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Forth Soft Core on FPGA

When the finite state 
machine gets too 
complex, engineers 
move to a soft core 
cpu. Usually RISC-V, 
but not Forth. 



 

Open Source Pico-Ice Hardware



 

OLD ICE40LP-1k NEW ICE40UP5K 

Pseudo dual port 
32 * 4kbits = 128Kbits PSRAM
8k * 16 bit words.

5K System Words 

3K App Words 

30 * 4kbits = 
120Kbits of PSRAM

10**14b words
Single Port

10**14 words
Single Port

10**14 words
Single Port

10**14 words
Single Port

4* 16Kbits = 1MBit SPRAM

My Thesis



 

Required Resources
Stack 
Depth

LUTs SPRAMs BRAMS Max 
Frequen
cy
(Mhz)

Total
Memory
(Words)

J1a 15/17 1162 30       ? 8192

Mecrisp Ice 
J1a

32 2141 30 19.45 7680

Hana 1 on 
BRAMs

256 1183 30 21.60 7168

Hana 1 on 
SPRAM

256 1043 1-3 3 25.18 16K - 42K



 

J1 Mecrisp Ice 
16bit PSRAM

Hana 1 
16 bit SPRAM

LUTs 1162 2141 1043

Instructions 16 22 26

Shifters 2 5 6

Stack Depth 15/17 32 512

Data Bus Yes Yes

SPI Bit Banged Shift Register

Timer  Yes Yes

Max Frequency 17.45 Mhz 23.12 MHz

J1 Vs Mecrisp Vs Hana 1



 

OLD ICE40LP-1k NEW ICE40UP5K 

Pseudo dual port 
32 * 4kbits = 128Kbits PSRAM
8k * 16 bit words.

5K System Words 

3K App Words 

30 * 4kbits = 
120Kbits of PSRAM

10**14b words
Single Port

10**14 words
Single Port

10**14 words
Single Port

10**14 words
Single Port

4* 16Kbits = 1MBit SPRAM

How is That Possible?



 

Hana 1, ½ the RISC-V Size

    1162 LUTs  SwapForth J1a

-    140 LUTs   Remove the Memory Multiplexer

-    512 LUTs   Use BRAMs for two 16 deep 16   
                        bit stacks        

    500 LUTs    The size of the Bit Serial RISC-V
                        Serve CPU. 

 1150  LUTs    Typical small RISC-V size.   



 

ASIC                        Multiplexers    
    

                     FPGA

Io

I1

I2

I3

Sel 1

Sel 2
Sel 2

Sel 1



 

Programmable Logic Block
Ice40 4 input Luts

 

 

 

Cologne Chip 
     Lut tree

Xilinx 6 input Luts 



 

Everyone Wants RISC-V on FPGA

When the finite state 
machine gets too 
complex, engineers 
move to a soft core 
cpu. Usually RISC-V, 
but not Forth. 



 

Lots of RISC-V Soft Cores
https://github.com/PythonLinks/risc-v-shoot-out



 

RISC-V Python Vs Forth 
Memory Requirements

MicroPythons minimum 
requiremenst are 256KByte of 
ROM and 16KB  RAM.

Mecrisp nucleus requires 
6.5KBytes + Application space 
 No ROM. On ICE40.

Snek requires 32KBytes ROM 
+ 2 K Byte RAM 

11 kBytes of flash and 512 
bytes of RAM on MSP430 

The Lua interpreter takes 
282KBytes and the Lua library 
takes 470KBytes.

eLua requires 256KBytes of 
ROM, + 32 KBytes of RAM. 

ROM is slower than RAM

https://micropython.org/
https://sneklang.org/
https://www.lua.org/about.html#why
https://eluaproject.net/doc/v0.9/en_arch_ltr.html


 

POWER

https://eems.mit.edu/wp-content/uploads/2020/05/2020_SSCS_tinyML.pdf


 

Power For Memory Access

On Chip 5pJ

Off Chip 640 pJ

https://eems.mit.edu/wp-content/uploads/2020/05/2020_SSCS_tinyML.pdf


 

Memory Required

Register Machine Version Stack Machine Version

J1 Video application on 32 bit  
and 32 register Microblaze in 
C 16380 Bytes  

J1 Video application on J1 in 
Forth.  6349 Bytes

It is hard to compare soft core CPUs which are all very different.  Best to compare 
the same application running on both a register and a stack machine. 



J1 Vs RISC-V Memory

Fun7 Reg2Reg1 Fun3 OpCodeResult

  3 * 5 bits for two operands and a results register and 7->17 bits OpCode = 22->32 bits

RISC-V

Second Generation Stack Computer Architecture

1  <-----------15 bit Literal------------>

0  0  0  <-----13 bit Address--------->

0  1  0 <------13 bit Address--------->

0  0  1 <------13 bit Address-------->

Jump

Jump?

Call

ALU0  1  1 <-OpCode + Control Bits -> 0  1  1 <-OpCode + Control Bits -> 

J1J1

RISC-V

../../../../../Downloads/LaForest_Eric.pdf


Stack Vs Register Machine Memory

L OpCode x x

L = Literal

6-8 Bits for a Stack Machine Instruction.  Eg: MicroCore  UXN

3 OpCodes in 16  bits.  Eg EP16, b16L Opcode OpCodeOpCode

L Opcode xOpcode

5 opCodes in 32 bits.  Eg EP32

Fun7

OpCodeOpCode

Reg2Reg1 Fun3 OpCodeResult

OpCodeOpCode

3 * 5 bits for two operands and a results register and 7->17 bits OpCode = 22->32 bits  Risc-V

RISC-V

Stack Machines

Second Generation Stack Computer Architecture

https://github.com/microCore-VHDL/microCore/
https://github.com/hundredrabbits/awesome-uxn
https://github.com/dicpeynado/eP16-Altera-Cyclone-IV
https://bernd-paysan.de/b16-eng.pdf
https://wiki.forth-ev.de/doku.php/projects:ep32:start
https://riscv.org/wp-content/uploads/2019/12/riscv-spec-20191213.pdf
../../../../../Downloads/LaForest_Eric.pdf


 

Forth BNF Parser

If you want an infix 
Interpreter the Forth 
BNF parser is only 16 
Lines of code. 

http://www.complang.tuwien.ac.at/anton/euroforth/ef99/ertl99.pdf


 

Faster Stack Instructions
Stack based languages such require fewer instructions on stack 
based computers.  

Operation Stack effect Forth CPU Arm C

+ (x1 x2 -- sum) + 
1 clock Cycle

LDM pt2nd!, {r0} 
ADD pstop, r0, pstop 
2 instructions, 3 cycles

Swap  ( x1 x2 – x2 x1 ) Swap 
1 clock cycle

 LDR r0, [PT2ND]  
 STR PSTOP, [PT2ND] 
 MOV PSTOP, r0      
3 instructions, 5 clock cycles

Rotate3 (x1 x2 x3 – 
             X3 X1 X2)

Rot3
1 clock cycle

LDM pt2nd!, {r0, r1} 
STMDB pt2nd1 {r1, PSTOP}
MOV PSTOP, r0 
3 instructions, 7 clock cycles



 

                      +

    
         

      2dup             +

       Over            +
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Stack Machine Speedup

Fun7 Reg2Reg1 Fun3 OpCodeResult

3 * 5 bits for two operands and a results register and 7->17 bits OpCode = 22->32 bit

RISC-V

Stack Machines

Second Generation Stack Computer Architecture

Compatible instructionsVLIW J1 Instruction

Literal
Call
Jump (not conditional)
Stack Shuffle
Allocate Memory for Locals
Copy TOS to Locals Memory
Add Exception Handler
Single Operand + Dual Operand Instruction

../../../../../Downloads/LaForest_Eric.pdf


 

Forth Co-Processors for Circuit Python

Core 0

Core 3

Core 4 Core 2

RAM

Flash

Uart

RP2040

File  System



 

Questions

On an FPGA, a stack machine is
 simpler, smaller, faster,  requires 
less memory and less power than 
a 32 bit 32 register register machine. 
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