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What Is Project S.P.U.D.?

● Modern processors are fully optimized and difficult to inspect

● SPUD proposes a custom, modifiable, demonstrable, and 
accessible CPU for educational and entertainment purposes

● C programs can run directly on the FPGA-based CPU

● CPU and System on Chip (SoC) are implemented in Verilog 

● A custom display core drives the 64x64 RGB Matrix

● The arcade controller will be the main interface to control our 
interactable demos

A custom RISC-V CPU implemented onto an FPGA with an LED 
display for visual feedback



Motivation
● Take advantage of the fact that our team is 100% CpE

● Understand the fundamentals of computer architecture, 
register transfer level (RTL) design, and programming 
languages

● Build a project that challenges us in a new and creative 
space

● Develop specific skills that prepare us for our desired 
careers

● Earn the title of Computer Engineer and have fun!



Goals and Objectives
● Design our own embedded processor catered to our 

project

● Build a C library for controlling peripherals like 
UART, DISPLAY, GPIO, etc

● Implement custom registers in SOC allowing 
hardware control via instructions 

● Configure RV32IM toolchain to generate instructions 
from C code to load into RAM

● Have each member design a unique interactive demo 
program! SPUD PCB connected to the Arty FPGA development board



Engineering Specifications
post cdr:

- dedicate entire slide to 3d model before hardware block diagram and 
after engineering specs, move block diagram to before hardware 
comparisons (HoQ)

- separate goals and objectives
- range of values for engineering specs
- add latency
- demo plan for specs
- hardware block diagram; add fpga, power supply
- hardware comparison: add single line to explain final reasoning for 

selection
- add power supply, goes last, before that add a table for all components 

needing power (power consumption of system)
- move software comparisons to after the entire hardware section
- label PCB parts
- talk about communication protocols, what they are and why we are 

using it
- replace ‘budget’ with ‘BOM’ or Bill of Materials
- how to improve showcase chances: 

-  ask dr mike to be a judge
- usually showcase picks most useful projects so idk



Hardware Comparisons



Hardware Comparisons - 
System Display

Part Selected - Adafruit Matrix
Technology Selected - Matrix Display

Adafruit 64x64 LED 
Matrix



Hardware Comparisons - 
FPGA Selection

Part Selected - Arty S7-50 Spartan-7

Xilinx Arty S7-50: 
Spartan-7



Hardware Comparisons - 
Level-Shifter

Technology Selected - Transistor

Part Selected - TXS0108E

TXS0108E Level Shifter



Hardware Comparisons - 
Flash Memory

Part Selected - 24LC16B



Software Comparisons



Software Comparisons - 
Instruction Set Architecture

Technology Selected - RISC-V

ISA Selected - RV32IM



Software Comparisons - 
Source Code

Source Code Selected - UltraEmbedded RV32IM



Software Comparisons - 
Toolchain Selection

Toolchain Selected - Vivado & RISC-V 



Software Comparisons - 
PCB Design Software

Technology Selected - KiCad



Hardware Design



Hardware Design
● SPUD uses a custom PCB hat that fits on top of the 

FPGA.

● The hat allows us to add connectors to make secure 
connections to the matrix and arcade controller

● Level shifter are also implemented onto the hat to 
allows signals be control at safe voltage levels

● Button inputs from the arcade controller PCB are sent 
through the GPIO pins, allowing for real-time 
interaction with SPUD



PCB Design



Peripheral Interface PCB -
Schematic

Houses FPGA, two 8-bit bidirectional 

level shifters, LED matrix & arcade 

controller connecters.

TXS0108E level shifters are for 3.3V-5V 

conversion for LED matrix.



Peripheral Interface PCB -
Layout



Arcade Controller PCB -
Schematic

Powered by FPGA at 3.3V.

10 GPIO buttons for controlling S.P.U.D. 

in demo.

Connects directly to peripheral interface 

board.



Arcade Controller PCB -
Layout



Software Design



Software Design - Overview



● Spudkit is a bundle of tools and software that build 
code designed to be ran on SPUD

● A C library is created to provide easy development to 
access SPUD’s hardware

● Linkers scripts are written for our build scripts 
memory addressed like the main entry point address 
stack pointer locations

● RISC-V Cross compiler toolchains generate the ELF 
file to be loaded onto SPUD

Software Design - Development

Spudkit flow diagram



Software Design - Program Loading 

● Each demo is written in C code and uses the 
GCC RV32IM compiler

● An .elf file is generated using linker scripts that 
properly configure code for our processor

● A custom python script is used to command the 
processor into debug mode

● The debug bridge will hold the CPU into reset 
and hijack the uart port

● Through Serial/UART we load the machine code 
into DDR3 RAM via the debug bridge

Software upload flow diagram



Software Design - CPU Top Level 

● arty_ddr.v: RAM interface for 
the Arty FPGA

● dbg_bridge.v: used for 
debugging and accessing 
internal signals

● riscv_soc.v: houses the core 
from UltraEmbedded, and the 
modified SPUD soc

● axi4_cdc.v: handles clock 
domain crossing in the AXI

Key Terms:

System on Chip (soc)
Debug (dbg)

AXI4 communication 
protocol (axi4)

hierarchical, modular representation of SPUD’s source code (Verilog)



Peripheral Base Address Info
Other Peripherals 0x90000000 Interrupts, Timer…

UART 0x92000000 Serial Communication
GPIO 0x94000000 General I/O pins

LED Controller 0x95000000 Controls FPGA LEDs
Arcade Controller 0x96000000 Reads inputs from custom 

Arcade Controller PCB
Display Controller 0x97000000 Provides CPU register 

access to update pixel 
data on display

Table of Register-Mapped Peripherals

highlighted peripherals are designed specifically for SPUD

Software Design - SoC RTL Design

GPIO

GPIO



The 64x64 LED matrix utilizes an interface called 

HUB75

● 6 RGB pins, 2 for each color 
(R1,R2,G1,G2,B1,B2)

● 5 addressing pins, used to choose which row to 
select. Addresses one row per panel.

● Clock progresses shift register.
● Latch and OE for display and output control.
● Connects to the SOC video display interface

(HUB75 Pinout)

From Ross Schlaikjer- RHYE.org

HUB75 Waveform

Software Design: LED Matrix



Prototyping and Testing



Hardware:
● FPGA Synthesis, Place & Route, 

Bitstream Generation
● Button input testing for the Arcade 

Controller
● Visual tests of the matrix display and 

LED Controller 
● Resource utilization check on the 

FPGA

Software:
● CPU simulation using Verilator, an 

open-sourced simulator for Verilog
● Running compiled C test programs 

(booting Linux, printing “Hello 
World”, etc)

● Integration testing of software with 
custom peripherals (Arcade + Display 
Controller)

Testing

“Hello World” test C program using the spud processor

CPU core simulation testing

“Hello World” simulation waveform



Testing Hardware

Shows Debug Mode activation

Testing Uart Signals on Oscilloscope

● Using Oscilloscope we were able verify the 
peripheral hardware logic

● Designed custom verilog to show when CPU is in 
reset and the debug bridge is enabled

● We were able to successfully verify the 
implementation and synthesis via vivado

● Successfully loaded machine code into RAM and 
verified expected behavior with UART outputs



● Unstable connections to display caused by cheap 
bread board and cables 

● Verilator (simulator) setup was difficult to 
configure due to outdated dependencies and links

● The RISC-V design is large and complicated

● Configuring the Memory Interface Generator 
(M.I.G.) to work with our DDR3 chip

● Vivado setup difficulties

● Creating custom build scripts to generate 
machine code

Challenges



Administrative Content



Budget



Work Distribution 



Progress & Plan 



Each member on the team will create their own demo to 
run on SPUD! Below are possible ideas.

● Interactive
○ Chess
○ Tetris
○ Pong
○ Snake
○ Doom

● Simulation
○ Encoded video playback
○ Sorting Algorithms
○ Conway's Game of Life
○ Langton's ant

Demos

A 3D spinning donut rendered on SPUD! 
Built with spudkit and using uart to simulate 

display output.



Current Progress and Next Steps

Completed Next Steps

PCB Design and Shipment Full Implementation of Matrix Core

CPU Implementation on FPGA Peripheral Customization in SoC (done)

Peripheral Customization in SoC Create High Level Programs

Basic Display Testing & Verification

PCB & System Integration

System Testing

A rough estimate: 50% project completion



Thank you!

~ The SPUD team


