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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

"application] Complex Digital ASIC Design
: Algorithm
PL

» Course goal, motivation, structure

> What is the goal of the course?
OS > Why should students want to take this course?
> How is the course structured?

- Compiler |

ISA | P Activity: Evaluation of Integer Multiplier

» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

The Computer Systems Stack

Application ]

Gap too large to bridge in one step
(but there are exceptions e.g., magnetic compass)

Technology ]
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

The Computer Systems Stack

Application

Algorithm

Programming Language

Operating System

Compiler

Instruction Set Architecture

Microarchitecture

Register-Transfer Level

Gate Level

Circuits

Devices

Technology

In its broadest definition, computer architecture is the
design of the abstraction/implementation layers that allow us to
execute information processing applications efficiently
using available manufacturing technologies
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

What is Computer Architecture?

Application |

Algorithm | | Application Requirements
o | Programming Language » Provide motivation for buil_ding system
% [ Operating System J - SW/HW interface expressive yet productive
%’ Compiler
£ Instruction Set Architecture | Computer architects provides feedback to guide
= Microarchitecture application and technology research directions
§_ Register-Transfer Level
E [ Gate Level )
&) Circuits ) Technology Constraints

Devices » Restrict what can be done efficiently |
Technology - New technologies make new arch possible

In its broadest definition, computer architecture is the
design of the abstraction/implementation layers that allow us to
execute information processing applications efficiently
using available manufacturing technologies
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies
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« Course Goal, Motivation, Structure °

Activity

ASIC Design Case Studies

Key Metrics in Computer Architecture

Network

—
‘_

1S

1

oL

Network

» Primary Metrics

> Execution time (cycles/task)
> Energy (Joules/task)

> Cycle time (ns/cycle)

> Area (Um?)

» Secondary Metrics

D$

D$

v V. VvV VvV V V

Network

——

Performance (ns/task)
Average power (Watts)
Peak power (Watts)
Cost ($)

Design complexity
Reliability

> Flexibility

Discuss qualitative first-order analysis

from ECE 4750 on board
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« Course Goal, Motivation, Structure °

Activity ASIC Design Case Studies

Unanswered Questions from ECE 4750

Network

» How can we quantitatively evaluate

——

Accelerated

" area, cycle time, and energy?

» How do we actually implement

processors, memories, and

networks in a real chip?

Instructions | .
@-G » How should we implement/analyze
application-specific accelerators?

Network > Very loosely coupled
~—, . . J memory-mapped accelerators
> More tightly coupled co-processor
D$ D$ D$ D$ accelerators
_ N > Specialized instructions and
Network — functional units
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« Course Goal, Motivation, Structure °

Activity

ASIC Design Case Studies

ASIC: Application-Specific Integrated Circuit

e A !
Network M ' Out-of-Order C\
— . | Superscalar
' Superpipelined
Accelerated = §
I I
Instructions & S Doapar -
CT) i Pipe"nes B Multicore »(E
o I
— 3 | <
> : Processor Power
S | Simple ! Constraint
S| Proc o .
> i
Network 2 |
", . . . L i Specialized Accelerators
D$ | | D$ | | D$ | | D$ ;
7 X X 7 : >
P Performance (Tasks per Second)
Network —
=
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« Course Goal, Motivation, Structure °

Activity

ASIC Design Case Studies

ASIC: Application-Specific Integrated Circuit

Network

Accelerated

,Instructions

Network
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D$ D$

D$

Network

Energy Efficiency (Tasks per Joule)

[

Architectures !

Design |
Performance
Constraint

Embedded |

More Flexible
Accelerator

Design Power
Constraint
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High-Performance
Architectures
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

Goal for ECE 6745 is to answer these questions!

- ~ » How can we quantitatively evaluate

——

_ NETBl; ) area, cycle time, and energy?

» How do we actually implement
processors, memories, and

Instructions
networks in a real chip?
@-G » How should we implement/analyze
application-specific accelerators?

Network > Very loosely coupled
7 : i — memory-mapped accelerators

Accelerated

> More tightly coupled co-processor
D$ D$ D$ D$ accelerators

> Specialized instructions and
Network — functional units
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

Full Custom Design vs. Standard-Cell Design

Full-custom layout
in 1.0um w/ 2 metal
layers

» Full-Custom Design (ECE 4740)

> Designer is free to do anything, anywhere; though
team usually imposes some design discipline

> Most time consuming design style; reserved for
very high performance or very high volume chips
(Intel microprocessors, RF power amps for
cellphones)

» Standard-Cell Design (ECE 6745)
> Fixed library of “standard cells” and SRAM
memory generators

> Register-transfer-level description is automatically
mapped to this library of standard cells, then these
cells are placed and routed automatically

> Enables agile hardware design methodology
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« Course Goal, Motivation, Structure ° Activity

ASIC Design Case Studies

Standard-Cell Design Methodology

+—1+——Cells arranged
in rows

—

————
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

Standard-Cell Design Methodology

Design in HDL  Standard Cells

PN Area (Um?2)

HDL _ !
{ Simulator } { Synthesis }—>CyCIeT|me (ns)

Energy (J/task)
v v

Switching Activity Gate-Level Model

\\/\ v Area (um?2)
{PIace&Route } — Cycle Time (ns)

Execution Time
(cycles/task) ¢ e o
& Layiout
Power
{ Analysis } » Energy (J/task)
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

Example Standard-Cell Chip Plot

Control Processor 8.1%
Vector Register File 56.9%

~ Vector — Vector Integer ALUs  9.7%

 Register . Bl Vector FPUs 9.4%
Vector Memory Units 7.6%
Other 8.3%
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

What is Complex Digital ASIC Design?

Application Complex digital ASIC design is
Algorithm the process of
218l TG SIS quantitatively exploring the
Operating System area, cycle time, execution time, and
ORI energy trade-offs
| Instruction Set Architecture | _
{ Microarchitecture ) of various
Register-Transfer Level application-specific accelerators
Gate Level (and general-purpose proc+mem-+net)
[ Circuits .
Devices | using
Technology , automated standard-cell CAD tools

and then to transform the most
promising design to

layout ready for fabrication
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

"application] Complex Digital ASIC Design
: Algorithm
PL

» Course goal, motivation, structure

> What is the goal of the course?
OS > Why should students want to take this course?
> How is the course structured?

- Compiler |

ISA | P Activity: Evaluation of Integer Multiplier

» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips

Circuits

Devices

1
J
Gates ]
)
J
J

: Technology
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@ Motivation for Taking Course

 Trends in Artificial Intelligence

« 2023/2024 Sabbatical
— Fall 2023: Slice Lab @ UC Berkeley
— Spring 2024: NVIDIA Research @ Santa Clara, CA




Al for Image Recognition

58% ~100%

Starfish R4

Human
Error Rate

3.6% 3% 2 3%

Top 5 Error Rate
Entries Using GPUs

10 11 12 13 14 15 16 17

W< NI N \\
7 IR
X RSN
.‘\('A ‘o‘);u‘.‘o;03;.‘01’3; ‘Qlu‘.
X\~ SO Y S KIS AL X0
/"\‘ /,".‘“‘ \'/ ,".“‘“ \'/ ,".“‘“ \', )‘\
O ARG ~T A

(IAAN (IAAN (IAAN

N\ NN

Software: Deep Neural Network
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Al for Protein Folding

Amino Acid Sequence

APRKFEFVGGNWKMNGDKKSLGELIHTLNGAKL
SADTEVVCGAPSIYLDFARQKLDAKIGVAAQN
CYKVPKGAFTGEISPAMIKDIGAAWVILGHSE
RRHVFGESDELIGQKVAHALAEGLGVIACIGE
KLDEREAGITEKVVFEQTKATADNVKDWSKVV
LAYEPVWAIGTGKTATPOQOAQEVHEKLRGWLK
THVSDAVAQSTRITIYGGSVTGGNCKELASQHD
VDGEFLVGGASLKPEFVDIINAKH

Tertiary Protein Structure

triose
phosphate
isomerase

Christopher Batten

Input Sequence

Global distance test %

AlphaFold (2020)

100
80
60 B—
__ <=+ CASP14(2020)
40 ;
other competitors \
20 — == CASP13(2018) === CASP5(2002)
== CASP12(2016) === CASP1(1994) \
0
Easy Difficult
Difficulty of protein structure prediction
@?f? TeTH4 - , Trratre
@ ? ? ? ? @ MSA : % [Single repr. (r,c]
d(:;n;atisce @ ? 904 ? —(}—Vg reprz:inct)atlon - »g
search Qﬁ tTe @ @
MSA
Evoformer
(48 blocks)
. - 1 .: L ] I I I I L ] I I I I
B representation, — — representation | —
(r.r.c) (rr.c)
— ?,:r:;:;z - .l -
= Templates l

—>

Structure
module
(8 blocks)

C terminus

AlphaFold Experiment
r.m.s.d.qs = 0.8 A; TM-score = 0.93

N terminus

AlphaFold Experiment
r.m.s.d.g5 = 2.2 A; TM-score = 0.96

High
confidence

Low

&

<« Recycling (three times)

* Trained using 128 Tensor Processing Units (TPUv3) for 1.5 weeks
* Inference for large proteins requires hours on 4 NVIDIA V100 GPUs
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Al for Natural Language Q&A

Top-performing open and closed Al models on Massive Multitask Language Understanding benchmark
which includes 16,000 multiple-choice questions spanning 57 subject areas

90%

80%

70%

60%

Accuracy

50%

40%

30%

Rough Estimate of Human Level

text-davinci-001 @

B Open M Closed

Claude 3 Opug °-®

GPT-4 (original) @ —_ 4
o |
Llama 3 70B
o——©O
PaLM 540B o—

@
code-davinci-002 @— O—I

LLaMa-2 70B
| EETE
Gopher 280B @

LLaMa-165B

]

[ )
e—— BLOOM-176B
._I

2020

Christopher Batten

2021

2022 2023 2024
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Al for Natural Language Q&A

GPQA: Dataset of 448 multiple-choice questions

M Google ®
written by experts in biology, physics, and chemistry 209, -EXpert Human Level oo B,
M Meta Al ®

Molecular Biology Open Al O1 B Other

A scientist studies the stress response of barley to increased temperatures and finds a protein which contributes to heat 600 / ot-miniy
tolerance through the stabilisation of cell membrane. The scientist is very happy and wants to create a heat-tolerant cultivar ° |
of diploid wheat. Using databases, they find a heat tolerance protein homologue and start analysing its accumulation under ‘
heat stress. Soon enough, the scientist discovers this protein is not synthesised in the wheat cultivar they study. There are T

many possible reasons for such behaviour, including: 5 Oo / a }
A) A miRNA targets the protein, which makes exonucleases cut it immediately after the end of translation and before ° Claude 3 O L, ‘
processing in ER . . ) N . . Gemini 1.5 Pro (2024-02-15)
B) Trimethylation of lysine of H3 histone in position 27 at the promoter of the gene encoding the target protein ‘
K s L R . GPT-4 Turbo (2023-11-06) B &
C) A stop-codon occurs in the 5’-UTR region of the gene encoding the target protein 400 / 0
o ==

D) The proteolysis process disrupts a quaternary structure of the protein, preserving only a tertiary structure

5]

Astrophysics ude: ‘ ol

GPT-4 (2023-06-13) [ . ‘

Astronomers are studying a star with a Teff of approximately 6000 K. They are interested in spectroscopically determining 300/0
the surface gravity of the star using spectral lines (EW < 100 mA) of two chemical elements, Ell and EI2. Given the Random GueSS ‘ ‘
atmospheric temperature of the star, El1 is mostly in the neutral phase, while EI2 is mostly ionized. Which lines are the

most sensitive to surface gravity for the astronomers to consider?

A) EI2 I (neutral) o)
B) El1 I (singly ionized) 20%
C) EI2 II (singly ionized)

D) Ell I (neutral)

——— T -

Quantum Mechanics 1 OO/O

Suppose we have a depolarizing channel operation given by E (o). The probability, p, of the depolarization state represents

the strength of the noise. If the Kraus operators of the given state are Ag = /1 — 3Tp, Ay =4/ %X, Ay = %Y, and
July 2023 Oct. 2023 Jan. 2024 Apr. 2024 July 2024 Oct. 2024

Az = %Z . What could be the correct Kraus Representation of the state £ (p)? Publication date

A E(p)=(1-p)p+ §Xp§<+ %prYZ+ %%pzz

BYE(p)=(1-p)p+ gXp X+p?Yp Y—}t?Zp Z

OE(p)=(1- p)p2+ zgpr; ZipYer zZIgZ ,

D)E(p) =(1-p)p~+5Xp° X+ 5YpY+5Zp°Z
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Al Training in the Cloud

Training compute (FLOP)

» Exponential growth in training
2 Gemini Ultra\ requirements at a rate of ~4x/year

« 2%x1022 FLOPs on a rack of AMD EPYC

10

24

10 Alphab e — GRS CPUS (each @ 2 TFLOPS) would take
W several years to train average model
1022 AlphaGo Master
« 2x1022 FLOPs on
s the latest NVDIA
Al supercomputer
10" Alexhet @ ﬂ O (BIaCkwe” NVL72
W et . @720PFLOPS)
0" .y would take less
o than a day to train
o™ o average model
2010 2012 2014 2016 2018 2020 2022 2024

Christopher Batten Al in Computer Engineering - ECE Retreat



Al Inference in the Cloud

O - « Compute for inference can require 1012 FLOPs
O ® GPT3 for a single query (GPT3 required ~300 GFLOPSs)
L 10%7 @ ocpPT2 : :
Dy ® GIRT é  Emerging reasoning models use tens of
- | @ Sseq2seq queries to improve quality at the cost of
o . ‘et . .
5 10R s significantly increase compute for inference
c E
; Best Observed Score@k by Time Budget (95% ClI)
6) b —— Claude 3.5 Sonnet (Old) (Modular)
E 1010 o —— Claude 3.5 Sonnet (New) (Modular)
(0)) 121 —— Claude 3.5 Sonnet (New) (AIDE)
— 0 —— ol-preview (AIDE)
\-|9 . § 104 — Human
2 100 g
5 . . % 0.8 -
o -
CGEJ 3 06
L 1084 d
8_ g 0.4 A
E T T T T 02
8 1018 10%° 1072 10?4
Compute Required for Training (FLOPS) 0 S omin " o 4 o én h 6h

Time Budget (time limit per run X number of attempts)
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Client & Edge Al Hardware

<3 (intel.

NVIDIA.

Jetson Orin ~ Movidius
Myriad X
Qualcomm
Al 100 Pro
NPU Edge TPU § o
HAILD H\S%‘/%fEN? Pro == =
Hailo-8 E1 LPDDRSx RAM neriace NeUrarCrigine LPDDRSX RAM intrace
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@ Motivation for Taking Course

« 2023/2024 Sabbatical
— Fall 2023: Slice Lab @ UC Berkeley
— Spring 2024: NVIDIA Research @ Santa Clara, CA

12



Computer Architecture Research in ML/AI

e Tremendous excitement in ISCA Papers within 15% of top-cited paper each year Paper Topic

M Pipelining

the computer architecture = il
community over the past s - ~ G
10 years around hardware a0 o S emlasyring
accelerators for ML and Al L

* Much of this work focuses —
on an accelerator in
isolation and/or with small ¢ ™ Machine
ML/Al microbenchmarks  ° « ;zzre”r'sng

« Goal for Fall 2023
sabbatical was to learn 200

more about full-system Al
accelerators running
complete Al software
stacks

10%

1973-1982 1983-1992 1998-2002 2003-2012 2013-2022

0%

Christopher Batten Al in Computer Engineering « ECE Retreat 14



Fall 2023: Sabbatical @ UC Berkeley

« The UC Berkeley Slice lab
seeks to democratize the : ‘ R I SC

design, programming, and

integration of domain- I !ﬂ
specific computing at scale c ISEL

» Leverages significant prior

Investment in system- ' H am mer

building infrastructure

— tJCHIP
SBICE § FireSim

Christopher Batten Al in Computer Engineering - ECE Retreat
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Gemmini Deep-Learning Accelerator

» Systolic array for dense matrix and e oy o || Te 0 RocketRVe4GC || Gemi focel
vector operations i e
p . - Controller E"' EE-.R.F--EE v FPU p| Controller | DMA
* Integrated with two Linux-capable ———— T eme T e WE -
cores using DMA and hardware mininininln L L1D$ L11S OC 0
cache coherence L e LS = |
(I Amay [ 1| Tile 1: Rocket Rv64GC || |- /L Amay L]
* Runs completed end-to-end B = H B e — S S
machine-learning software stacks e || WEEE--"T-JEE“ e e |
ccumuiators ccumuiators
« Enables studying context switches, 256 KB 16KB || 16 KB 256 KB
page table evictions, multi- Scratchpad _||||_, L1D% L11$ , ]||L_scratchpad , |
v vv vy v
programmed workloads Tilelink Crossbar
» Includes a "generator" to enable Ep—— ; o
bro?d st)_/stem-level design-space 1024 KB L2 Cache
expiloration UART GPIO
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2023/2024 Sabbatical Key Takeaways

Gemmini Accel. Tile 0: Rocket RV64GC Gemmini Accel.
(Tile0) ([ —— T (Tile 1)
Controllerl DMA |“"§__R_F__-: v FPU | [Pl Controllerl DMA |
Ooooon 16 KB 16 KB ooogog
N 101 L1D$ L1I$ ac'~—m—riga
0 e JO||ER A0 e I
LI Amay  T[TI] Tile 1: Rocket RveaGe ||| /L Amay L]
Ej__£9 TLB Qi YA S Bj*'i** H d
| Accumt;ltors | - | Accumulators | ar Ware ArtIfICIaI
256 KB 16 KB 16 KB 256 KB .
, Scratchpad N L1D$ L11$ N Scratchpad , SyStem s I ntel I Igen ce
’ T'ivlelinkACrossb;r ’
|
BootROM ¥ JTAG
1024 KB L2 Cache
UART GPIO

T
Slice Lab Retreat, Jan 2024
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Al for Chip Design

System Specification E @ Functional Design 5 Bug Detection
and Architecture Design and Logic Design (RTL) & Correction '
@o —_ @ </> Verilog \N @ v Q Transcript | @ ¥
v @ . , Automate nodule adder.gbit ( Automate Qode o pmonadderv(0: | Automate Code
VN Specification endmodule ’ Generation unexpested ", Debugging
g Optimization Chip-Chat [5], Hierar.-Prompt [6], AutoChip [9]... RTLFixer [20], Auto-Repair [24], MEIC [27]...

Physical Implementation

Logic Synthesis & 5 Design Testing and
& Fabrication & Testing €

PPA Optimization Verification

\\M’ Tl—Té—ﬂ @ v = - @ , Driver DUT Checker @

= S Automate Tune Arguments 7\ Automate

."‘ |o19| Back-End Task o & Suggest i[;i)i" Testbench
JJJIKK -0 : o St :

Execution Optimization Generation

ChatEDA [34], Layout Optimization [35,36]... VeriPPA [33]... Strategies AutoBench [29], AutoSVA [30], VerilogReader[31]...
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Spring 2024: Sabbatical @ NVIDIA

O Mt Diablo

‘Albany Lafayette
Ofind. i
oooooooo @
Alamy
Moraga Diabl
50, Denvile Blackhawk
@
Tassaj
San Ramon
% 1 hr 12 min Anthony [5q)
Y \ Chabot
Bay Farm Regional Park
Island
R
Dublin ESTPORT
o °ul
<@
Pleasanton
Pleasanton
Ridge
Regional Park
&)
~Sunol
&9 J
Blrlingame -
San Mateo (5oa]
. Foster City ®1hr15min | &
A - y -
" -
\ (80)
Bair island T N IRVINGTON
\ % 1 hr 8 min
Belmont, S
Y H
=5 R Wi
0]
Redwood City - & 1 hr 9 min |
20 T WARM SPRINGS
, East Palo Alto
Emerald Hills Athedton 1
Menlo Park
Palo Alto P
Purisima Creek  (35) Woodside | Mipitas,
edwoods e Stanford e’ =
Open Space hic 8
Preserve N ) 9P
o o, ’
S | | semRyessa
untai
8 IORTH SAN JOSE
View J o
kS } Portola Valley 4 5 5]
Sunnyvale {
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Exploring large-language models for chip design in
Brucek Khailany's Accelerator & VLSI Research Group
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PyMTL: A Python Framework for Hardware
Modeling, Generation, Simulation, & Verification

 PyMTL3 enables:

— implementing multi-level hardware models
— analyzing, instrumenting, transforming models

— simulating models w/ fast JIT-compiled simulator

— applying state-of-the-art SW testing to HW

BRGTC3&4 Chip Tapeouts Being Tested

TSMC 180nm "l merBlade OC-FPGA |

2015 2016 2017 2018
 LVDSClagk Recelver ..
1.
- Tl G

i
LR
¥ ;f“!!i!'l u_!rl’!!!a?\ | PLLM Cores
BRGTC1 Celerity BRGTC2 CIFER
IBM 130nm TSMC 16nm TSMC 28nm GF 12nm
2x2mm 5x5mm 1x1.25mm 4x4.5mm

Christopher Batten

2x2.5mm
2019 2020 2021’)_l 2022 2023

gl
:} Processor

BRGTC5
TSMC 180nm
2x2.5mm

o N o 0 b~ 0N =

\
]

Python

SystemVerilog

//,FuncnonaLLeveI

— Cycle-Level
—RTL

\ Multi-Level «—
Simulation

— Test Bench

generate

,—f”////’———_

— RTL

co-simula
/

Vi

te

N

prototype

EF]DE]DEI]

OFPGA D

O ASIC O

bring-up

q]DDDEP

from pymtl3 import *
class RegIncrRTL( Component ):

def construct( s, nbits ):

s.in_ = InPort ( nbits )
s.out = OutPort( nbits )
s.tmp = Wire  ( nbits )

Al in Computer Engineering - ECE Retreat

10 Qupdate_£ff
11 def seq_logic():
12 s.tmp <<= s.in_

13

14 Qupdate
15 def comb_logic():

16 s.out @= s.tmp + 1

lsynthesize

20



Embedded DSLs & LLMs

A hardware design framework
embedded in the most popular general-
purpose programming Iangua_ge can

potentially make designh-engineers

more effective

Hypothesis

A hardware design framework
embedded in the most popular general-
purpose programming language can
potentially make LLMs more effective

Christopher Batten Al in Computer Engineering - ECE Retreat
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3 (] o O s ] o > r+ r+ r+ n < 0

Underlying Assumption

LLMs are trained on far
more Python code than
Verilog code and thus are
more effective on
generating Python code
than Verilog Code

o

j
= <

“The Top Programming Languages”
IEEE Spectrum, Aug 2023

-

=
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PyHDL-Eval Framework

Problem

Specification

PyDSL PyDSL

System  ICL

Msg Examples

Generate

Script

ICL

Generate
Script

Verilog
RTL

Verilog Verilog Python
System
Examples Msg

Test
Script

Test

(Python)

Verilog RTL
Reference

(iverilog)

Verilog

Test
Bench

Test

!

OK?

— Log Files

Christopher Batten

Analysis
Script

N\

Test

Fﬁ

(iverilog)

Accuracy

Failure

(pass@1)

Reference

-

Reference
OK?

!

-

— Log Files

Analysis
Script

Classification
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Accuracy

(pass@1)

Failure

Classification

Each problem includes prompt,
Verilog reference, Verilog test
bench, and Python test script

Generate script supports different
ICL examples, models, model
hosting services, and languages

Verilog reference can be tested
against itself using both Icarus
Verilog and Python via
PyMTL3/Verilator

LLM-generated Verilog RTL is
tested against Verilog reference
using Icarus Verilog

Analysis scripts enable automatic
failure classification

LLM-generated Python-
embedded DSL RTL is tested
against Verilog reference using
Python test scripts

Includes workflow management
scripts
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PyHDL-Eval Problems

Problem Num
Category Examples of Problems in Category Probs
1 comb const constant zero, one, lohi, 32-bit value 4
2 comb wires pass through, split, bit/byte reverse, sign extend 8
3 comb gates single logic gate, multiple logic gates, natural language 13
4 comb bool logic equations, truth table, K-map, waveform, natural language 15
5 comb mux various bitwidths and number of inputs, mux/demux 9
6 comb codes encoder, decoder, priority encoder, graycode, BCD, ASCII, parity 14
7 comb arith add/sub, popcount, multiplication, shift/rotate, comparison, ALU, sorter 17
8 comb fsm  FSM tables and diagrams for next state and output logic 9
9 comb param parameterized: gates, mux, encoder, decoder, priority encoder, rotator 8
10 seq gates single gate, multiple gates, natural language 9
11 seq bool truth table, waveform 5
12 seq sreg shift registers: SISO, PISO, SIPO, universal, bidir, LFSR 7
13 seq count counters: binary, up/down, saturating, variable, decade, timer, clock 9
14 seq edge edge detect, edge capture, edge counters, max switching 5
15 seq arb arbiters: priority, rotational oblivious, round robin, grant-hold, weighted 5
16 seq fsm  FSM tables and diagrams, natural language 13
17 seq mem 1rlw, 2r1w register file (forwarding, reg zero, byte enables), 1s1w CAM 6
18 seq arith bit serial incrementer, bit serial adder, byte-serial adder, accumulator 4
19 seq pipe  1/2/3-stage delay, 1/2-stage 2/3/4-input adder, 2-stage minmax 8

Christopher Batten

 New evaluation benchmark with 168
specification-to-RTL problems developed
from scratch

« Careful ontological approach with problems
categorized into classes and subclasses
— 97 combinational problems
— 71 sequential problems
— 19 subclasses
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Py H D L- Eval P ro b I e m 9 - 8 Implement a hardware module named TopModule with the following interface.

All input and output ports are one bit unless otherwise specified.

- parameter nbits

Problem Num - input in_ (nbits)
Category Examples of Problems in Category Probs ) i:gﬁz ﬁgt (log2(nbits))
1 comb const constant zero, one, lohi, 32-bit value 4 - output out (nbits)
2 comb wires pass through, split, bit/byte reverse, sign extend 8 The module should implement a variable rotator which takes as input a
3 comb gates single logic gate, multiple logic gates, natural language 13 value to rotate (in_) and the rotation amount (amt) and writes the
4 b bool loai " truth table. K f tural | 15 rotated result to the output (out). The module should be parameterized by
comb  bool logic equations, truth table, R-map, wavetorm, natural language the bitwidth (nbits) of the input and output ports; nbits can be assumed
5 comb mux various bitwidths and number of inputs, mux/demux 9 to be a power of two. The input op specifies what kind of rotate to
6 comb codes encoder, decoder, priority encoder, graycode, BCD, ASCII, parity 14 perform using the following encoding:
7 comb arith add/sub, popcount, multiplication, shift/rotate, comparison, ALU, sorter 17 - @ : rotate left
8 comb fsm  FSM tables and diagrams for next state and output logic 9 - 1 : rotate right gcgduLe RefModule
| 9 comb param parameterized: gates, mux, encoder, decoder, priority encoder, rotator 8 | parameter nbits
: : )(
10 seq gates single gate, multiple gates, natural language 9 input logic [ nbits-1:0] in_,
11 seq bool truth table, waveform 5 @nput %og@c [$clog2(nbits)-1:0] amt,
. . . - input ogic op,
12 seq sreg shift registers: SISO, PISO, SIPO, universal, bidir, LFSR 7 ougput Logic [ nbits-1:0] oﬁt
13 seq count counters: binary, up/down, saturating, variable, decade, timer, clock 9 )3
14 seq edge edqe detec.t, (.adge capture, ed.g.e counters, ma?< switching | 5 logic [(2*nbits)-1:0] temp;
15 seq arb arbiters: priority, rotational oblivious, round robin, grant-hold, weighted 5
16 seq fsm FSM tables and diagrams, natural language 13 ab/f‘/ays e(*) g?gén b st
17 seq mem 1rlw, 2r1w register file (forwarding, reg zero, byte enables), 1s1w CAM 6 * tgmgp;z in_, 2n_e§12< amt :
18 seq arith bit serial incrementer, bit serial adder, byte-serial adder, accumulator 4 out = temp[(2*nbits)-1:nbits];
. i _ . end
19 seq pipe 1/2/3-stage delay, 1/2-stage 2/3/4-input adder, 2-stage minmax 8 slct taptn
temp = { in_, in_ } >> amt;
out = temp[nbits-1:0];
end
end
endmodule

Christopher Batten Al in Computer Engineering - ECE Retreat



PyHDL-Eval Problem 19.6

Problem Num
Category Examples of Problems in Category Probs
1 comb const constant zero, one, lohi, 32-bit value 4
2 comb wires pass through, split, bit/byte reverse, sign extend 8
3 comb gates single logic gate, multiple logic gates, natural language 13
4 comb bool logic equations, truth table, K-map, waveform, natural language 15
5 comb mux various bitwidths and number of inputs, mux/demux 9
6 comb codes encoder, decoder, priority encoder, graycode, BCD, ASCII, parity 14
7 comb arith add/sub, popcount, multiplication, shift/rotate, comparison, ALU, sorter 17
8 comb fsm  FSM tables and diagrams for next state and output logic 9
9 comb param parameterized: gates, mux, encoder, decoder, priority encoder, rotator 8
10 seq gates single gate, multiple gates, natural language 9
11 seq bool truth table, waveform 5
12 seq sreg shift registers: SISO, PISO, SIPO, universal, bidir, LFSR 7
13 seq count counters: binary, up/down, saturating, variable, decade, timer, clock 9
14 seq edge edge detect, edge capture, edge counters, max switching 5
15 seq arb arbiters: priority, rotational oblivious, round robin, grant-hold, weighted 5
16 seq fsm  FSM tables and diagrams, natural language 13
17 seq mem 1rlw, 2r1w register file (forwarding, reg zero, byte enables), 1s1w CAM 6
18 seq arith bit serial incrementer, bit serial adder, byte-serial adder, accumulator 4
| 19 seq pipe 1/2/3-stage delay, 1/2-stage 2/3/4-input adder, 2-stage minmax 8

Christopher Batten

Implement a hardware module named TopModule with the following interface.
All input and output ports are one bit unless otherwise specified.

- input clk

- input 1in@ (8 bits)
- input inl (8 bits)
- input in2 (8 bits)
- output out@l (8 bits)
- output out (8 bits)

The module should implement a two-stage pipelined three-input adder. Just
the first addition of in@ and inl should occur during the first stage,
and then the second addition of this first sum and input in2 should occur
during the second stage. The final result should be written to the output
out at the end of the second stage. The module should write output out@l
with the result of the first addition at the end of the first stage.

All transactions should have a two cycle latency (i.e., inputs on cycle i
will produce the corresponding sum on cycle i+2). The module should be
able to achieve full throughput, i.e., it should be able to accept new
inputs every cycle and produce a valid output every cycle. Here is an
example execution trace. An X indicates that the output is undefined
because there is no reset signal for the pipeline registers.

cycle | in@ inl in2 out@1 out
_______ L e
% | 60 00 00 XX XX
1 | 61 02 04 00 XX
2 | 2 03 04 03 00
3 | 83 ©4 05 @5 07
4 | 60 00 00 07 09
5 | 60 ©0 00 00 oc
6 | 00 00 00 00 00

Assume all sequential logic is triggered on the positive edge of the
clock.
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PyHDL-Eval Results: ICL for Verilog & PyMTL3

Num Code

ICL Gemma Llama3 Llama3 GPT4
DSL Ex 7B 8B 70B GPT4 Turbo
Verilog 0 14.9% 21.5% 57.5% 60.2% 71.0%
Verilog 1 26.6% 33.0% 56.7% 62.4% 70.1%
Verilog 2 32.2% 34.7% 62.4% 69.3% 72.7%
Verilog 3 32.7% 36.6% 63.2% 69.9% 72.2%
PyMTL3 0 0.0% 0.0% 0.6% 13.2% 2.0%
PyMTL3 1 20.0% 15.7% 27.3% 33.1% 33.2%
PyMTL3 2 23.5% 14.3% 31.9% 43.5% 39.2%
PyMTL3 3 23.9% 15.9% 33.0% 47.0% 43.6%

* Up to three ICL examples

— 8-bit combinational incrementer

— 8-bit registered incrementer

— 8-bit parameterized registered incrementer

 ICL for Verilog
— ICL examples help smaller models more than larger models
— ICL examples also help LLaMAS3 70B and GPT4
— ICL examples do not significantly help GPT4 Turbo

Christopher Batten

Average Pass Rate

Verilog PvMTL3
100%
90%
80%
70%
60%
50%
40%
30%
20%

/AN

Average Pass Rate

10% |
0%

0 1 2 3 0 1 2
Number of ICL Examples

® Code Gemma7B A LLaMA3 8B
GPT4 GPT4 Turbo

LLaMA3 70B

ICL is critical for
Python-embedded DSLs
(even for GPT4 Turbo)!

Al in Computer Engineering - ECE Retreat
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PyHDL-Eval Results: Comparing Embedded DSLs

Num Code

ICL Gemma Llama3 Llama3 GPT4
DSL Ex 7B 8B 70B GPT4 Turbo
Verilog 3 32.7% 36.6% 63.2% 69.9% 72.2%
PyMTL3 3 23.9% 15.9% 33.0% 47.0% 43.6%
PyRTL 3 14.7% 6.9% 24.4% 22.9% 29.8%
MyHDL 3 32.8% 23.1% 53.8% 61.0% 62.0%
Migen 3 22.9% 21.4% 40.2% 46.0% 47.3%
Amaranth 3 22.4% 20.7% 45.2% 49.4% 56.0%

« State-of-the-art GPT4 Turbo does reasonably

well on Verilog specification-to-RTL tasks

» Larger open models (LLaMA3 70B) nearing
larger closed models (GPT4, GPT4 Turbo)

« Smaller code foundation model (Code Gemma

7B) outperforms smaller general foundation

model (LLaMAS3 8B) on Python-embedded DSL

« LLMs have more success on specification-to-

RTL tasks targeting MyHDL vs other Python-

embedded DSLs

Christopher Batten

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

i T lle

Code Gemma 7B LLaMA3 8B LLaMA3 70B GPT4 GPT4 Turbo
B Verilog @ PyMTL PyRTL [ MyHDL Migen [ Amaranth

Ultimately, our findings do not support the original
hypothesis that LLMs would be naturally more
effective targeting Python-embedded DSLs
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PyHDL-Eval Verilog Results

PyHDL-Eval: An LLM Evaluation Framework for
Hardware Design Using Python-Embedded DSLs

Christopher Batten* Nathaniel Pinckney Mingjie Liu
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Abstract

Embedding hardware design frameworks within Python is a promis-
ing technique to improve the productivity of hardware engineers. At
the same time, there is significant interest in using large-language
models (LLMs) to improve key chip design tasks. This paper de-
scribes PyHDL-Eval, a new framework for evaluating LLMs on
specification-to-RTL tasks in the context of Python-embedded domain-
specific languages (DSLs). The framework includes 168 problems,
Verilog reference solutions, Verilog test benches, Python test scripts,
and workflow orchestration scripts. We use the framework to con-
duct a detailed case study comparing five LLMs (CodeGemma 7B,
Llama3 8B/70B, GPT4, and GPT4 Turbo) targeting Verilog and five
Python-embedded DSLs (PyMTL3, PyRTL, MyHDL, Migen, and
Amaranth). Our results demonstrate the promise of in-context learn-
ing when applied to smaller models (e.g., pass rate for CodeGemma 7B
improves from 14.9% to 32.7% on Verilog) and Python-embedded
DSLs (e.g., pass rate for LLama3 70B improves from 0.6% to 33.0% on
PyMTL3). We find LLMs perform better when targeting Verilog as
compared to Python-embedded DSLs (e.g., pass rate for GPT4 Turbo
is 72.2% on Verilog and 29.8-62.0% on the Python-embedded DSLs)
despite using a popular general-purpose host language. PyHDL-
Eval will serve as a useful framework for future research at the
intersection of Python-embedded DSLs and LLMs.

CCS Concepts

« Hardware — Hardware description languages and compila-
tion; « Computing methodologies — Machine learning.
Keywords

hardware description languages, Python-embedded domain-specific

languages, large language models
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1 Introduction
Novel domain-specific languages (DSLs) can improve hardware de-
signer productivity by introducing new execution semantics, type
systems, and/or custom compilation flows [14, 27, 28, 38]. Alter-
natively, embedded DSLs for hardware augment a software host
language with a carefully designed library to provide the illusion
of a new DSL while maintaining all of the features of the host lan-
guage [3-6, 32-34]. Python-embedded DSLs for hardware design
and verification capitalize on Python’s popularity but also its unique
mix of language features (e.g, lightweight syntax, dynamic typing,
reflection, metaprogramming) and ecosystem (e.g., third-party li-
braries, package management) [2, 11-13, 17-19, 23, 38]. Trend #1:
Pyth bedded DSLs are i) ly being used to improve the
productivity of hardware design and verification.

Large-language models (LLMs) can also improve hardware de-

signer productivity by enabling engineers to express their intent as
a natural-language prompt and using an LLM to generate low-level
design or verification code [42]. Early work identified the key chal-
lenges and opportunities in using general-purpose LLMs for chip
design [7, 10]. More recently, there has been work on new LLM
benchmarks and fine-tuned LLMs for Verilog RTL code completion
and specification-to-RTL tasks (e.g., VerilogEval [21], RTLLM [24],
VeriGen [35, 36], RTLCoder [22], RTL-Repo [1]). Agent-based ap-
proaches use this recent work as one step in an automated and
iterative workflow (e.g., RTLFixer [39], AutoChip [37]). LLMs are
also being used more broadly to target other HDLs [40], generate
hardware accelerators [15], generate dynamic test stimulus [41],
generate formal assertions [31], and serve as a general chip-design
Al assistant [20]. Trend #2: LLMs are increasingly being used to im-
prove the productivity of hardware design and verification.

This paper describes PyHDL-Eval’, a framework designed to
enable research at the intersection of these two trends. Section 2
briefly reviews the Python-embedded DSLs that are considered in

!PYHDL-Eval is available at https://github.com/cornell-brg/pyhdl-eval
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on Newer Models
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90B

GPT4

GPT4
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GPT40
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Verilog
Verilog
Verilog
Verilog
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14.9%
26.6%
32.2%
32.7%

21.5%
33.0%
34.7%
36.6%

57.5%
56.7%
62.4%
63.2%

76.1%
82.4%
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60.2%
62.4%
69.3%
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71.0%
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84.7%
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Both open and closed large-language models
are continuing to make impressive progress

because of Al hardware
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2023/2024 Sabbatical Key Takeaways
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Motivation for Taking Course

 Trends in Artificial Intelligence

« 2023/2024 Sabbatical
— Fall 2023: Slice Lab @ UC Berkeley
— Spring 2024: NVIDIA Research @ Santa Clara, CA

Incredibly exciting
time since

hardware systems are
critical to enabling Al
capabilities
and

Al will transform the
way we build
hardware systems

Hardware Artificial
Systems Intelligence
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

"application] Complex Digital ASIC Design
: Algorithm
PL

» Course goal, motivation, structure

> What is the goal of the course?
OS > Why should students want to take this course?
> How is the course structured?

- Compiler |

ISA | P Activity: Evaluation of Integer Multiplier

» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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« Course Goal, Motivation, Structure ° Activity ASIC Design Case Studies

Course Structure
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« Course Goal, Motivation, Structure °

Activity

ASIC Design Case Studies

Part 1: ASIC Design Overview

i i — :
10 1 @ Topic 1
| | .
A 2 i Hardware
_OD Description
T @ Languages
Topic 4 Topic 6 Topic 5
Full-Custom Closing Automated
Design the Design
Methodology Gap Methodologies
E E E {*_{ _ Topic 3
{ ] CMOS Circuits
Topic 2

CMOS Devices

Topic 8
Testing and Verification

e 3
/

Topic 7
Clocking, Power Distribution,
Packaging, and I/O
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« Course Goal, Motivation, Structure °

Activity ASIC Design Case Studies
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« Course Goal, Motivation, Structure °

Activity ASIC Design Case Studies
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« Course Goal, Motivation, Structure °

Activity

ASIC Design Case Studies
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Course Goal, Motivation, Structure o Activity ASIC Design Case Studies

Fixed-Latency Iterative Multiplier Datapath
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Course Goal, Motivation, Structure Activity « ASIC Design Case Studies °

"application] Complex Digital ASIC Design
: Algorithm
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» Course goal, motivation, structure

> What is the goal of the course?
OS > Why should students want to take this course?
> How is the course structured?

- Compiler |

ISA | P Activity: Evaluation of Integer Multiplier

» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips

Circuits

Devices

1
J
Gates ]
)
J
J

: Technology

ECE 6745 Course Overview 25/ 46




Course Goal, Motivation, Structure Activity « ASIC Design Case Studies °

Hardware Xcel for RSA Cryptography (Aidan McNay)

Rats! It's
encrypted
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Figure 1: High-level diagram of data transfer with RSA
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Course Goal, Motivation, Structure

Activity

« ASIC Design Case Studies °

Algorithm Design-Space Exploration

def mod_exp( base, exponent, modulus ):
result = 1
base = base % modulus

while ( exponent > 0 ):

if( ( exponent % 2 )

== ):

def mont_mod_exp( base, exponent, modulus
result = 1
base = base % modulus

# Set up Montgomery multiplier
MontMult = MontMultiplier ( modulus, (

result = ( result x base ) % modulus # Convert into N-residue format
o = A result = MontMult.convert_in( result
exponent = exponen . base = MontMult.convert_in( base )
base = ( base * base ) % modulus

return result

while ( exponent > 0 ):

)

) =

1 << 32 ) )

if( ( exponent % 2 ) == 1 ):
result = MontMult.multiply( result, base )
exponent = exponent >> 1
base = MontMult.multiply( base, base )
# Convert out of N-residue format
result = MontMult.convert_out ( result )

return result

ECE 6745

Course Overview
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Course Goal, Motivation, Structure Activity « ASIC Design Case Studies °

Baseline Software Implementation

unsigned int mont_mod_exp( unsigned int base, unsigned int exponent, unsigned int modulus
{
unsigned int curr_base
unsigned int curr_result

base % modulus;
1;

montmult_t multiplier;
montmult_construct ( &multiplier, ( unsigned long long ) modulus, 0x100000000 );

// Convert into N-residue format
curr_base = montmult_convert_in( &multiplier, curr_base )iz
curr_result montmult_convert_in( &multiplier, curr_result );

// Perform iterative exponentiation

while ( exponent > 0 )

{
if( ( exponent & 1 ) == 1) // LSB is 1
{
curr_result = montmult_multiply( &multiplier, curr_result, curr_base );
}
exponent = exponent >> 1;
curr_base = montmult_multiply( &multiplier, curr_base, curr_base );

// Convert out of N-residue format
curr_result = montmult_convert_out ( &multiplier, curr_result );

return ( unsigned int ) curr_result;

)

ECE 6745

Course Overview
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Course Goal, Motivation, Structure

Activity

« ASIC Design Case Studies °

Baseline Hardware Implementation
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xool_rogstream
msg_addr
v

sel_mux X "

be_target_X
e be_target
— r_gen D -
imm
t 12 ;3
pc_reg D m_ty C_phus, pe e X pe_incr X
I_I mm_D —
A -
opl_sel
nix_D op1_pa.X
ﬂ [
h [15:15] _rdata0_O —LH L
o
. ) - alu
inst_D_reg l('eeg;ée) p1 0 op2_pg X =
r ; ]
inst_D 12420 of_rdatal D
Fm_core
core.

mngr_to_proc_data

Decode (D)

dmem_write
data_reg X

r

data

"
dmemreq_msg_

addr

dmemreq_msg

Execute (X)

ox_resuit_ X ""’;:"‘

xool_rospsiream
msg_data

wo_rosult

sel_mux_M wb_msult

reg W

regfile

_wdata W

dmemresp_msg_data

Memory (M)

(write)

wh_rosult
reg W

stats_en

e
proc_to_mngr_data

Writeback (W)

ECE 6745

Course Overview

29/ 46




Course Goal, Motivation, Structure Activity « ASIC Design Case Studies °

Alternative Naive Design
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Alternative Optimized Design
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ASIC Implementations

E |
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(a) Amoeba plot of our ProcXcelNaive system (b) Amoeba plot of our ProcXcelMont system
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Area vs. Performance Design-Space Exploration

Area vs. Computation Time of RSA Systems for Encryption Area vs. Computation Time of RSA Systems for Decryption
@® ProcNaive @® ProcNaive
¢ ProcMontgomery ¢ ProcMontgomery
ProcXcelNaive ProcXcelNaive
80000 1 ProcXcelMontgomery 80000 + ProcXcelMontgomery
ii\ﬁoooo- ?5\60000-
=3 =3
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L L
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20000 - o 20000 ¢ o
0 T T T T T T T 0 T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 0 1000 2000 3000 4000 5000 6000 7000 8000
Computation Time (cycles) Computation Time (cycles)

» Optimized accelerator improves performance by over 20 x but
Increases area by 4.4 x

» Optimized algorithm for encryption does not improve performance of
software baseline, but does improve performance of hardware
accelerator
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Energy vs. Performance Design-Space Exploration

Energy vs. Computation Time of RSA Systems for Encryption Energy vs. Computation Time of RSA Systems for Decryption
60 -
@® ProcNaive ¢ @® ProcNaive ¢
¢ ProcMontgomery ¢ ProcMontgomery PY
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» Accelerators have higher power because they do more work per cycle,
but they also finish sooner such that the overall energy/task is less
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"application] Complex Digital ASIC Design
: Algorithm
PL

» Course goal, motivation, structure

> What is the goal of the course?
OS > Why should students want to take this course?
> How is the course structured?

- Compiler |

ISA | P Activity: Evaluation of Integer Multiplier

» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips

Circuits

Devices

1
J
Gates ]
)
J
J

: Technology
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BRG Contributions to Various Chip Tapeouts

TSMC 180/65/28/16nm BRGTC3&4 PIPES EIC BRGTC6

2X2.5mm 8x8mm 1X1mm

» RISC-V microcontrollers
» Manycore architectures
» Accelerators
B
=

Mesh on-chip networks
Crossbar interconnects

201 7 201 8 201 9 2020

|
&
)
~
bl
-
Bl
8
l
A
.
)

: = = :E
- - - -
o - - RISC-V Rockel :
; 5;‘;_ H ?wuecm “
= e _ - el

BRGTC1 Celerity BRGTC2 CIFER BRGTC5
IBM 130nm TSMC 16nm TSMC 28nm GF 12nm TSMC 180nm
2X2mm 5x5mm 1x1.25mm 4x4.5mm 2xX2.5mm
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BRG Test Chip 1 (2016)

LVDS
clk out
divided
LVDS
clk out
clk out

diff clk (+)
diff clk (-)

single

ended clk

reset
debug

host2chip Host

chip2host Interface

Memory Arbitration Unit

—

i

SRAM
Bank
(2KB)

SRAM
Bank
(2KB)

i

Tl

SRAM
Bank
(2KB)

SRAM
Bank
(2KB)

Post-Silicon Evaluation Strategy

The testing platform enables running small
test programs on BRGTC1 to compare the
performance and energy of pure-software kernels
versus the HLS-generated sorting accelerator

— === e

Taped-out Layout for BRGTC1

2x2mm 1.3M transistors in IBM 130nm
RISC processor, 16KB SRAM
HLS-generated accelerators
Static Timing Analysis Freq. @ 246 MHz
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Celerity w/ UCSD, UW, Michigan (2017)

» 5x5mmin TSMC 16 nm FFC

» 385 million transistors
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>

vvvyvyyvyy

1 BNN accelerator

1 synthesizable PLL
1 synthesizable LDO Vreg
3 clock domains —_— 1
672-pin flip chip BGA package
O-

Target Workload: High-Performance Embedded Computing

10-core low-voltage array EEE R e |

‘ “‘. ‘1‘\7 ]
Tl - Il

| =t St o

1 5 RISC-V Rocket

months from PDK access to gl Lmlly RV64G Cores

tape-out

ECE 6745

Course Overview 38 /46




Course Goal, Motivation, Structure Activity « ASIC Design Case Studies °

BRG Test Chip 2 (2018)
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_ Taped-out Layout for BRGTC2
Block Dlagram 2x2mm, 1.2M-trans, IBM 130nm
4xRV32IMAF cores with “smart Static Timing Analysis Freq. @ 500MHz

sharing L1$/LLFU,
synthesizable PLL
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CIFER w/ Princeton (2020)
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BRG Test Chip 3/4 (2020/2021)
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ECE 5745 Alumni
Tape-Out!

« 2x2.5mm, TSMC 180nm

« SPI minion interface

* Open-source FPU

» Synthesizable digital
clock generator

- BRGTC3 had hold time
issue in the SPI minion -SSR SN \

L L
« BRGTC4 fully functional : — R w— — — L —
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BRG Test Chip #5 (2022)
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BRG Test Chip #5 (2022)
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Course Goal, Motivation, Structure

BRG Test Chip #5 (2022)

Simulated and Measured Energy per Instruction at 66 MHz and 3.3 V Core Voltage
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PIPES EIC w/ Columbia (2023)
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Fig. 1. Approaches to Tightly Integrated Optical Interconnects
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Fig. 2. Hybrid 2.5D/3D Packaged System
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: Application

N
J

: Algorithm

PL

OS

- Compiler |

ISA

Gates

Circuits

Devices

: Technology

1
J
J
)
J
J

Take-Away Points

» ASIC design is process of quantitatively exploring
the area, cycle time, execution time, and energy
trade-offs of general-purpose and
application-specific designs using automated
standard-cell CAD tools and then to transform the
most promising design to layout ready for fabrication

» Incredibly exciting time since hardware systems are
critical to enabling Al capabilities, and Al will
transform the way we build hardware systems

» Course provides an excellent foundation for
students interested in pursuing a industry career in
ASIC development or research in accelerator-
centric system design
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