Nucleo board, and STM32F303RET6 Nucleo board. We know that the first two do not meet
requirements of the project. The RAM must be more than 64kBtdce ADC data, and the
microcontroller has 2 input channels. The first one, MSP430G2553 launchpad, has 512 RAMbiand 10
ADC. The second one, STM32F302R8T6 Nucleo board, has 16k RAMjt WDC, and 1 ADC
channel. The last one is the STM32F303RET6 Nugterd. It has 80k RAM, 4 ADC channels. It meets

A

our projectds requirements.
3.2.4 Approach Graphical User Interface

We will create a welbased GUI system that will act as a client to the web server running on our
board. It is the primary interface betweaée user and the overall system. It will allow the user to enter
the system configuration command and display a waveform data. The questions: how does the board
connect to the PC? What is the script language to create the GUI system? Which applica¢ivorfka
do we use? How does the GUI communicate to the board?

Our approach for GUI is that we will develop a web client that communicates with the web server
running on our board in order to pass control and configuration information to the system amnd outpu
waveform and status information. This web client will connect to WaveForms Live GUI via IP and port
number. WaveForms Live is a data visualization tool that works with diligent products like the
OpenScope MZ and the OpenLogger. Once a connection is maaan control the WaveForms Live
to launch its data visualization window.

3.3 Alternative Approaches

3.3.1 Plugin Board

This alternative approach comes from the chip shortage. Since the STM32F303RE single chip is
hard to get, instead of disordering thepcfrom theNucleo board which has a chance of destroying the
chip, another option is to design a plugin board that can connect directly Kut¢hen development
board. This approach is similar to some of the Arduino shields that add additioci@nality to the
main board.
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Figure 1:Arduino shield addoBoard

This approach might introduce complexity to the overall design. It might also introduce more
points of failure which makes it hard to figur

3.3.2 Matpilotlib

Another gproach that might make it in the end is a Python extension that makes it easy to create
plots and has a graphical user interface called Matplotlib.

A tale of 2 subplots
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Figure 2: Matplotlib signal plot example

Matplotlib has an eastp-use interface and a simple backend. Scripts can be used to collect the
signal input data from the MCU and plot it into a graph with user controls. However, Matplotlib lacks
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the professional and familiar look of Waveforms Live, @adenerally slower in collecting data from
the MCU and into the plot that is created to the end user.

3.3.3 Alternative MCUs

Currently, the top pick is the STM32F303RE MCU for its large flash/RAM capacity vs price. This
project needs a large RAM capacitystore the signal data that is to be imported to the computer via
USB. However, if the RE version were to not be available, the STM32F303RD can be used since it has
the same RAM capacity but with reduced Flash capacity.

Flash size (bytes) / RAM size (bytes)
A

512K/ 80K | sTM32F303RE [ STM32F303vE [l STM32F303ZE
ssakseok| " sTM32F303RD || STM32F303vD | STM32F30azD |
aseksaek| | stmazraoace Jf stmazraoanc )| svazraoave [N
r28krdok| | STMazFa0aca J] sTMazraoans [ stmazraoave [N

6ak/16K | IEEARLELG STM32F303R8

AOALTQW STM32F303K6 J§ STM32F303C6

» Pin count
32-pin LQFP 48-pin LQFP 64-pin LQFP 100-pin 144-pin
49-pin WLCSP LQFP/CSP LQFP
UFBGA
(0.5 mm pitch)

Figure 3: STM32F303 Series MCUs
3.4 Background Knowledge

3.4.1 Overview Oscilloscope Specification

0 Bandwidth:

Bandwidth is a specified range of frequencies that can be accurately captured and measured by an
oscill oscope. To ensur e t h aecgssary ipoerswge tratithe bandwigdth t o
of the scope is higher than the operating frequency. The Rule of Five is often used as a rule of thumb.
That means the bandwidth of the oscilloscope should be five times the highest frequency component in
the signallUsing this rule, the error due to frequency limitation will be less than +2%. The oscilloscope

with a bandwidth 2MHz will help to measure and analyze waveforms with a useful max frequency
500kHz.

0 Rise time:

Rise time measures its ability to recognize amgture rising and falling signals. Rise time is a
guantity closely related to bandwidth. Can be calculated as follows Rise Time = 0.35/Bandwidth.

0 Sample Rise:
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The sample rate is the number of samples that an oscilloscope can collect each secaod.tYou
be able to accurately view your signal on the oscilloscope screen if your sample rate is inadequate and
can be calculated as follows:

Sample Rise >= 2.5*frequency.
0 The number of Channels:

The oscilloscope is capable of reading multiple signalsnae cand displaying all of them
simultaneously on one screen. This gives the ability to analyze and compare multiple signals at the same
time. For the most widely used and popular two and-étxannel oscilloscopes.

0 Vertical resolution:

The ratio of the aslloscope's maximum allowable input signal to the smallest detectable signal
amplitude is known as the oscilloscope's vertical resolution. Resolution is often measured by the analog
to-digital converter's bit number (ADC). The number of bits multiplietilaydetermines the resolution.

The resolution of a Bit converter is 4096.

3.4.3 FrontEnd Hardware Basic
0 Attenuation and Preamplifier:

As a signal moves through a medium, attenuation occurs, which results in a decrease in the
amplitude of the signal ptured. In contrast to attenuation, the preamplifier is an amplifier that is used
to boost the strength of input signals When there isn't enough voltage for the load.

0 AC/DC coupling:

The user can select the area of the signal she wishes to observenussegdlascope's DC (direct
current) or AC (alternate current) coupling. DC coupling allows the whole signal (including DC and AC)
entry, but AC coupling blocks the steady voltage.

0 DC offset:

DC offset is an average amplitude deviation from zero. When the signal goes out of the range ADC
of the oscilloscope, the DC offset adds the Dc voltage to the incoming signal to move it in the range.
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Figure1: Out-of-range signa!

Figure 4: Range signal by analog offset
0 Low pass filte

The low pass filter (LPF) is a filter that allows the passing of the signal with low frequency and
blocks the signal with high frequencies.

Low Pass Filter

Input Signal Cutput Signal

T
M|||| ||||'||||| i|| —_— -/ \ /
| | uii
Cumblnauun of high High frequencies Grﬂy loww
and low frequencies atlenuated by fiter frequencies remain

Figure 5: Low Pass Filter
3.4.4. Microcontroller (MCU)

The microcontroller is like a computer integrated onip aehd used to control electronic devices.
It is a selfcontained embedded system with peripherals, processors, and memory. The microcontroller
is basically composed of the following parts:

0 CPUthisis considered the brain of the microcontroller. It hagunction of fetching and decoding
instructions.

O«

Input/output port: used to control and communicate with devices such as monitors, LEDs, printers,
etc.

0 Memory: in microcontrollers memory is used to store data and programs.
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O«

Serial port is the part that mpects the microcontroller and other external peripherals

O«

ADC and DAC converters: ADC converters are used to convert analog signals to digital ones. In
contrast, DAC is used to convert digital signals into analog forms.

0 Timer and counter are a part of tleck speed of MCU, and it can be adjustable in configuration.
It can be used as a delay or creating an event.

3.4.5 Web Client & Graphical User Interface (GUI)

A web client is a clienside application used for connecting to a web server over HTT®. It
typically aweb browseor web app which displays web pages received from the server and allows users
to interact with the web server. The web client and GUI will allow the communication between the user
and the hardware simpler and efficiently without having to interface Wwehcommand line. In this
project, we will develop a web client that communicates with the web server running on our board in
order to pass control and configuration information to the system and output waveform and status
information. This web client wikkonnect to WaveForms Live GUI via IP and port number. WaveForms
Live is a data visualization tool that works with Digilent products like the OpenScope MZ and the
OpenLogger. WaveForms Live makes it easy to control and interact with instrumentation hdayglware
providing a cross platform graphical user interface that combines support for an oscilloscope, logic
analyzer, GPIO, power supply and more into a single application.

3.5 Project Requirements Specification

3.5.1 Mission Requirements

The project shall evelop an affordable USBscilloscope that has a low cost and satisfies the
requirements for undergraduate students to do the Laboratory exercise at home. The device shall use the
custom PCB design for the analog front end and microcontroller that haviagetto the open source
software (WaveForms Live) via USB connection to display and navigate the results.

3.5.2 Operational Requirements
0 Input/output requirements

3 The device shall have two analog input channels and the output will display the sigmal on t
computer screervia the WaveForms Live software. The users are able to change the
configuration or setting that they want with the output signal.

O«

External Interface Requirements
3 The device will use the power source/ communication from the USB

3 The input impedance is 1 Nl

O«

Function requirements

3 The device will use the microcontroller with analog front end to analyze the input signal as the
following specification

3 The device has the working rang input fretdV to +10V
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The device will have the trigger option

The signal bandwidth is 2 MHz

The maxfrequency that that device can measure is 500KHz

The device shall have the sample rate 5 Msps

0 Technology and systemide requirement

The analog front end with custom PCB design will be interface with microcontroller in order

é
g
g
g

]

to process the input data

The microcontroller shall have at least 2 ADCs, RAM size is greater than 64K for fast respond

The device should be as small as possible
The device should be leaost (less than $50)

USB is using to data communication

4. System Design

4.1 SystemFunctional Decomposition

LEVELO

12 Bit ADC

Analog input channel 1 Sampling rate 5 Msps

Analog input Channel 2

Bandwidth 2MHz
Voltage Range +/- 20V

MaxﬁequenqSOﬂlfﬁz

- USB connection

| l and signal Display

Computer:
User

Interface /
Control

Power Supply (5V)

Figure 6: Level Zero Functional Architecture Block Diagram
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Input Channel 1 _

Front end

Input Channel 2 >

Microcontroller:

= Computer:
Analog to !?lgltal Uiear
Conversion .
interface/control
& Signal Display

Figure 7: Level One Functional Architecture Block Diagram

LEVEL 2: FRONT-END

' 4 N
GPIO Control J Timer PWM
Control

/:lcawwa induy Bojeuy
N

Armphifser

Low pass Filter

Figure 8: Level Two FrorEnd Architecture Block Diagram
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LEVEL 2: MCU

AC/DC

coupling

Amplifier

DC offset

Computer:
User
Interface / Control

and signal Display

Figure 9: Level Two MCU Architecture Block Diagram

Level 2: GUI

Data Visualization

Script Web server

(Waveforms Live)

Figure 10: Level TwdsUI Architecture Block Diagram
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4.2 Physical Architecture

Physical Architecture

User Interface

e
E

Transmit / Receiver

user network
capable computer

(uart/USB) Waveform Live

(cu)

Software /Firmware

STM32cubeMX
Keil MDK - ARM

Figure 11: Physical Architecture
4.3 System Architecture

System Architecture

Figure 12: System Architecture
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5. Preliminary Experiment and Testing Plan
5.1 Preliminary Experiment

To make the design work properly as we expected, we need to break the design down into 3 parts
and test a single one of them. First is frent part, the input going through circuit must have the correct
output as we calculated by formulas. Next, the agontroller (MCU) must perform ADC fast enough
and not miss data while transmitting to GUI. Finally, the GUI must receive/transmit data from/to MCU
and perform live waveform generation. A detailed testing list is described below and the testing list must
be accomplished before performing final tests above.

5.2 Testing Plan
5.2.1 Testing Plan for Individual Section
5.2.1.1 Analog FrontEnd
0 Testing #1: AC/DC coupling + Attenuator

The purpose of testing 1 is to make sure the AC/DC coupling funataperly and the attenuator
scale down the input voltage as designed. The AD2 or lab equipment will be used to send the input
voltage then measure the output after attenuator AC/DC coupling

0 Testing for 1.25 scale attenuator. We supply the input sigrial4pVpp then measure the out
make sure the output is in (0.08.2) Vpp

o0 Testing for 12.5 scale attenuator. The input signa#t@) Vpp will be provided. Then checking
the output make sure will be in (0.33.2) Vpp

o AC/ DC coupling also will be toggled. we are able to see the signal shift to zero if the DC
signal is filtered out.

O«

Testing #2: Amplifier

o Testing two will test the amplifier design to scale up the signal that meets the required input
voltage of the ADC( - 3.3) Vpp. The AD2 or lab equipment will be used to send the input
voltage then measure the output.

o The input signal from (0.08.2) Vpp will send to the amplifier then we toggle the analog
switch to select the different amplifier scale (1, 2.5, 5,th&h measure the output to make
sure the scale multiply correctly.

O«

Testing #3: DC offset

o This test will test the Pulse Width Modulation (PWM) circuit design to ensure the DC offset
fits the range of the ADC (8.3) V. The AD2 or lab equipment will be used to test the DC
offset circuit.

0 The input signal (€8.3) Vpp will be supplied to our D6ffset circuit. Then the DC voltage (0
- 1.65) V will be varied to offset the input signal the result will be seen on the computer screen.
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0 Testing #4: FrordEnd assembly

This final test for the fronénd section will be conducted by different inputtages signal (@0)
Vpp, different frequency (6 500KHz), and different type of signal such as square, triangle, sinusoid
signal within the range of the project requirement to ensure the output will be in the range of the selection
ADC (0-3.3) V.

0 Squaresignal: vary 2V each increment for Vpp and 100kHz each increment for the frequency
then measure the output

o Triangle signal: vary 2V each increment for Vpp and 100kHz each increment for the frequency
then measure the output

o Sinusoid signal: vary 2Vaeh increment for Vpp and 100kHz each increment for the frequency
then measure the output

0 Testing #5: Spectrum Analyzer

The goal of this test is to test the signal strength again frequEach channel will be tested
separately. The input voltag®m (0- 40) Vpp (4 Vpp for each step test) from lab equipment or AD2
will be sent to the analog front end, and the frequency sweep from 10kHz to 5MHz to make sure the
front end is met 2MHz bandwidth requirement.

5.2.1.2 Microcontroller

Before coming up wh the full design for the microprocessor, the first step of the testing plan for
the microcontroller is to be familiar with the microcontroller by using the STM32F303 NGdleo
board. By using this board and doing several experiments testing, we wilhfae idea on how the
microcontroller works first hand. Then the main testing plan for microcontroller is to be familiar with
the microcontroller library, functions, interaction frontend, and interact GUI (Pyserial).

0 Testing #1 Switch pinHigh/Low (1/0) to control fronend component like VGA.

O«

Testing #2 Timer/PWM is used for input voltage in dc offset circuits. Therefore, the
microcontroller can shift the input signal up and down. First, we use the STM32cubelDE tool to
set up configuratio. Then, we use the HAL library and assign a compare and capture register
(CCR) to control output voltage.

O«

Testing #3 ADC can convert analog to digital with a full sampling speed of the microcontroller.
First, we use the STM32cubelDE tool to set up assjgted clock, ADC singlended input mode,
and DMA circular mode configuration. Then, we create #dil@rray buffer and its size is 4096.
Then, we use the HAL library to perform ADC and DMA functions. Finally, we display data on
the PC terminal by USB/URT.

0 Testing #4: Communication port USB and Pyserial transfer/receive data to/from PC,
programming language to interact MERC. First, we use the STM32cubelDE tool to set up USB
configuration. Then, we create a message on the Nucleo board and sendtfecenessage
to/from the PC terminal. On the PC terminal, we use Pyserial to communicate with the Nucleo
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board. When we run both STM32cubelDE and Pyserial at the same time, they can send/receive
messages from each other.

0 Testing #5The final test for thenicrocontroller section is using AD2 to generate signal input then
the MCU performs ADC. Also, we use direct memory acc (DMA) to transmit digital data to the PC
by USB. From PC, we use Pyserial to receive/transmit data from/to MCU and plot the input.

5.2.13 Graphic User Interface
Tesing #1: Test specific Digilent Instrumentation Protocol functions.
Tesing #2: Test communication between web client and web server.

Tesing #3: Test the connection between the web client and WaveForms Live.

= =2 =2 =2

Tesing #4: Ge t a connection between a | ocal host
command. JSON command set is used for its exclusive Digilent instrumentation protocol and
creating legike commands that connect through an HTTP server.

1 Tesing #5: Making Python scripts that make live pseudo signals to plot via either Waveforms Live
or Matplotlib to be used as an alternative approach.

1 Tesing #6: Creating scripts that capture live d&tam the USB interface and insert them into the
local hosted server to be plotted by Waveforms Live.

5.2.2 Testing Plan for The Project in ECE493
The purpose of this testing is to test the function and operation of our device.
0 Testing #1: Front EndMicrocontroller test (breadboard)

o Function channel test

o Each channel will be tested separately. The goal for test one is to test the interaction of the
microcontroller and the analog front end to make sure the coding interfacing to thenfdont
hardware and able to display the results by MATLAB or a smallgoyseript. The procedure
of this test is to supply the input signal {@0) Vpp (4 Vpp increasement each test). The
microcontroller will toggle the analog switch to test the interaction with the microcontroller.

o Same test will be conducted on the cus@B.

0 Testing #2Calibration

The goal for this test is to find the correction factor of input signal in order to provide the correct
input voltage for the ADCThe calibration procedure is to send the known input signaft() Vpp,
increase 2V each stepnd record the amplitude of signal output. From the result, we will find the
correction factor.

0 Test #3: Microcontroller Graphic User Interface

The purpose for this test is to test the interface of the micro controller and the GUI. The signal
will be sent to the ADC of the microcontroller then the graph is plotted on the waveform live. The GUI
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will change the command then we need to make sure that the MCU receives the command, perform
the change, and then replot the graph.

0 Testing #4: Whole ass#ly testing

This is the final test and the goal for this test is to make sure our device works properly and within
the specification requirement above. The procedure for this test is to measure the different input signals
from (0-40) Vpp, increment 4 V eh step and make sure the plot is drawn correctly. In addition, the
trigger function, DC offset function, and zooming function work shall be conducted.

6. Preliminary Project Plan

6.1 Overview

The project will be divided into two periods of time which will be done in ECE 492 and ECE 493.
In the 16 weeks of ECE 492, the project will be divided by 3 sections, such as Analog Front End,
Microcontroller, and GUI. The team members can be workinglphoal development of each part then
by the very late of ECE 492 timeline we will have demonstration of full design connected together.

For the analog frorénd hardware design, the assigned team member will design the AC/DC
coupling, attenuator, amplifieDC offset, trigger, buffer, low pass filter and voltage protection by the
project requirement specification. PSPICE will be used to simulate the design concept then the
breadboarding process will be conducted. The testing procedure is using the AdD2ratethe signal
for the hardware design then measure it back by the AD2 to make sure the hardware design meets the
spec requirement. The PCB board will be drawn in KiCAD. Selecting operational amplifiers will be the
key to keep the project at a low co®ur planning shall use the analog switch to change the different
scale of the attenuator and pre amplifier. The backup plan we will use the variable gain amplifier which
can increase our cost a bit.

For the microcontroller section, we shall use the NBO -F303RE development board to
experiment with the microcontroller. STM32CubelDE development platform will be used to generate,
compile, and debug for STM32 microcontroller. We shall use the AD2 to generate the input signal for
the development board, atiek result after the ADC will be gone through the DAC of the microcontroller
then will be displayed on the waveform application of AD2. The backup plan is to use STM32CubeMX
for configuring the microcontroller and the KEIL software for programming. A Is@at/ python
program or MATLAB will be used to test the output signal of the microcontroller

For the GUI section, we shall build a server in order to create the IP address/Port to connect to the
open source WaveForms Live. Alternative plan is to write a python script using together with the Simple
Plotter library to draw the graph from the givagital data.

In the 16 weeks of ECE 493, our plan will finalize the design, continue testing, and do
breadboarding the whole assembly for testing before making the custom PCB and debugging any error
on any part of the project.

6.2 Allocation of Responbilities
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The individual tasks are divided based on the individual background, strength, skill sets and related
project experience. Here is the breakdown task for each part of the project by team member:

0 Phu Duong/ Giang Nguyen: Analog Front End cirdasign and PCB.

0 Bao Phan/Thu Viet Minh Nguyen: programming the Microcontroller to meet our task
requirement.

o]

Jasem A J M Alsaei/Duy Luong: GUI development on web server in order to display the output
on WaveForms Live.

The weekly meeting will be e to update the progress of the project and assign task for the following

weeks.
6.3 Detail Project Plan Timeline ECE492 (16 weeks)

1) Research the project (week4)
2) Do the proposal draft (week 5)
3) Proposal Presentation (week 6)
4) Development the detailegsign and Testing (week10)
+ Week 78:
- Test #1 and #2Frontend
- Test #1 and #2Microcontroller
- Test #1- GUI
+ Week 910:
- Test #3- Frontend
- Test #3- Microcontroller
- Test #2 and #3GUI
5) Detailed design Presentation (week 11)
6) Testing parts (week2-14)
+ Week 12:
- Test #4- Frontend
- Test #4- Microcontroller
- Test #4- GUI
+ Week 1314:
- Test #5 Frontend
- Test #5 Microcontroller
- Test #5 and #6 GUI
7) Early prototyping and design document submission (week6)4

6.4 Detail Project PlanTimeline ECE-493 (16 weeks)

1) Front EndMicrocontrollerDevelopment (week 15)
+ Week 1: Testing #1: breadboard
+ Week 23: PCB Design
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+ Week 45: PCB assembly for front end and Microcontroller and reda#test
2) GUI Development (week 415)
3) Testing
+ Testing#2 (weeko6)
+ Testing #3 (week 46)
+ Testing #4 (week 711)
4) Demonstration (week 12)
5) Report (week 13)

7. Potential Problems
7.1 Required Technical Skill Set

Limitations of technicakkills and knowledge can become a huge problem during the project.
There are multiple technical skills and areas of knowledge needed to get success for this project. The
following areas are particular importance for our designed system:

+ PCB design

+ Programnng language C, Python, Debug skill, reading datasheet and user manual,
device drivers

+ GUI design using Python, JSON command, Matplotlib.

+ Postman application.

7.2 Analog FrontEnd

The success of an analog design relies on the designer's skill, knowledigjlay to select the
optimal set of parameters. In order to focus on a reliable solution, Spice simulations are performed and
re-run, and the results are assessed over and over again. Moreover, analog designers have little choice
but to accept the ragl that Spice simulators are not as dependable or robust as their digital counterparts.

In addition, the complexity of the design will be a huge problem for the designer to understand the
circuit. Choosing the right component from plenty of items whieheamilable from the internet is time
consuming for the designers too. Although individual functions are designed, the designers will face a
lot of problems when all the individual functions are connected together. Last but not least, the noise of
analog gynals is the real problem that analog designers need to get rid of.

7.3 Microcontroller

During this project, one of the potential problems that might come up is the shortage of components
to build the microcontroller unit. While building the MCU, tharremight not be able to buy the correct
chip due to the chip shortage in the market to build the MCU. Another problem can be sampling rate.
The microcontroller must have 5Msps otherwise the collected data will not be accurate.
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7.4 Graphic User Interface

We might not be able to connect the web client to WaveForms Live GUI due to the knowledge
gap about the WaveForms Live. The WaveForms Live is written in a mixture of HTML, CSS, and
Typescript. Therefore, it will be difficult fous to effectively understand the surrounding code of the
Waveforms Live GUI, especially since no one in our team is really good at coding and computer science.

References

[1]AOpenScopesoMceAltindmeen | nstrumentati on,blé: Di gi |l ent
https://store.digilentinc.com/opensceme-opensourceallin-oneinstrumentation/[Accessed: 12
Sep2022].

[2]A WaweaeFns Live, 0 Digilent. [Online]. Availabl e:
https://digilent.com/reference/software/wavefodms/start [Accessed: 1:5ep2022].

[BlAiWhat is a Web Client, 0o IMRpsdpoenixraN.eom/glosfa®/meébi ne ] .
client [Accessed: 1:5ep2022].

[4T. Jack, fAHow to Overcome Anal og Design- Chall
101.com/blog/howto-overcomeanalogdesign
challenges#:~:text=Gain2&£%20bandwidth%2C%?20signal%?20distortion%2C,set%200f%20para
meters%20to%20optimize. [Accessed:3€p2022].

[5]1 A S T M3 20FMixedsignal Microcontrollers (MCU), Arm Cortek4, 72 MHz CPU-

STMi croel ectr oni c $itfps//mwwshdom/enanjcrocorrellers | ab | e :
microprocessors/stm32f303.html. [AccessedSEp2022].

[6]AiUsi ng analog offset to maximize oscill oscope
https://www.picotech.com/library/applicatiarote/usinganalogoffsetto-maximize-oscilloscope
resolution. [Accessed: 18ep2022].

[7/]liLow Pa&Bl éddtinenmi cs, 0 [Online]. Avail abl e:
https://electronicsreference.com/analog/low_pass _filter/. [AccessesedB022].

[8] TrompertJAHOw t o overcome anal og vdilabkei gn chall enge
https://www.talentl01.com/blog/howo-overcomeanalogdesigrchallenges. [Accessed: -Bep
2022].

79


https://store.digilentinc.com/openscope-mz-open-source-allin-one-instrumentation/
https://phoenixnap.com/glossary/web-client
https://phoenixnap.com/glossary/web-client

Design Project: Affordable USB Oscilloscope

12. Appendix B: Design Document (ECE492)

ECE 492 Senior Advance
Design Project

Affordable USB Oscilloscope
Design Document

Teammembers: Phu Duong
Duy Luong
Jasem A. J. M. Alsaei

Bao Phan
Giang Nguyen
Thu VietMinh Nguyen

Faculty Advisor: Dr. JenPeter Kaps
ECE 492
Date of Submission: December 2, 2022

80



Design Project: Affordable USB Oscilloscope

Table of Contents

I e (o] o1 (=T g ST = (= 0 0 T= o 1 PSP 5
2. System Requirement SPECIfICAIONS. .........ccoviiiiiii e 5
2.1 MiISSION REQUITEIMENLS. ... ciiiiitie ettt ettt ettt e e e e e et e e et e et an e e e e e e eenannas 5
2.2 Operational ReQUITEMENLS ... ...ciiii e eeea e e e e e e e ee e e eat e e e eean e e eeenaaeaeeeanns 5
3. SystemDecomposition & ArChItECIUIE ..........coooiiiiiiiiiii e e eeenii e
3.1 Level Zero DECOMPOSITIQIL. ... ...iieueeeiieieeeeieaee e e eete e e et e e e et eeeeeasa e e eeen e eeeanaeeeanneeeenesnnes 7
3.2 Level ONE DECOMPOSITION. ......uueiiieiiii ettt et e et eaat e e e e ea bt e e e e e es e es 7
3.3 LeVvel TWO DECOMPOSITION. ... .ciiieiitiie ettt ettt e e e e e e et e e e e e enbb e e e e eeeeenes 8
4. Background KNOWIEAGE. .......coiiiiiiiii ettt e e e e e e eeaaa s 10
4.1 ANAIOG FIOMENG........i e ettt et e e e e e e aa e 10
I N A (=] U= (0 PP UPTPPRPR 10
4.1.2 ACIDC COUPIING. ettt ettt e ettt e et a e e e e e e b eant e e e e e 11
4.1.3 Voltage Gain AMPITIEI......... e reanees 11
4.1.4 DCOffset using PWMMETNOQ ..........oooiiiiiiiiiiieieieeii e 13
4.1.5 Unity Gain BUTFL.....cee i 15
4.1.6 RC LOW PASS FIltBE......uuiieiiiiiii ettt 15
/1 RS 17
N N B L O O 0] 41V =T =T PP 17
A.2.2 DM A ettt aaas 17
4.2.3 STM32CUDEIDE.........cotieeiiititi et e et eane s e e e aeeeas 17

A, 2.4 HAL DIIVE ...ttt ettt ettt e e e e e e et ettt e e e e e ee bt et e e eaeeeestbn e eeeeennnen 17
A.2.5 LL DIIVET .ttt ettt ettt e e e ettt e e e e ettt e e e e e e e e ab e e e eeanas 18

1 LU SO 18
I B < = 11 1= To [ D= T | PSP 19
5.1 AnalogFrontENd SCHEMALICS.......uuuiiiiiiiiiiie et eeeeeees 19
5.1.1 Power SUpPpPIYSY SChemMaALIC.........coovuiiiiiiie e e 19
5.1.2 USB SOft Start SChemMALIC.........ocoiiiiiiiii e eeeees 20
5.1.3 AtteNUALOr SCREMALIC.......eiieiiiii ettt e e e e e eera e aneaeeeeas 20
5.1.4 AC/ DC Coupling SChEMALIC........cccvuniiiiiiie e e e 21
5.1.5 Gain Amplifier SChemMALIC...........iiiiii e 21
5.1.6 DCOffset using PWM, Buffer, and RC Low Pass Filter Schematic.......................... 22
5.1.7 The Whole Design SChemMatiC..........ccuviiiiiiiiieiee et 22

81



Design Project: Affordable USB Oscilloscope

5.2 Analog FronEnd Component SelectiQn.............coouuuiiiiiiiiiiiiii e 23
5.2.1 POWET SUPPIYBV ..ottt sttt e e e et e e e e e e e eenenes 23
5.2.2 ATENUATOL . ... ettt e et e e et e et e et e e et e e et e e e et e e ean e eenaae 23
5.2.3 AC/ DC COUPING. ...ttt e e e ettt e et e e e e e e e eenaaanns 24
5.2.4 GaAIN AMPIITIEL. ... ettt e e 24
5.2.5 DC OffSEt BING PWIM.... .ottt 25
5.2.6 Buffer and RC LOW Pass FHlLe.........cooviiiiiiii e 25

L0 0 T 1Y [ O O 25

5.4 GUI DBSIGN ...ttt ettt oottt e e e et ettt e e e et e et et e e e et e e b eeeeae 26

6. Prototyping & Early Testing ProgresSs REPOIT .........ccoiiiuiiiiieeieiiii e 28

6.1 ANAlOg FrOMENT TESTNG...cceuuiieeeeiiie ettt et e e e et e e e e eenbena s 28
6.1.1 Attenuator PatfiL.25:1)SImMUIAtION............uuiiiiiiiiieee e 28
6.1.2 Attenuator PatfiL2.5:1)SImMUIAtioN............uuiiiiiiiii e 33
6.1.3USB SOft STArt CIFCUIL......euuueeiiie e ee e e et e e e e e e e e e e e et e e e eaneeeeenaeaeeees 38

G2 Y@ W I =T ] o PRSPPI 38
6.2.1 Receive Data from ADC Python Code........cocvvuiiiiiiii e 38
6.2.2 Testing/ariable ADC SamplindRate..........covvviiiiiiiiii e e e e e e 41

GRG0 I 1= 1] o S 46
6.3.1 Speed Testing for PYQIGraph...........ui it 46
IR T2 o o A 1= 1 o PSP 4

7. Testing Plan for ECEAD ... e e e e e e e et e e e enana e e e eaed 47

A N g =V eTo I o T =g To B IS (] o TSP a7

T2 MCU. ...t e oo e ettt ettt et ettt e e e e e e e e e aaaeeeeeeaeeeeeeeeearerrnnnnnnannrns 47
A R €1 = (@ R =Y 1T PSP PPPPPPRPPRPR 47
7.2.2 Front End Microcontroller Testing (Breadboard).............coovuvviiiiiiiiniiiiiiinieeeeeiiiinnn. 48
7.2.3 PCB- GPIO/PWM TESHNG. .. ciiiiieeeeeiiiiiieeieiteeeeeeitiiss s s e e e e e e e e e e aaaaaeeaeeaeeeeeenssesnnnnnnns 48
7.2.4 PCB- ADC FUNCHON TESHNG.....cuuiiiiiiii it ee e e e et eaeena e e e e e e e eaaaeeeees 48
7.2.5 PCB- USB TestingTranSMIt/RECEIVE)...........uuiiiiiiii e 48

AR 31U L I =T 1] o 48

7.4 HighLevel Overall System TeStNG........uiiiiii e ceeee e e e e e e e e e s 48
A 0= 11 o] = 11 o] o P PPPPPPPPPRRRY o
A A (=0 (8 T=T o [0y YAV =T = o PP Lo |

8. Task Allocations for Remainder of ProjeCh...........ooiui i 49

ST Y gt (o To [ i £0] ¢ = o o AP PR 49

82



Design Project: Affordable USB Oscilloscope

S T2 1Y 11 P 49
S 0 T 1 | PPN 49
9. Schedule forRemainder Of PrOJECT........ oo 50
] (=] (= o =1 51

83



Design Project: Affordable USB Oscilloscope

1. Problem Statement

For many years, undergraduates of the Electrical and Computer Engineering department have been
required to purchase the USB Laboratory Instruments such adntheg Discovery 2 (AD2) or
Advanced Active Learning Module (ADALM 2000). These USB Laboratory Instruments help students
to learn and conduct lab experiments in their own time for their convenience without depending too
much on the open hours of the lalbmts on campus. Thanks to the convenience of these devices, during
COVID-19 period, students were able to use the Analog Discovery 2 and Advanced Active Learning
Module to continue their studying at home safely without any obstacles. The pandemic hed result
high demand for these devices, as students around the country are trying to get a hand on it for their
study. The surge in demand has challenged manufacturers around the world to quickly adapt and
respond. Unfortunately, this outbreak has resutieziserious chip shortage, which has led to a serious
soaring of price for these devices.

Currently, the AD2 will cost around $279 and the ADALM2000 will cost around $210, which not
every student can afford this overwhelming price for these devicesdtlioer¢he significant amount of
money that students need to invest for the equipment, this project will develop a less expensive
oscilloscope solution compared to the current market. The new affordable USB Oscilloscope will include
a communication port b¥.0 USB with speed 12 Mbit/554KB RAM to transmit and receive data, 2 12
bit ADCs with 5Msps, at least 2 MHz bandwidth, and enough geparpbse input and output to
connect with the front end. This new device can measure AC/DC signals up to 500 Kézr itoaneet
study requirements of undergraduate Electrical and Computer Engineering curriculum

2. System Requirement Specifications

2.1 Mission Requirements

This project involves the design and construction of an affordable USB Oscilloscope device that
meets study requirements of undergraduate Electrical and Computer Engineering (ECE) curriculum. The
primary aim of the task is to design and construct an affidedJSB Oscilloscope which will have a low
cost. Secondly, within an affordable price, any student can purchase and play around with the device.
Finally, the design should have the same features as other oscilloscopes in the market such as AC/DC
coupling, attenuator, amplifier, DC offset, buffer, low pass filter, and voltage protection. The device
shall use the custom PCB design for the analog front end and microcontroller that have interface to the
open source software via USB connection to display anigjai® the results.

2.2 Operational Requirements

0 Input/output requirements

3 The device shall have two analog input channels and the output will display the signal
on the LCD via the open source software. The users are able to change the configuration
or sdting that they want with the output signal.

3 The device has the working range input fre2@V to +20V
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Oscilloscope

- Channels: 2
-l nput I mpedance 1 Mq
- 12 bits ADC

-Ram O 64KB

- Sample Rate 5 Msps

- Bandwidth 2 MHz

- Useful MaxFrequency 500 kHz
- Voltage Range +20V

- USB

Figure 1: Operational Requirements of the Project

The input impedance is 1 MOhm
The signal bandwidth is 2 MHz

External Interface Requirements

The device will use the power source/ communication from the USB

Function requirements

The device will use the microcontroller with analog front end to analyze the input signal
as the following specification

The device will have the trigger option (GPii@ger/Level trigger)

The max frequency that device can measure is 500KHz

The device will have a sample rate 5 MS/s

The device will have a DC offset.

Memory for channels is 40KB, each channel is 20KB

Software requirements

The software application can ron Linux, Window, OSX

It should run on any platform which supports the following packages: python, Matlab,
NumPy, C, C+, ¢é

Speed minimum is 10 fps

Easy to use and operation

Technology and systemide requirement

The analog front end with custom PCB dgswill be interface with microcontroller in
order to process the input data

The microcontroller shall have at least 2 ADCs, RAM size is greater than 64K for fast
respond

The device should be as small as possible
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3 The device should be lesost (less tha $50)
3 USB is using to data communication

3. System Decomposition & Architecture

3.1 Level Zero Decomposition

The Level zero provides the overview of the top down oscilloscope design. The system is shown as
in figure below which include 2 analog input channels, user command, DC power supply from USB.
The output is the waveform signal which will be shown in the.GUI

AUQO Board
Analog input
channel 1 ADC: 12 bits
— Sampling rate: 5 Msps commands Computer: _ User input
Bandwidth: 2 MHz _
Frequency: 500 KHz data User
— Vi | output
Voltage Range: Interface/Control - sualoltpu
Max +/- 20V
Analog input Min +/- 20mV Signal Display
USB
channel 2
USB connection Power Supply (5V)
LED
Main power

Figure 2: Level Zero Functional Architecture Block Diagram

3.2 Level One Decomposition

The design is in the detail as the figure below, signal will be conditioning by the Front End then the
microcontroller which has an ADC function will convert/ pracése analog signal to digital signal. By
the communication through the USB, the data is transmitted to the GUI then the waveform will be plotted

to visualize the analog signal on the monitor.

Input Channel 1

Signal Conditioning:
| Protection circuit

Front end

“SA | Microcontroller: Computar,

- User
> Angfr?vfr_s?é%lal 0 Interface/Control
Signal Display

Signal Conditioning: Universal
Protection circuit .
> Serial Bus

| |

Input Channel 2
Front end

Figure 3: Level One Functional Architecture Block Diagram
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3.3 Level Two Decomposition
Level 2: Front-End

The main hardware for the oscilloscope is the analog front end that is starting with the attenuator
which is used to scale down the input signal. The DC/AC coupling function is used to block/unblock the
DC offset that we want in the signal. The amplifier is used to scale up the signal to the range that the
ADC can be read. Different scales will be controlled by analog switches by GPIO signal from the
microcontroller. In addition, the signal will be offset ab@ero for the ADC is able to read. to strengthen
the current, the buffer is added to provide the needed current to send to the ADC. The low pass filter will
help to filter out the noise signal that is not needed. and finally, the voltage protectiot is psatect
the unwanted high voltage that suddenly appear to damage the microcontroller.

GPIO Timer PWM
Control Control

|

— | DCoffset

<S|euueu3 ndu| Bojeuy

AC/ D_C Amplifier
Coupling

Attenuator

v

Buffer Low pass filter Voltage ADC
— — 3| Protection (MCU)

Figure 4: Level Two Functional Architecture Block Diagraminalog Input Signal Preconditioning
Level 2: MCU

The MCU will receive the signal from the freehd and transfer it to the computer
(GUI). The MCU includes GPIO, Timer PWM, ADC, DMA, and the USB. The GPIO will control the
AC/DC coupling and amplifier of the fromind. The GPIO will choose specific opt®in AC/DC
coupling and amplifier circuits to process signals. Also, the timer PWM will control the DC offset of the
front-end by variable output voltage to shift signal up and down. The signal received from tkenfiont
will go to the ADC, then move farard to DMA and then the USB. From the USB, there will be 2
feedbacks to the Timer PWM and the GPI1O. The MCU will use USB to transfer/receive data to/from the
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GUI. In transferring, the MCU transfers signal under digital form to GUI. In receiving, the M¢Hives
a signal from the GUI to change the FE setup, adjust the signal before it goes through the MCU.

DMA
Attenuator ! |

Computer:
ADC » Memory »> USB < » User
. Interface/Control
AC/DC coupling Signal Display
\ Iy
A
CPU -«
Amplifier
GPIO I
DC offset
e TimerPWM |+

Front-End MCU

Figure 5: Level Two Functional Architecture Block Diagramdicrocontroller

Level 2: GUI

ADE @» Data Visualizati
Script | || Data Visualization
GUL (PyQtGraph)

Computer

Screen

Figure 6: Level Two Functional Architecture Blddkagram- GUI

After the memory dump through USB happens, the data will be moved from the ADC into the main
local machine. This data is interpreted by the computer as a hexadecimal number which needs to be
further processed before being plotted into the plot. The conversion from hexadecimal to a voltage
number is needed because the cursor function of the plot will show whatever row value is shown which
is why having the voltage value is correct. Furthermore, the signal will be capped between 0 to 3.3v
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because of the ADCs limitations, this means that the input signal will not be the same as the data out of
the ADC which is where further processing is needed to return the signal back to its original form before
plotting.

- User Interface

This stage of th system will be the final stage before viewing the actual plotted data. The data will
be plotted using a Python3+ based library called PyQtGraph. This Python library hasefréaking
rate between data plots and can easily do the required 2 champe)] aod it is all run locally on the
main machine. This stage will also be used to control the systems voltage division and voltage switch
for the input which will allow the ADC to accept more than its limit of O to 3.3V; this is done by
attenuating theignal on the input and compensating for that on the output to revert it to its original state.

4. Background Knowledge
4.1 Analog FrontEnd

The Analog Front End includes multiple sections in order to provide the correct input signal to the
ADC of the MCU. There are attenuators, AC/DC coupling, gain amplifiers, low pass filter, and DC offset
using PWM in our fronend design. The basic backgnolknowledge and calculation are used to select
the hardware components are listed a below.

4.1.1 Attenuator

The attenuator uses a simple resistor to do voltage divider. To prevent the capacitance effects at
the high frequency, the capacitors are cotea parallel to the resistor which needs to satisfy the
equation below.

VD V, § R =1 C,

Ground

Figure 7: A frequency compensated voltage divider
Y120, Y2720,
Y,

w2 W I'Yl Y

Calculation for {.25:1)Scale
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@ G2 G o2 Giz08
Y, Y, 780 2 00
Select:Y, 7870
Y, 2070
6, 78' O
o, 2° 0
Calculation for £2.5:1)Scale
@ Gi2 8 @iz 0® 8

Select:'Y, 8 (Q
Y, 9270
6, O0B' 'O
0, 92‘' O
4.1.2 AC/DC coupling

AC and DC stand foAlternating (Capacitive) Coupling and Direct Coupling, respectively. This
parameter is critical since it affects the frequency content of the signals. The majority of signals are made
up of both AC and DC components. The DC component is the 0 Hz comploaehinctions as a time
domain offset. For more detail, AC coupling eliminates DC offset by connecting-bldaking
capacitor in series with the signal. AC coupling effectively rejects the signal's DC component,
standardizing it to a mean of zero. Onaitieer hand, DC (direct coupling) allows both alternating current
and direct current signals to travel across a link. The DC component is a 0 Hz signal that functions as an
offset for the AC component of the signal [2].

Calculation:

O 7 7 3180

Select C =100 nF
4.1.3 Voltage Gain Amplifier

An amplifier is a type of electronic device that may amplify the amplitude of a signal (adiyiag
voltage or current). It is a twport electrical circuit that uses electricity from a powersetio enhance
the amplitude of a signal supplied to its input terminals, resulting in a higher amplitude signal at its
output. Gain is the ratio of output voltage to input voltage [3]. The figure below is thievented op
amp configuration and the gaivill be calculated by.
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N

O

Re I:
R
® Ov
_l_

Figure 8: Noninverted op amp configuration
In order to meet the input requirement for the ADC of Microcontroller which is working from O to
3.3 Voltage. The input signal will be divided into certain range as the table #1.

Setting Range Peak to Peak Attenuation Amplification
[V/Div] [+/-V] (V] \J (V]
0.01 0.04 0.08 1.25 0.064 10 0.64
0.02 0.08 0.16 1.25 0.128 10 1.28
0.05 0.2 0.4 1.25 0.32 10 3.2
0.1 0.4 0.8 1.25 0.64 5 3.2
0.2 0.8 1.6 1.25 1.28 2.5 3.2
0.5 2 4 1.25 3.2 1 3.2
1 4 8 12.5 0.64 5 3.2
2 8 16 12.5 1.28 2.5 3.2
5 20 40 12.5 3.2 1 3.2

Table 1: Amplification vs Voltage Range

Calculation:
- 1:1 Path
0 1 i 1 EX %
Y, 100
Select:'Y 62
Y, 17Q
- 1:2.5 Path
0 1 i 1 io 8255
Y, 100
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Select:'’Y 187Q

Y, 170
- 1:5 Path
LY 3900
° Y, 1003
Select:'Y 3®7Q
Y, 170
- 1:10 Path
LY 9100,
° Y, 1000

Select:'Y 947Q

Y, 170
4.1.4 DCOffset using PWM M ethod
DC offset is an average amplitude deviation from zero. When the signal goes out of the range ADC
of the oscilloscope, the DC offset adds the Dc voltage to the incoming signal totnmotreirange [1].

V(nR06)

v AR

¥ lii lﬂ A Ao '\ 7 " A ' ﬁ l_ l n | I{[ ﬁ (\‘ I'\ h ]ﬂ\ \.l ]”Ii

I"| ﬁl,{ , “
\ll,'u',l m\w’ L ¥
(RTATRTATRTATRTARIAATA

VHWUUUWH'U,'

vV iV v v

Figure 9: Range signal by analog offset

For many Microcontrollers, the default output is pulse width modulation. It may be necessary to
convert a PWM to a DC signal in order to communicate with an external circuit or tecaase that

circuit or device may need a variable DC output.

Desired DAC Voltage = A * duty cycle
with A is the peak value of the square wave and duty cycle = (width / period) * 100
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Output

Count [B|9|0(1|2|3(4]|5]|6|[7]8|9|0)1[2|3|4([5]|6|7(|8]|>5

f f

Match Overflow

Figure 10: PWM timing diagram
PWM signal across RLC low pass Filteribvert DC signal

VWA

PWH (:) I R = DC Output

Figure 11:DC voltage by using PWM

1
—, a O ® 2 Y
2° v o
. 1 S 00
oY () 0
Il n the case critically damped, =1 the foll owi |
0
Y 2 &
0

Choose, L= 10uH and C = 1uF, so R=62&nd"Q= 50 kHz.
The variable DC signal output depends on the duty cycle of the PWM signal.
4.1.5 Unity Gain Buffer
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The output voltage follows or tracks the input voltage, the amplifier is a unity gain buffer. A
voltage buffer amplifier's voltage gain may be unity, and it gives significant current gain.

10V
Input

10V Output
Vin
Vour %

Figure 12: Unity Gain Buffer configuration
4.1.6 RC Low Pass Filte

The low pass filter (LPF) is a filter that allows the passing of the signal with low frequency and
blocks the signal with high frequencies [2].

Input Signal Output Signal
MT Hinn N\ /
| | I} '
I -\
HHLUH \/
Combination of high High frequencies Only low
and low frequencies attenuated by filter frequencies remain
Figure 13: Low Pass Filter
1 . 1 1
Y6 ° Va 50
. 1 , .2 . , 0z
® g a @ Y2 @ 5

@ 100aY 100 C=160pFandA=5V
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e VWA
R
Vin(s) —» LT — Vout(s)
"
Figure 14:RC low pass filter
frequency | Xc z Vout

10 99471839.43 | 99471839.43 5
50 19894367.89 | 19894367.89 5
100 9947183.943 | 9947183.944 5
1000 994718.3943 | 994718.3994 | 4.999999975
4000 248679.5986 | 248679.6187 | 4.999999596
10000 99471.83943 99471.8897 | 4.999997473
50000 19894.36789 | 19894.61921 | 4.999936836
100000 9947.183943 | 9947.686585 | 4.999747357
500000 1989.436789 | 1991.948477 | 4.993695398

Table 2:Frequency vs ¥/ of lowpass filter simulation

4.2 MCU

100KHz

Figure 15: Bode Plot diagram

-50
10MHz

0 The microcontroller is like a computer integrated on a chip and used to control electronic devices.
It is a selfcontained embedded system with peripherals, processors, and memory.

95



Design Project: Affordable USB Oscilloscope

O«

CPU isconsidered the brain of the microcontroller. It has the function of fetching and decoding
instructions.

O«

Input/output port is used to control and communicate with devices such as monitors, LEDs,
printers, etc.

O«

In microcontrollers memory is used to storeadamd programs.

O«

Serial port is the part that connects the microcontroller and other external peripherals.

O«

Timer and counter are a part of the clock speed of MCU, and it can be adjustable in configuration.
It can be used as a delay or creating an event.

4.2.1 ADCConverters

In a digital oscilloscope, the analog signal is at the input, after attenuation/amplification and
preliminary filtering such as for ac coupling, goes to an artatgital converter (ADC). Each channel
has a separate ADC, each withexternal clock. Analogp-digital conversion takes place by means of
sampling. The samples are taken at specific rates and the amplitude of each sample is measured anc
stored. Intuitively, we know that the accuracy of the digital signal at the outpridieppon the number
of samples that are taken.

4.2.2 DMA

Direct Memory Access (DMA) is a capability provided by some compuistarchitectures that
allows datato be sent directly from an attached device (such as a disk drive) etineryon the
compuer's motherboard. The microprocessor is freed from involvement with the data transfer, thus
speeding up overall computer operation.

4.2.3 STM32CubelDE

STM32CubelDE is an alh-one multtOS development tool, which is part of the STM32Cube
software ecosystenS5TM32CubelDE is an advanced C/C++ development platform with peripheral
configuration, code generation, code compilation, and debug features for2Smid®controllers and
microprocessors. It is based on the Eclipse/CDT framework and GCC toolchain for the development,
and GDB for the debugging.

4.2.4 HAL Driver

The Hardware Abstraction Layer (HAL) driver layer provides a simple, generic-imstiinceset
of APIs (application programming interfaces) to interact with the upper layer (application, libraries and
stacks). The HAL driver APIs are split into two categories: generic APIs, which provide common and
generic functions for all the STM32 series axtension APIs, which include specific and customized
functions for a given line or part number. The HAL drivers include a complete set oftceasly APIs
that simplify the user application implementation. For example, the communication peripherats conta
APIs to initialize and configure the peripheral, manage data transfers in polling mode, handle interrupts
or DMA, and manage communication errors. The HAL drivers are featigpeted instead of WP
oriented. For example, the timer APIs are split inteesal categories following the IP functions, such
as basic timer, capture and pulse width modulation (PWM). The HAL driver layer implemetitaeun
failure detection by checking the input values of all functions. Such dynamic checking enhances the

96



Design Project: Affordable USB Oscilloscope

firmware robustness. Ruime detection is also suitable for user application development and
debugging.

4.2.5 LL Driver

Low Layer (LL) drivers offer a fast lightveight experoriented layer which is closer to hardware
than HAL. It means the LL driver offersuslevel APIs at register level, such as a set of functions to
initialize peripheral main features according to the parameters specified in data structures, a set of
functions to reinitialize peripheral without recompiling. To use LL drivers, they reqgede khowledge
of the MCU and peripherals specifications.

4.3 GUI

For the GUI section, we intend to develop the GUI design based on the PyQtGraph. When we
connect the Nucleo board and front end to a PC via USB, we run a python script that we develop to
launch the GUI. In this script, we will collect the live data using PySerial/PyUSB and we will plot the
waveform using PyQtGraph. PyQtGraph is a gaython graphics and GUI library built ®yQtPySide
and NumPy It is intended for use in mathematics/scientific/engineering applications. Despite being
written entirely in python, the library is very fast due to its heavy leverage of NumPy for number
crunching andQt's Graphics View frameworfior fast display. PyQtGraph is distributed under @&
opensource license

Basic array plotting Multiple curves Drawing with points

| I
,t‘l| \ﬁ .p‘( ‘Nt 4|| ! I

Parametric, grid enabled Scatter plot, axis Labels, log scale Updating plot

Filled plot, axis disabled egio ion Zoom on selected region

/"\V/\

Figure 16: Main Features of PyQtGraph
PyQtGraph is known to run on Linux, Windows, and OSX. It should, however, run on any platform
which supports the following packages:

O«

Python 3+
PyQt 5, PyQt6, PySide2, or PySide6
NumPy

O¢ O«
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0 SciPy is optional for some numerical procedures
0 pythonropengl bindings areequired for 3D graphics

PyQtGraph can be installed using these methods:

w

0 From PyPI
3 Last released version: pip install pygtgraph
From conda
3 Last released version: conda instalcondaforge pyqtgraph
To install systerwide from sourcelistribution: python setup.py install
Many linux package repositories have released versions.

To use with a specific project, simply copy the PyQtGraph subdirectory anywhere that is
importable from your project.

O«

O« O¢ O«

We can learn PyQtGraph is to browsing thriotige examples. We can use this commayttion-m
pyqgtgraphexampledo launch the example application.

5. Detailed Design

5.1 Analog FrontEnd Schematics
5.1.1 Power Supply-5V Schematic

Negative 5V Power supply

| +5V I
| |
1 I |
1 |
! | 2.24 | 2.2u |
I ? u I
! | LM2776 |
1 |
I dlen 2 voutr [Vout (=5v) > !
| Slci+ | s .

|
: ——— C2 o 2.2u .
| 1u 6lci- 2 |
| [ = l
I Nl I
| |
! GND !
L e e e e e e e e e e e e e e e e e e e e e e e e e e e e e — e —— — —— Jd
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5.1.2 USB Soft Start Schematic 5.1.3 Attenuat@chematic 5.1.3 Attenuator Schematic

USB Soft Start Schematic

1
: Vin :
: +5Vh u2 :
I FDMAS510PZ Vout |
1 r‘?l( 6 1
! Ch x5 = D D+5 V |
: 10u 5 5 . !
! 11 *7P DX C6 c7 !
] 3 — 1
! * 11 e S ¢ 1.50 == 1im !
1 T 1
1 1
| |
1 1
] |
1 1
I |
1 1
1
: R1 1
! 27k :
1 1
I 1
1 1
1 1
1 1
! GND :
L e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e M |
5.1.3 Attenuator Schematic
Attenuator Schematic
L e e i e e e e e e e e e e s ‘:
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5.1.4 AC/ DC Coupling Schematic

AC/DC COUPLING
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| 5 |
GND |—— |
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I GND 47nF
| |
| |
| '—Ili ‘
| |

5.1.5 Gain Amplifier Schematic
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5.1.6 DCOffset using PWM, Buffer, and RC Low Pass FilterSchematic
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