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The FABulous Framework

* Fully integrated
framework for

eFPGAS

Uses many projects:

Yosys & ABC

nextpnr

OpenLANE

* VPR

OpenRAM

Verilator

cost, performance

fabric description
(layout & wires)

G)rimitive IibrarD

FABulous I :
(synthesis & mapping)
physical stats (utilization, routability, etc.) -
optimi- . . .
salion fabric architecture optimisation
ASIC RTL model
& contraints (architect. graph)

I

ASIC backend
(Cadence, OpenLANE)

timing

1

ASIC
(GDS)

Fab
(TSMC180, Sky130)

-

this talk

user Verilog
(benchmark)

Yosys and ABC
(syntheS|s & mapping)

jSOﬂ
(mapped netlist)

nextpnr
(place & route)

user design optlmizatlon

FASM
(routed netlist)

BitMan

(bitstream asembly)

I B
% user bitfile )
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The FABulous Framework

fabric description I
(tiles, Iayout & wires) P y

user Verilog (benchmark) )
= FABulous eFPGA generator

FABquus 5 Yosys & ABC | | Odin |l & ABC
= ASIC RTL and (synthesis, mapping, model generation) E (SynthESIS & mapping) | |(synthesis & mapping)
constraints generation g physical stats (utilization, routability, etc.) = 1
< optimi- § /RT| sim 2 C jSOﬂ ) BLIF )
. £ sation fabric architecture optimisation
" Generating models for |5 11825 E mappei"e”'s‘ mappei”e”'st
5}
nextpnpr/VPR flows o ASIC RTL model e nextpnr VPR & GENFASM
‘g & contraints architec. graph L (place & route) (place & route)
o

= FPGA emulation

ASIC backend||ASIC backend Verilator FASM )
= Virtex-II, Lattice clones (Cadance) [{ (OpentANE) |2 (simulation) SO
1 E 1 1
(patent-free!) ASIC - BitMan
(GDS) (bitstream asembly)
= I—} H user bitfile )
" See our FPGA 2021 paper ,FABulous: (TSMC180. Sky130, ...)

An Embedded FPGA Framework” ( FABulous data)

FABulous contribution community/open contribution Industry (otherdata )




The first open-everything FPGA

6 aa] aaaa

= Built using open tools _ ' - -

(Yosys, OpenLane, Verilator...) |F§

= Open PDK

(Skywater 130 process)

» Google Shuttle (MPW5):

https://github.com/nguyendao-

uom/open_eFPGA




Basic concepts
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» Basic tiles have same height, but type-specific width (for logic tiles, DSPs, etc.)
= Adjacent tiles can be fused for more complex blocks (see the DSP example) b



Let's build a small eFPGA: Fabric Definition

1O
Pin

1O
Pin

1O
Pin

1O
Pin

= 4 x register file, 2 x DSPs, 8 x LUT-tiles (CLB), I/Os left and right,

term term term term
REG |/DSP LUT |[LUT |/CPU
(mem) 10
— e A B C D E F
(mem) 1 |FabricBegin
psp | 2 [NULL [N_term |N_term |[N_term |N_term |NULL
REG |/DSP 3 |W_IO |RegFile |DSP_top |[LUT4AB |LUT4AB |CPU_IO
(mem) 4 |W_10 |RegFile |DSP _bot |[LUT4AB |LUT4AB |CPU_IO
bsP_1 5 'W_IO |RegFile |DSP top [LUT4AB |LUT4AB |CPU_IO
REG 6 |W_IO |RegFile |DSP_bot |[LUT4AB |[LUT4AB |CPU_IO
memyl 17 INULLS term [S term  [S_term  [S _term  [NULL
o =rm | 8 |FabricEnd

= Afabric is modelled as a spreadsheet (tiles are references to tile descriptors)

e




Let's build a sm

all eFPGA: Tile Definition

BT —— 2121 TIE | EOTARSIN
? 122 #direction |source X-offset | Y-offset |destination |wires
tile ,o/}, 123|NORTH |[N1BEG 0 1 N1END 8
Jump ’/‘),/;, 124 NORTH |[N2BEG 0 2 N2END 4
AW /‘@ 125/NORTH |Co 0 1 Ci 1
-) Se o 126 |[EAST E1BEG 1 0 E1END 8
Sc 4 Nb 127 |EAST E4BEG 4 0 E4END 2
Ne- 2B switeh © 128/ SOUTH |S1BEG 0 1 [S1END 8
M Ne matrix 129/SOUTH |S2BEG 0 -2 S2END 4
—d Sh 130 WEST W1BEG -1 0 W1END 8
Eiv‘\[,b Evlt Vxe‘liE'b 131|WEST WA4BEG -4 0 WA4END 2
; . 132 JUMP J BEG 0 0 J END 42
Ec ! 133|BEL LUT4.vhdl LA
é @ 134 BEL LUT4.vhdl LB
A . NV {135|BEL LUT4.vhdl LC
136 |BEL LUT4.vhdl LD
= \Wires 137 |BEL MUXS8SLUT.vhdl
o : 138 MATRIX |LUT4AB_switch_matrix.vhdl
* Primitives (basic elements) 139 EndTILE

= Switch matrix

# carry

e



eFPGA Ecosystem — Switch Matrix Definition

1 # LUT4AB
2 # double with MID cascade : [N,E,S,W]2BEZ —— [N,E,S,W]ZMID -> [N,E,S,W]Z2BEch —-—— [N,E,S,W]2END |
3 [MIE|SIW]ZBEGEIOILIZ21314151€l7],[MIE|ISIW]ZMIDIOILI1Z2]13141516e]7]
4
5 #4444 F LUT Inputs ###¥4444444444
{ FHEFH4FF44444F LUT Inputs ###FFFF445F444
7 FHEFEFFHHEE44F LUT Inputs ##F##4FFF44444
9 # shared double MID jump wWires
10 JEMID_P;Ba_BEG[EI [01010], [JHNZEND3 |[N2ZMIDG | SZ2MIDE |WZMIDGE]
11 J2MID ABa BEG[1]|1|1]|1],[E2MID2|JE2END3|S2MID2 |W2MID2]
12 JZMID_EBa_BEG[E 1212121, [E2MID4 |[NZMID4 | JS2ZEND3 |WZMID4]
13 JEMID_I—LBa_EEG[B 1313131, [EEMIDO|NZMIDO | S2ZMIDOD | JJWZEND3]
14
16 # carry chain Ci -> LA Ci-LA Co -> LB Ci-LB Co -> ... -3 A | B | C | D | E | F
- ﬁﬁféig?gmem] Ci nratmlcinlElele) 1 | CLB  N1ENDO N1END1 N1END2 N2ENDO N2EN
1o . i, . _Co [
B oo oo co - 2 | N1BEGO 0 1 1 1 1
. 3 | N1BEGH1 1 0 1 0 0
4 | N1BEG2 1 0 1 0 1
5 | N2BEGO 0 1 0 1 0
. . . : 6 | N2BEGH1 1 0 0 0 0
= Describes the adjacency in a symbolic way - \ogecs + 1 3 0 0
<mux_output>,<mux_input> 8 |N4BEGO 0 1 0 1 1
_ _ _ 9 | N4ABEG1 1 1 1 1 1
= Alternatively adjacency matrix 10 | E1BEGO 1 0 1 0 1
11 | E1BEG1 1 1 0 1 1

&
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o Search or jump to...

©

& %5 https://github.com/FPGA-Research-Manchester/FABulous

Pull requests Issues Marketplace

140%

Explore

- O

Y IND©®© O &0

Q
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H FPGA-Research-Manchester / FABulous  Public

<> Code

¥ master ~

7 0O 0O O

@ Issues

y8j31 Update Usage.rst

.github/workflows
docs

fabric_files
fabric_generator
nextpnr @ 8a0fed7
.gitattributes
.gitignore
.gitmodules

raadthadare viar |

¥ 10 branches

I Pull requests ®) Actions [ Projects L wiki

O 0 tags Go to file

Create fab flow script for pair generation and add to CI t...
Update Usage.rst

clean up

Update create_basic_files.sh

submodule update

Add .gitattributes and renormalize line endings

I/O mapping complete

Nextpnr is a sub-repository of Fabulous

Aaciimantaticon nindata

v/ 2e4ds57 19 days ago

Q Pin

@ Security

X 388 commits

4 months ago
19 days ago

2 months ago
19 days ago

2 months ago
11 months ago
17 months ago
3 months ago

I meanthe ama

® Watch

10 ~ % Fork 9 Yy Star 53 v

|~ Insights £83 Settings

About

Fabric generator and CAD tools
& fabulous.readthedocs.io/en/latest/

[0 Readme
Apache-2.0 License
53 stars

10 watching

< O X B

9 forks

Releases

Mo releases published
Create a new release

~



FPGA-Research-Manchester/F X lﬂ FABulous: an Embedded FPG2 X + - O
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FABulous: an Embedded FPGA Framework Q ¢

FABULOUS FABulous: an Embedded FPGA Framework
eFPGAs made easy

FABulous is designed to fulfill the objectives of ease of use, maximum portability to different process nodes, good

Quick start control for customization, and delivering good area, power, and performance characteristics of the generated FPGA
fabrics. The framework provides templates for logic, arithmetic, memory, and 1/0 blocks that can be easily stitched

Building fabric together, whilst enabling users to add their own fully customized blocks and primitives.

The FABulous ecosystem generates the embedded FPGA fabric for chip fabrication, integrates SymbiFlow toolchain

Fabric definition release packages, deals with the bitstream generation and after fabrication tests. Additionally, we will provide an

emulation path for system development.
Fabric ASIC implementation

This guide describes everything you need to set up your system to develop for FABulous ecosystem.

FPGA CAD-tool

parameterization changing primitives changing primitives
(e.g., LUT4 versus Fabric definition (e.g., LUT4 versus
LUTE) requires LUTE) requires tool

reimplementing tiled = recompilation
RTL to Bitstream changing #CLBs, changing #CLB% P
BRAMS, 10s, BRAMs, 10s, requires

requires restitching graph regeneration

Simulation and emulation Fabric ASIC FPGA CAD tool
implementation > parameterization

“ timing model ‘




Tile-based Design in FABulous

PTTTPYWYPPIVIPIVOIIPOON AL AL AAAAAALA AAAAAAL

» Tile-based design S

= Consistent timing
» Reliable implementation

= Reuse optimization effort

-> Share tiles as GDS macros
(Thanks Google for the Shuttle Program)

» Routing fabric is dominating area

BP0 | B S T R
ALTYOTYIYIT I YO Y T TV IOV I OTY  YYYVVOYYIV VYV YVVOTYVVYVIIOY 4 ¢

- simple optimizations gain most
optimization potential
» Use cheap configuration memory
(custom cells or latches)
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» Use custom multiplexers \



Tile-based Design in FABulous

Define CLB (pragmatically) as smallest square tile
Defines the grid height
Widths depend on tile-type (CLB, REG, DSP, etc.)

Replace standard cell multiplexers with custom mux-4

Aggcell — Acmuxa X N = (33.8um? — 17.5um?) x 376 = 6,116 pm?
Standard cell Custom mux-4

height | width area util. area util.
CLB | 219um | 219um | 47,961 | 81.8% | 46,225 | 60.7%
REG | 219um | 214um | 46,866 | 84.1% | 46,655 | 64.3%
DSP | 443um | 185um | 81,955 | 80.9% | 81,780 | 56.7%

[ term || term || term |[ term |
10 REG |/DSP LUT LUT CPU
Pin [|[(mem) 1O
DSP_top
o |[[REG || LUT |[LUT |CPU
Pin [|[(mem) 10
DSP_bot
10 REG |/DSP LUT LUT CPU
Pin ||(mem) 10
DSP_top
o |[[Rec || LUT |[LUT | CPU
Pin [|[(mem) 10
DSP_bot
[ term || term || term |[ term |
Observation:

= NO area improvement

= |nstead: core utilization
went down
-> Congested tile routing

e



In short

Improvement
A expected

actual

> work
Ic: )



Optimization: Bitstream Remapping

e ¥
\'d

out

* The configuration bit cells may induce inferior placement of multiplexers

= We can remap configuration bits - requires remapping of the bitstream (trivial)

e



Optimization: Bitstream Remapping

Shift-register Configuration Frame-based Configuration

E ' /  column decoder '\

ICread back

data

Configuration port logic
O
Configuration port logic

frame reqister frame strobe frame data

= Change order of flip-flops = Change latch-to-gridpoint mapping
In the chain (with frame-data and frame-strobe

gridpoints)

e



Optimization: Bitstream Remapping

FDI[5] FD=FrameData

Q L @ G_/v FS=FrameStrobe
FDI[4] L=Latch

O
FDI[3] 4%‘ N (0
L)L L

FD[2] L) ] 4
FD[1] ? «L)—

FDI[O]

FS[O] FS[1] FS[2] FS[3] FS[4] FS[5]

= We use Google's Operations Research tools to compute the grid points
(https://github.com/google/or-tools)



Optimization: Bitstream Remapping

frame data before

150 -

100 { ¢/

50 1 $

50 100 150

150 A

100 A

50 &

frame data after

150 -

100 { §3

304

50 100 150
frame strobe after

150 A

100 -

50 A1

b



Bitstream Remapping — Results
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+38.95%
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FABulous versus OpenFPGA (on Sky130)

>

area | +17.4% ‘
[um2] || =) = il
Q S -21.7% i
40000 HH I S i
AN Sz E Pt
S g £ f
= 5 1k
20000 | 2 %
O )
L = i
10000 {— 't = == - ,
o m OpenFPGA Shuttle 2 Fabulous Shuttle 2
e = 250x217 um2 220x210 um?2 193x193 um?2
0 (+17.4%) (+0%) (-21.7%)
* FABulous and OpenFPGA have resources
G le Shuttle? submissi OpenFPGA 1300xMUX?2 / 530xDFF
a boogle shutlles sSUbDMISSION  papulous | 376xMUX4 / 46xMUX2 / 8xFF / 586xlatch

» ~ same physical impl. problem /
* OpenFPGA CLBs are 17% bigger

~1200 MUX2

= New optimizations gave us further 21.7% in density on the same netlist! "



FABquus Chlp Gallery

* Sky130 with CLBs, DSPs,
|~ RegFiles, BRAMSs

= Google Shuttle - MPW-2
1= (can implement RISC-V)

&7 https://github.com/nguyendao-uom/eFPGA_v3_caravel
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FABulous Chip Gallery

Open ReRAM FPGA test chip

= Skyl130, Google Shuttle
MPW4https://github.com/nguyendao-uom/rram_testchip

= Just enough logic to send
,2Hello World" to a UART

» Different configuration modes

Posible advantages of ReRAM FPGASs

= Security (user circuit is encoded in resitsive states)
Reliability (ReRAM is radiation hard)

Probably density

i

Instantanous on R i
CMOQOS friendly




The FABulous eFPGA Framework — Wrap-up

* Heterogeneous (FPGA) fabric (DSBs, BRAMs, CPUs, custom blocks)

= Multiple tiles can be combined for integrating more complex blocks

» Custom blocks can be instantiated directly in Verilog and are integrated
In Yosys, VPR/nextpnr CAD tools (Synthesis, Place&Route) (as primitive blocks)

= Support for dynamic partial reconfiguration
(some elements of XC6200, like wildcard configuration)

= Configuration through shift registers or latches (or custom cells)
= Support for custom cell primitives (passgate multiplexers)

» Good performance / area / power figures (about 1.3x worse than Xilinx)
(could be narrowed down through customization)

» Usable by FPGA users (you don‘t have to be an FPGA architect)
- there are FPGA classics that we have/will clone

» ToDo: multiple clock domains, mixed-grained granularity, more ReRAM, processes, ... -



FABulous Team

People:

Nguyen Dao nguyen.dao@manchester.ac.uk MANCHESTER
Jing Yu jing.yu@manchester.ac.uk 1824
Bgrdla Babaei bgrdla.babael@postgrad.manchester.ac.uk The University of Manchester
King Chung King.chung@student.manchester.ac.uk

Tuan La tuan.la@manchester.ac.uk 5@ \ = == | Forming the future
@ c_/p rORTt of nanoelectronics

Andrew Attwood  a.j.attwood@ljmu.ac.uk
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Research Council

See our projects under:

https://github.com/FPGA-Research-Manchester
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