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Presentation Outlook

Introduction : FPGA Architecture
@ Mesh-based and Tree-based FPGA architecture
® Tree-based FPGA interconnect organization
® Why 3D FPGA? Why 3D Tree-based FPGA?

3D Tree-based FPGA Design and Exploration

@ Design and Exploration Methodology
® 3D Floorpaln development.
® Layout characterization, Timing Analysis

3D Tree-based FPGA Experimental Analysis

@ Performance analysis

® Architecture optimization & Thermal analysis
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FPGA Architecture
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e Most common Academic and Industrial Architecture
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FPGA Architecture

To Level 2 To Level 2 To Level 2

Cluster Level 1 Cluster Level 1

To Level 2
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Cluster Level 1

An integrated upward and downward unidirectional programmable
interconnect network using Butterfly-fat-tree network topology
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Tree-Based FPGA Interconnect
Network Organization

Upward Interconnection Downward Interconnection

e Upward Mini Switch Blocks e Downward Mini Switch Blocks
e Full crossbar switch o Full crossbar switch
nbUMSB(¢) = N;p(¢ — 1) nbDMSB(¢) = Ni,(¢ — 1)
log (N)
Nsyiech(down) = N x (kPcin + kcoue) x »  kP~DED
(=1
log, (N)
Nswitch(up) =N x k X cout X Z k(p_l)(l_l)
(=1

N is the total number of logic blocks, c¢j, and coyt are the number
of inputs and outputs of logic blocks, k is the arity, and p and ¢

Lp are the Rent’s parameter and level. .
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2-Dimensional Floorplan

Flattened Tree-based FPGA layout plan : topologically equivalent
of Tree-based FPGA architecture )
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2-Dimensional Tree-based FPGA

¢ . 2—Dimesional Layout Analysis
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Wire length increases exponentially as Tree grows to higher levels
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2-Dimensional Tree-based FPGA
Vs Mesh-based FPGA

& 2-dimesional Speed Comparison
Tree-based FPGA vs Mesh-based FPGA

2!

ETree-based FPGA E Mesh-hased FPGA

g & B

Delay (nS)
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m MCNC benchmarks >

Mesh is 20% better compared to Tree-based FPGA
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Can 3D Integration Help to
improve Performance of Tree-based
FPGA?

State of the Art : 3D FPGA

@ Many recent publication on 3D Mesh-based FPGA &
performance improvement.

® FPGA an interconnect dominated device : 3D integration can
address problems pertaining to routing congestion, limited
[/O connections, low resource utilization, long wire delays and
thermal issues.

® Optimization of programmable interconnect overhead of
Tree-based FPGA is a major challenge.
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3D Stacked Tree-based FPGA
Horizontal Partitioning of Tree Interconnect

Level 2 51 Level 2

Horizontal Tree Break Boint Hortzeptal Tree Break Point
4EEEEEEEEEENEENERD LA R ERERRREVERNRERRRRNRRAURRNRNENNNN] EEEEEEEEEEEEEE
Switch blocks

Level 1 tgSwitch blocks Cs] Level 1 C§] Level 1

Level 0 Level 0 Legel 0

Logic Blocks Logic Blocks Logic Blocks Logic Blocks

The network partitioning and location of the break-point is decided
based delay optimization of different tree levels.

mc

Ilp V. Pangracious, Z. Marrakchi, E. Amouri, H. Mehrez — 3D Tree-based FPGA — 4 avril 2013
1881 SORBONNE

10/27




P

3D Design and Exploration

v

Tree-based FPGA HDL Generation Physical Design

Architecture — . . N g .
description (Heirarchical Design) 130nm ST Micro

4
Circuit Netlist | | Thermal Profile Layout Parameter Extraction
ottt Analysis Timing Characterization
‘ (Me ’s Eldo, circuit Analysis)
3D Floorplan Development (Lrecliepel mte';f’::’:;ihmc P
Thermal driven
loorplan

v

A A 4

Horizontal Interconnect Network Partitioning
Partitioning nets with LUTs (Network Delay based)

A 2 4

3D Tree-based FPGA Placement & Routing
Generalized Routing Solution

4

}

‘ Area & Power Estimation Timing Analysis Bitstream generation ‘
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3D Tree-based FPGA : Physical
Design and Development

UMSB Feedback UMSB Feedback UMSB Feedback

m | || o

UMSB Feedback

Level 0 with local tree network
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Downward and Upward Interconnection network

The layout is done is way to bring together every cluster and its
corresponding interconnect only, in order to to segregate tree level
interconnects to form section_levelO, section_levell etc.
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3-Dimensional Layout Design

3D compatible Layout Design

Level 1 interconnect
Level 3 Ingerconnect Bs

Level 2 interconnect Level 0 intercortnect
Tree-based FPGA layout : Tree level =4, Arity =4
Architecture 4x4x4x4

€] 4
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3-Dimensional Layout Design

3D compatible Tree-based FPGA Floorplan arrangement

LBs & local interconnect Level 5 to 6 local
network tree level 0,1,2,3 Interconnection

== =

---------1‘&’ E =
,,,,,, T Interconnect
reonneet Level 5

N Thermal interface Level 4 to 5 local Interconnection
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3-Dimensional Layout Design

3D compatible Layout Design

Thermal
Interface

The horizontal break point will place the total logic density of
Tree-based FPGA is active layer 1 and programmable interconnect
networks above the break-point will be placed in Layer 2 of the 3D

stacked chip.
mcC
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3-Dimensional Layout Analysis

D d Network
ownward Networ! Feedback Network Upward Network

DMSB Level 1
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Used Mentor's SPICE accurate circuit simulator Eldo to measure
the wire delay between different tree levels. ST Micro's 130nm

technology models used for analysis.
& Uemc
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3-Dimensional Layout Analysis

Horizontal Break Point Delay Results
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The higher level programmable interconnects are rearranged in

layer 2 to optimize the delay
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3D FPGA Performance Analysis

Tree Levels=7, Arity=4, Arch=4x4x4x4x4x4x4
Delay(x10~9sec) Performance Gain(%)
circuits 2D7ree | 3D7ree 2D7ree | 3D Mesh Gain
MCNC Tree-based | WithTSV | 3Dyitn—Tsv Vs 2D
average(21) | 96.06ns 28.76ns 68.7% 32%
300 B 2D Tree-based FPGA Layout Delay g i56
250 W 3D Tree-based FPGA (with TSVs) Delay -~ W 3D Tree based FPGA  W3D_Mesh_based FPGA

apexz bigkey des  dsip  ex1010 i pde  s38417 se
la  apexs clma diffeq ellipic exsp “hisex3 5208 538584

MCNC Circuits

q

apex2 bigkey des dsip ex1010 frisc pdc s38417 seq tseng
alud apexd cima diffeq elliptic ex5p misex3 s208 s38584 spla  ava

MCNC Benchmarks

tseng
splaava

B Critical Path Delay (nS)

.Delay Impr

The largest set of 21 MCNC ! benchmark circuits are used to
evaluate the performance of 3D Tree-based and Mesh-based FPGA

http ://er.cs.ucla.edu/benchmarks/ibm-place.
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3D Tree-based FPGA : TSV &
Architecture Optimization

Programmable Interconnect Optimization

e TSVs are huge and cause coupling

* TSV count is crucial (Design, Manufacturing, cost) How
Many ?

e TSV location is crucial (Design, Device, Performance)
Where?

e TSVs require design-for-testing, Power and Clock Delivery
e TSVs require design-for-manufacturability /reliability

e Area and Power consumption Optimization

@
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3D Tree-based FPGA TSV &
Architecture Optimization Flow

‘ 3D Tree-based FPGA Placement & Routing (Generalized Routing Solution) ‘

l

Initilize Break Point Level o For each non Break Point level
p(_bp)=1 Select Random(1)
Addjust Rent N 3D Router based 3D Router based Addjust Rent
value ’p’ TSV count optimizer TSV count optimizer| value ’p’
4

>

Routing
Feasible?

Routing
Feasible?

Minimum
TSV count

3D stacked Tree-based FPGA,  Optimized TSV & Architecture Solution
Area & Power Estimation Timing Analysis Bitstream generation
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TSV & Architecture Optimization

Tree Levels=7

Arity=4, Arch=4x4x4x4x4x4x4

Architecture 3D Chip | Optimized | Optimized
Levels Layer Rent ‘p’ | Area um?
Logic Blocks Layer 1 = 93635273
Switch Level 0 | Layer 1 0.67 2412
Switch Level 1 | Layer 1 0.54 10800
Switch Level 2 | Layer 1 0.66 37496
Switch Level 3 | Layer 1 0.59 232128

BreakPointpori

Horizontal Break Point

Level 3 to 4 TSV Area=40192/:m?

Swit Level 4 Layer 2 0.67 6072770
Swit Level 5 Layer 2 0.66 45553499
Swit Level 6 Layer 2 0.62 42139683
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FPGA : Thermal Analysis

3D Thermal Modeling & Analysis

e n tier 3D thermal model

e High-order RC-level heat flow
models

e power model of tier S Bottom
. @) Thermal cells of the 3D stack b) Equivalent RC Thermal
components, geometrical properties citeit
e Heat flow ~ Electrical current, Temperature ~ Voltage
e Metal and Si layers composed of elementary blocks
e Tree-based FPGA components like considered separately.
o Effective thermal conductivity of active and intermediate
layers.

keff = kcu X (TSVArea) S Kth X (LeVEIBPArea - TSVArea)
V. Pangracious, Z. Marrakchi, E. Amouri, H. Mehrez — 3D Tree-based FPGA — 4 avril 2013 J=, UPmC



P

FPGA : Thermal Analysis

Tree-based FPGA 3D Chip | Block Power
Block Type # Layer | Area in um? mW
CLB Units 1 93635273 0.15
Switch box Level 0 1 2412 0.25
Switch box Level 1 1 10800 0.83
Switch box Level 2 1 37496 2.70
Switch box Level 3 1 232128 15.13
Break Point Level | TSV Area | = 40192 -
Switch box Level 4 2 6072770 62.46
Switch box Level 5 2 45553499 214.05
Switch box Level 6 2 42139683 838.97
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FPGA Thermal Analysis
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3D Tree-based FPGA Thermal

Management
3D Thermal Profile, Thermal TSV How Many and Where ?

@ The count and location of TSVs have significant impact
performance of 3D stacked chip

® Tradeoff studies performed with Tree interconnect block-level
partitioning across the dies in the 3D stack.

©® Simulations used regular and non-regular TSV placement.
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Comparison of Mesh-based and Tree-based FPGA

Developed a software supported design and exploration flow
for 3D Tree-based FPGA

Physical design challenges of Tree-based programmable
interconnect networks identified

A horizontal partitioning methodology for Tree-based
programmable interconnect network to enable 3D integration.

3D integration enables improvements in performance, power
conception and area of 3D stacked Tree-based FPGA.

An architecture and TSV count optimization flow introduced
Thermal analysis module for 3D Tree-based FPGA
3D Tree-based FPGA demonstrator
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