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Evolving Standards Demand Flexibility and Efficiency

Benefits: lower development cost and shorter time-to-market

[1.2]

5G Stand Alone
: Full IMT-2020 NR S R16 R17
New Radio e 5Gin NT Networks o QR MIMOSh _
Spectrum e NRin Unlicensed Bands ® opectrumsharing
R15 e IAand Backhaul
e 5GNR Air interface <1OOGhz \ Vertical Digitization
e URLLC R18
e NR Access Network i Release N
* DaD/V2X (Future)

e Spectrum 600MHz-52.6GHz
e Flexible Duplex
e Native MIMO

2017 2018 2019 2020 2021 2022 2023 2024 2025
5G Evolution

* SoC/ASIC revision at each iteration is $SS (~S106M in 16nm CMOS)
* Long design cycles (>1 year)3! with increasing design complexity

[1] Xilinx Zynq RFSoC DFE; [2] 3GPP : 3GPP.org; [3] Jason Cong et al., IEEE design and test of computers, 2011



SoC (CPU + ASIC blocks) Today: The Apple Approach

Increasing “dark silicon” area (A12: ~45%, A15: ~55%), <10% chip is active

Number of accelerator
blocks in Apple APs

29

35

hardware
accelerators
| (~45% area)

little cores (x4) 1 ﬂ"'esc.ghts
|
\A4 A5 A6j A7 A8 A1l A12 .
— [2018] .
Maltiel Consulting Shao et al.’s estimates Apple A1 2 d|e phOtO

estimates [IEEE Micro'15]



PoC for Embedded FPGA (Seeded Flex Logix, Inc.)

24.5mm? (40nm)
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Efficiency and Flexibility in Communications DSP

Features of UCLA FPGA: C. Wang et al., ISSCC 2014.
1. Efficient interconnect for eFPGA FL. Yuan, V512014 & 2015
2. Coarse-grain reconfigurable kernels | RTRA

CLASIC (v;)i\(" ® AsIC

[
o

2 _»0 “\éjU"DSP
o> “TD-CLASIC (v1)
o

[GOPS/mW]

Average Energy Efficiency

® |
FPGA RTRA: utilize space and time
0.1 * Runtime self-configurable
CPU * Coarse-grain domain-specific
®
0.01
0.1 1 10 100

Average Area Efficiency [GOPS/mm?]



Space-Time Quadrants of Architecture “X”

These are eCPUs, widely available Runtime Reconfiguration Opportunity i
SPACE SPACE |
fixed HW-config i
Coarse !
Sl et grain cfg + SW-prog I
TIME custom ISA TIME |
fixed Hw accel. HW-config
fixed fixed
TIME TIME

Fixed-function accelerators eFPGA is addressed by Flex Logix



SESSION 2 Live Q&As

Monday February 21st, 8:30 AM PST
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Session Chair: Hugh Mair, Mediatek, Fairview, TX
Session Co-Chair: Shidhartha Das, ARM, Cambridge, United Kingdom

8:30 AM
Ponte Vecchio: A Multi-Tile 3D Stacked Processor for Exascale Computing
W. Gomes', A. Koker?, P. Stover?, D. Ingerly’, S. Siers?, S. Venkataramar’, C. Pelto’, T. Shah®, A. Rac?,
FE O'Mahony’, E. Karl', L. Cheney?, I. RajwanF, H. Jain’, R. CorteZ, A. Chandrasekhar’, B. Kanth#*,
R. Kodur#, 'Intel, Portland, OR; ?Intel, Folsom, CA; ®Intel, Chandler, AZ; *Intel, Bengaluru, India
%Intel, Austin, TX; €Intel, Santa Clara, CA

8:40 AM
Sapphire Rapids: The Next-Generation Intel Xeon Scalable Processor
N. Nassif!, A. 0. Munch’, C. L. Molnar', G. Pasdastz, S. V. Iyer?, Z. Yang', 0. Mendoza', M. Huddart',
S. Venkataramar®, R. Marom?*, A. M. Kern', B. Bowhill', D. R. Mulvihilk, S. Nimmagaddas, V. Kalidindi',
J. Krause', M. M. Haq', R. Sharma’, K. Duda?, 'Intel, Hudson, MA; 2Intel, Santa Clara, CA
3Intel, Bangalore, India; “Intel, Haifa, Israel; sintel, Fort Collins, CO

8:50 AM
IBM Telum: A 16-Core 5+ GHz DCM
0. Geva', C. Berry', R. Sonnelitter’, D. Wolpert', A. Collura’, T. Strach’, D. Phan', C. Lichtenat?,
A. Buyuktosunoghs, H. Harrer?, J. Zitz', C. Marquart’, D. Malone', T. WebeP, A. Jatkowski", J. Isakson’,
D. Hamid', M. Cichanowski*, M. Romain’, F. Hasan‘, K. Williams', J. Surprise’, C. Cavitt', M. Cohen’
IBM Systems and Technology, Poughkeepsie, NY
2|BM Systems and Technology, Boeblingen, Germany
31BM Research, Yorktown Heights, NY; 4IBM Systems and Technology, Austin, TX

9:00 AM
POWER10™: A 16-Core SMT8 Server Processor with 2TB/s Off-Chip Bandwidth in
7nm Technology
R. M. Rao', C. GonzalezZ, E. Fluhr?, A. Mathews?, A. Bianch, D. Dreps®, D. Wolpert', E. Lai,
G. Strevig®, G. Wiedemeierd, P Salz¢, R. Kruse®, 'IBM, Bengaluru, India; 2IBM, Yorktown Heights, NY
3IBM, Austin, TX; “IBM, Poughkeepsie, NY; *IBM, Boblingen, Germany

9:10 AM
A 5nm 3.4GHz Tri-Gear ARMv9 CPU Subsystem in a Fully Integrated 5G Flagship
Mobile SoC
A. Nayak', H. Chen’, H. Mair', R. Lagerquist’, T. Chen’, A. Rajagopalan’, G. Gammie', R. Madhavaram’,
M. Jagota', C. Chung', J. Wiedemeier', B. Meera', C-Y. Yeh?, M. Lin?, C. Lin?, V. Lir?, J. Lin?, Y. Chen?,
B. Chen?, C-Y. W2, R. ChangChien?, R. Tzeng? K. Yang? A. Thippana', E. Wang?, S. Hwang?
'MediaTek, Austin, TX; 2MediaTek, Hsinchu, Taiwan
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9:20 AM
A 16nm 785GMACs/J 784-Core Digital Signal Processor Array with a Multilayer
Switch Box Interconnect, Assembled as a 2x2 Dielet with 10pm-Pitch Inter-Dielet
1/0 for Runtime Multi-Program Reconfiguration
U. Rathore*, S. S. Nagi*, S. Iyer, D. Markovi¢, *Equally-Credited Authors (ECAs)
University of California, Los Angeles, CA

UCLA
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9:30 AM
Zen3: The AMD 2-Generation 7nm x86-64 Microprocessor Gore

T Burd', W. Li", J. Pistole’, S. Venkataraman', M. McCabe', T. Johnson®, J. Vinh?, T. Yiu', M. Wasio',

H-H. Wong', D. Lieu', J. White?, B. Munger?, J. Lindner?, J. Olsor?, S. Bakke?, J. Snidermar?,
C. Henrion®, R. Schreiber’, E. Busta®, B. Johnson®, T. Jackson®, A. Miller?, R. Miller’, M. Pickett:,
A. Horiuch#, J. Dvoraké, S. Balagangadharans, S. AmmikkallingaF, P. Kumar®

1AMD, Santa Clara, CA; 2AMD, Boxborough, MA; 3AMD, Fort Collins, CO; “AMD, Austin, TX

SAMD, Bangalore, India
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UDSP @ ISSCC 2022

Dejan Markovic, IEEE Fellow
Professor at UCLA Electrical and Computer Engineering
@® 10h - Edited - ®

DMGroup presented today a paper titled "A 16nm 785GMACs/J 784-Core Digital
Signal Processor Array with a Multilayer Switch Box Interconnect, Assembled as a
2x2 Dielet with 10um-Pitch Inter-Dielet I/O for Runtime Multi-Progran ...see more
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Chip Measurements: FPGA vs. UDSP vs. ASIC

1.1 GHz UDSP

~10x better energy

and area efficiency
than FPGA

~5% away from ASIC

xly-axes relative to
~70 GMAC/s/mm?

~310 GMAC/s/W
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U. Rathore, et al., ISSCC 2022 (Paper 2.6)



Chip Measurements: FPGA vs. UDSP vs. ASIC

10
: At 1.1 GHz, UDSP is
> ’
S < Oplimals x4l 3-4x faster than FPGA
S < UDSP &
S E UDSP
= 1 -0 At min ExA product
._; % 3-4x ~2x higher energy
8o O R Throughput efficiency, at ~30%
v = O lower throughput
L E M O . FPGA
v )
2 0 Qcvm o PSP
® O e FFT .
< 9 xly-axes relative to
oc ~70 GMAC/s/mm?
~310 GMAC/s/W
0.01
0.01 0.1 1 10

Relative Area Efficiency (GOPS/mm?:GOPS/mm?)

U. Rathore, et al., ISSCC 2022 (Paper 2.6)



UDSP Multi-Chip and Multi-Program Compile
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Efficient Multi-Chip Module (MCM) Scaling

* Large SoCs incur higher cost:
= Lower vyield of larger chips
= Delayed time to market

* Cost benefits of MCM scaling:
1

= Smaller chips give better Yield a

= AMD 2990X 4x213 mm?2 = S1.8K
= Nvidia V100 815 mm?2 - $8.2K

1+D*Areal™~3

* Challenges with MCM design:
= High bandwidth density, low link latency
= High transfer energy and area efficiency

Yield

35%

die size: 40 mm x 40 mm
good: 103

76%

die size: 20 mm x 20 mm

good: 620

g bad: 38
L total: 658

94%

die size: 10 mm x 10 mm

11



Universal Digital Signal Processor (UDSP) Overview

Co-design of compute, interconnect, |/O network and channel, compilers, package
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(1) Study of Algorithm Ontology: Example DSP Kernels

Example Kernels derived from

Lattice Filt i
common DSP algorithms: artee ,?\L FIR Filter Mtx-l>llult
VDP/BF
bUC/DDC ZF/MMSE
= MIMO
= Adaptive Filtering R @
\/ )
= [FFT/FFT Radix-2
/ 5 B0 96
= NN Inference 7

Cordic . :
I :; [ N N J
DUC / DDC : Digital Up/Down Conversion W Complex-MAC _9
MIMO : Multiple Input Multiple Output '®{V -®-€?
IFFT / FFT: Inverse/ Fast Fourier Transform ‘Q“
NN : Neural Network I =;
ZF : Zero Forcing
MMSE : Minimum Mean Squared Estimation
VDP : Vector Dot Product
MAC : Multiply Accumulate

FIR: Finite Impulse Response
ED : Euclidian Distance

= Spectrum Sensing

:

ED

© =T

T oo




(1) Iterative Process of Core Design

UDSP Core v4.2 /\ DSP Kernels
g Connection Lattice Filter FIR Filter Mix-Mult

Adjust Egi %% 2F e
Cordic zé zé

Wl)ﬂ Complex -MAC ﬁ ﬁ

5 &P:;
Mapping . :
16 bit fixed-point data paths \/ Balancing core granular/ty
1.1 GHz clock frequency and core utilization to
256b D-Mem, 384b I-Mem/ maximize efficiency

4 Inputs, 4 Outputs



(1) Example Common Core Configurations

Serial VDP ;

: :

D - Mem E

1~ Mem | E
Lececccececccceccccccaccccecacceet beccccccecececececececececeeanan

lllllllllllllllllllllllll

1%1—[
9

coccsogeccsccsscscsscssccsccsscsccsnns

Preserve common sub-structure of DSP graphs, concatenate cores for larger kernels
3-Core Butterfly Radix i
N :
1 > ] | |
° é :
~ :
. > ' '
.z cemeade, |

Inter-Core
Routing Layer
2-Core Complex MAC .E

W

o--..---...---..-. u-.--..-- .o.
' LT AL LLLTL b 7 el ek 1
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(2) Interconnects: An Exercise in Co-design

Interconnect design is linked to algorithm and routing

* Design challenges Algorithm

= Energy/area efficiency
" Flexibility (connectivity)

= Scalability
" Speed
DSP Array Routing
\_‘ \_‘
Core ©

g ml

Interconnect »




(2) Core Cluster Statistics

* (Graph Space/Time) Correlation in DSP Algorithms

" Limited dependency (spatial and temporal) of nodes
" Limited degree of nodes ~2-3

Lattice Filter

VDP/BF
Rad -2

Cordic

Vol
&P{;

FIR Filter MtX'Mult

ob" ol

Complex MAC x ﬁ

D>

Cluster

Statistics

—

ot
w

o
© N
N U

Ul

Fraction of all Nodes
o

-o [ ]
o °© R
Y

(92

0 2 4 6 8 10
Node Degree

o

17



(2) Modeling Connection Statistics using BRG

* Bernoulli random graph model = Poisson degree distribution (mean A)
* Manhattan Sorted - Exponential? (mean u)

0.3

0
T 0.25
Z 0.2

(44}
“ 0.15
S 01
& 0.05

Ll
0

Placement

)

L

z In2 + n32,|p

All Wires l

O

0.14
0.12

0.1
0.08
0.06
0.04
0.02

Fraction of Wires

ot

Fraction of Wires
o o

ot

L

0

2

4 6

Node Degree

8

10 0

5 10 15 20 25 30
Inter Node Distance

~93% Energy
forA=2
Nodes = 500

34567 8 910
Inter Node Distance
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(2) Wire Length Coverage Determines Node Distance

* Fraction of wire distances less than equal to a certain distance

= Concentrated energy in distance < 2 .
Probability of coverage

CDF (Wire Distance) for distance 1, V2, 2
0.95}
n 7,
o 0.9} @ 0.95
= S A=2
- 0.8} c
o o
= 0.75] S 0.85
& S
£ 07 = 08
0.65
op—=+ . . o7sL— n . . .
1 2 3 4 5 € 7 8 05 07 09 11 13 1.5

Distance from Node Mu ()
U. Rathore, et al., ISSCC 2022 (Paper 2.6) 19



(2) UDSP Interconnect Architecture — Layer 1
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(2) UDSP Interconnect Architecture — Layer 2

Distance = \/—

.
b (i oowoo
0%

ooo ... ooo
i o
it o
oooooo &ooo...m.w %o %%0%%
ooo .... g il
Ooo ... ooo O%
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]
>
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(2) UDSP Interconnect Architecture — Layer 3
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(2) UDSP Interconnect Architecture — Layer 4

Vertical Stack

CDF (Wire Distance)
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(2) UDSP Interconnect Architecture — Layer 4

CDF (Wire Distance)
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(3) N-Layer SB: Hyper-Matrix Representation

* Calculate hyper-vector cross-correlation (HVCC) in each dimension (layer)

* HVCC (a dot product of the combination of vector pairs) for a layer measures global
inter-dependencies of paths through the layers N-D Hyper-Matrix

N-Layer Switch Box Representation

U. Rathore, et al., ISSCC 2022 (Paper 2.6) 25



(3) Design Space Exploration: HVCC vs. Baseline Brute Force

* HVCC optimized Switchbox
" Plotted against layer density for 3-layer SB (HWC = Hardware Cost, No of Muxes)
= Switchbox configuration example: 22-8-22

I Intermediate Nodes: 8
=== HV/CC: Optimal Traversal

10 -
8 . MCBF/HWC
w 6 N 0-04 =
o 0.03
S 45 ]
> 0.02 - .
0 0.01 '806,@
L 0.2 0 : QQ'
ay°'20'08 04 06 08 ' ' 4 06 g 2 &
1 0.2 . i i . . 1 )
ens/}‘y Layer 1 Density Layer 2 Density v

U. Rathore, et al., ISSCC 2022 (Paper 2.6) 26



(3) DSE: Maximizing Silicon Efficiency

* Switchboxes are designed at the peak of the MCBF/HW(C for Sw/Hw balance

= Switchbox configuration example: 22-8-22

9 0.04
8 0.035 | %
7 § 0.03 | HW/Compiler
6 - . .
T 0.025| Co-Optimized SB
E > P 0.02
§ 4 8 ' Fully Connected
3 > 0.015 | NSparse Compiler@ '
2 0.01 | . Area@
Compﬂer@
1 0.005 | Area @
0 ‘ ‘ y y ‘ 0 ‘ ' ‘ ' '
50 100 150 200 250 300 350 50 100 150 200 250 300 350
HW Cost HW Cost

U. Rathore, et al., ISSCC 2022 (Paper 2.6)



(4) UCLA SNR-10 Channel and Comparison to SoA

Rx

Tx

(— - S~
00000000
OO0C—0000
OO0C+—0000
OO0C+—0000
I S [ [
00000000
OO0C+—0000
OOO0C—0000
OO0CH—O000
00000000
0O0C+—0000
0O0C+—0000
[ ] [ [
0O0C—0000
OO0C+—0000
OOO0C—0000

U. Rathore, et al., ISSCC 2022 (Paper 2.6)

Spec [This work]| CICC'21 | JSSC'20 |ISSCC'18
Techology 16nm 16nm 7nm 16nm
2-Layer |4-Layer |15-Layer| MCM/
Package Substrate | ;e | eviB | cowos | PCB
Bump Pitch (pum) 10 55 40 150
Reach (um) 350 3,000 500 80,000
Data Rate
(Gbps/pin) 1.1 2 8 25
Voltage (V) 0.8 0.9 0.3 0.95
Energy Effc. (pJ/bit)] 0.38 0.83 0.56 1.17
1/0 Area
Density (um?/bit) 137 203 500 10,175
Peak Shoreline BW
Density (Gbps/mm) 297 256 1600 292
Layer BW Density
(Gbps/mm/layer) 149 64 107 25

28



(4) SNR-10 Transfer Efficiency vs. Voltage

0.45
0.4
0.35

cy (pJ/bit)

n
o
© N
N W

0.15
0.1
0.05

Transfer Efficie

U. Rathore, et al., ISSCC 2022 (Paper 2.6)

0.38 pJ/bit @1.1GHz
| 1 pJ/
0.09 pJ/bit
@ 580MHz
v 4
500 700 900 1100

Frequency (MHz)
*100% toggle rate

29



(5) UDSP Programming Flow

2 .
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Compile Time (ms)

*Average over 50 results

(5) UDSP Compile Time Breakdown

B Resource Bind + Retime Place ™ Route
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20

Courtesy: Tim Ling (UCLA)
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Runtime Reconfiguration for Data-Driven Processing
RTRA breaks standard efficiency vs. flexibility tradeoff

) Applications where data-driven
Efficiency vs. Flexibility tradeoff ~___cmmmmmmmmmmm e attention processing is valuable
S 1 ASIC A e b T .~
c = i =T . = =
= g 10 " reduction/ 90
Y— N i /’, i
g =S AL subtoons 3 @
10 FPGA ’ ' i —
oo reconfiguration
= BECDS 2
o
L] 1 CPU S .
- - S Desktop
Fixed Low-level ~ Mid-level  High-level - : -
(RTL) (CUDA) rare frequent
Flexibility (Programming) Repurpose

* |nitial use case: software radio (dynamic spectrum access, networks, etc.)

= Signal classification relies on data-driven outcomes-based processing pipelines
= Future extension to network-scale adaptation involving learning-based methods

32



RTRA is the Missing Element of a Canonical SoC

These are eCPUs, widely available Runtime Reconfiguration Opportunity i
SPACE SPACE |
fixed HW-config i
Coarse ]
SW-prog grain cfg + SW-prog |
TIME custom ISA TIME !
fixed Hw accel. HW-config
fixed fixed
TIME TIME

Fixed-function accelerators eFPGA is addressed by Flex Logix



Energy

A-CLASIC

Blind Spectrum Sensing Application

Data-driven outcomes-based detection, extraction, and classification

Mod
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Compiled soft-maps:
scheduler dynamically
allocates them to
vacant polygons
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&

+ extractior

831

o=

(1]

Spread spectrum example showing execution path

for a spread spectrum signal; middle plot assumes

detection is always-on looking for new signals; right

plot could re-purpose orange block if OFDM signal

+ cl?sflfc tion
entered middle pipeline after SS completed

Algorithms from: R. Harjani, D. Cabric, D. Markovic, et al., “Wideband Signal Classification on a Battery Budget,” IEEE Comm. Magazine, Oct. 2015. 34



Hardware-in-the-Loop Characterization

Goals of the study:

EFT FIR IR, CMix alaeh * Characterize utilization (compute and network), time to
. FIR, IIR, C-Mtx algebra . , ,
Application work-sef repurpose, compute time (programming + execution) under

* detection, estimation, classification multi-program, multi-size, priority mappings

* Compare with statically configured UDSP and FPGA

Baseline work-set

Data, /0, DRAM

o Mapping
E Control | FPGA/ < |
- RTRA Comparison between
€ Scheduler | > | HOST | *RTRA (emulated)
. Flow control bits *UDSP
w > * FPGA
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Area

Power

Post Synthesis Area and Power Estimates (TSMC 16nm)

Scheduler finds feasible polygon
mapping within 20 clock cycles

Approximate size of scheduler
with 2x layout factor

Scheduler (Post | UDSP (Silicon Area)
synthesis

0.08 mm? 5.29 mm? 1.5%
40 mW @1GHz 1400mW @1GHz 3%

UDSP layout for reference
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RTRA Dynamically Configures Hardware Pipeline

HE|N/E[EE . I

i i NN e
DO000000 po0oo0od
BDBDBE BEIE@E Sooooood  ooooood
0000000 1 pooo0ood
QOopoooog ooooood

| Single Carrier | Single Carrier |
[:Eiii:] [:};{i:] EgbﬂtefFrei[fnhgﬂ FgédtekFﬂeqifndE?
' i (O
= NO00000d | poooooog
Sooooood  Booooson
Q0000000 | pbooooood

HninEEEEE S snEEnEE

RT RA Polygons for Polygons for

Signal 1 Signal 2

1 ) O LI
NOO000o0g ingle Carrier | (0000000 | pooooood
NO000000g [#mwmaa COoooo0d.  pooooood

NO0000000 o ] o 0000000
NOO0000-g 000oogl 0000004d
NOO00000g Q0000000 poooooog
10 %HLL NOo00000d | pooooood

10 Oogd 1000000l 000000
e K | Pt Il s e
| | i B3 dt i -:;“

NOO00000 :DDZDDDDE 1000000l 00000gd
NOOO0000-g 5 oog 0000000 (pooooo0d
NO00000-d Juwaut NOO00000d T poooooog

] lassifier AM, PAM, | | 000000
I OO CKsk OO0 NO00000d | pooooood
Single Carrier o o [ [ N A o o [ [

H%?mmm NOO000000 || [ |

00 QO 000000 Imimimimimm] Imimimimlninl

UDSP array size: 18x18 RTRA array size: 18x18

Courtesy: Sumeet Nagi (UCLA), manuscript in preparation (MICR0O'22) 37



RTRA Maximizes Active Area Utilization

RTRA (ACAS) achieves 8-14x speed up compared to statically-configured UDSP

16.00
e 14.11 13.87 14.36
8 14.00 - 13'73 -
= N\ = ;
X 12.00
x N
(%) N
~ 10.00
= (797 )
© 8.00 —
[«)] NN
@ 6.00 N N N
= 4.20 N\ N 4.14 N 4.17 NN 427 NN
o — [ NN
O 4.00 N 3.20
_g 200 g00 [ RN 1.00 [ | RN 1.00 1.00 | 1.00
Q o
n 1 Single Carrier (BPSK) 1MC Signal 1SC (BPSK) + 1MC 4SC(BPSK) + 4MC 8SC(BPSK)

Possible combinations of signals detected by Band Segmentation block

UDSP (18x18) [OACAS (9x12) [ ACAS (18x18)

Courtesy: Sumeet Nagi (UCLA), manuscript in preparation (MICRO22)



Computation Time

N

w

N

How to Balance Compute Time and Hardware Resources?

\

«10° Computation Time (Programming + Execution) for SCFC and SCFS Blocks on RTRA for Varying Array Size
6 —

Array Size (Number of Cores along edge

Gr eedy :Eit:éﬂ.r;: Ts;r(riCSCFC :
\ rogramming Time i
resource —'Flfotagl Time S%;S oere
I . p p - Execution ?I'ime.SCFS I
1 ThIS IS a better Programming Time SCFS I
i ~ operating point E\
T, .
\ I Reticle Limit
Greedy 1 159 cores/side
I~ : | .
time | (800 mm? die)
12 !
-0.2ms o |
56 Lowest computation time at
01 ms . Programming time = Execijtion time
1 |
— i
L ! \ I \ ! | ! =
0 20 40 60 80 120 140 160
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Signal Pipeline Model (Simplified)

@ Always-on coarse detection (part of band segmentation)

* Once signal is detected, host will initialize classification thread and send program to RTRA
&) RTRA has internal scheduler and will map the program to the array
€ RTRA communicates branching dependencies with the host

* RTRA executes all those data-driven programs and communicates completion to the host

Classification thread
® 0
1 N

\ End of samples required for classification

Here, host initializes
classification thread

One signal thread




womam BlINd Signal Classification Pipeline

Input =1 BSG CIC Filter

Samples v 64x40 = 2,560
samples (2.56ps)

BSG 64-pt FFT

Number of Signals

Host sch |« .
> e

r’ Detected in Spectrum

O/p of moving average:

"i RTRA sch

Y
BSG 512-pt FFT \@2 56us

L

Single Carrier/

* Multi Carrier (~1ps)
x

SC OFDM
Multi-size compile |l Multi-size compile

* Always-on front-end (from A/D)

I = Takes 2.56ps initially to
produce first signal thread(s)

= Scans for signal thread(s) every
64 samples thereafter (64ns)

* Samples required for classification

= 128k samples (128pus)

* multi-size compile

= @2.56us classification starts

* Then goes into multi-size compile

= Host decides on multi-size
compile (scheduling is across
host / RTRA)
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Multi-Signal Service Time Ba

Multi-size compile is driven by # signals
that need to be classified simultaneously

Reticle Limit: 25,281 PEs (159x159 PEs)

2,500
_ + 16x16 PEs sC 0dB
% 2,000 100 signals
= OFDM
£ 1,500 .
= 25 signals 1 signal
% 1,000 32x32 PEs Gree(dy)
o Time (GT,
S 64x64 PE
S 500 6 Signals. 127}127 PEs

0 b CD—‘

0 5,000 10,000

Number of PEs

15,000 20,000

PT: Prog. Time | ET: Exe. Time | SC: Single Carrier

PT/IPE| SNR # PEs (Cost function: CT2*PED)
2ns 0dB  [127x127| 64x64 | 32x32 | 16x16
sC PT (us) | 32.3 8.1 2.0 0.5

ET (us) | 32.3 129.0 | 516.1 | 2064.5

ancing (Same Service/End Time)

Each staggered signal gets more PEs to match end time

# signals

—

# signals N
B o 0 o
ol ] | |

N

TSMC 16nm

(5

2

rd»=
JiL »

©e

100

|
}
|
|
— 2MB
|
|
|
|
}

|

100 200 300 400
Time (Ms)

.9mm?/MB)

_ = N

5 PEs
5 (::> 4971
B 4737
3 4 533

4353
1 4194
100 200
0= =N
68 b J
26— AmMB
8 §
4

200 400 600 800
Time (ps)

Line buffer size: Max-Time x 4 (KB)
(x4 because of 16-b 1/Q = 4B) (1ns Clk)
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Hw/Sw balance

Hardware

* Cores

* Memory

® Interconnect
* |/O network

Software
* C++ to soft map
®* Dynamic hard map

DDR/HBM

Architecture of RTRA

Instruction/config.

Data

SoC

Host CPU [«

¢

System RAM

System RAM
Controller

I t

teop

Fixed-funct.
Accelerator
(or eFPGA)

RTRA: Runtime

-------------------

|/O Network

I

- Multi-Bank
wn g —p
€0 Memory
08
> % E I
2.5 | RAM
= Loca
)
ol g Controller
e ' .............. .
N Sub-system
(low-level) RAM

Reconfigurable Array

PE[|PE] see | PE

PE[|PE] ses | PE

PE||PE| «e« | PE

Reconfigurable Array

O/l woisn)
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Software: RTRA Workstation

Unified user interface integrates multiple tool chains

_ C °] GUROBI Integer
@ Python Modeling Tools Linear Programming
/ Solver

~ s
. / )
)

ontrol console RTRA Compiler

- &

SALLVM Hardware Model
Exposed to user Matlab Modeling Tools

Graphic User Interface

%C OMPILER
INFRASTRUCTURE
LLVM C++ Compiler

Background
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Compiler Frontend

.CPP Source File DFG Generator Optimizer + Pre-

processing

.CPP Source File

L48 120 L16

X0™C3) 124 X0™C3) XO™C11 XO0™C11

XONG3) (28 (+0 X0 <

Clang/LLVM
Compiler

Xon(C3) (32 XONC11
XonC3 @ XOC11 @)

v L 9 + d;

* wdspOperator(b
* udspOperator(

Assembly Parser /

DFG Generator @)

(@)

y Clang/LLVM

DFG Optimizer Compiler

.LBB@_1: # =>This Inner Loop Header: Depth=1

.cv_loc B8 1 20 @ # LLVM Test.cpp:2@:8
cmp dword ptr [rsp + 48], lﬁ
.LEB@_3
A 4 %bb.2: # in Loop: Header=BB@_1 Depth=1

# LLVM_Test.cpp:22:8

Pre-processing

s
, dword ptr [rsp + 52]

word ptr [rsp + 52], eax
oc @123 8 # LLVM_Test.cpp:23:8
dword ptr [rsp + 52]

spOperator@@YAHHHRZ"™

add eax, dword ptr [rsp + 56]

mov dword ptr [rsp + 56], eax
# LLVM Test.cpp:24:@

rd ptr [rsp + 56]

perator@@YAHHHEZ"™
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l

Compiler Backend

Resource Binding

Resource Binding

\ 4

Retiming

v

Placement

\ 4

N E Srak

Local Route

y

Global Route

Bifstream &

____ Simulation

Global Route




Static Compiler

Dynamic Compiler

¥ System simulation

An End-to-End Software Stack

Front-End Back-End
N N
4 N
C++ > DFG > Virtual Map > Bitstream

-
-

_ -

-

N

-
-
-
-
-
-
-
-
-

T N |

© Insert any C++ Model: Scheduler,

' Plug and Play

Hardware Compiler, and Controller :------
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Future Datacenter: ACcelerator As a Service (ACAS) Model

* Dynamically compose and relocate accelerators on-the-fly and handle
multiple accelerator requests simultaneously

ACcelerator As a Service
Accelerator Accelerator

Requests Y Requests
F

Acceleratorl H H

| Accelerator 1
L - from Host/l1 H } - Host 3

— | from Host 3

F E F H F F] i i - i
Host 1 - — — T 7 — Host 4

Accelerator 2 ~
1 H Accelerator 1

from Host 1 r
from Host 5

F
Host 2 4 K - Host 5

Reconfigurable Array

F]
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