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The FABulous Framework

= Fully integrated fabric description
(Iayout & W|res)

user Verilog

Grimitive library (benchmark)

framework for

FABquus Yosys and ABC
e FPGAS (synthesis & mapping) (synthesis & mapping)
§ physical stats (utilization, routability, etc.) :
. ] @ timi- json
Uses many prOJeCtS- g % fabric architecture optimisation C (mapped netlist)
Sf saton
(]
= Yosys & ABC = ASIC RTL model nextpnr
8 & contraints o \L_ (architect. graph) (place & route)
(@) c
= nextpnr E £ = I
ASIC backend FASM
. OpenLANE (Cadence, OpenLANE) (routed netlist)
ASIC BitMan
= VPR (GDS) (bitstream asembly)
* OpenRAM Fab i
P (TSMC180, Sky130) user bitfile
= Verilator




FPGA Basics — Logic

Look-up tables (LUTs) as the basic
building block for implementing logic
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FPGA Basics — Logic

» Look-up tables (LUTs) are basically multiplexers selecting configuration latches
storing a function as a simple truth table

» Configuration latches are usually written through the configuration port only

» |n distributed memory options (LUT is used as a shift register or memory file,
table is also writeable through the user logic
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LUTs help with the routing (pin swaps are for free)
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Routing

» FPGAs are made vastly of: o— Il F LUT
- (wide) Multiplexers —————=— 1 1
- Configuration Latches —_ ‘
- :1‘ N~
» Customizing these factical cells*
- 5 F qf s
provides most efficiency gain A LA T B
\ u A1 T
o — - A2
- As
° - FF
= ‘ clock
A )|

*Victor Aken’Ova. 2005. Bridging the Gap Between

Soft and Hard eFPGA Design. MSc Thesis. UBC A switch matrix mu Itiplexer




FPGA Basics — Routing (Virtex-ll style)

1

AMD/Intel use multiple levels of one-hot encoded routing with pass-transistors

Multiple activated inputs can cause short-circuit situations
-> this is why you should blank a region before overwriting it with a new module
- less of a problem for encoded bitstreams (not one-hot encoded) 8



FPGA Basics — FPGA Fabric

= Example of an FPGA fabric composed of LUTs, switch matrices and 1/O cells.
Other common primitives: memories, multipliers, transceivers, ...
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FPGA Basics — FPGA Fabric
]




000

I

T

m

I

0

I

O00000000

]

(1]

(100

i il

I

NN

J

[

T

I

[

I

al

ANRNNEEN

L

BelMap,

L0

INIT 14=14,
INIT 15=15,
FF=1§,
I0mux=17,
SET_RORESET=18
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(0]

*# FABulous, EXT

_h’\h{!l, SHARED_FORT *) input UserCLK

*) input [NoConfigBits-1 : 0/ ConfigBits

ulous, G-IOBAH

localparam LUT SIZE = 4
localparam W LUT flops = 2 ** LUT_SIZE

i

e I0mux no 1 input '0", or carry
wire c_out mux, ¢ I0mux, c_reset value

_walues = ConfigBits[15:0
assign c_out mux = ConfigBits[l6
assign c_I0mux = ConfigBits[17
assign ¢ _reset value = ConfigBita[18

L0

my_MuxZ my mux2
<AD(I0),
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Rough Cost Estimate

In total per CLB 12,560 1,600
Virtex-6 Transistors/mux In total

Routing resource # muxes # inputs Pass Conf. Trans. Contf. bits
LUT inputs 48 24 29 50 3,792 480
FF_in 8 28 34 55 712 88
D_in 4 22.5% 27.5 50 310 40
CLK and GFAN 4 14 18 40 232 32
WE|CR|SE 212|2 24|23]12 29|28|16 50|50|35 416 54
Local routing 96 20.5% 25.5 50 7,248 960
Longlines 4 12% 16 35 204 28
Sum routing 12,914 1,682
LUT truth table Trans.: 8 X 448 Conf. bits: 8 X 64 3,584 512
In total per CLB 16,498 2,194

*Average value

13



FPGA Configuration

» The easiest way to implement configuration storage is using a shift register
» Bit-wise addressing is way too expensive!
- frame-based reconfiguration

= But how do we update individual
switch matrix multiplexers?

| -config. clock column decoder
| config. data | i —T——F——x—
a 4 I o o g U
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FPGA Configuration [ a—>% = 35{
H—] & — 2 b—1 &
» Do not use shift register configuration = e
= High power during configuration (thousands of bits) L= b

= Configuration only valid if completely shifted in (transient short-circuits or ring-oscillators)
= Cannot do ,real” partial reconfiguration (static routes through reconfigurable regions)

» Too expensive (shift registers need flip flops, frame-based configuration can do with latches)

D flip-flop b)
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FPGA Configuration (as used in FABulous)

Tile_X0Y0 Tile_X1YO0 Tile_XMYO0
W
=
a
o £
= 2
P
Tile_X0Y1
1
=
5
o £
- 2
r..
D config
Frame_Data_Reg eFPGA [Inst_eFPGA E CI™ pit
Tile_XOYN &
I A Tile_XMYN
e L7
3
o' £
Fii
25
Config.v
ol > ConfigFSMy LongftrameStrobe  Tile_X0_FrameStrobe Tile_X1_FrameStrobe
conf_port > | I | FrameSelect-—_|  Frame_Selecty
BitBang {O—#{s_clk 4 — Strobe ;[} (5] N A EO oy o M1 >
conf_port ¢ —Ipls data’d, Data 1 | I I [TT1 I I I [T 1 | |
clk active Siri:g)bee 8
col;’?R-chrtC | Rx Strobe 1 %ﬁ
p donfig_UART Data 4 WriteData £
clk active '_A




What is FABulous offering?

» Fully integrated open-source FPGA framework with good quality of results

(area & performance)

Entirely open and free, including commercial use (we integrated many other projects:

Yosys, ABC, OpenRAM)

Supports custom cells (if provided) = some tooling is on the way

Supports partial reconfiguration

Designed for ease of use while providing full control as needed

Versatile
» Different flows (OpenlLane <->Cadance) (Yosys/nextpnr <-> VPR)

» Easy to customize, including the integration of own IP

17



Basic concepts

LUT column DSP column 10 column NULL e |
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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) - Supertile 1s



Basic concepts
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» |/Os belong logically to the fabric but are physically routed to the surrounding
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Let's build a small eFPGA: Fabric Definition

| term |[ term || term |[ term |
10 REG | DSP LUT LUT CPU
Pin |(mem) 10
___PSP_top
10 REG LUT LUT CPU
Pin |/(mem) 10
DSP_bot
10 REG ||DSP LUT LUT CPU
Pin ||(mem) 10
DSP_top
o |[REG || = LUT |[LUT | CPU
Pin ||(mem) 10
DSP_bot
| term || term || term |[ term |

= 4 x register file, 2 x DSPs, 4 x LUTs (CLB), I/Os left and right,



Let's build a small eFPGA: Fabric Definition

| term || term || term |[ term |
IO ||[REG |DSP LUT |[LUT |CPU
Pin |(mem) 10
= A B C D E 2
10 REG . .
Pin ||mem) 1 |FabricBegin
psp | 2 |[NULL [N_term |N_term |N_term |[N_term |[NULL
0 |[REG |IDSP 3 W_IO |RegFile |DSP _top |[LUT4AB |LUT4AB |[CPU_IO
Pin |[(mem) 4 'W_10O |RegFile |DSP_bot |[LUT4AB |LUT4AB |CPU IO
bsP_1 5 |W_IO |RegFile |DSP_top |LUT4AB |LUT4AB |[CPU_IO
10 ||IREG 6 W_IO |RegFile |DSP _bot |[LUT4AB |LUT4AB |CPU_IO
cin|{memy 17 NULL[S term [S term  [S term [S term |NULL
T erm | 8 |FabricEnd

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

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

21




Let's build a small eFPGA: Tile Definition

m LUT T\
tile

Jump
="

o
L Y B

Sc
Nc St ] o 7N
0--.-- Nt switch <
Ne matrix
Sb
EeWb EtWt WeEb
]
. [
Ec : ;
€ Wc‘
N/ A4
= Wires

* Primitives (basic elements)
= Switch matrix



Let's build a smal

eFPGA: Tile Definition

AN LUT /N1121|TILE
i | 1122 #direction |source X-offset |Y-offset |destination |wires
tile o, — 123/ NORTH [N1BEG 0 1 |N1END 8
Jump %, L1 1124/NORTH [N2BEG 0 2 |N2END 4
AW “ [ |125|NORTH |Co 0 1 |[ci 1
L) Se N — 126 EAST E1BEG 1 0 |E1END 8
Py 4:? ¢ | 1127 |EAST E4BEG 4 0 |E4END 2
hi® Y, S N switch < 128 SOUTH |S1BEG 0 -1 |S1END 8
M Ne matrix 129/SOUTH |S2BEG 0 2 |S2END 4
4 sb 130 WEST  |W1BEG -1 0 |W1END 8
EeWb EtWt WeEb 131\ WEST  |W4BEG -4 0 |W4END 2
T I‘ i 132/ JUMP __ |J_BEG 0 0 |J_END 42
Ec ! 133 BEL LUT4.vhdl [LA_
€ = 134 BEL LUT4.vhdl [LB_
N/ 135 BEL LUT4vhdl |LC_
136 BEL LUT4.vhd |LD_
= \Wires 137 BEL MUX8LUT.vhdl
N . 138 MATRIX [LUT4AB_switch_matrix.vhdl
* Primitives (basic elements) 139 EndTILE

= Switch matrix

# carry

23



eFPGA Ecosystem — Tile/Wire Definitions

10 TILE CLB

11 |#direction source_name X-offset Y-offset destinationwires

12 [NORTH N1BEG 0 1 N1END 3

13 INORTH N2BEG 0 2 N2END 3

— I (]

. [ SREC 5 5 eo| ! Tile_XiY] l Tile_Xi+1Y]j

16 SOUTH S1BEG 0 1 s1| 16 J B G\ 1

17 'SOUTH S2BEG 0 2 s2 ! E1End E1Beg| | ! E1End EiBeg| !

18 |\WEST W1BEG iy o w1 03] 0511, § y 1[0..9] [0..5] 1,

19 WEST W2BEG 2 0 w2 | : switchmatrix :5 ! 1 switchmatrix ; :

B8 JUMP e L L J_y 1 |w4Beg W4End| 1 & 1 |W4Beg WA4End| |

21 |BEL clo_slice_4xLUT4.vhdl 1 | [0...2] 0..2] | v +]10..2] [0..2] |

22 MATRIX  CLB_switch_matrix.VHDL {: T 41 R El:

23 EndTILE ET H M 3

o & \ A M §1ti
“ 3*‘ Hl MK 3%y
1. N— L) M

» Wires are defined by
<direction> <symbolic begin|end names> <target offset> <# wires>

» Jump wires for hierarchical routing (Intel/Altera and Xilinx UltraScale style)



eFPGA Ecosystem — Switch Matrix Definition

1 # LUT4RE
2 # double with MID cascade : [N,E,S3,W]2BEG ——— [N,E,S3,W]2MID -> [N,E,S,W]2BEck ——— [N,E,S3,W]2END |
3 [NIEIS|W]IZBEGE[O|1IZ21314 15117, [WIE|IS|IWIZMID[OI112]1314151¢e]7]
-
S HEEE#EEEEE44EE LUT Inputs $4EEE#44454444
6  AESESHSEEEH4SY LUT Inputs $4SSEEEEEEE44S
7 #ESE#44EE#4444 LUT Inputs #4SSS#444s444s
9 # shared double MID jump wires
1C JZMID &Ba BEG[O|0|0[0], [JNZEND3 |NZMIDG | S2MIDE | W2MIDE]
11 J2MID ABa BEG[1|1|1]1], [E2MID2|JE2END3|S2MID2 |W2MID2]
12 JZMID &ABa BEG[Z|Z]12[2]1, [EZMID4 |[NZMID4 | JSZEND3 |W2MID4]
13 JZMID ABa BEG[Z[2[3]|3], [EZMIDO |NZMIDO|SZMIDO | JWZEND2]
16 # Carry chain Ci -> LA Ci-ILA Co -> LB Ci-LB Co -> ... -3 A | B | C | D ‘ E | F
17 i?ﬁﬁﬁgﬁ;FIG”” Ci LialBIclDlElFIC] o 1 CLB | N1ENDO N1END1 N1END2 N2ENDO N2EN
18 ' i, ] _Co = |
B oo i co - 2 [NTBEGO 0 1 1 1 1
- 3 | N1BEG1 1 0 1 0 0
4 | N1BEG2 1 0 1 0 1
5 | N2BEGO 0 1 0 1 0
. . . . 6 | N2BEG1 1 0 0 0 0
» Describes the adjacency in a symbolic way "7 | N2BEG2 1 y 1 0 0
<mux_output>,<mux_input> BEM NABEGO| 0O L L L L
- - 9 | NABEG1 1 1 1 1 1
» Alternatively adjacency matrix 10 E1BEGO 1 0 1 0 1
11 | E1BEG1 1 1 0 1 1

N
()]



The FABulous eFPGA Ecosystem

fabric description A i
(tiles, layout & wires) primitive library user Verilog (benchmark)
» FABulous eFPGA generato ’ 1T
- -
= ASIC RTL and | FABquus | S Yosys & ABC | | Odin Il & ABC
(synthesis, mapping, model generation) ‘g (synthesm & mapping) | |(synthesis & mapping)
ConStralntS generatlon 3 phy§ic_al stats (utilization, routability, etc.) ;..E— l'
C  optimi- RTL sim . : S— - Json BLIF
- Generating models fOI’ E sation model fabric architecture optimisation % (mapped netlist) (mapped netlist)
o] -
; ¢ 1 1
netinpr/ VPR flows % ASIC RTL model ; nextpnr VPR & GENFASM
. I & contraints architec. graph @ (place & route) (place & route)
= FPGA emulation g ’
. . ASIC backend| |ASIC backend - FASM
= Virtex-ll, Lattice clones Caaiies) e | o Verilator i i )
£ (simulation)
(patent-free!) E 1 : 1
ASIC = BitMan
(GDS) (bitstream asembly)
= See our FPGA 2021 paper Fab "
(TSMC180 Sky130, ..) UserBibile
,FABulous: An Embedded
FPGA Framework” i)

FABulous contribution community/open contribution Industry (otherdata )




The first open- everythlng FPGA

SLECH q LS 'H'U ||"|"’ -n-'ﬂ'_ o bl

= Built using open tools

(Yosys, OpenLane, Verilator...)

= Open PDK

(Skywater 130 process)

» Google Shuttle (MPWS5):

https://github.com/nguyendao-
uom/open_eFPGA




FABulous Chip Gallery

Sky130 with CLBs, DSPs,
RegFiles, BRAMs
Google Shuttle - MPW-2
(can implement RISC-V)

https://github.com/nguyendao-uom/eFPGA_v3_caravel
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FABquus Chlp

Gallery

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

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

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

Sky130 with CLBs, DSPs,
RegFiles, BRAMs
Google Shuttle - MPW-2
(can implement RISC-V)

https://github.com/nguyendao-uom/eFPGA_v3_caravel

Dual-lIbex-Crypto-eFPGA

Google Shuttle - MPW-4
(custom instructions,
T-shaped fabric)

https://github.com/nguyendao-uom/ICESOC




FABulous Chip Gallery

Open ReRAM FPGA test chip

= Sky130, 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 FPGAs

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

Probably density

Instantanous on
CMOS friendly




FABulous versus OpenFPGA (on Sky130)

>

aread H +17.4% 1
[um2] [ S _
ol o i % B
40000 1 S IS
5| |
30000 {| 2 o
-l
=
20000 || % =
QO 0
o =
10000 (| 't = SE = e s e ks
Q@ m OpenFPGA Shuttle 2 Fabulous Shuttle 2 Fabulous Opt.
O E 250x217 um2 220x210 um2 193x193 um2
0 (+17.4%) (+0%) (-21.7%)
| resources
|
FABulous and OpenFPGA have OpenFPGA [300xMUX2 / 530xDFF

a Google Shuttle2 submission _~ FABulous | 376xMUX4 / 46xMUX2 / 8xFF / 586xlatch
= ~ same physical impl. problem

» OpenFPGA CLBs are 17% bigger

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

~1200 MUX2
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Tile-based Design in FABulous

» Replace standard cell multiplexers with custom mux-4

A

stacell — Aemuxa X N = (33.8um? — 17.5um?) x 376 = 6,116 ym?

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%

Observation:

= No area improvement

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

33



In short

improvement

A

expected

actual

> work
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Optimization: Bitstream Remapping

O
VY

cout c|n »/

» The configuration bit cells may induce inferior placement of multiplexers

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

out
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Optimization: Bitstream Remapping

FD[5] FD=FrameData
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= We use Google's Operations Research tools to compute the grid points
(https://github.com/google/or-tools) 36



Optimization: Bitstream Remapping
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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 (passtransistor multiplexers)

» Good performance / area / power figures (about 1.5x 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, ...
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