2026 Hackaday Superconference The Road to DOOM
on an FPGA

Building a Soft-Logic Computer

with Open Source Tools

Presented by Jim Scarletta
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Sound Familiar? t4
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Source code: https://github.com/Spritetm/hadbadge2019_fpgasoc
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G255 4 5 6 7 6 o [RONEIRBGEES

nt@ritsuko-ubnt: ~ e e
Filesystem inited. #include "mach_defines. hfj
No /int/autoexec.elf found; not running #include “sdk.h"
IPL main function. Booted from internal memory. #include “badgetime.h”
USB inited.
IPL running. void
Loading tiles. .. I_Init(void)
Tiles initialized {
GFX inited. Yay!! }
Loading bgnd. . .
bgnd 1oaded.
IPL: starting app /int/realdoom.elf @ suke bt ~/datalhadhadbadoe2019 1
Binclude <stdint.h>

Redirected malloc/realloc/free: 0x0 0x0 Ox@

Redirected malloc/realloc/free: 0x4011a68a 0x4011b0c2 0x4011a69% #include <stdlib.h>

#include <stdio.h>

RISC-V

- - #include “mach_defines.h"
V_Init: allocate screens. #include “sdk.h"
M_LoadDefaults: Load system defaults. #include "gfx_load.h"
Z_Init: Init zone memory allocation daemon. i #include “cache.h”
W_Init: Init WADfiles. #include "badgetime.h" cod0
adding dooml..wad
M_Init: Init miscellaneous info. W m_weting: ctr
R_Init: Init DOOM refresh daemon - [. | int@ritsuko-ubnt: ~/data/had/hadbadge2019 fpgasoc/app-reald ‘shoot with ctrl
InitTextures /home/tnt/data/had/hadbadge2019_fpgasoc/app- realdoom/i_main. < - igm weiiy
X ¥ m_weling: space I opah door
meter 1 ®

InitFlats....
InitSprites
TnitColormaps

8 m_welling: 100QD s god mode @)

 aktal

R_InitData

R_InitPointToAngle

R_InitTables (1 payed too much doom as wel, 80 much
wn @)

LT ——
the console versions

R_InitPlanes
R_InitLightTables

R_InitSkyMap

R_InitTranslationsTables

P_Init: Init Playloop state.

I_Init: Setting up machine state.

D_CheckietGame: Checking network game status.

startskill 2 deathmatch: 0 startmap: 1 startepisode: 1
player 1 of 1 (1 nodes)

S_Init: Setting up sound.

HU_Init: Setting up heads up display.

ST_Init: Init status bar

Depmyis from a different game version!

70681

Deno is from a different game version!

: nicall

| ¥T162 | Offline | ttyUsso

D, 13 / 2:58:03
TRICA Z ¥or help | 115200 8N | NOR | Minicom

[stream] Initial port of DooM to the Hackaday Superconference FPGA Badge
( Sylvain Munaut Q -

2.83K subscribers

&2 G /> Share 4 Ask [ save o

https://www.youtube.com/watch?v=Vzbl6gFaTmQ



How It started ...
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Target Audience: Educational

(nearly) Any Skill Level

e Scripts and GitHub workflows
e All open source code

e Something for everyone

e Not just Doom - other code can be loaded



Credits and Tools Used

e MANY Open Source projects brought together here.
e ChatGPT -interactive, iterative, educational

- “Why doesn't this work?”

- “What does this do?”

- “Review this code”
e LiteXCode Generator

- “Generate code for parameterized standards”

It’s all about: !! TESTING !!




Why Doom?

Full end-to-end, non trivial example



Objectives

e PickaField Programmable Gate Array Board (FPGA).

- Includes features to implement: Display, Memory, etc.
e Pick CPU, Instruction Set Architecture (ISA) - needs a compiler!
e PickaDoom source.

e Bringitall together for a usable, JTAG-debuggable system.




What's an FPCA?

Image credit: Matt Venn “Schematic to Silicon with Mini MOSbius”  youtu.be/NM5cLWYWqgGO




Verilog - Clocked vs Combinatorial RTL

ulx3s_hdmi_test_pattern.v X] 2
29 =3
30 localparam V_ACTIVE = 600;

31 localparam V_FRONT = 3;

32 localparam V_SYNC - = 16;

33 localparam V_BACK = 11;

34 localparam V_TOTAL = V_ACTIVE + V_FRONT + V_SYNC + V_BACK;

35

36 reg [10:0] pixel_x;

37 reg [9:0] pixel_y;

38 reg pixel_toggle;

39

ue always @ (posedge clk_pix or negedge rst_n_pix) begin

41 if (!rst_n_pix) begin

42 pixel_x <= 11'de;

43 pixel_y <= 10'de;

yy pixel_toggle <= 1'b8;

us end else begin

46 pixel_toggle <= !pixel_toggle; 1
47 if (pixel_x == H_TOTAL - 1) begin

ug pixel_x <= 11'de;

49 if (pixel_y == V_TOTAL - 1)

50 pixel_y <= 18'd®;

51 else

52 pixel_y <= pixel_y + 168'd1; L
53 end else begin

54 pixel_x <= pixel_x + 11'd1; i
s i vl reg [10:0] pixel x

57 end

58

59 wire active_video = pixel_x < H_ACTIVE && pixel_y < V_ACTIVE;
60 wire hsync = pixel_x >= H_ACTIVE + H_FRONT

100% @ No issues found L]

Ln: 54, Ch:24 SPC LF Windows 1252

ubx3s_hdmi_test_pattern.v Xl ]
73 always @ (*) begin =1
74 red = 8'hee;
75 green = 8'he0;
76 blue = 8'hee;
77
78 if (active_video) begin
79 case (pixel_x[9:7])
80 3'de: begin red = 8'hff; green = 8'hff; blue = 8'hff; end
81 3'dl: begin red = 8'hff; green = 8'hff; blue = 8'he0; end
82 3'd2: begin red = 8'he®; green = 8'hff; blue = 8'hff; end
83 3'd3: begin red = 8'h@@; green = 8'hff; blue = 8'h@6; end
84 3'dy: begin red = 8'hff; green = 8'hee; blue = 8'hff; end
85 3'd5: begin red = 8'hff; green = 8'h60; blue = 8'he0; end
86 3'dé: begin red = 8'h@@; green = 8'he0; blue = 8'hff; end
87 default: begin red = 8'h6@; green = 8'h00; blue = 8'he0; end
8 endcase
89
90 if (grid) begin 1
91 red = red >> 1;
92 green = green >> 1;
93 blue = blue >> 1;
9y end
95
96 if (border) begin g
3; wire border = pixel x == 0J| pixel_x == H_ACTIVE - 1 || pixel_y == 0J| pixel_y == V_ACTIVE - 1
99 red = 8'hff; o
100 green = 8'hff;
101 blue = 8'hff;
102 end
103 end
1e4 end
100% @ No issues found T Ln: 98, Ch:9 SPC LF Windows 1252




Learn more about Verilog

For Speed, Area, Power,
and Reliability

itle by
Kevin Hubbard

Image credit: Kevin Hubbard @bm|_khubbard https://blackmesalabs.wordpress.com/
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Lattice ECP5 FPCGA
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ulx3s.github.io

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



ESP32 on the other side!

5V output

FTDI FT231XS
500kbit J
bit USB

GPIO 0413
3V

d-SPI Flash

WiFi+bluetooth ESP-32
(Star TAG web

Image credit: Radiona



ULX4M-LD (“D" for DDR3 Memory) el
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Image credit: intergalaktik https://www.crowdsupply.com/intergalaktik/ulx4m




ULX5M-GS Cologne Chip GateMate

MPM3833C-0.9/1.0/1.1V-3A
MPS power module - VCORE (33) from +5 V

) Gigabit Ethernet PHY

Microchip KSZ9031RNX
GateMate™ FPGA

Cologne Chip CCGM1A1 - 20,480 PEs
1SS

64 MB SDRAM /} | .

ISSI IS42VM16320E - 512 Mbit o

3BTNs
BTN1-BTN3

8 LEDs

D0O-D7
LVDS clock - 100 MHz

Si511 511FCA100MO00BAG - SerDes ref. USB-C

bitstream upload

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

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



ULX4M and ULX5M - the *M" is CM4 Module
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(carrier needed for connectors: display, ethernet, etc.)
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Reference Constraint Files

€ > C mMm 23 github.com/emard/ulx3s/tree/master/doc/constraints (A4

= O emard / ulx3s ~ Q Type 7] to search 8|~ + ~||®

<> Code () Issues 4 {1 Pull requests 1 {) Agents ® Actions [ Projects () Security and quality |2 Insigh

[[I] Files ulx3s / doc / constraints / (O
' master - +|Q # emard constraints for v2.x.x and v3.0.x update ca5fa28 -
Q Go to file T
7 Name Last commit message
> [ box
v [@ doc .
> [ assembly B8 prototype constraints for v3.1.6 and v3.1.7 update
v constraints e
I - 0 ulx3s_v20.Ipf constraints for v2.x.x and v3.0.x update

~ Bm . .

0 https://github.com/emard/ulx3s/tree/master/doc/constraints
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M cp single-ended [l oN differential () ll communication [l Tou [ rF alias
M on single-ended [l FPGA site M cround W rover
[l G differential (+) [l Analog M cPio W rwm

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

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




QQ&
Which is the best CPU (ISA)? e

x86, x86-64, ARM, ARMé64, RISC-V, MIPS,
PowerPC, SPARC, 6502, 65C02, 65816,
Z80, 8080, 8051, 6800, 6809, 68000, AVR,
PIC, MSP430, SuperH (SH), Alpha, PA-RISC,
|A-64 (Itanium), VAX, PDP-11, OpenRISC,
Xtensa, MicroBlaze, Nios Il, ARC, TriCore,
IBM z/Architecture... many others




Which is the best RISC-V?

Like many things: That depends...

e Requirements?

Toolchain?

e Complete System on a Chip (SoC) ?
e Size? HAD2019 badge uses PicoRV32 size optimized 750-2,000 LUTs
e JTAG Debugging?

e RunLinux?




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 fitin an ECP5 85K or smaller
Definitely want JTAG Debugging

No Linux needed



Hazard3 - RPi family, less likely to become abandonware. ¥

W\'ﬂ«?

€ 2> C M 25 raspberrypi.com/documentation/microcontrollers/microcontroller-chips.html N W Y = ’
= ‘ Q Search LT ‘ + Ask
Feature comparison

The following table provides a comparison between RP2040 and RP2350 microcontrollers. For more details about each microcontroller's
features, see the dedicated sections for RP2040 and RP2350.

Table 1.
Comparison of Raspberry Pi microcontrollers (RP2040 and RP2350)
Feature RP2040 RP2350
Type General-purpose MCU High-performance MCU
Processor core Dual-core Arm Cortex-M0+ Dual-core Arm Cortex-M33 (higher performance,
TrustZone support) or Hazard3 (RISC-V)
Clock speed Up 10 133 MHz Up 10 150 MHzZ |
On-chip SRAM 264 kB in six independent banks 520 kB multi-bank performance
Flash (non-volatile) memory No on-chip flash; support forup to 16 MB | Option for on-chip flash depending on variant; support for
of off-chip flash memory through up to 32 MB of off-chip flash memory through dedicated
dedicated external (QSPI.XIP) bus. external (QSPI.XIP) bus. See RP2350 variants.

External volatile working memory
(PSRAM)

Not supported.

Supported by a QMI memory interface using the QSPLXIP

bus.

GPIO pins

30 GPIO pins, 4 of which can be used as
analogue inputs.

; Dependihg on variant: 30 GPIO pins, 4 of which can be

used as analogue inputs; or 48 GPIO pins, 8 of which can
be used as analogue inputs. See RP2350 variants.

-

: %
B2 RP2350A0A2 19 N
P6BB26.00 24 N\

Screen snip credit: Raspberry Pi web site



https://github.com/Wren6991/Hazard3

Yo
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Hazard3 is a 3-stage RISC-V processor, implementing the RV32|
or RV32E instruction set and the following optional extensions:

M: integer multiply/divide/modulo

a : atomic memory operations, with AHBS
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 ecal1, 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)



There's a config for that

X

suopedyoy 03
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&Q%

)” File Edit View Git Project Build Debug Test Tools Extensions Window Help Q Search v Hazard3-Doom . == m}
® v (e DPH v ®I Local Machine v No Configurations v 8 v
hazard3_configvh £ X 2 | Solution Explorer - Folder View v Xv

32 - = o 2
=) 5 A QA=
= RAH C AN
34 // Standard RISC-V ISA-support = | Search Solution Explorer - Folder View (Ctrl+;) Q  +
35 )
36 // EXTENSION_A: -Support for atomic read/modify/write instructions | v B3 third_party
37 parameter EXTENSION_A =1, > B3 doomgeneric
38
39 // EXTENSION_C: Support for compressed (variable-width) instructions e Bt
46 parameter EXTENSION_C =1, > B3doc
41 = >  BJ example_soc
42 // EXTENSION_E: Implement the RV32E base extension rather than RV32I. This
43 // reduces the number of integer registers from 31 to 15. : v B hd
ay parameter EXTENSION_E =0, > BJarith
- ] > P deb
ue // EXTENSION_M:  Support for hardware multiply/divide/modulo instructions I €240
u7 parameter EXTENSION_M =1, & [ hazard3f
B
4s - : y | & [ hazard3_config.vh
49 // EXTENSION_ZBA: Support for Zba address generation instructions -
50  parameter EXTENSION_ZBA =0, & [3 hazard3_config_instvh
51 & [ hazard3_corew
52 // EXTENSION_ZBB: Support for Zbb basic bit manipulation instructions .
53  parameter EXTENSION_ZBB ='e, 4 [3 hazard3_cpu_Tporty
54 I & [ hazard3_cpu_2portv
55 // EXTENSION_ZBC: Support for Zbc carry-less multiplication instructions
56  parameter EXTENSION_ZBC =0, R et et
57 Solution Explorer Git Changes
58 // EXTENSION_ZBKB: Support for Zbkb basic bit manipulation-for cryptography .
100% @ No issues found ] Ln:1,Ch:1 SPC LF Windows 1252 Properties v # X
| & Ready T 1/0~ £ 19 33 develop ~ [ Hazard3-Doom ~ 0




Documentation! o dud o

& C M 25 wren.wtf/hazard3/doc/#_architecture_overview hx g L, S5 4 AskGemini @ H = (m] X

i introductior Hazard3 communicates with system hardware using the following groups of signals:
. Introduction

1.1. Architecture IRQ Debug Power Fence IRQ Debug Power Fence

»» ) 4

Hazard Hazard

AHB

The core accesses the bus using either 1 x or 2 x 32-bit AHB5 bus manager ports, depending on choice of
top-level module (see Top-level Modules).

IRQ

The core implements standard RISC-V timer and software IRQ inputs, and a choice of a single external
IRQ input or an integrated interrupt controller with support for up to 512 external IRQs.

Debug

ows the Hazard3 Debug Module implementation to access core internals, and optionally to access the
system bus directly by arbitrating with the core’s load/store access.

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



What size FPCGA?

Lattice primitive
LUT4

PFUMX
LEMUX21
CCu2C

MULT18X18D

Hazard3-Only Description
4-input lookup table
LUT-output multiplexer
Multiplexer for wider LUT logic
Fast carry-chain arithmetic cell

Dedicated 18x18 multiplier

Count
4,540
1,047
351

255



Doom Source Code - Many Options! ¥

https://github.com/id-Software/DOOM
https://github.com/insane-adding-machines/DOOM = =

https://github.com/maximevince/foDOOM s '
https://github.com/ozkl/doomgeneric o R/ ' : Y

- t'.':l 7 . ‘ : 4

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

SOFTWARE
PROVIDED BY id FREE OF CHARGE = SUGGESTED RETAIL PRICE $35.00 = id SOFTWARE, [E11993

Doom Image Credit: ID Software




Basic Doom Port

}| READMEmd £ X | @ ‘ READMEmd £ X | e @
" a — . \ a

porting main loop

Create a file named doomgeneric_yourplatform.c and just implement these functions to At start, call doomgeneric_Create().

suit your platform.

e DG_Init In a loop, call doomgeneric_Tick().

* DG_DrawFrame
o DG_SleepMs In simplest form:

o DG_GetTicksMs

DG_GetKe . =iy
S 4 int main(int argc, char **argv)
Functions Description {
doomgeneric_Create(argc, argv);
DG_Init Initialize your platfrom (create window, framebuffer, etc...).
DG, Drawframe Frame is ready in DG_ScreenBuffer. Copy it to your platform's while (1)
screen. {
DG_SleepMs Sleep in milliseconds. doomgenerlc—TICk( )s
3
DG_GetTicksMs The ticks passed since launch in milliseconds.
DG_GetKey Provide keyboard events. return 0;
: y Not required. This is for setting the window title as Doom sets }
DG_SetWindowTitle K .
this from WAD file.
< L |

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




Modified Fork + Local Implementation

Solution Explorer - Folder View
AR CAE =
Search Solution Explorer - Folder View (Ctrl+;)

v~ B3] Hazard3-Doom (C:\workspace\Hazard3-Doom)

>  BJ .github

> BJ benchmarks
> BJbin

> [ bootloader
> ©B] build

> BJdocs

> B doom

> ©F) download
> B examples

>  BJ ghidra
> B LICENSES
> BJ openocd
>  BJ scripts
> Bsrc
> P tests
v ] third_party
I > B doomgeneric
>  PJ Hazard3
&, README.md
> [ VisualGDB
> B)wads

Q

v;x‘

~

Solution Explorer ’ Git Changes

main.c £ ><| doom_image_loader.c £ & X b
Hazard3-Doom-ulx4m v (Global Scope) v (=] console_poll(void) . o

1932 if (external_memory_require_ready("the micro-SD Doom boot")) { e

1933 (void)hazard3_sd_boot(1);

1934 }

193 uart_puts("> ");

1936 break;

1937

1938 case 'c':

1939 CASE-"C=

1940 hazard3_sd_boot_print_status();

1941 uart_puts("> ");

1942 break;

1943

194y case-'j':

1945 case 'J':

1946 if (external_memory_require_ready("the Doom launch")) {

1947 (void)doom_image_loader_launch();

1948 }

1949 uart_puts("> ");

1950 break;

1951

1952 case 'f':

1953 case-'F"':

1954 video_write_test_pattern();

1955 uart_puts("> ");

1956 break;

1957

1958 case 'z':

1959 case-'Z':

19668 sdram_heap_reset();

1961 uart_puts("\r\nSDRAM heap reset. All previous heap pointers are invalid.\r\n> ");

1962 break;

Solution Explorer
8 Bva

A
Search Solution Explorer (Ctrl+;)
& 57 Solution 'Hazard3-Doom-ulx4m' (
> &) External Sources
> &) Hazard3-Doom
> P Solution ltems
v a Hazard3-Doom-ulx4m
> o0 References
> @) External Dependencies
& [ build-xpack.cmd
& [2) doom_image_loader.c

& [5) doom_port_smoke.c

& [0) fat_ro.c
& B fat_ro.h
[ Hazard3-Doom-ulxdm-Debug
& [ Hazard3-Doom-ulx4m-Releas
> & |3 i2cdriver_hdmi.c
> & [} i2cdriver_hdmi.h

>
>
> a doom_wad_loader.c
>
>

> & [f) intellisense-riscv.h
& [ link.Id
main.c

> & [d sao_console.c



Development Environment e

bw File Edit View Git Project Build Debug Test Tools Extensions Window Help Q Search v Hazard3-Doom Q = O
. © v BePH v S =] WSL: Ubuntu v No Configurations v 8 v
e Windows 11
fpga_ub3sv £ X = 83 | Solution Explorer - Folder View v # X
i ,:‘A.A..A..‘.,..A,.A..,;.A.’ e e e e e e e o ek ek A":.E AE C AWK =
[ ] WS L U bU ntU E | SPDX 0 ... Search Solution Explorer - Folder View (Ctrl- Q. v
; v~ B third_party
® VisuaIStudio 6 S L LT T — RPUT— > PJ doomgeneric
7
8 ‘default_nettype none o Bl
9 > BJdoc
° Vel,.I Iog EXtenS|0n | 1e modul_e Fpga_l._ﬂ.xSs C v BJ example_soc
input wire clk_osc,
output wire [7:0] led, v Blfpga
. a [ fpga_arty_a7f
® V|Sua IG D B output wire uart_tx, a D iatyats
input wire uart_rx,
& [ fpga_icebreaker.f
. 2 & [ fpga_icebreaker.v
e Tested on Native Ubuntu are from s = )
inout i wifi_gpiol6, ah fpga_orangecrab_25f.f
input wi wifi_gpiol7, & [ fpga_orangecrab_25f.v
[ J YOSYS / nextpnr inout wire sao_sda, & [ fpga_ubdsf
inout wire sao_scl, | & [ fpga_ubds.v
24 inout wire sao_gpiol,
25 inout wire sao_gpio2, Solution Explorer [ Git Changes
26 .
100% ~ @ Noissuesfound — Ln:10,Ch: 16 MIXED LF Windows 1252 ~Properties v # X

' [ Ready T 0/0~ 2 14 38 develop ~ [ Hazard3-Doom ~ 01

X

suonesynon 0y



Flashing: put code on the device v

o USB Port [

“ . / ( Using file C:\Download\Ubunt...
|

(») CD/DVD (SATA) Using file autoinst.iso
‘ %} Floppy Using file autoinst.fip
CC Network Adapter NAT
‘ J TAG ::i USBE Controller Present
] Sound Card Auto detect
i [ Display Auto detect




Replace the drivers on computer v

Installation can take some time...
[P—

ULX3S FPGA 12K v3.0.3

Driver  FTDIBUS (v2.12.36.20) l;‘} WinUSB (v6.1.7600.16385) :

USBID 0403 6015

. Replace Driver
wcip = X

Installing driver. Please wait...

v [ Edit

More Information
WinUSB (libusb
libusb-win32

libusbK

WinUSB (Microsoft)



Ao b
Easily Restore (Windows Updates does this, too) * ¢

g Device Manager = O X
File Action View Help
o T E HE = B EXE

> @ System devices
> ' Universal Serial Bus controllers
v ' Universal Serial Bus devices
§ Dell Thunderbolt Dock WD22TB4

| § ULX3SFPGA 12K v3.0.3
§ USB Billboard Device Update driver
> § USB Connector Managers Disable device

Uninstall device

Launches the Update Driver Wizard fol
Scan for hardware changes

Properties




Different Drivers, Different Capabilities

Tool / path WinUSB FTDIVCP/D2XX libusbK
OpenOCD (ULX3S FT231X JTAG) @® Works ® No ® Works

GDB through OpenOCD @® Works @ No OpenOCD transport @ Works

Hazard3-Doom WebUSB FPGA/JTAG flasher ® Works @® No ® No
Windows fujprog / FTDI D2XX tools ® No ® Works ® No
Hazard3-Doom Web Serial UART (external CH340/CH341, CP210x, FTDI UART, etc.) ® N/A ® N/A ® N/A

PuTTY / normal COM-port UART on the external adapter ® N/A ® N/A ® N/A

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




ULX3S FTDI for bit-bang JTAG




ANAQMD YU XM SINSI™ ¥IC ¥Sr 900 D’ DDSI C‘R CTS RTS RX TX GNOVIGY
B . . ’ » v '

e & A\ i) /\vun y (.
Set MODE n-m:n
TG ax M3
W o Loaf 28 un MGNY

o
securinghw. :oml Set TARGET (VR ﬂl’) U
switch to target logic
F“‘C" level, or VIGT (for & .
JTAG  _Bridge HACK to bypass self-powered target) Q
Ne

1 SWDI0 hack resistor
$ flashrom
= p B2232 spi:type=2232H. port=8 diyisor=4
> : Eﬁ!- byie

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

Image credit: https://www.crowdsupply.com/securinghw/tigard
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- for the tiny connectors

Spider Board Jig




Ao
OpenOCD and GDB to load code e

_ = x gojimmypi:/mnt/c/workspace/Hazard3-Doom
4 OpenoCD X A $ ./scripts/load—firmware.sh ./build/hazard3-boot-monitor.elf
File SHA-256: DIFFERENT (scripts/load—firmware.sh does not match scripts/INVENTORY.
inventory: ca9f902c8dcele20d®89a66bl328e0c10doUU6dOcId137al12310fcc70@1lcbfefb
current: U43dUBfe57fa8e91bdb993U13e891198b6191d7Uclle75cec380ec512bfUfbfb5b
Using RISC-V GDB: /mnt/c/workspace/Hazard3-Doom/bin/gdb/riscv-none-elf-gdb.exe
Windows GDB working directory: C:\workspace\Hazard3-Doom
Windows firmware ELF: C:\workspace\Hazard3-Doom\build\hazard3-boot-monitor.elf
0x20134a90 in ?? ()
Loading section .vectors, size ©x36 lma Oxu®©
Loading section .text, size Oxb6eb lma ©x78
Loading section .srodata.bar_colors.2, size 0x8 lma ©xb76u
Loading section .data, size ©x8 lma Oxb76c
Start address 0x00000040, load size U6897
Transfer rate: 1 KB/sec, 7816 bytes/write.
Section .vectors, range OxU4® —— Ox76: matched.
Section .text, range 0x78 — 0Oxb763: matched.
Section .srodata.bar_colors.2, range Oxb76u4 — BOxb76c: matched.
Section .data, range @xb76c —— Oxb774: matched.
gojimmypi:/mnt/c/workspace/Hazard3-Doom
$

Starting OpenOCD...

xPack Open On-Chip Debugger 0.12.0+dev-02228-ge5888bda3-d

irty (2025-10-04-22:44)

Licensed under GNU GPL v2

For bug reports, read
http://openocd.org/doc/doxygen/bugs . html

Info : clock speed 1000 kHz

Info : JTAG tap: 1lfe5u85.hazard3 tap/device found: Ox4111

3043 (mfg 0x021 (Lattice Semi.), part: ©x1113, ver: Oxu)

Info : datacount=1 progbufsize=2

Info : Disabling abstract command reads from CSRs.

Info : Examined RISC-V core; found 1 harts

Info : hart 0: XLEN=32, misa=0x40801106

Info : [1fe5u85.hazard3] Examination succeed

Info : [lfe5u85.hazard3] starting gdb server on 3333

Info : Listening on port 3333 for gdb connections

Info : Listening on port 6666 for tcl connections

Info : Listening on port uduul for telnet connections

Info : accepting 'gdb' connection on tcp/3333

Info : Disabling abstract command writes to CSRs.

Info : dropped 'gdb' connection

shutdown command invoked

goglmmypl./nnt/c/workspace/Hazard3—Doon




VisualGDB

® v

Registers

Paused Here

Console

BB E B Debug No command-line arg P Continue v ta 8
Process:  [0x0] hazard3-boot-monitorelf v Lifecycle Fvents - Thread: [0x1] v K Stack Frame: - main v
"D € > ¢ R
Registers
zero = 8x60000000 ra tp = to = €2 = 0x32343132
a0 = 6x00000000 al = x00000000 ali = ©x0006b80O a5 9223 a6 a7 =
u s8 s9 s1e s11 =
t5 = 6x00000000 t6 = 0x00000000 pc = 6x00
100% v
mainc £ X
(@ Hazard3-Doom-uldm v (Global Scope) v [ main(void)
2134 ;etse ¢
2135 uart_puts("HDMI: 1624x600 full-panel scale, direct block-RAM double buffer\r\n");
2136 }
2137 uart_puts("Doom: 1=UART image, w=UART IWAD, aunch, b=SD boot\r\n");
2138}
int main(void)
{
gpio_shadow = 6u;
GPIO_OUT = gpio_shadow;
sdram_heap_init();
uart_init();
timer_init();
hazard3_sao_console_init(uart_putc, uart_puts, HAZARD3_SYS_CLK_HZ);
console_init();
uart_puts("External memory initialization: waiting up to 5 seconds...\r\n");
if (external_memory_wait_ready(EXTERNAL_MEMORY_READY_TIMEOUT_MS)) {
uart_puts("External memory initialization: READY\r\n");
(void)sdram_run_test(
SDRAM_QUICK_TEST_BYTES,
“SDRAM boot quick test");
video_write_test_pattern();
if (is ulx3s build(HAZARD2 VIDFO FPGA BUTLD TD)) {
© Noissuesfound  f ~ Ln: 2151, Ch: 1
coms v # X| calistack v X | | Output
¥ coms|- > 2 P Ao e @ Baudrate 4| 38 View all Threads Il Show External Code | Show output from:  VisualGDB Program Output v
Hazard3 ECP5 board boot e R :
project_version=vo.2.1 firmuare_build-ULX-Doon-Console-0.2.0-6dn-dowriz- | Search (CtlsE) ]| ([ ozo LISt et/ onl poe 4544 fog teTned Coectlons
UART: board serial RX / TX, 115200 8N1 Name ang || Ito fiaccepting 1gch icomeéction on tep/3333
CPU: 40MHz Hazard3, Timer: 10 ms machine interrupt z ol varn : Target Descriptions Supported, but disabled
Internal screen: 0x00010000-0x0001FOFF (320x200 indexed) @ misin ~ | Info : Disabling abstract command writes to CSRs.
Board LEDs: target-specific heartbeat and timer status Info : [1feSun8S.hazard3] Found 3 triggers

SORAM profile: 64 MiB, physical base=0x20000000, uncached diagnostics a
Doom image: ©x20100000-0x203FFFFF

0x20400000-0x228BFFFFF

0x22€00000-0x23BFFFFF, video reserve at 0x23(00000

1024x600 full-panel scale, direct block-RAM double buffer

1=UART image, w=UART TWAD, i=launch, b=SD b

Doom:

Watch1 | Output

Breaknoints

SPC LF  Windows 1252

£ X

L

Solution Explorer
av-rE e 2B

Search Solution Explorer (Ctrl+;)

& 53 Solution 'Hazard3-Doom-ubdm’ (1 of 1 pn
> &) Extemal Sources
> Hazard3-Doom
v B Solution Items
> Bysrc
8,[3) README.md
v &) Hazard3-Doom-ulx4m
> 00 References
> ) Bxtemal Dependencies
& & build-xpack.cmd
> & [ doom_image_loader.c
> & [ doom_port_smoke.c
> & [ doom_wad_loader.c
> & fatroc
> 4@ fatroh
[ Hazard3-Doom-uldm-Debug.vgdbse
& [ Hazard3-Doom-ulxdm-Release.vgdbs
> & [ i2cdriver_hdmi.c
> & [ i2cdriver hdmih
> & [} intellisense-riscv.h
& () linkld
| > <[ mainc
> & [) sao_console.c
> & [ sao_consoleh
> a[) sd_boot.c
> & [ sd_booth
> a [ sdspic
> & [ sdspih
& [ sdram_exec_payload.S
> a [ sdram_exec_test.c
& [ starts

Solution Explorer  Git Changes



SD Card to load apps: Shared ESP32 Pins!

Yay! There’s an ESP32 on the ULX3S

WiFi and SDcard connected to

But v BANK6 on "usb" sheet

The ESP32 lives behind the FPGA,;
pass-thru RTL needed.

WIFIEN
TR sovsonve
u VN
The ESP32 shares control with the SD Card : a 1035

\_:T\lZ n 1032
GP12) 10 1033

WIF L fP\025 1025
[WIFLGPI026) uP\OZé 1026
WIF] rmoz7 1027
- 1014

D D2 1012

Image credit: emard’s ULX3S schematic




Initial Doom: Unreasonably Slow

Video Performance:

the endless
Rabbit Hole!

Q_$
D



Display... “challenges” or “opportunities!”

&Qb



Ao
FPCGA Size: HMDI (ULX3S GPDI connector) ”Q'

Lattice primitive = HDMI-Only Description Count
LUT4 4-input lookup table 2,030
CCu2C Fast carry-chain arithmetic cell 257
DP16KD Dedicated 18-Kbit block RAM 96
PFUMX LUT-output multiplexer 85

ODDRX1F DDR output register / serializer 4




FPGA Size: Total ULX3S Hazard3 Doom Utilization

Lattice Primitive  Description Count
LUT4 4-input lookup table 10,308
PFUMX Multiplexer 1,599
Ccu2c Fast carry-chain arithmetic cell 828
L6MUX21 Multiplexer for wider LUT logic 360
DP16KD 18-Kbit dual-port block RAM 195
MULT18X18D Dedicated 18x18 multiplier 4
ODDRX1F Output DDR register 5
EHXPLLL PLL clock-generation block P
JTAGG Built-in JTAG interface 1




Timing Challenges

B C

‘ Routing Time Frequency MHz
20 162 50

Last se
260
Maximum concurrent GitHub route jobs * 7 1 83 5 1
20
Seeds routed serially by each GitHub 88 2 1 2 33 52
route job 3
2
Retain per-seed bitstreams in CI 25 . 4 07 5 1
ULX3S 85F extended HDMI modes (ignored
,,,,,,,,,,,,,,,, . 32.955 53




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”textinlogsfor design change location ideas




Adding ULX4M Support: 85F with DDR3

e Working on the ULX3S with ECP5-85F
e Plenty of RAM available in the DDR3

>> should be a no-brainer on the ULX4M, right?
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Then came DDR memory ¥

Generations of DDR Memory

DDR1 (2000): Introduced double-rate data transfer at higher voltages (2.5V)
and lower speeds.

DDR2 (2004): Lowered voltage to 1.8V and increased prefetch buffer size for
better efficiency.

DDR3 (2007): Reduced voltage to 1.5V and became a long-standing
mainstream standard.

DDR4 (2014): Standardized modern computing with a 1.2V operating voltage
and higher capacities (such as Corsair Vengeance LPX DDR4).

DDRS (Current): Features dual sub-channels, on-module power management
(PMIC), and extreme speeds (such as Corsair Vengeance RGB
DDR5).

Credit: google search summary



DDR memory is more complex ¥

wikipedia.org/wiki/DDR_SDRAM

Specification |edi)

Modules |edit]

This section contains an excessive
amount of intricate detail. Please help
improve it by spinning off or relocating
relevant information and removing
excessive detail that goes against
Wikipedia's inclusion policy. (May 2026)

(Learn how and when to remove this message)

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



DDR3 Memory

AS4C256M16D3C

| CONTROL

SIGNAL

RAS# COMMAND GENERATOR
DECODER
A10/AP
A12/BC# COLUMN
COUNTER MODE
REGISTER]

ADDRESS
BUFFER

REFRESH
COUNTER

DATA
STROBE
BUFFER

ODT LDM
UDM

AS4C256M16D3C

Figure 3. State Diagram

This simplfied State Diagram is intended to provide an overview of the possible state transitions and the
commands to control them. In particular, situations involving more than one bank, the enabling or disabling of on-die
termination, and some other events are not captured in full detail

Procedure

from any
state

~RESET

Caliration

Precharge
Power
PREA = Precharge All
Mode Register Set
efresh

Read = RD, RDS4, RDS8
Read A = RDA, RDAS4, RDAS8
Write = WR, WRS4, WRS8
Write IRA, WRAS4, WRASS
ZQCL = 2Q Calibration Long
2QCs = ZQ Calibration Short L)
= Enter Power-down
xit Power-down
elf-Refresh entry
elf-Refresh exit
MPR = Multi-Purpose Register

» Automatic Sequence
————————Command Sequence

Confidential REV.1.1. May 2020

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



FPGA - More than just LUTS!

ALUS54B - 54-bit ternary adder/subtractor (limited support, must be manually placed)
CCU2C - 2x LUT4 with carry logic

CLKDIVF - clock divider

DCUA - dual channel 3/5Gbps SERDES

DDRDLLA - 90° delay for DQS or clock for DDR interface

DELAYF - configurable signal delay

DELAYG - simple signal delay

DP16KD - true dual port block RAM

DQSBUFM - DQS control for DDR memory

DTR - die temperature readout

ECLKSYNCB - edge clock stop/synchronisation

EHXPLLL - phase-locked-loop

EXTREFB - reference clock input buffer for external clock for SERDES
GSR - global set/reset interface

IDDR71B - 7:1 input gearbox

IDDRXI1F - generic 1:2 input DDR

IDDRX2DQA - DDR2/3 memory 1:4 input interface

IDDRX2F - generic 1:4 input DDR

JTAGG - JTAG access to fabric

L6MUX21 - 2 input multiplexer for LUT6 and above

e

LUT4 - 4 input Look Up Table

MULT18X18D - DSP multiplier (cascade functionality not supported)
ODDR71B - 7:1 ODDR implementation

ODDRXITF - generic 2:1 output DDR

ODDRX2DQA - memory 4:1 output DDR primitive for DQ outputs
ODDRX2DQSB - memory 4:1 output DDR primitive for DQS outputs
ODDRX2F - generic 4:1 output DDR

OSCG - internal oscillator

OSHX2A - memory 4:1 output DDR primitive for address and command
PCSCLKDIV - clock divider for SERDES clock outputs

PFUMX - 2 input multiplexer for LUTSs

SEDGA - allows checking configuration data for soft-errors, see TN1268 (untested)
TRELLIS_DPR16X4 - 16x4 LUTRAM

TRELLIS_ECLKBUF - internal edge clock buffer

TRELLIS_FF - SLICE flipflop

TRELLIS_IO - tristate 10, mapped by Yosys from BB, IB, OB, etc

TRELLIS_SLICE - logic SLICE (2x LUT4, 2x FF, 2x MUX2, CCU2 carry)
TSHX2DQA - tristate control for DQ data output for DDR2 and DDR3 memory
TSHX2DQSA - tristate control for DQS output

USRMCLK - provides access to SPI flash clock (MCLK)

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



DDR3 SDRAM Controller IP Core diagram

for ECP5 and LatticeECP3 devices

The DDR3 memory controller
consists of 3 sub modules:

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

Configuration Interface

DDR3 MC

init_start
init_done

AdAr e—p
CUCIP = Command
cmd_rdy
cmd_valid
cmd_burst_count =]
offy_burst_len
ext_auto_ref
ext_auto_ref_ack

write_data _.’
mem_st_n —p
read_data_valid ¢—

read_data <=

sclk (200 MHz)

twir tckp trtp ar_burst en

Command O P
Application
Logic

oDT
i

Clock Synchronization Module

clk_in (100 MHz) —pFETE W Ko o (g R

eclk (400 MHz)

sclk2x (400 MHz)

em_ddr_cs_n
——p em_ddr_we_n
—p em_ddr_ras_n
——p em_ddr_cas_n

em_ddr_addr

em_ddr_ba

4= em_ddr_dgs

4P em_ddr_dqs#

4P em_ddr_dq
em_ddr_dm

em_ddr_odt

——p em_ddr_reset_n
—— em_ddr_clk
—p em_ddr_clk#
—» em_ddr_cke

Image credit: https://www.latticesemi.com/en/products/designsoftwareandip/intellectualproperty/ipcore/ipcoresO1/ddr3sdramcontroller



Generate Verilog Code

Name Build Status Description
OB  poards support by
EnjoyDigital
Cper
[ C) i [passng DRAM
| S PYTHON MEETS FPGA POWER!
MicroPython on LiteX just got even better!
C) ci [passng PCle @ @ COMPATIBLE WITH
150+
OalpE=Sng NvMe MACHINE API MODULE LITESDCARD ETHERNET VIDEO LITEX-SUPPORTED
Pin, SPI, 12C, PWM, MMIO, CSR, SDCard support network.LAN Framebuffer BOARDS!
Timer, UART, ADC, EventManager with LiteSDCard with LiteEth Support
O m SATA mem8/16/32 and more & lwiP Srisicode Mary beard
! POWERFUL
HIGH LEVEL : ;
= 1 Python Code oPython Runtime LiteX Ecosystem Python control,
Qd W SD card i:,;;:;‘wm Your application Fast, lean, efficient SoC builder, tools, F;G:r;c:erze:c;tion
y mples, etc

O « [passing)
©) «i [passing)
©) i [passing)

Inter-Chip communication
JESD204B

RF/DSP blocks (WIP)

ABSTRACTION
Framework

VEL HW

Hardware

PHYSICAL

C/C++

Drivers, libraries

{" RISC-V Core
RISC-V  VEXRiscv

Firmware (BIOS)
Init, drivers, interrupts,
scheduling

FPGA Logic (LUTS)
Your digital design

CPU (VEXRiscv)
RISC-V soft CPU
(configurable)

Peripherals & IP
AXI, Wishbone, Stream ...

FAST DEV
Write more in Python,
ship faster

OPEN SOURCE
Full stack open source

and hackable

RELIABLE

FPGA Toolchain
Yosys, nextpnr,
OpenOCD, etc

O ClI with simulated tests

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

Tested, Cl, and

Real World
hardware proven

Bitstream FPGA Device Real World
Programmed LUTs, BRAM, DSP, Your application
into the FPGA 10s, PLL, . theword

@ &

) ci [passing)
©) i [passing)

SPI/SPI-Flash

AUTOMATED HARDWARE TESTS

Logic analyzer on Digilent Arty A7




ULX4M DDR3 Controller: LiteX LiteDRAM

€ > C M@ 25 github.com/enjoy-digital/litedram 5 9% =
README License 8 72 =
[

1 OF N B
DATi Tt =) ] ) — 3 A
RN Il L T

Copyright 2015-2024 / EnjoyDigital
A small footprint and configurable DRAM core
powered by Migen & LiteX

| License [BSD 2-Clause| %  Ask DeepWiki

[> Intro

LiteDRAM provides a/small footprint and configurable DRAM core.

LiteDRAM is part of LiteX libraries whose aims are to lower entry level of complex FPGA cores by providing simple,
elegant and efficient implementations of components used in today's SoC such as Ethernet, SATA, PCle, SDRAM
Controller...

Using/Migen to describe the HDL allows the core to be highly and easily configurable.

LiteDRAM can be used as LiteX library or can be integrated with your standard design flow by|generating the verilog
rtl that you will use as a standard core.



7 servyml £ X == Solution Explorer - Folder View v »
1 cpu: serv : 5 5
5 cpu_variant: standard Search Solution Explorer - Folder View (Ctrl+;) (© N
3 uart: fifo v [ third_party
y device: LFESUM-85F-8BG381C >
5 memtype: DDR3 > BJ doomgeneric
6 sdram_module: AS4C256M16D3A v P Hazard3
7 sdram_module_nb: 2
8 sdram_rank_nb: 1 > Bdec
9 sdram_phy: ECP5DDRPHY v B3 example_soc
10 input_clk_freq: 25e6 > BJfpga
11 sys_clk_freq: 60e6 :
12 init_clk_freq: 25e6 > B libfpga
13 cmd_buffer_depth: 2 > P3soc
14 cmd_buffer_buffered: true > P synth
15 with_auto_precharge: true 2k
16 user_ports: > B3] synth_vivado
17 b v P third_pa
18 type: wishbone ._p i/
19 data_width: 128 v B LiteDRAM
20 v B configs
v D AS4C256M16D3 ;
| & M servyml -§“

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




SERV is Tiny! LiteDRAM vs Minimal Config

Resource SERV CPU proper  SERV + register-file support
LUT4 357 404
PFUMX 53 56
ccu2c 3 9
Flip-flops/registers 162 178
DP16KD EBR 0 1

Lattice iCE40  Intel Cyclone 10LP  AMD Artix-7 CMOS
198 LUT 239 LUT 125 LUT 2.1kGE

164 FF 164 FF 164 FF

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




Software FPGA |nitialization - Not RTL e

) . ) . 294 /* Initialize and test SPIRAM */
¢ > C @A % gitub joy-digital/litex/ Jlitex/soc/ /bios )
295 #ifdef CSR_SPIRAM_BASE
O & 296 spiram_init();
= enjoy-digital / litex ~ Type (7)1 i
A pe (/] 297 printf("\n");
<> Code () lssues 71 i1 Pullrequests 50 & Agents () Actions [ Proje 298 #endif
e 299
[ Files litex / litex / software / bios / 300 /* Initialize and test DRAM */
301 #ifdef CSR_SDRAM_BASE
¥ master - | et . anjoy-digital Merge pull request 302 sdr_ok = sdram_init();
Q Go to file T 303 #else
T 304 /* Test Main RAM when present and not pre-initialized */
v [ litex u 385 #ifdef MAIN_RAM BASE_VA
> M build L 306 #ifndef CONFIG_MAIN_RAM_INIT
> M gen B cmds 307 sdr_ok = memtest((unsigned int *) MAIN_RAM BASE VA, min(MAIN_RAM_SIZE, MEMTEST_DATA_SIZE));
VB o 308 memspeed((unsigned int *) MAIN_RAM BASE_VA, min(MAIN_RAM SIZE, MEMTEST_DATA_SIZE), false, 9);
D Makefie 309 #endif
> I cores Z
310 #endif
> B doc [ bootc -
311 #endif
> [ integration O booth 312 if (sdr_ok != 1)
> [ interconnect O commandh 313 printf("Memory initialization failed\n");
v @ software 314 #endif
0 complete.c 2
> [ bench 315
i 316 /* Initialize and test SPIFLASH */
I v [ bios [ completeh
317 #ifdef CSR_SPIFLASH_BASE
> d
W cmds O helpers.c 318 spiflash_init();
[ Makefile [ helpersh 319 printf("\n");
[ boot.c 320 #endif

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




ULX4M with DDR3 Controller FPGA Utilization

Resource
Embedded Block RAM (EBR)
Logic cells
Flip-flops / registers
PLLs
High-speed 1/0 logic

Hardware multipliers

What it is
Dedicated on-chip memory ( DP16KD )
General programmable FPGA logic
Sequential state storage
Dedicated clock generation ( EHXPLLL )
DDR/serializer/deserializer resources

Dedicated DSP multipliers ( MULT18X18D )

Used / available
182 / 208
15,502 / 83,640
5,625 / 83,640
3/4

49 / 224 sites

4 /156

Utilization
87%

18%

6%

75%

21%

2%



ULX4M Timing Challenges

C E F

route_seconds clk_sys_mhz litedram_user_mhz

173 40.03 66.49

174 40.04 64.53
146 43.63 67.51
135 43.86 63.3

317 44.31 65.9.

Original target: 50 MHz CPU, 75 MHz DDR3




Doom on an FPGA: Hazard3 Doom

Extras

Bootloader

GPDI (HDMI compat), memory controller

CPU/ISA - RISC-V

FPGA Synthesis: yosys, nextpnr

Open Source Hardware: ULX3S, ULX4M



https://www.youtube.com/shorts/4TTZ9huWvijl

&Q%


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

ECP5 FPGA + Hazard3 RISC-V + HDM|

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

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




Bonus Material

HAZARD3 T2CORIVER 108 KHZ SOR 1 SCL 1 A
SCAN COMPLETE
12 ADDRESS HERTMAP

a1 4567 839ABCDOE

& 69 BA BB BC D OF OF
12 13 14 15 16 17 18 19 1A 1B 1C 10 1E 1F
22 23 24 25 26 27 28 29 2A 2B 2C 20 2E 2F
32 33 34 35 36 37 38 39 3A 38 3C 30 3E 3F
42 43 44 45 46 47 48 49 4R 4B 4C 4D 4E 4F
52 53 54 55 56 57 58 59 5A 5B 5C 50 5E 5F
60 61 62 63 64 £S 66 67 68 69 6A 6B &C 60 BE 6F
7671 72 73 74 75 76 77

LOGICAL TRACE

SO ARAA—F

1811
20 21
3031
48 41
56 51

A A,

SCL

S SCAN P PROBE R READ U WRITE X RECOUER
H 512/328 G 480 TEST C CLEAR @ EXIT

Version 12.1.3

Build PUBLIC
2026-Aug-17 1710 UTC
Java Version 21.0.12.1

A working minimal example is the |

CTIVE MASTER 512x300
/Add a job step such as this to the workflow file:
TRANSACTION LOG
SCAN 1 DEU o o
fpga-ulx3s:
runs-on: ubuntu-24.e4
B
- name: checkout repo

uses: actions/checkout@vy

with:
submodules: recursive

- name: FPGA bitstream for TT ASIC Sim (ULX3S ECPS)

uses: ulx3s/tt-gds-action/fpga/ulx3sgexperimental

with:
ecps-device: 85k
1pf: tt/fpga/ulx3s/ulx3s_v316.1pf

174 SPEED artifact-nane: fpga ulx3s_ecps
uart-enabled: true
P e ——r— 4 4 amen @1 - 0 x
oreates || & Gobsmee [ @ etates | @ v

e Tool ...

IS 5. 35751 [P .
Vet e o et s
— 8 i 8 o ameen

+ Gonsole fimmare uposder
Pree——

. Daorm IWAD uplosder

Success 54m 435 132
ulx4m-ld-seed-sweep.ym!
P —
Matrix: route:

1m st

© Prepare frozen ulxd4m-Id.. © 130 jobs completed

aljob.

* @ Summarize ulx4m-Id-85f ...

© @ LIVE timing-pass collec.

LIVE timing-pass collector (ulx4m-Id-85f) summary

e ulx4m-Id-85f timing results



Qb
Quick Start - Install Toolchain Requirements 7T ¢

wget -L \
https://raw.githubusercontent.com/ulx3s/Hazard3-Doom/main/scripts/full-install.sh \
-0 ./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

[ Files

¥ develop

Q Gotofile

>
>
>

>

| >

>

B github

BB LICENSES
B8 VisualGDB
B8 benchmarks
B8 bin

B8 bootloader
B docs

8 doom

I8 examples
8 openocd
B scripts

B src

>

Hazard3-Doom / scripts / (3

B
0
B
b
B
0
I
B
B
B
B
|

README.md
apply-doom-noncombat.py
build-coremark.sh
build-doom-noncombat.sh
build-ecp5-bitstream-common.sh
build-supercon10-wad.py
build-ulx3s-12f-bitstream.sh
build-ulx3s-12f-doom.sh
build-ulx3s-12f-sweep_summary.md
build-ulx3s-85f-bitstream.sh
build-ulx3s-85f-sweep_summary.md

build-ulx3s-doom.sh

'YQ%



Get Started - No Toolchain!

€ 2 C @

ubx3s.github.io/Hazard3-Doom/

ULX3S / HAZARD3-DOOM

Device Tool ....

- Device uploading

FPGA, console firmware, Doom application, and IWAD loading tools.

LGS Us1 / ITAG

- FPGA web flasher

PROGRAM HAZARD3-DOOM FROM THE BROWSER
Uses WebUSB to drive the ULX3S FT231X JTAG interface directly. This first version programs FPGA SRAM from a
Hazard3-Doom .bit file or an SVF file, so the image is temporary and is lost when the board powers off.

HAZARD3-DOOM FPGA IMAGE (.BIT OR .SVF)
Choose File  fpga_ulx3s_85f.bit

fpga_ulx3s_85f
958.2 KiB, LFESU-85F 0x41113043, 1,014 SVF commands

Device Log

Conmect UX3SUSE  Probe JTAG [ZTUNLIIEIVI'N  Disconnect USB

< GitHub Source B Read the Docs. Not connected

FPGA / Firmaare / Doom

USE/JTAG ULX3S FPGA 12K v3.03, S/N 120001
FPGA  Ox41113043 - LFESU-85F
Docs Host: Windows

BEFORE PROGRAMMING
Use the ULX3S US1 USB connector.
Close fujprog, OpenOCD, and other programs using US1

The browser derives or verifies the ECPS target ID before programming

JTAG probe pass

Flasher log

[13:02:26] INFO: Converted fpga_ulx3s_8Sf.bit to the Project Trellis ECPS SRAM SVF sequence for LFESU-SSF.
[13:02:26] INFO: Loaded fpga_ulx3s_8Sf.bit: 1,014 programming commands.

[13:02:30] INFO: Connected to ULX3S FPGA 12K v3.6.3, S/N 12901.

[13:02:32] OK: ITAG probe found LFESU-SSF (@X41113043).

Persistent SPI flash s ir not written by this first i ion. Verify

+ Console firmware uploader

+ Doom H3IMG uploader

+ Doom IWAD uploader

- Serial connection
Direct browser connection using the Web Serial API

on both ULX3S 12F and 85F before enabling a permanent-flash workflow.

O Copylog  Clearlog

a

Local GoB / Openoco

UART / H3L

UART / W3

Connect web serial

UART disconnected

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



Seed Sweep Workflow

Matiially e Tohal durstion Artifacts Seed Timing Seconds Route exit
@ gojimmypi o 353a0c2 Success 54m 43s 132
17 = PASS 3326 0
ulx4m-Id-seed-sweep.yml 18 PASS 320 0
on: workflow_dispatch
Matrixc route Timing-passing seeds: 17 18
@ Prepare frozen ulx4m-ld... 1m51s ¢ * @ 130 jobs completed e » @ Summarize ulx4m-Id-85fs... 155

Failing seeds: none

Show all jobs
Timed-out seeds: none

/@) LIVE Siming pes collec S2mat: 101 ## Closest to full timing closure

Seed | Result | clk_sys | video pixel | TMDS x5 | Limiting | Worst ratio | Route time |

LIVE timing-pass collector (ulx4m-Id-85f) summary 105 248 | PASS | 57.17 || 84.10 | 369.41 | clk_sys mhz | 1.143x | 39:13 |
3 | Pass | 57.16 | 85.63 | 330.80 | clk_sys_mhz | 1.143x | 48:37 |

|
I
I
|
107 | 131 | PASS | 56.40 | 75.45 | 352.49 | clk_sys_mhz | 1.128x | 37:15 |
I
I
I
I
I

Live ulx4m-Id-85f timing results

85 | PASS | 56.20 | 84.95 | 337.04 | clk_sys_mhz | 1.124x | 36:47 |

109 211 | PASS | 55.73 | 87.02 | 304.60 | clk_sys_mhz | 1.115x | 4:04 |
110 133 | PASS | 55.55 | 78.78 | 351.99 | clk_sys_mhz | 1.111x | 7:40 |
111 147 | PASS | 55.20 | 79.78 | 328.95 | clk_sys_mhz | 1.104x | 45:28 |
112 46 | PASS | 55.14 | 84.70 | 303.95 | clk_sys_mhz | 1.103x | 34:20 |

113 | 167 | PASS | 55.13 | 81.46 | 452.08 | clk_sys_mhz | 1.103x | 3:07 |

Image credit: GitHub workflow rendering and log screen snip




12C Driver

GROWD BROWSE APPLY ABOUT

1°CDriver

An easy-to-use tool for controlling I°C devices

it has tools and dozens of examples

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




12C Driver in Hazard3 Doom Project

HAZARD2 IZCORIVER 18@ KHZ SDA 1 SCL 1 ACTIVE MASTER 5124308
SCAM COMPLETE
I2C ADDRESS HEATMAP TRANSACTION LOG
B 1 2 2 4 567 28 39ABCDODEF
& B2 B9 BA BB BC B0 BE 6F SCAN 1 DEU

1B 11 12 12 14 15 16 17 12 19 1A 1B 1C 10 1E 1F
208 21 22 23 24 26 26 27 28 29 2A 2B 2C 20 2E 2F
2@ 31 32 33 34 35 26 27 38 39 3A 3B 3C 20 2E =F
468 41 42 42 44 45 46 47 42 49 4A 4B 4C 40 4E 4F
E@ 51 52 53 B4 BE Bk 57 52 59 5A 5B 5C 50 BE 5F
BB E1 B2 B2 B4 BE BB BF B2 B9 BEA BB EC B0 BE BF
ForavYlv2va V4 VE VR VY

LOGICAL TRACE

oA AAR—F

—

Fa

(1 B N TT

o

L 11111111

S SCAM P PROBE R EERD W WRITE x RECOVERE 1.4 SPEED
H 512/328 G 488 TEST C CLEAR & ExIT




Ghidra Extension

& About Ghidra

Version 12.1.3
Build PUBLIC
2026-Aug-17 1710 UTC
Java Version 21.0.12.1

Project File

'Y

gram Name:

Language ID:

piler ID:
Processor:

Endian:
Address Size:
:Y.inimu.m Address:

ximum Address:

of

ategories:
th Ghidra
Date Created:
Executable Format:
Executable Locat:
Executable MDS:
Executab SHA256:
[FsR
Preferred Root Namespace (

Additional Information




Fun with Ghidra

## Memory Map [CodeBrowser: Hazard3-Doom:/hazard3-doom-ulx3s-85F.h3img]
File Edit Help

H -

Length Type Inttialized Byte Source Source

Default hazard3-doom-ulx3s-8... Hazard3 H3IMG Loader H3IMG executable payload

Default uninit[0x3b830] Hazard3 H3IMG Loader H3IMG BSS

-
o
o
|

h3img_payload ram:20100000 ram:2019045f O0x904€0
h3img_bss ram:201904€0 ram:20lcbcef 0x2b890
APB_TIMER ram:40000000 ram:40002£££ 0x4000
APE_UART ram:40004000 ram:40007£££ 0x4000
APB_GPIO ram:40008000 ram:40008£££ 0x1000
APE_SAQ ram:40009000 ram:40009£££ 0x1000
APE_SD ram:4000a000 ram:4000a££f 0x1000
APB_VIDEO ram:4000c000 ram:4000££££ 0x4000
csr csreg:0000 csreg:0£££.2 0x4000

00

Default L uninit[0x4000] Hazard3-Doom MMIO Map Hazard3 system timer APB window
Default : uninit[0x4000] Hazard3-Doom MMIO Map Hazard3 UART APB window
Default : uninit[0x1000] Hazard3-Doom MMIO Map Hazard3 GPIO APB window:
Default : uninit[0x1000] Hazard3-Doom MMIO Map Hazard3 SAO/I2C/GPIO APB wii...
Default B uninit[0x1000] Hazard3-Doom MMIO Map Hazard3 micro-SD SPI/arbitratio...
Default B uninit[0x4000] Hazard3-Doom MMIO Map Hazard3 HDMI/video APB window

Default uninit[0x4000]

R
8

= o=

23

d b3s-85F.h3img - (4 addresses sslected) 8] f =l ‘C; Decompie: FU... ¥ sia RO

Edit Help 1

R LAB ram 20145£38 b3 2foid FUN_ram 20145494 (void)
:20145£38 93 b7 17 sltiu 1

0145£3c £0 neg
Praview Hex (Unsigned) ... >, Function Name 20145240

-

0 sltu
| ram:20146210 i a4, 0x4000c 0x4000c FUN_ram_20145d%4 120145244 ¢ andi
| ram:2014512c =5, 0x4000c 0x4000c FUN_ram_20145d%4 F20245L20RIS L7 37,40 o
| ram:20145f58 i 24=>HAZARD2_VIDEO_STATUS, 0x4000c 0x4000¢ FUN_ram_20145d94 '. : Zfdl
| ram:20146224 €, 0x4000¢ 0x4000c FUN_ram_20145d54 eibs i ke I :

ram:20145ed4 i a4, 0x4000c 0x4000c FUN_ram_20145d%4 £58 37 00 40 HAZARD3_VIDEO_STATUS
| ram:20145af0 a5, 0x4000c 0x4000c FUN_ram_20145acc 0145£5¢ 0 E d ad PRESENT_
| ram:20145670 i s2,0x4000c 0x4000c FUN_ram_20145d94 s naatt) 79 d L ONIROL)
| ram:20145e28 i 20=>HAZARD2_VIDEO_STATUS, 0x4000c 0x4000¢ FUN_ram_20145d94 ;ﬁ::;zj o : N
:2014586c 9

014570
:20145£74 ¢




Turn your FPGA design into an ASIC

A working minimal example is the Hazard3-

Add a job step such as this to the workflow file:

jobs: [
fpga-ulx3s:
runs-on: ubuntu-24.04
steps:
- name: checkout repo
uses: actions/checkout@v7
with:
submodules: recursive

- name: FPGA bitstream for TT ASIC Sim (ULX3S ECPS)
uses: ulx3s/tt-gds-action/fpga/ulx3s@experimental
with:

ecp5-device: 85k

1pf: tt/fpga/ulx3s/ulx3s_v316.1pf
artifact-name: fpga_ulx3s_ecp5
uart-enabled: true

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



SSH on a Stick - Add functionality e

Add features:

b
2L
56

@

e Access your favorite UART
e ESP32 WiFi hotspot or station
e Loginvianetwork SSH

e UseswolfSSH

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




The SSH project also works on the ESP8266

- o
. L ME
s & “;“ )
P, &
‘...‘ . - . Iq.‘

i

\‘,\.A,‘:i ‘ ‘6 \

’j r_‘{a‘;)'lé\‘\ p -

: 4._“;»25}.""‘5':,;’{(\@( vy

" * g - E
- 50

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




ULX3S HDMI Display Enclosure e

Project update 21 of 21 Apr 07, 2026

CEnN G 1794673-ulx3s-elecrow-7-inch-hdmi-display-enclosure [ install & % & = 4 AkGemni @ =

New Enclosure & Upcoming Campaign News Englsh ~ Q DRz @ @
by gojimmypi

’ Printables 3D Models Store Clubs Community Contests Brands Events Groups Education

New 3D Printable ULX3S Enclosure for the Elecrow Seven Inch

L .- cessss
s e
HDMI Dlsplay Sl < 3DModels < Hobby&Makers < Electronics
The ULX3: ® ?
e — ULX3S Elecrow 7 inch HDMI

Display Enclosure

f
i |

gojimmypi

@gojimmypi 17688

0

All the individual parts along with pre-grouped files for
printing the HDMI enclosure for the ULX3S FPGA dev
board.

N = v
Zinch HDMI ‘Dnﬁflayrﬁ IEN-CROW

° CEros g e O B = &8 &K @ &F

22h6m 33xprint 015mm 040mm  PET 185009  Prusa
MK3/5/S+

B [
)

. Q Like D HH @ Share
7] Edit model © Contests
&%

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




Raspberry Pi to ULX3S Adapter

7inch HDMI ':.’,'zi?m?,’;;'..‘ .
1 STEVEGE
c(ROHSE USB Touch S CLERRTNE S @

@

e



Conclusion

e FPGA-ECP5 onthe ULX3S and ULX4M

e Hazard3 RISC-V ISA fora CPU

e HDMI display and memory already on dev boards

e The “doomgeneric” Doom source code

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

https://hazard3-doom.readthedocs.io



Thank you!

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



