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Build a complete small computer on an FFGA, layer by layer:

+ ________________________________________________________
i oUOFTWARE  kernel + command shell in RISC-U assembly

+ ________________________________________________________
i L0 UVGA text display + P5/£ keyboard

+ ________________________________________________________
i CPU zingle—-cycle RISC-U processor

+ ________________________________________________________

Every layer written from scratch, no ready-made CPU core



IMPLEMENTAT ION

1 CPU ALU, register file, decoders, datapath
—>» each module tested in simulation

Z Display UGA 640 x 480 timing, 80 x 30 text mode, font ROM
3 keyboard PS5/Z£ receiver, scan code -> ASCII
4 Systen memory—napped 1-0: RAM ~ keyboard ~ display

2 Software own assembler (Python), kernel, drivers, shell

Tools systemVerilog, Quartus, Icarus Verilog, Python

Reference  Harris & Harris, "Digital Design and Computer
Architecture: RISC-V Edition"



S T3 TEN

————————————— + +——— +——
instruction i———>i CFU i {——>i1 address |
MEMOTY i i RISC-U i i decoder i
————————————— + +—— +——
i i i
e + i — +
i i i
v v v
+t—— + +t—— + +t——
i data i i keyboard i i display
i MEMOTY i i =scan code i i MEMOTY
F———————————— + i —» ASCII i i g0 x 30
+t—— + +t——
- i
+t—— + +t——
i PosZ i i font RON
i I'ece iver i t—————
— + i
- T

keyboard monitor



DATAPATH

instri19:15]1 instrliZ4:20]1 instrl11:7] instr[3il:?¢]
v v v v
+t— + +t—— +
result>i register file i<req_we i1 immediate i<{imm_src
- ———————— + i extend i
i regl i reqZ —> out +r—m————— +
i T 1 imm_ext
i — +
i i MLLX i<alu_src
i — +
v v
+t+— +
i ALU 1 <alu_mode
+t+— +
1 alu_result —> ont i alu_zero —> out
+—— + +—— +
pc + 4 i I alu_result —>i I
pc + imm —>i PC mux i mem_data  ——>i result mux i—>» result
alu_result>i i pc + 4 ——>i i
+t—— + +t—— +
{jalr, pc_srcr i pc_next result_src
v
+t—— +
i PC i—>» pc —>» out



INSTRUCTION SET

type instructions exanple

R add sub and or =slt add x3, x1, x£
| addi andi ori =slti addi x3, x1, 5
load 1w 1w xb, B8(xL)
store S SW xb, B(xL)
branch beq beq x1, x£, loop
Jjump jal jalr Jjal x1, func

31 Zod4 2019 1514 12 11 76 0
+t—— +——— +——— +———— +t— +t— +
i funct? 1 rsd 1 rsl 1 £33 i rd i  opcode i
+t—— +——— +——— +———— +t— +t— +
i imml11:01] i rsl @ £33 i rd i  opcode |
— +— +— +— +— +— +
I imm ior=£2 1 orsl @ 3 i imm i opcode i
+t—— +——— +——— +———— +t— +t— +
i imm i orsZ 1 orsl 1 £33 i imm i  opcode i
+t—— +——— +——— +———— +t— +t— +
i imm i rd i  opcode i
+t+— +t— +t— +



CONTROL UNIT

opcode¢ —mMmm—————————— > [ main decoder 1 —»> control =ignals
i
alu_op
v
functd, functy —m——- > [ ALU decoder 1 —> ALU operation
instr req write mem write ALU input B result next PC
R—type Yes - register ALU pc + 4
I-type Yes - immediate ALU pc + 4
1w Yes - immediate MEMOTY pc + 4
Al - Yes immediate - pc + 4
beq - - register - pc + imnm if equal
Jjal Yes — — pc + 4 pc + imm
Jjalr Yes - immediate pc + 4 r=l1 + imm

ALU operations: add sub and or =lt



MEMORY HMAP

+t—— +
i keyboard i Ox 2000 lw —-> ASCII of last key
+t—— +
i (unused) i
t—————— + Ox 3000
i display memory i sw —» character
i 80 x 3O = 2400 i On SCreen
F— + Ox395F

screen cell = row = 80 + columnm

sw x10, 810(x3) *3 = 0x3000 —» row 1, column 1



DISFLAY: 640 x 480 @ 60 Hz TEXT MODE

20 MHz —> £ —> pixel_en £5 MH=z

—————————————— + h_cnt 0..799
h »~ v 1 v.cnt 0,.544
counters i
______________ +
i
i  rows=d0 + col
v
—————————————— + ascii ————————————+ § pixels
display | ————————— font ROHM |———————————
MEMOTY i Z048 x Bb i
—————————————— + —_——————
tick 0O tick 1

cell = 8 x 16 px

————— >1<16>1<{— 96 —>i<48

front HSYNC bac

grid = 80 x 30

hi
1 =0

>i
k

font =

—————————— +
t select 1—> RGB
b _col i
—————————— +

tick 2

IBM UGA 8x16



KEYBOARD : PS-E

PS/E |—————— >1 leuvel i
keyboard i————— >i shifter |
—————————— + data 1 SU->3.3U |
T — + lw OxZ2000

Po/2 i—>1 scan code i—>1 CPU
receiver i 1 —» ASCIT i

press A ——> 1C —> A’

release A ——> FO 1C ——> ignored



S0F TWARE

gshell.s —-> assembler.py —> main.txt —> instruction memory

_____________________________________________________________ +
shell prompt, line buffer, clr ~ help ~ echo i
_____________________________________________________________ +
library stremp div print_str disp_scroll i
_____________________________________________________________ +
drivers print_char disp_clear getc i
_____________________________________________________________ +
kernel et base registers, build strings, run shell i
_____________________________________________________________ +
harduware CPU + memory + keyboard + display i
_____________________________________________________________ +
fixed registers x£ stack pointer
x3 display memory base  Ox3000
x4 keyboard address Ox 2000
calls Jal x1, func - Jalr x0, 0(x1)
arguments ~ return x10, x11



> help

clr, echo, help

> echo HELLO WORLD
HELLO WORLD

> s

Urong command

>



RESULTS

single—cycle RISC-V CFU, rumming 13 RU3ZI instructions
including function calls and returns

UVGA text display: 80 x 30 characters on a 640 x 480 monitor

P52 keyboard input: keys typed on a real keyboard
appear on =SCreen

memory—mapped 1.0 conmecting CPU, memory, keyboard and display
oun assembler, kernel and command shell (help, echo, clr)

zlide presentation ruiming on the computer



bl

full RU3ZI

C programs

M extension
pipelined CFPU

interrupts

NEXT

bne blt bge lui auipc =shifts 1b =b ...

riscuviZ—unknown—elf —gcc
mul div

IF ID EX HMEM UB

timer, keyboard IR instead of polling



