
The Road to DOOM 
on an FPGA

Building a Soft-Logic Computer 

with Open Source Tools

2026 Hackaday Superconference

Presented by Jim Scarletta



https://gojimmypi.github.io/Hackaday-Supercon-2026/



Sound Familiar?

Source code: https://github.com/Spritetm/hadbadge2019_fpgasoc



Not the First Doom Running on an FPGA

https://www.youtube.com/watch?v=VzbI6qFaTmQ



How it started  . . .                          How it’s going:



Target Audience:  Educational

(nearly) Any Skill Level

● Scripts and GitHub workflows

● All open source code

● Something for everyone

● Not just Doom - other code can be loaded



Credits and Tools Used
● MANY Open Source projects brought together here.

● ChatGPT   - interactive,  iterative,  educational 

-  “Why doesn’t this work?”

-  “What does this do?”

-  “Review this code”

● LiteX Code Generator

- “Generate code for parameterized standards”

It’s all about:  !! TESTING !!



Why Doom?

?
Full end-to-end, non trivial example



Objectives

● Pick a Field Programmable Gate Array Board (FPGA).

- Includes features to implement:  Display, Memory, etc.

● Pick CPU, Instruction Set Architecture (ISA)  - needs a compiler!

● Pick a Doom source.

● Bring it all together for a usable, JTAG-debuggable system.



What’s an FPGA?

Image credit: Matt Venn  “Schematic to Silicon with Mini MOSbius”     youtu.be/NM5cLWYWqG0



Verilog - Clocked vs Combinatorial RTL



Learn more about Verilog

Image credit:  Kevin Hubbard @bml_khubbard  https://blackmesalabs.wordpress.com/



Lattice ECP5 FPGA

Image credit: Radiona.   See also: crowdsupply.com/radiona/ulx3s

ulx3s.github.io



ESP32 on the other side!

Image credit: Radiona



ULX4M-LD   (“D” for DDR3 Memory)

Image credit:  intergalaktik  https://www.crowdsupply.com/intergalaktik/ulx4m



ULX5M-GS    Cologne Chip GateMate 

Image credit: https://github.com/intergalaktik/ulx5m-gs

DEFAULT VOLTAGE FOR GPIO IS SET TO 1.8V in this v0.5 !!!



ULX4M and ULX5M - the “M” is CM4 Module

(carrier needed for connectors: display, ethernet, etc.)



Reference Constraint Files

https://github.com/emard/ulx3s/tree/master/doc/constraints



Programmatically  Generated  Pinout

https://github.com/ulx3s/ulx3s-pinout

python3 -m pip install --user --upgrade pinout cairosvg pillow



Which is the best CPU (ISA)?

x86,  x86-64,  ARM,  ARM64,  RISC-V,  MIPS,  
PowerPC,  SPARC,  6502,  65C02,  65816,  
Z80,  8080,  8051,  6800,  6809,  68000,  AVR,  
PIC,  MSP430,  SuperH (SH),  Alpha,  PA-RISC,  
IA-64 (Itanium),  VAX,  PDP-11,  OpenRISC,   
Xtensa,  MicroBlaze,  Nios II,  ARC,  TriCore,  
IBM z/Architecture . . .  many others



Which is the best RISC-V?

Like many things:  That depends . . .

● Requirements?

● Toolchain?

● Complete System on a Chip (SoC) ?

● Size? HAD2019 badge uses PicoRV32 size optimized 750-2,000 LUTs

● JTAG Debugging?

● Run Linux?



Which is the best RISC-V?

Like many things:  That depends . . .

● Run DOOM!

● Build with an open source toolchain

● We want to build a complete System

● Needs to fit in an ECP5 85K or smaller

● Definitely want JTAG Debugging

● No Linux needed



Hazard3 - RPi family,  less likely to become abandonware.

Screen snip credit: Raspberry Pi web site



https://github.com/Wren6991/Hazard3

● M: integer multiply/divide/modulo
● A : atomic memory operations, with AHB5 

global exclusives
● C: compressed instructions
● Zba: address generation
● Zbb: basic bit manipulation
● Zbc: carry-less multiplication
● Zbs: single-bit manipulation
● Zbkb: basic bit manipulation for scalar 

cryptography
● Zbkx: crossbar permutation instructions
● Zicsr: CSR access

● Zilsd: load/store pair instructions
● Zcb: basic additional compressed instructions
● Zclsd: compressed load/store pair instructions
● Zcmp: push/pop instructions
● Debug, Machine and User privilege/execution modes
● Privileged instructions ecall, ebreak, mret and wfi
● Physical memory protection (PMP) with up to 16 

regions (configurable support for NAPOT and/or TOR 
matching)

● External debug support (JTAG or APB)
● Instruction address trigger unit (hardware breakpoints)

Hazard3 is a 3-stage RISC-V processor, implementing the RV32I 
or RV32E instruction set and the following optional extensions:



There’s a config for that



Documentation!

Screen snip from https://wren.wtf/hazard3/doc/



What size FPGA?

 2x PicoRV32!



Doom Source Code - Many Options!
https://github.com/id-Software/DOOM
https://github.com/insane-adding-machines/DOOM
https://github.com/maximevince/fbDOOM
https://github.com/ozkl/doomgeneric

This implementation on an ECP5 FPGA:
https://github.com/ulx3s/doomgeneric
https://github.com/ulx3s/Hazard3-Doom

Others:
https://github.com/chocolate-doom/chocolate-doom
https://github.com/coelckers/prboom-plus
https://github.com/floppes/stm32doom
https://github.com/kilograham/rp2040-doom
https://github.com/leos313/DOOM_FPGA
    … and more 

Doom Image Credit: ID Software



Basic Doom Port

From README file:  https://github.com/ulx3s/doomgeneric



Modified Fork + Local Implementation



Development Environment

● Windows 11

● WSL Ubuntu

● Visual Studio

● Verilog Extension

● VisualGDB

● Tested on Native Ubuntu

● yosys / nextpnr



Flashing: put code on the device

● USB Port

● JTAG 



Replace the drivers on computer



Easily Restore (Windows Updates does this, too)



Different Drivers, Different Capabilities

See docs: https://hazard3-doom.readthedocs.io/en/latest/user-guide/web-flasher.html



ULX3S FTDI for bit-bang JTAG



Tigard: Program without using USB Serial

https://github.com/tigard-tools/tigard

Image credit: https://www.crowdsupply.com/securinghw/tigard

JTAG

Voltage Select

JTAG Connector,  Interface 1,  libusbK

UART,  Interface 0,  FTDI

I2C (aka SAO!)



CM4 Carrier RPi header to Tigard JTAG



Spider Board Jig - for the tiny connectors



OpenOCD and GDB to load code



VisualGDB

Console

Paused Here

Registers



SD Card to load apps: Shared ESP32 Pins!

Yay! There’s an ESP32 on the ULX3S

      But  . . .

The ESP32 lives behind the FPGA;  

pass-thru RTL needed.

The ESP32 shares control with the SD Card

Image credit: emard’s ULX3S schematic



Initial Doom: Unreasonably Slow

Video  Performance: 

the  endless

Rabbit  Hole!



Display… “challenges”  or  “opportunities!” 



FPGA Size: HMDI  (ULX3S GPDI connector)



FPGA Size:  Total ULX3S Hazard3 Doom Utilization



Timing Challenges



Synthesis Helpers for nextpnr Routing

Release Versions! Device Type!!

--freq 48

--seed 20

--placer heap

--placer-heap-timingweight 30

--placer-heap-critexp 3

--report timing.json

--detailed-timing-report

Otherwise  look for “Critical path report” text in logs for design change location ideas



Adding ULX4M Support: 85F with DDR3

● Working on the ULX3S with ECP5-85F

● Plenty of RAM available in the DDR3

>> should be a no-brainer on the ULX4M, right?



Memory. 

once 

so 

easy

to 

connect



Then came DDR memory

Credit: google search summary



DDR memory is more complex

Image credit: screen snip from https://en.wikipedia.org/wiki/DDR_SDRAM



DDR3 Memory

Image credit:  https://www.alliancememory.com/wp-content/uploads/AllianceMemory_4G_DDR3_AS4C256M16D3C_May2020_Rev1.1_Final.pdf



FPGA - More than just LUTs!

Credit: yosysHQ  https://github.com/YosysHQ/nextpnr/blob/main/ecp5/docs/primitives.md



DDR3 SDRAM Controller IP Core diagram
for ECP5 and LatticeECP3 devices

Image credit: https://www.latticesemi.com/en/products/designsoftwareandip/intellectualproperty/ipcore/ipcores01/ddr3sdramcontroller

  The DDR3 memory controller 
  consists of 3 sub modules: 

● Memory Controller (MC)
● Physical Interface (PHY)
● Clock Synchronization (CSM)



Generate Verilog Code

Image credit: LiteX on GitHub:   https://github.com/enjoy-digital/



ULX4M DDR3 Controller:  LiteX  LiteDRAM



Award Winning SERV Core in the LiteDRAM Controller!

Image credit: Visual Studio screen snip; Olof Kindren, CTO of Qamcom, at RISC-V Summit Germany



SERV is Tiny!  LiteDRAM vs Minimal Config

Top image: this project;  Bottom image from https://github.com/olofk/serv



Software FPGA Initialization - Not RTL

https://github.com/enjoy-digital/litex/tree/master/litex/soc/software/bios



ULX4M with DDR3 Controller FPGA Utilization 



ULX4M Timing Challenges

Original target: 50 MHz CPU,  75 MHz DDR3



Doom on an FPGA:  Hazard3 Doom



https://www.youtube.com/shorts/4TTZ9huWvjI

http://www.youtube.com/watch?v=4TTZ9huWvjI


ECP5 FPGA + Hazard3 RISC-V + HDMI

https://github.com/ulx3s/Hazard3-Doom

v0.2.0 uses UART for keyboard. Panel arrow buttons in next release.



Bonus Material



Quick Start - Install Toolchain Requirements

   wget -L \

       https://raw.githubusercontent.com/ulx3s/Hazard3-Doom/main/scripts/full-install.sh \

       -O ./full-install.sh

   chmod +x ./full-install.sh

   ./full-install.sh

From:  https://hazard3-doom.readthedocs.io/en/latest/getting-started/quick-start.html



Quick Start - build scripts



Get Started - No Toolchain!

https://ulx3s.github.io/Hazard3-Doom/



Seed Sweep Workflow

Image credit:  GitHub workflow rendering and log screen snip



I2C Driver

Image credit: screen snip from  https://www.crowdsupply.com/excamera/i2cdriver



I2C Driver in Hazard3 Doom Project



Ghidra Extension



Fun with Ghidra



Turn your FPGA design into an ASIC

https://ulx3s.github.io/tiny-tapeout/



SSH on a Stick - Add functionality

Add features:

● Access your favorite UART

 

● ESP32 WiFi hotspot or station

 

● Login via network SSH

● Uses wolfSSH

github.com/wolfSSL/wolfssh-examples/tree/main/Espressif



The SSH project also works on the ESP8266

 gojimmypi.github.io/SSH-to-ESP8266/



ULX3S HDMI Display Enclosure

Screen snip from: https://www.crowdsupply.com/radiona/ulx3s/updates/new-enclosure-and-upcoming-campaign-news



Raspberry Pi to ULX3S Adapter



Conclusion

● FPGA - ECP5 on the ULX3S and ULX4M

● Hazard3 RISC-V ISA for a CPU

● HDMI display and memory already on dev boards

● The “doomgeneric” Doom source code

● Brought it all together for a usable, JTAG-debuggable system

https://hazard3-doom.readthedocs.io



Thank  you!
https://gojimmypi.github.io/Hackaday-Supercon-2026/


