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» 16K RISC-V Threads on a single FPGA



We also work on FPGA Hardware Security (not today)

= A hotspot design can burn
100 mW / CLB (8 LUTS)

* Power-hammering
potential of an AWS F1
Instance FPGA is >15KW

= Chip survived 40 W
hotspot (...but up to 40% ” ~ap
aging in 1 week) | 4 ; /

- We also design How to crash 100+°AWS FPGA ifistances and
Hardware Trojans how to insert{rigja‘ns into bitstreams
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RISC-V Processor running at /37 MHz (also not today)

* Delivers more than 1 RISC-V MIPS per LUT



Why embedded FPGAS

= Configurability i1s expensive!

FPGASs are slower than ASICs

FPGAs draw more power than ASICs

= Systems still need flexibility

P Source:
Solution: Wikipedia
= Use soft logic only where it is needed You think you buy logic,
= Also: making chips get cheaper ... but you pay for the routing

(mask set cost 130nm: 150K$; 28nm: ~1M$)



What about customizing your FPGA to your application?

- | ‘

Source: https://en.webfail.com/98841d83a5b



The FABulous Framework

= Fully integrated fabric description e librar user Verilog
(layout & wires) P y (benchmark)
framework for I T
FABulous : Yosys and ABC
eFPGAS | (synthesis & mapping) | (syntheS|s & mapping)
§ physical stats (utilization, routability, etc.) -
- . @ — jSOﬂ
Uses many prOJects. % OTS% fabric architecture optimisation (mapped netlist)
©
" Yosys & ABC 2 ASIC RTL nextpnr
2 & contraints (architect. graph) (place & route)
= nextpnr = I
ASIC backend FASM
- Open L ANE (Cadence, OpenLANE) : (routed netlist)
1 B T
ASIC ., BitMan
" VPR (GDS) (bitstream asembly)
= OpenRAM Fab w o
(TSMC180, Sky130) user bitie
= Verilator




What is FABulous offering?

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

(area & performance)
» Entirely open and free, including commercial use
= 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 (OpenLane <-> Cadance) (Yosys/nextpnr €<-> VVPR)

» Easy to customize, including the integration of own IP



Let's build a small eFPGA: Fabric Definition

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

= 4 x reqgister file, 2 x DSPs, 8 x LUT-tiles (CLB), I/Os left and right,
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Let's build a small eFPGA: Fabric Definition

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

= 4 x reqgister file, 2 x DSPs, 8 x LUT-tiles (CLB), 1/Os left and right,
= A fabric is modelled as a spreadsheet (tiles are references to tile descriptors)
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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) = Supertile



Let's build a small eFPGA: Tile Definition

M LT —— T

o

St ) o)
Nt switch €

Ne matrix
Sb
EeWb EtWt WeEb

ENC o -

* Primitives (basic elements)
= Switch matrix
= Configuration storage



Let's build a sm

all eFPGA: Tile Definition

Configuration storage

AN N1121|TILE LUT4AB
? 122 #direction |source X-offset |Y-offset |destination |wires
tile 2, 123[NORTH |[N1BEG 0 1 [N1END 8
Jump 2, 124/NORTH |N2BEG 0 2 |[N2END 4
AW Lo 125/NORTH |Co 0 1 |Ci 1
Pse O 126/EAST  |E1BEG 1 0 |E1END 8
=1 gb 127|EAST  |E4BEG 4 0 |E4END 2
Ne-23 1 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
E;V‘Y’b Etwt Vie\%b 131|WEST  |W4BEG 4 0 |W4END 2
; . 132[JUMP  [J BEG 0 0 |J END 42
EC ! 133/BEL LUT4.vhdl |LA_
€ - 134/BEL LUT4vhd [LB_
.l N 1135|BEL LUT4vhdl |LC_
Wires 136/BEL LUT4vhd |LD_
Brimiti basic el 137|BEL MUX8LUT.vhdl
rimitives (basic elements) g aTRix [LUT4AB. switch matrixvhd
Switch matrix 139| EndTILE

# carry






(can implement RISC-V)

https://github.com/nguyendao-uom/eFPGA _v3_caravel
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FABulous Chip Gallery
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|| " RegFiles, BRAMSs

_ . Google Shuttle - MPW-2

| (can implement RISC-V)

i https://github.com/nguyendao-uom/eFPGA_v3_caravel
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Our first (full) open-everything FPGA

mas comm ny i

* Flow runs through without manual

Intervention

“m_ﬂ_ﬂ_"_ﬂm-ﬂ—-

e L o e il oo e e e - s e e

* 672X LUTs, 7x DSPs, 7x BRAMs

(88% of what we achieved with

Cadence Innovus)

= Process: Skywater 130 (~12mm?)

= get it here:

aaaaa

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

.....

W Y Y Y Y VA O Y Y Y Y O Y O OV O O O Y Y O

open eFPGA Vv2
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Chip Gallery — Open ReRAM FPGA test chip

g e i i = Y RS o2 i Hili= T

Sky130, Google Shuttle
MPWA4https://github.com/nguyendao-

uom/rram_testchip
Posible advantages of ReRAM FPGASs
=  Security (IPs defined by resistive states) |
* Reliability (ReRAM is radiation hard)
= Probably density

= |nstantaneous on




FABulous Chip Gallery

Dual-1bex-Crypto-eFPGA

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

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

* connects two operands to the fabric and

» multiplexes results back from different slotsfifeeeaae e o 0

» eventually include some dela slots if

custom instruction is slower than CPU



Memory

Implementation

PEEEEER

Iislsialeelell| 8
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N -
s
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Ibex Core eFPGA

—>may require different number clock cycles to evaluate

» Easy method: tab into the operands and multiplex in a result
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Reconfigurable Instruction Set Extensions

= CPU ISAs intend to get bloated
- trend to feature-rich instruction sets and acceleration

-> creates a legacy problem

Crypto
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FABulous Users

2mm

» Stanford University (TSMC 130 & TSMC 28)

* TU Graz (IHP 130 & Sky 130)

https://github.com/mole99/greyhound-ihp

OQutputs from eFPGA (16b counter)

probed with oscilloscope

* New York University (2x TSMC 28)

1L LS00 T TR R R R T R R R T R TR U

$ % : .
=+ ‘e ve IR T P ) (T aAL P AT | 11t T i) TR e |

= University of Bristol (Sky 130) —

= Berkely (TSMC 130)
= Fudan University (TSMC 180) -



https://github.com/mole99/greyhound-ihp

Next Steps

* Timing model extraction

(for timing-driven Place&Route)

* Physical constraints

(bounding boxes and macro placement)
= More optimizations
= More tapeouts GF22, TSMC 16, IHP 130 B .
* Open-everything RISC-V-eFPGA board

» RISC-V (Ibex?) + MMU j

= 1K LUT-4, 8 DSPs, 8 BRAMS,

» Debug infrastructure



FPGA-Research-Manchester/F X Iﬂ FABulous: an Embedded FPGLA X +

FABULOUS

eFPGAs made easy

Quick start

Building fabric

Fabric definition

Fabric ASIC implementation

FPGA CAD-tool v

parameterization

RTL to Bitstream v

Simulation and emulation v

D & https://fabulous.readthedocs.io/en/latest/index.html

FABulous: an Embedded FPGA Framework

FABulous: an Embedded FPGA Framework

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

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

emulation path for system development.

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

changing primitives changing primitives
(e.g., LUT4 versus Fabric definition (e.g., LUT4 versus
LUTS) requires LUTE) requires tool
reimplementing tiled recompilation

changing #CLBs, changing #CLBs
BRAMS, 10s, ERAMSs, 10s, requires

requires restitching @raph regeneration

Fabric ASIC FPGA CAD tool
implementation » parameterization
timing model

L]

r




FERGAJICHITERSUMMERESCHOOLY2024
Wmmw@%

HeiChips Summer School (Aug. 4-8)

» 1 day posters, talks, keynote, hike

Website and registration;

» 2 days classes (open-source tools) i s

» 2 days Hackathon
- with ASIC tapeout!

GEFORDERT VOM

UNIVERSITAT % Bundesministerium
HEIDELBERG = | fir Bildung

ZUKUMET und Forschung
SEIT 1386



Customized eFPGAs with FABulous

People: ) MANCHESTER E PS RC

Nguyen Dao Jonas Kiunstler Theumversityofhester eeeeee ering an Physiat Siences

Ying Yu Asma Mohsin

Myrtle Shah Marcel Jung FORTE | i

Bea Healy Gennadiy Knis

King Chung (Kelvin) Timo Braungardt P

Gavaskar K Biswajit Kumar Sahoo ® I o idung |
. . und Forschung Carl Zeiss

Gennadiy Knies Jakob Ternes Stiftung

Andrew Attwood

Dirk Koch dirk.koch@manchester.ac.uk

See our projects under: EIDELBERG

ZUKUNFT
SEIT 1386

https://github.com/FPGA-Research



Reconfigurable Instruction Set Extensions

The FlexBex (Ibex with eFPGA) approach:

We use the following instruction encoding:

eFPGA[result select]d[delay] dest, RS1, RS2/l delay: 0...15 cycles

= Register manipulation instruction: dest € RS1 OP RS2

* Inline assembly:

FlexBex: A RISC-V with a
Reconfigurable

Instruction Extension
FPT 2020

int i1na.,inb,result;

ina = 10;
inb = 20;
asm volatile
(
7 _eFPGA3d2.._%[z], _-%[x],-%[y]\n\t”
. [z] 7=r” (result)
[x] "r” (ina), [y] "r” (inb)
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The FABulous eFPGA Ecosystem

* FABulous eFPGA generatol

= ASIC RTL and
constraints generation

» Generating models for
nextpnpr/VPR flows

= FPGA emulation

= Virtex-ll, Lattice clones
(patent-free!)

= See our FPGA 2021 paper
,FABulous: An Embedded
FPGA Framework”

fabric description
(tiles, layout & wires)

FABulous

(synthesis, mapping, model generation)

physical
optimi- § /RT| sim
sation ]

ASIC RTL
& contraints
ASIC backend| |ASIC backend
(Cadance) (OpenLANE)

L

cost, performance

ASIC
(GDS)

L

timing

stats (utilization, routability, etc.)

fabric architecture optimisation

Fab
(TSMC180. Sky130, ...

FABulous contribution

Grimitive library

user Verilog (henchmark) )

Yosys & ABC | | Odin Il & ABC
(synthems & mapping) | l(synthesis & mapping)

jSOﬂ BLIF
(mapped netlist) (mapped netlist)

user design optimization

model nextpnr VPR & GENFASM
architec. graph (place & route) (place & route)
FASM
Verilator d netl )
T i (routed netlist) l
BitMan

(bitstream asembly)

community/open contribution

L

H user bitfile )

( FABulous data)
Industry (otherdata )




FABulous versus OpenFPGA (on Sky130)

>

area | +17.4% ‘
[um2] || =) = il
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0 (+17.4%) (+0%) (-21.7%)
resources
= FABulous and OpenFPGA have
P o OpenFPGA 1300xMUX?2 / 530xDFF
a Google Shuttlez 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



Basic concepts
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» 1/Os belong logically to the fabric but are physically routed to the surrounding
» Internal wires, buses, etc. are ,just” wires at the border of the fabric



Tile-based Design in FABulous

» Replace standard cell multiplexers with custom mux-4
Aggcell — Acmuxa X N = (33.8um? — 17.5um?) x 376 = 6,116 um?

Area [um]
e dard cell
600 :itjasr’:om mux-4:1
500
400
300
200
100
Observation: 0

register_file DSP
= No area improvement

» |Instead: core utilization went down - Congested tile routing



In short

Improvement
A expected

actual

> work



Optimization: Bitstream Remapping

frame data before

150 -

100 1 ¢/§s

50 1 $

50 100 150

150 A

100 -
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frame data after
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50 100 150
frame strobe after

150 A

100 -

50 A1




Optimization: Bitstream Remapping
FDI[5] FD=FrameData
Q“ 3 @ G_/v FS=FrameStrobe
FDI[4] L=Latch
FD[3] —%@
L L
LIL 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)



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, ...



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)

™ et NE
0 0 SmD_ 0 0 write 51 H0H o
1 1 state —|1 ; address 3 =
/ flip-flop T la W Sl HiH 1
configura- \ oL L W o8
. \ . < L 0 . o L
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Op

FPGA Configuration o | M_S% _“_}%

* Do not use shift register configuration B

High power during configuration (thousands of bits) L=

(¢

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)

a D flip-flop b) o ] .
% g, - ? < '\:‘? /c:c;
3 5| Je7 O[O [afo
- 18 |

2 g | o5 [FOFD FOED.
S = |
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FPGA Basics — Routing (Virtex-1l style)

1 0
L =1 1

/. =-» T 1
I T
—____—— o
I T

< L l I
Bl T T

—_

2 211 211 2] LAl L&) LR

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)



Tile-based Design in FABulous

» Replace standard cell multiplexers with custom mux-4

A

sta-cell — Acmuxa X N = (33.8um? — 17.5um?) x 376 = 6,116 um?

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




In short

Improvement
A expected

actual

> work



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)



Optimization: Bitstream Remapping
FDI[5] FD=FrameData
Q“ 3 @ G_/v FS=FrameStrobe
FDI[4] L=Latch
FD[3] —%@
L L
LIL 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
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