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Complex Digital ASIC Design

» Course goal, structure, motivation

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

» Activity: Evaluation of Integer Multiplier
» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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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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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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What is Computer Architecture?

Application )
Algorithm | | Application Requirements
* Provide motivation for building system

o | Programming Language _ _ _
% [ Operating System « SW/HW interface expressive yet productive
%’ Compiler
:Ei Instruction Set Architecture Computer architects provides feedback to guide
= Microarchitecture application and technology research directions
‘g_ Register-Transfer Level
g [ Gate Level <
O 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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Key Metrics in Computer Architecture

4 . P> Primary Metrics
_ ‘Networ!< T > Execution time (cycles/task)
> Energy (Joules/task)
1S 1$ 1$ 1$ > Cycle time (ns/cycle)
> Area (Um?)

» Secondary Metrics

> Performance (ns/task)
_ ! - > Average power (Watts)
Network > Peak power (Watts)
~ g > Cost ($)
> Design complexity
D$ | | DS | | D | | DS > Reliability
> Flexibility
f Network \‘—_' Discuss qualitative first-order analysis
~ g from ECE 4750 on board

ECE 5745 Course Overview 6/58




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

Unanswered Questions from ECE 4750

4 . » How can we quantitatively evaluate
N NGBS J area, cycle time, and energy?

» How do we actually implement
processors, memories, and
networks in a real chip?

I$ | Accelerated 1$
Instructions

» 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

> Specialized instructions and
Network — functional units
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ASIC: Application-Specific Integrated Circuit
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ASIC: Application-Specific Integrated Circuit
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Goal for ECE 5745 is to answer these gquestions!

4 . » How can we quantitatively evaluate
N NGBS J area, cycle time, and energy?
» How do we actually implement
I$ | Accelerated 1$ y mp
Instructions processors, memories, and

networks in a real chip?

» 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

> Specialized instructions and
Network — functional units
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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 5745)
> 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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Standard-Cell Design Methodology
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Standard-Cell Design Methodology

Design in HDL Standard Cells
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Example Standard-Cell Chip Plot

Control Processor 8.1%
Vector Register File 56.9%

Vector -; Vector Integer ALUs  9.7%

Reg'Ster ; Vector FPUs 9.4%

Vector Memory Units 7.6%
Other 8.3%
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What is Complex Digital ASIC Design?

Application : Complex digital ASIC design is
Algorithm the process of
I NI EEUETE quantitatively exploring the
Operaiing System area, cycle time, execution time, and
Complel 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, structure, motivation

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

» Activity: Evaluation of Integer Multiplier
» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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Example Application Domain: Image Recognition

ECE 5745 Course Overview 18 /58




- Course Goal, Structure, Motivation

Activity

ASIC Design Case Studies

Machine Learning: Training vs. Inference
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ImageNet Large-Scale Visual Recognition Challenge
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~100%

%)
2
al
Q

c) -
S
%)
>
o
Human =

14% 7% Error Rate e

L

3.6% 3% 2 3%

10 11 12 13 14 15 16 17

RTRANRT RN

AVe/ AVe/) AVe/ AVe/) \/
S N N N N

.‘3'1’3:“‘01’;'i.‘o;';u‘.‘o;’m‘.“Ié‘
LRI LRI LR LR ALER

DA DARKS DARS DARKS QS
//:5\\'//:5\\'//:5\\'//:5\\’4'}\:

NN

Software: Deep Neural Network

ECE 5745

Course Overview 20 /58




- Course Goal, Structure, Motivation Activity

ASIC Design Case Studies

Accelerators for Machine Learning in the Cloud

NVIDIA DGX Hopper

» Graphics processor
specialized just for
accelerating machine
learning

> Available as part of a
complete system with
both the software and

Google TPU v4

» Custom chip specifically

designed to accelerate
Google’s TensorFlow

Microsoft Catapulit

» (Custom FPGA board for

accelerating Bing
search and machine
learning

Accelerators developed
with/by app developers

hardware designed by C++ library Tightly integrated into
Google’s data centers and cloud computing
platforms
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Accelerators for Machine Learning at the Edge

Amazon Echo Facebook Oculus
» Developing Al chips so » Starting to design custom
Echo line can do more chips for Oculus VR
on-board processing headsets ‘ e
» Reduces need for > Significant performance L e
round-trip to cloud demands under strict

> Co-design the algorithms power requirements

and the underlying
hardware
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Top-five software companies are
all building custom accelerators

» Facebook: w/ Intel, in-house Al chips
» Amazon: Echo, Oculus, networking chips
» Microsoft: Hiring for Al chips

» Google: TPU, Pixel, convergence

» Apple: SoCs for phones and laptops

Chip startup ecosystem for
machine learning accelerators
is thriving!

VAR ~YVC V' V. V V V. V V- VN N\

Graphcore
Nervana
Cerebras

Wave Computing
Horizon Robotics
Cambricon
DeePhi
Esperanto
SambaNova
Eyeriss
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ThinkForce

Groq

Lightmatter
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The field of complex digital ASIC design
IS experiencing a disruptive
sea change and has a critical choice:

1. A technological fallow period
2. A golden age of ASIC design

This course will help you appreciate and possibly
contribute to this golden age!
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Course Motivation: Comp Arch Research Perspective
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Cross-Layer Interaction is Critical

Application

Algorithm

Programming Language

Operating System

Compiler

Instruction Set Architecture

Microarchitecture

Register-Transfer Level

Gate Level

Circuits

Devices

Technology

Architecture-level researchers
need to quantitatively
understand area, cycle time,
and energy trade-offs to create
new architectures for the
accelerator era

Cross-layer interaction
can generate some
of the most exciting

research ideas!
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Course Motivation: Circuits Research Perspective

D-

Spe—
Y il',,, " ,hl;.

N5 ¥ o et Illllll;:. .

. B l'I'.‘_.

Lt T s |
; G

il

N : |j N M:‘ 20 Billion transistors
clk bias

-
=

Apple M2 System-on-Chip (2022)

ECE 5745

Course Overview

27 /58




« Course Goal, Structure, Motivation -

Activity ASIC Design Case Studies

Cross-Layer Interaction is Critical

Application

Algorithm

Programming Language

Operating System

Compiler

Instruction Set Architecture

Microarchitecture

Register-Transfer Level

Gate Level

Circuits

Devices

Technology

Circuit-level researchers
need to appreciate the
system-level context for
their circuits

Cross-layer interaction
can generate some
of the most exciting

research ideas!
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» Course goal, structure, motivation

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

» Activity: Evaluation of Integer Multiplier
» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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Course Structure

. Prereq Part 2
o el Q\ Computer  Digital CMOS
\ v p Architecture Circuits
-
Part 1 @ @

ASIC Design
Overview @ @ ,

NN

Part 3
CAD Algorithms
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Part 1: ASIC Design Overview

b ||>: | 11 @@ Topic 1
A AO}_ Hardware
W Description
% T @ @ Languages

Topic 4 Topic 6 Topic 5 ]
Full-Custom | Closing Automated ~ Topic8
Design the Design Testing and Verification

Methodology Gap Methodologies

VDD VDD - /
g gl ~ . <
HEHE {{_{ ] Topic 3 -
N s I = . CMOS Circuits
i [l | =
oND oND Topic 7
Topic 2 Clocking, Power Distribution,

CMOS Devices Packaging, and I/O
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Part 2: Digital CMOS Circuits

------------------------------------------------------------------------------
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Part 3: CAD Algorithms

Topic 12 Topic 13
Synthesis Algorithms Physical Design Automation

—— @ Placement
z @D ERENNEInEE
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RTL to Logic [ ] ] |
@ Synthesis HEmE Hﬁ 1
Global
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Technology I I Y B
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Synthesis . R I j
<= ab MBS U NULNLLE
y=Db'c'+ac Technology @ Detai!ed
@ Dependent Routing
Synthesis 1N
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Five-Week Design Project
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Complex Digital ASIC Design

» Course goal, structure, motivation

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

> Activity: Evaluation of Integer Multiplier
» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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» Course goal, structure, motivation

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

» Activity: Evaluation of Integer Multiplier
» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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Vector-SIMD Processors
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Quantitative Area Evaluation

Control Processor 8.1%
Vector Register File 56.9%

Vector ,_ : : Vector Integer ALUs  9.7%

Reg'Ster 1 ' Vector FPUs 9.4%

Vector Memory Units 7.6%
Other 8.3%
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Quantitative Area Evaluation

1751 control logic
s 1.50 — register fi
s - register file
< 1.25 F memory units
§ 1.00 o floatlng point functional units
'c—;u 0.75 s integer functional units
5 0.50 \ control processor
< 0.95 instruction cache
o.oo —— data cache
SUgT =28 =9
OTTB 5 C g
SEEE 89 2§
) ofd  wfd ﬂ- — . . .
TS0 - § — Single-core multi-lane design

reduces area by 15%

Quad-Core Vector-
w/ Vertical SIMD
Multithreading (8 elm/lane)

Multi-core single-lane design
Increases area by 20%
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Quantitative Performance and Energy Evaluation

Multithreaded Multicore

? ‘6 , (increasing number of oa
= : threads per core) 32 control logic
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threads due to increased cycle time and
thread management overhead on Quad-Core Vector-
fine-grain loops w/ Vertical SIMD
Multithreading (4 core w/ 1 lane)
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» Course goal, structure, motivation

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

» Activity: Evaluation of Integer Multiplier
» ASIC Design Case Studies

> Example design-space exploration
> Example real ASIC chips
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Simple RISC Processor ASIC
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Course Goal, Structure, Motivation

Simple RISC Processor ASIC

» RISC processor w/ 8 KB SRAM
» TSMC 0.18 um process

» 1.7 x2.1mm

» 610K Transistors
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Scale Vector-Thread Processor ASIC
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Scale Vector-Thread Processor ASIC

TSMC 0.18um « 7.14 Million Transistors * 16.6 mm? Core Area
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Scale Energy vs. Performance Results
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Batten Research Group Test Chips

TSMC 180nm, 28nm, 16nm, Skywater 130nm Chip Tapeouts In Prep or Being Tested
GF 130nm, 12nm; Intel 22FFL / CIFER HammerBlade BRGTC5 OC-FPGA °
2015 2006 2017 2018 2019 2020 l 2021 2022 l lzozs
DDD:IE:DDDD o \
0 .~ LVDSClock Receiver B — s T —
%r y»l ik | é , 5 ¥
=
0 |u
=t -
§ - T :! 'H asnn; =
et | Leeeemeel| | EET
DCS BRGTC1 Celerlty BRGTC2 BRGTC4
TSMC 65nm TBM 130nm TSMC 16nm TSMC 28nm TSMC 180nm
1x2.2mm 2x2mm 5x5mm 1x1.25mm 2x2.5mm
» Simple RISC-V cores » Mesh on-chip networks
» Coarse-grain reconfigurable arrays » Crossbar interconnects

» Clustered manycore architectures
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Course Goal, Structure, Motivation

Activity « ASIC Design Case Studies °

BRG Test Chip 1 (2016)

-— © —— ——
23 £83 3
>x >3>x X
10 1o ©
diff clk (+) clk
diff clk (=) | div
single
ended clk cIkYree

host2chip Host

reset
debug

chip2host Interface

Memory Arbitration Unit

11

i

Tl

SRAM| | SRAM
Bank Bank
(2KB) (2KB)

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

e W

Taped-out Layout for BRGTC1

2x2mm 1.3M transistors in IBM 130nm
RISC processor, 16KB SRAM
HLS-generated accelerators

versus the HLS-generated sorting accelerator Static Timing Analysis Freq. @ 246 MHz
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Celerity System-on-Chip Overview (2017)

» 5x5mmin TSMC 16 nm FFC i

385 million transistors

511 RISC-V cores

> 5 Linux-capable Rocket cores
> 496-core tiled manycore

vy

>

vVvvyyvyyvyy

1 BNN accelerator

1 synthesizable PLL

1 synthesizable LDO Vreg
3 clock domains

O-

Target Workload: High-Performance Embedded Computing

10-core low-voltage array

months from PDK access to

672_p|n ﬂlp Chlp BGA paCkage Ty -1 5 RISC-V Rocket

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

BRG Test Chip 2 (2018)

L1 Instruction $ % =
9 (32KB)
._g ¢ ] Ee—
E Instruction Memory Arbiter -l |
% i i i i =l
(@)
I P|
4|
I\ ]S al
4| T8 % fi f3
% Data | Memory | Arbiter
o v A v 1% ¥ “';-
S | | LLFU Arbiter =
W — "
€ || Int Mul/Div L1 Data $
%) FPU (32KB)
_ 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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Course Goal, Structure, Motivation

Activity « ASIC Design Case Studies

BRG Test Chip 3/4 (2020/2021)

ECE 5745 Alumni
Tape-Out!

« 2x2.5mm, TSMC 180nm

« SPI minion interface

* Open-source FPU

« Synthesizable digital
clock generator

+ BRGTCS had hold time
issue in the SPI minion

« BRGTC4 fully functional

=
(1 l\\\\\\\%

r—
a
%/]J.h
NN ENNNENENNN TN,

AL el sl el e

i ‘
Qmmmnp HHHH

g =
_———o ]
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Course Goal, Structure, Motivation Activity « ASIC Design Case Studies °

ECE 5745 Teaching Tapeout (2022)

» First teaching tapeout in 10 years

> SkyWater 130nm through efabless

> Taped out using completely
open-source EDA tools!

» Four student projects

> CRC32 checksum unit
implemented using C++ HLS

> Latency insensitive synthesizable
memory implemented in PyMTL3

> 2x2 systolic array multiplier
implemented in SystemVerilog

> Greatest common divisor unit
implemented in SystemVerilog

> Each unit included dedicated SPI
interface
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BRG Test Chip #5 (2022)

HEE R

H
£
£
X
-
=
£
=
5

AARARRRAERED

4
ARRRRABRERER

RISC-V RV32IM core with 32-KB of SRAM
SPI minion for config; SPI master and GP 1/O for peripherals
2x2.5mm, TSMC 180nm
100% done using PyMTL3 by ECE 5745 Alumni

ECE 5745 Course Overview 55/58




Course Goal, Structure, Motivation

Activity

« ASIC Design Case Studies °

BRG Test Chip #5 (2022)

Adapter Parity

Minion Parity

CLK QUT 1 |
CLK

Resat
SCLK = gp
MISO = Kinion
MO S| =— e

C§ —

Minion
Adapter

]

Master Mode
Mngr2Proc Queus
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| Erocessor 5o |
| Processor Go

[ Read Stats -
Outputs
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1

(——[PracZMﬁgl Queue '(—:——
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Instruction * - 4
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Looparound Select

To Chip
From Chip ——

Proc/Mem lfe ——»
Enable Signals = = = 9
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TapeOut9TV2

L}
Cycle Counter «- -

L
o

RISC-V Care

Packet
Dizassembler

r s

Packet
Assembler

Packst
Disassembler

h

Fackst
Assembler

Penpherals:
GPICY
SPI Master

-> Instruction Memory Scratchpad

1 /|
Loaamace o= o = = o D0 ErEPEL

>

Data Memaory Scratchpad
SRAM and VallRdy Wrapper
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Course Goal, Structure, Motivation

Activity « ASIC Design Case Studies

BRG Test Chip #5 (2022)

SPI Master

SPI Minion and
Adapter

Processor

Processor

Simulated and Measured Energy per Instruction at 66 MHz and 3.3 V Core Voltage

W Measured W ctrl W idiv. W imul W ALU RF M dmem M imem

20 20

Energy per Instruction (nJ)
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: Application

~ Algorithm |

PL

OS

- Compiler |

ISA

[
[
[
{
[
[

Technology

Take-Away Points

» Complex digital ASIC design is the 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

» Course provides an excellent foundation for
students interested in pursuing a career in in
industry development of ASICs or can provide
useful experience with cross-layer interaction for
students interested in pursuing research in
computer architecture or circuits
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