FPGA CPU Design
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Combinational logic
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Output only depends on current inputs
No loops, memory or state
Example: AND gate

Output



Synchronous sequential logic

e Output depends on current and previous
inputs (state)
e Global clock signal
e State only changes on clock edges
(typically only positive edges)
e Example: D-type flip flop
o  (Implemented with logic gates whose
outputs loop back to their own inputs)
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FPGA architecture

e Logic cells [ s - \

o Look-up table (LUT) FCOUT:: EnableT_D":i

o D-type flip flop (DFF) oDt —
e Interconnect [ Jcarry Logic i
e Hard blocks - examples: . DFF D

o Block RAM . I

o Adder 2ll-m sl i

o  Multiplier 137

o Phase-locked loop (PLL) jﬁﬁ

o /O FCIN'!

. ! '
Four-input Flip-flop with

Look-Up Table optional enable and
(LUT4) set or reset controls



Open-source FPGA toolchain

Amaranth
Verilog, Synthesis )
RTLIL Yosys

Netlist

Place and Bitstream
route ASCII packing
nextpnr bitstream IceStorm
Timing

analysis

Binary
bitstream




Hardware description language

#!/usr/bin/env python3
from amaranth import *

from amaranth_boards.icebreaker import ICEBreakerPlatform

class Blinky(Elaboratable):
def elaborate(self, platform):
m = Module()

counter = Signal(22)
m.d.sync += counter.eq(counter + 1)

led r = platform.request("led", 9)
m.d.comb += led_r.eq(counter[-1])

led_g = platform.request("led", 1)
m.d.comb += led _g.eq(~led_r)

return m

platform = ICEBreakerPlatform()
platform.build(Blinky(), do_program=True)

counter
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Synthesis




Place and route

nextpnr-ice40 - Lattice iCE40UP5K (sg48)
File Design Help

2

Device ‘ , |

Bels | wires Pips | Cells Nets

Items

X1
X2
X3
X4
X5
X6
X7
X8
X9
X10
X11
X12
X13
X14
X15

Property Value

Console

o SB_KGBA_URV L7 us
Info: ICESTORM SPRAM: 0/ 4 0%

-

Packing design successful.

Info: Annotating ports with timing budgets for target frequency 50.00 MHz
Info: Checksum: ©x32191631
Assigning timing budget successful.



Place and route

nextpnr-ice40 - Lattice iCE40UP5K (sg48)
File Design Help

ER-1= s & 3 A Q Mm@ @ B[]

Device ‘ , |

Bels | wires Pips | Cells Nets

X10
X11
X12
X13
X14
X15

x
<}

Property Value
Console
LNTUT | 28423, ©IYId) | P
Info: [ 61915, 65465) |
Info: [ 65405, 68895) |
Info: [ 68895, 72385) |k#skkssssirtrsdirssssnss
InfO: [ 72385’ 75875) |0l-ktts---t‘t-‘0t4-ut

Info: [75875’ 79365) |0‘-0“‘-I‘Q“l‘ﬁ"-“0‘--50“-0‘0‘-Akb‘--“‘
Info: Checksum: ©xada4027@
Placing design successful.



Place and route

nextpnr-ice40 - Lattice iCE40UP5K (sg48)
File Design Help

O 238 e B E A Q Mm@ @ B/ (5

Device ‘ , |

Bels | wires Pips | Cells Nets

X10
X11
X12
X13
X14
X15

x
@©

Property Value

Console
Into: | 5848Y, b61968) | -
Info: [ 61968, 65447) |
Info: [ 65447, 68926) |
Info: [ 68926, 72405) |****+
Info: [ 72405, 75884) |***kkkkxkkkkakks

|

Info: [ 75884, 79363)

P

Routing design successful.



Place and route




lcicle



e Open-source instruction set architecture
e Why?
o Simple
o Modular
o Small
m ~40 instructions in the base ISA
o Assemblers and compilers already exist
|31 | @ 20| " l5[ lgmct.‘%wl 5 7|ﬁ opcode | R-type
( imm|[11:0] [ rsl Jfunct3] rd |  opcode |I-type
[ mm[i15] | 12 | 151 | funct3 | imm[d0] | opcode | S-type
| fmm[31:12] [ td | opeode | U-type

Base Integer Instructions: RV32I, RV

Load Byte Unsigned
Load Half Unsigned

Category Name | Fmt RV32I Base
Loads Load Byte LB rd,rsl,imm
Load Halfword LH rd,rsl,imm
Load Word LW rd,rsl,imm

LBU rd,rsl,imm
LHU rd,rsl,imm

Shift Right Immediate
Shift Right Arithmetic
Shift Right Arith Imm

Stores Store Byte SB rsl,rs2,imm
Store Halfword SH rsl,rs2,imm
Store Word SW rsl,rs2,imm
Shifts Shift Left SLL  rd,rsl,rs2
Shift Left Immediate SLLI rd,rsl,shamt
Shift Right SRL rd,rsl,rs2

SRLI rd,rsl,shamt
SRA rd,rsl,rs2
SRAI rd,rsl,shamt

Arithmetic ADD
ADD Immediate
SUBtract

Load Upper Imm
Add Upper Imm to PC

ADD rd,rsl,rs2
ADDI rd,rsl,imm
SUB rd,rsl,rs2
LUI rd, imm
AUIPC rd,imm

Set < Immediate
Set < Unsigned
Set < Imm Unsigned

Logical XOR XOR rd,rsl,rs2
XOR Immediate XORI rd,rsl,imm

OR OR rd,rsl,rs2

OR Immediate ORI rd,rsl,imm

AND AND rd,rsl,rs2

AND Immediate ANDI rd,rsl,imm
Compare Set < SLT rd,rsl,rs2

HROH DD =D =DCC D D= 00NN WD

SLTI rd,rsl,imm
SLTU rd,rsl,rs2
SLTIU rd,rsl,imm

Branches Branch=| SB [BEQ rsl,rs2,imm
Branch #| SB |BNE rsl,rs2,imm
Branch <| SB |BLT rsl,rs2,imm
Branch =| SB |BGE rsl,rs2,imm
Branch < Unsigned| SB [BLTU rsl,rs2,imm
Branch = Unsigned| SB |BGEU rsl,rs2,imm
Jump & Link J&L| UJ [GAL  rd,imm
Jump & Link Register| UJ |JALR rd,rsl,imm
ISynch Synchthread | 1 |FENCE
Synch Instr & Data| 1 |FENCE.I
ISystem System CALL | 1 |SCALL
System BREAK| I |SBREAK
'Counters ReaD CYCLE| 1 |RDCYCLE rd
ReaD CYCLE upper Half| I |RDCYCLEH rd
ReaD TIME| I |RDTIME rd
ReaD TIME upper Half| 1 |RDTIMEH rd
ReaD INSTR RETired| I |RDINSTRET rd
ReaD INSTR upper Half| I |RDINSTRETH rd




Mem Access

B

ALU

Flags

WData
Load
store
unit
Addr

Writeback

-

PC Gen Fetch Decode Execute
O\
—
+4 ] ®
Control

B unit o1 rc

PC+4 A mux
- —
PC ® N > RS1
mux
TR - Load o> Immediate Imm
> unit decoder ™

B mux

P Rs2

t: RS1 Cam RS

RS2

P PC
Register Branch
file target

RD —Pp>| MM

Flags
Branch
unit

Taken?

RData

Result
mux

ALUResult




PC Generation

PCGen(Stage):
__init_ (self, reset_vector=0):
super().__init_ (o_layout=PF_LAYOUT)
self.o.pc_rdata.reset reset_vector - 4
self.branch_taken = Signal()
self.branch_target = Signal(32)

elaborate_stage(self, m, platform):
m.If(self.branch_taken):
m.d.sync += self.o.pc_rdata.eq(self.branch_target)
m.Elif(~self.stall):
m.d.sync += self.o.pc_rdata.eq(self.o.pc_rdata + 4)



Fetch

00000000000100110

addi x5, x6, 1

001010010011

imm|[11:0)

rsl

funct3

rd

opcode

imm=1 rsl=6

rd=5 opcode=0P_IMM

I-type



Decode

m.Switch(opcode):

m.Case(Opcode.LUI):
m.d.comb += self.fmt.eq(Format
m.Case(Opcode.AUIPC):

m.d.comb += self.fmt.eq(Format.

m.Case(Opcode.JAL):

m.d.comb += self.fmt.eq(Format.

m.Case(Opcode.JALR):
m.d.comb += self.fmt.eq(Format
m.Case(Opcode.BRANCH) :

m.d.comb += self.fmt.eq(Format.

m.Case(Opcode.LOAD):

m.d.comb += self.fmt.eq(Format.

m.Case(Opcode.STORE) :
m.d.comb += self.fmt.eq(Format
m.Case(Opcode.OP_IMM):

m.d.comb += self.fmt.eq(Format.

m.Case(Opcode.OP):

m.d.comb += self.fmt.eq(Format.

U)

)

J)

1)

B)

I)

.S)

I)
R)



Decode

m.d.comb += [
self.rd_wen.eq(self.rd.bool() & self.fmt.matches(Format.R, Format.I, Format.U, Format.J))
self.rsl_ren.eq(self.rsl.bool() & self.fmt.matches(Format.R, Format.I, Format.S, Format.B))
self.rs2_ren.eq(self.rs2.bool() & self.fmt.matches(Format.R, Format.S, Format.B))



Decode

RegisterFile(Elaboratable):
__init_ (self):
self.rsl_port = Record(RS_PORT_LAYOUT)
self.rs2_port = Record(RS_PORT_LAYOUT)
self.rd_port = Record(RD_PORT_LAYOUT)

elaborate(self, platform):
m = Module()

regs = Memory(width=32, depth=32)

rsl_port = m.submodules.rsl port = regs.read_port(transparent=False)
rs2_port = m.submodules.rs2_port regs.read_port(transparent=False)
rd_port = m.submodules.rd_port = regs.write_port()

m.d.comb +



Decode

m.d.comb += [

sign.eq(self.insn[31])

imm_i.eq(Cat(self.

imm_s.eq(Cat(self.insn[7]

imm_b.eq(Cat(C(©
imm_u.eq(Cat(C(©0
imm_j.eq(Cat(C(©

1), self.insn[8:12]
12), self.insn[12:20]
1), self.insn[21:25]

with m.Switch(self.fmt):
with m.Case(Format.I):

m.d.comb +
with m.Case(Form
m.d.comb +
with m.Case(Form
m.d.comb +
with m.Case(Form
m.d.comb +
with m.Case(Form
m.d.comb +

self.imm.
at.S):
self.imm.
at.B):
self.imm.
at.u):
self.imm.
at.J):
self.imm.

insn[20]

self.insn[21:25]

self.insn[8:12], self.insn[25:

eq(imm_i)

eq(imm_s)

eq(imm_b)

eq(imm_u)

eq(imm_j)

self.insn[25:31]
self.insn[20:31]
self.insn[25:31]

self.insn[25:31]

31], Repl(sign

self.insn[7]
sign))
self.insn[20]

Repl(sign, 21)))

21)))
Repl(sign, 20)))

self.insn[12:20]

Repl(sign

12)))



Decode

m.Switch(opcode):
m.Case(Opcode.OP_IMM, Opcode.OP):
m.d.comb += [
self.a_sel.eq(ASel.RS1)
self.b_sel.eq(Mux(opcode Opcode.OP, BSel.RS2, BSel.IMM))
self.wdata_sel.eq(WDataSel.ALU RESULT)

m.Switch(funct3):
m.Case(Funct3.ADD_SUB):
m.d.comb += [
self.result_sel.eq(ResultSel.ADDER)
self.add_sub.eq(Mux(opcode Opcode.OP, funct7[5], 90))



Execute

class OperandMux(Elaboratable):

def

def

__init_ (self):

self.a_sel = Signal(ASel)
self.b_sel = Signal(BSel)
self.pc_rdata = Signal(32)
self.rsl_rdata = Signal(32)
self.rs2_rdata = Signal(32)
self.imm = Signal(32)
self.a = Signal(32)

self.b = Signal(32)

elaborate(self, platform):
m = Module()

with m.Switch(self.a_sel):
with m.Case(ASel.RS1):
m.d.comb += self.a.eq(self.rsl_rdata)
with m.Case(ASel.PC):
m.d.comb += self.a.eq(self.pc_rdata)

with m.Switch(self.b_sel):
with m.Case(BSel.RS2):
m.d.comb += self.b.eq(self.rs2_rdata)
with m.Case(BSel.IMM):
m.d.comb += self.b.eq(self.imm)

return m



Execute

class Adder(Elaboratable):
def __init_ (self):
self.sub = Signal()
self.a = Signal(32)
self.b = Signal(32)
self.result = Signal(32)
self.carry = Signal()

def elaborate(self, platform):
m = Module()
m.d.comb += Cat(self.result, self.carry).eq(Mux(self.sub, self.a - self.b, self.a + self.b))
return m



Memory Access

Nothing interesting happens.



Writeback

WDataMux(Elaboratable):
__init_ (self):
self.sel = Signal(WDataSel)
self.result = Signal(32)
self.mem_rdata = Signal(32)
self.rd_wdata = Signal(32)

elaborate(self, platform):
m = Module()

m.Switch(self.sel):
m.Case(WDataSel.ALU RESULT):
m.d.comb += self.rd_wdata.eq(self.result)
m.Case(WDataSel.MEM_RDATA):
m.d.comb += self.rd_wdata.eq(self.mem_rdata)



Writeback

Writeback(Stage):
__init_ (self):
super().__init_ (i_layout=MW_LAYOUT)
self.rd_port = Record(RD_PORT_LAYOUT)

elaborate_stage(self, m, platform):

wdata_mux = m.submodules.wdata_mux = WDataMux()

m.d.comb += [
wdata_mux.sel.eq(self.i.wdata_sel)
wdata_mux.result.eq(self.i.result)
wdata_mux.mem_rdata.eq(self.i.mem_rdata)

m.d.comb += [
self.rd_port.en.eq(~self.stall & (self.i.state State.VALID) & self.i.rd_wen)
self.rd_port.addr.eq(self.i.rd)
self.rd_port.data.eq(wdata_mux.rd_wdata)



Mem Access

B

ALU

Flags

WData
Load
store
unit
Addr

Writeback

>

PC Gen Fetch Decode Execute
—
+4 ] ®
- Control
unit 1| rc
PC+4 A mux
s o —
PC ® RS1
mux
TS . Load o> Immediate Imm
> unit decoder YOI
B mux
P rs2
t: RS1 1P RS
RS2
P PC
Register Branch
file target
RD —P MM

Y

Flags
Branch
unit

Taken?

RData

Result
mux

ALUResult




What we didn’t cover

e Load/store units
o Address, write data out
o Read datain
o Valid/ready handshake
e Branch unit
o Target calculation
o Predict not taken - PC+4
o Flush partially executed instructions if incorrect
e Hazards
o RS1/RS2 depend on instruction still being executed
o Solutions:
m Bypassing
m Interlocking



Simulation

all v GTKWave - checks/insn_add_ch0/engine_0/trace.ved 2 _ + X
Marker: 10 s | Cursor: 143 ns
AdderTestCase(TestCase): _ — - ‘ 7=
= o o] B K= = €= =» Fromjosec Toi 210 ns | &
test_add(self): = e
m Adde r ( ) w _.arvfi_testbench || Time
3 3 b ..achecker_inst ) clk=1
sim = Simulator(m) S ibus__cyc=o
s ibus__stb=6
g ipeune ibus__adr[29:0] =3FFFFFFF 0000005
pr‘ocess() . i ibus_ dat_r[31:0] =cocsen67 ||[iadeacres 014+ [004+ [01F+ [0OC+ 000+ [O1F+ 206+ 006+ 403+ |C1F+ 01C+ |0
1bus__ack=0
m.SUb.eq(@) I ibus__err=0
‘ dbus__cyc=0
m.a 'eq(l) wire dbus__stb=0
m.b. eq ( 2) wire  dbus__ack | dbus__we=0
wire  dbus__adr[29:0] ‘ dbus__sel[3:0]=1 z
wire  dbus_cyc || dbus__adr[29:01=00000000 1FBBAGOO 0000002
Delay( ) wire  dbus_ dat_r[31:0] 1 dbus__dat_w([31:0] =00000000 880+ 16880002 00000000
wire:  /dbus. daEwi31:0] ‘ dbus__dat_r[31:0] =00000000
= dbus__ack=0
wire dbus__err =
dbus__er

self.assertEqual(( m.result), 3) | wire dbus_sell0]

wire dbus__stb

wire ibus__ack

sim.add_process(process)
sim.run()

wire ibus__adr[29:0]

|
\
|
wire dbus__we ‘
|
\
|

Q

Append Insert Replace




Formal verification

SBY 22:57:12
SBY 22:57:12
SBY 22:57:12
SBY 22:57:12
SBY 22:57:16
SBY 22:57:16
SBY 22:57:16
SBY 22:57:16
SBY 22:57:16
SBY 22:57:16
SBY 22:57:16
SBY 22:57:45
SBY 22:57:46
SBY 23:00:13
SBY 23:00:13
SBY 23:00:13
SBY 23:00:13
SBY 23:00:13
SBY 23:00:13
SBY 23:00:13

Convert circuit to (gigantic) set of mathematical formulae

Write specification to verify against (riscv-formal)
Compare implementation to specification, output true if they do not match
Run SMT solver (fancy SAT solver)

If SAT solver finds a solution, circuit is invalid

[insn_sh_ch@] summary: Elapsed clock time [H:MM:SS (secs)]: 0:00:25 (25)
[insn_sh_ch@] summary: Elapsed process time [H:MM:SS (secs)]: 0:00:24 (24)
[insn_sh_ch@] summary: engine @ (smtbmc boolector) returned pass

{%"S"-S"-C:gi DN ‘PQSS;#WZ’% — ; ACUI01I1 1188, 821  SCIII1111198, 821
insn_sw_ch@] engine 0: 100: atus: passe 5 : } 7
[insn_sw_ch@] engine @: finished (returncode=0) 2011180, 621 1801111111160, 82]
[insn_sw_ch@] engine @: Status returned by engine: pass SOLLENII 168,821 1100111111168, 8%1
[insn_sw_ch@] summary: Elapsed clock time [H:MM:SS (secs)]: 0:00:25 (25) A0 18a.8x1 1200111111188, 8%]
[insn_sw_ch@] summary: Elapsed process time [H:MM:SS (secs)]: 0:00:24 (24) S 1488, 821 1301111111188, 821
[insn_sw_ch@] summary: engine @ (smtbmc boolector) returned pass SIS oSN
Linsn_sw_cho] DONE (PASS, rc=8) 6LIIITII1188,. 821 14C1111111188,8%1
[pc_fwd ch@] engine B8: #* 0:01:01 waiting for solver (1 minute) FOULLIII1188.8281 ASCIIIIII11868.68%]
[reg_ch@] engine 0: ## 0:01:02 waiting for solver (1 minute) SCINI111188.8Z1 416LC1111111188.8%]
[reg _chd] engine 0: ## 0:03:30 Status: passed Y 1mq ap
[reg ch@] engine @: finished (returncode=0) HemLLLLLEEEELEEELEUUUULNNA 9546751 ¢abl
[reg_ch@] engine O: Status returned by engine: pass Swpl BK/8K1
[reg_ch@] summary: Elapsed clock time [H:MM:SS (secs)]: 0:03:32 (212)

[reg_ch0] summary: Elapsed process time [H:MM:SS (secs)]: 0:03:31 (211)

[reg_ch@] summary: engine 0@ (smtbmc boolector) returned pass

[reg_ch@] DONE (PASS, rc=0)

1700000001 1188, 82 25010011 1111198.
IBCIIITLI 188,821 26011 1111111688,
1SCILITET T 1ea. @21 27000111 111199.
280001011 11198.3%2] 28011 1111111688.
2100000011188, 821 2900111111 1188,
2000001111188, 821 3801111111 11688,
2300000111 1188. 821 31010111111 1688.
24011111 H1 T 1ea, 82z 3200 1111111199,

Tasks: 239, 1769 thr, 367 kthr; 32
Load average: 4.49 1.77 1.56
Uptime: 9 days, 81:15:17

9%1
az1
4%1
a%1
a%1
az1
a1
4%]
run



System on chip

< Wishbone >
Arbiter Bridge
@ @ Block RAM Flash @
Instruction Data < Peripheral
Icicle @

i

%

GPIO

UART




Freestanding C

.extern bss_start
.extern bss_end

ENTRY(start)
MEMORY { .extern data_flash_start
flash (rx) : ORIGIN = @x@0100000, LENGTH = 15M .extern data_start
) ram (rwx) : ORIGIN = @x40000000, LENGTH = 128K .extern data_end
SECTIONS { .extern stack_top
Jtext @ {
itart.o(.text); .global start
(rem; e Memory layout start:
} > flash / la t@, bss_start
H la t1, bss_end
e Zero BSS section .
.data : ALIGN(4) {
*(.data); . beq t@, t1, clear_bss_done
(-data); e Copy writable data from flash to RAM lewrbes: o
sw zero, 0(te
. = ALIGN(4); . X ’
} > ram AT> flash addi te, te, 4
® Set StaCk pOInter bne t0, t1, clear_bss
.rodata : { clear_bss_done:
*(.rodata); - -
*(.rodata.*); la to, data_flash_start
} > flash
la t1, data_start
.bss : ALIGN(4) { la t2, data_end
*(.bss);
*(.bss.*); beq t1, t2, copy_data_done
- . copy_data:
- ;a% ALIGN(4); 1w t3, o(te)
sw t3, o(t1)
bss_start = ADDR(.bss); addi te, te, 4
bss_end = bss_start + SIZEOF(.bss); addi t1, t1, 4

bne t1, t2, copy_data

data_flash_start = LOADADDR(.data); copy_data_done:

data_start = ADDR(.data);
data_end = data_start + SIZEOF(.data);
la sp, stack_top

stack_top = ORIGIN(ram) + LENGTH(ram);
¥ call main
J



“% picocom -b 96688 -g /dev/ttylSBB
Demo

Hello, world!

Hello, world!

Hello, world!
#include <stdint.h> Hello, world!

Hello, world!

(volatile uint8_t *) 0x80000006; :e“o, W_}gi
(volatile uint8_t *) ©x80000007; Bt uorh

Hello, world!
Hello, world!
static const uint8_t UART_STATUS_TX RDY = 0x2; Hello, world!

Hello, world!
static void uart_puts(const char *str) { neLloswor o)
Hello, world!
char c; Hello, world!
while ((c = *str++)) { Hello, world!

while (!(*uart_status & UART_STATUS_TX RDY)); Hello, world!
*uart_data = c; Hello, world!

} - Hello, world!
Hello, world!

} Hello, world!
Hello, world!

int main() { Hello, world!
for (;;) A Hello, world!

-1d!
uart_puts("Hello, world!\r\n"); :312’$$ﬁg;

} Hello, world!

} Hello, world!
Hello, world!

Hello, world!

Hello, wor™%

static volatile uint8_t *const uart_status
static volatile uint8_t *const uart_data



Suggested hardware: iCEBreaker

Price: $69 (~£55)

Lattice iICE40UP5K FPGA
o 5,280 logic cells
o 8 DSP blocks (for multiply+add)
o 128 kilobytes of single-port RAM
o 15 kilobytes of dual-port RAM

16 megabytes of flash

USB <-> serial adapter

4 buttons, 1 RGB LED, 7 LEDs

PMOD connectors for expansion
Schematics/PCB layout are open-source
Large enough to implement a 32-bit
microcontroller-class CPU + peripherals
e Open-source toolchain




Links

Amaranth (HDL):
https://qithub.com/amaranth-lang/amaranth

RISC-V:
https://riscv.org/specifications/

Yosys (synthesis):
https://yosyshqg.net/yosys/

nextpnr (place and route):
https://github.com/YosysHQ/nextpnr

Project IceStorm (bitstream generation):
https://clifford.at/icestorm/

Icicle:
https://github.com/grahamedgecombe/icicle

riscv-formal:
https://github.com/YosysHQ/riscv-formal

iCEBreaker (development board):
https://github.com/icebreaker-fpgal/icebreaker



https://github.com/amaranth-lang/amaranth
https://yosyshq.net/yosys/
https://github.com/YosysHQ/nextpnr
https://clifford.at/icestorm/
https://riscv.org/specifications/
https://github.com/grahamedgecombe/icicle
https://github.com/YosysHQ/riscv-formal
https://github.com/icebreaker-fpga/icebreaker

