Unit 1: Intro. to Electronic Design Automation

e Today’s contents:
— Introduction to VLSI design flow/methodologies & styles
— Introduction to VLSI design automation tools
— Semiconductor technology roadmap
— CMOS technology
¢ Readings
— Chapters 1-2
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Milestones for IC Industry

e 1947: Bardeen, Brattain & Shockly invented the
transistor, foundation of the IC industry.

e 1952: SONY introduced the first transistor-based radio.
e 1958: Kilby invented integrated circuits (ICs).

e 1965: Moore’s law.

¢ 1968: Noyce and Moore founded Intel.

e 1970: Intel introduced 1 K DRAM.
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In 1956 John Bardeen, William
Shockley and Walter Brattain shared
the Nobel Prize in Physics for their

First IC by Noyce

discovery of the transistor.
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Milestones for IC Industry

e 1971: Intel announced 4-bit 4004 microprocessors (2250
transistors).

e 1976/81: Apple 1I/IBM PC.
e 1985: Intel began focusing on microprocessor products.
e 1987. TSMC was founded (fabless IC design).

e 1991: ARM introduced its first embeddable RISC IP core
(chipless IC design).

fleft. iop-
Grove is now presi Corp.

~ Intel founders
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Apple A12 - iPhone Xs (2018)

* 7nm TSMC FinFet

* 9.89 x 8.42 =83.27 mm2 _7 7
« 6.9 Billion transistors | [rmoRiee 7, i
- 4 GPU cores (~18%): 9 Blocks "

* 6 CPU cores (~14%): 13 Blocks
» 4 “Tempest’ Low Power CPU cores

« 2 Vortex’ High Performance CPU
cores

L2 & L3 caches

Sys em Cache':'} :
4¢Slices |~
* 8 NPU/TPU cores (~7%) 4 Blocks : {' L
- DDR (~3%) 1 block : o oEE ;
« Misc (~57%): 50 Unique Blocks &= B i g
: AEAm S5 O e
Tacn
£ ; A5 o e O | ePuL I cru2
* Total: ~75 unique blocks : Bl B T

* Q: did Apple design all its IPs?
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Questions Are Design flow / methodology

From previous picture

* How was the whole chip partitioned? Verification at the functional level?
 Shall emulation be used to verify the functionalities?

* Which technology node(s) should we use? Pros & Cons?
* Shall we go with the new node? Or current one? Was foundry ready?

* How was the floorplan decided?
 Looks like HP(CPU1), HP(CPU2) were mirrored? How many floorplans shall we try?

* Any routing channels? If not, were blocks abutted? How to do pin assignment for
each block? Can wiring route cross the blocks?

 How were DRC, LVS, RC extraction done? Whole chip? Or at block level?
* How to resolve density issue popping up when blocks are grouped together?

* How was the entire chip verified? Using STA (static timing analysis)?
* If fixes were needed, how to handle the ECO changes? Re-route? Re-place? ...

* How was the chip tested?
* Shall we consider heating, aging, ...?



Moore’s Law:
The Number of Transistors Doubles Every 2 Years
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Data source: Wikipedia (wikipedia.org/wiki/Transistor_count)
OurWorldinData.org Research and data to make progress against the world's largest problems. Lice | under CC-BY by the authors Hannah Ritchie and Max Roser.

TSMC CEO Mark Liu says the rise of 5G, A.l.,, and the Internet of Things
is paving the way for “a golden era for the semiconductor industry.”

March 28, 2022 Stanford EE292A Lecture
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Milestones for IC Industry (Cont’d)

1996: Samsung introduced |G DRAM.

1998: IBM announces1GHz experimental microprocessor.
1999/earlier: System-on-Chip (SOC) methodology applications.

An Intel P4 processor contains 42 million transistors (1 billion by 2005)

In 2021, Apple/TSMC produced 15 billion transistors in a chip

Apple's A15 Bionic chip powers iPhone 13 with
15 billion transistors, new graphics and Al (@5nm)

Semiconductor/IC: very critical
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4GB DRAM (2001) Pentum 4 “Scanner-on-chip

Blue tooth
technology

buffering, and p:
load up with components in much the same way as boards load up
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Apple M2 (on TSMC 5nm)

Upto

ih-performance Tall
= : ) G ‘~—%-O /O Upto
; ":«"\B nedia engine R
' \fg Faster Neural Engine 1 5 8 t I I
. rmion
LPDDRS memory operations per second

16-core Neural Engine
Second-generation
5 nm technology

St Upto
: 8-core 10-core
| ProRes | - CPU GPU
6K external
encode and decode display support

18% 35%

Over Faster CPU Faster GPU

20 bi"ion Industry-leading 50% 1OOG BIS

performance per watt More memory
transistors bandwidth Memory bandwidth
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Course Ordering Of The Major Topics

¢ Digital design flow

¢ Basic logic synthesis, technology mapping
e CMOS logic gates and Boolean equations
¢ Algorithms and complexity

¢ Synthesis, technology mapping

e Compaction

¢ Partitioning

¢ Floorplanning

¢ Placement

e Routing

CSR @ Tsing Hua



|IC Design Flow — Silicon Compiler

N System Specification
module test Architectural Design
input in[3]; 0
l Floorplanning
endmodule R K .
9 Functional&Logic Design
Q i > I Placement
e} ) o> : :
L - Logic Synthesis !
e ! Clock Tree Synthesis
T Physical Design !
DRC v Signal Routing
e Mask Synthesis ‘
— & Verification Timing Closure
{ | ¥
! " s
/ Fabrication DFM Closure
ﬁ Packaging and Testing 56
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Typical VLSI Design Cycle

Systemn Specification
functional = System level
simularion specification ;
Function/farchitecture
— = Design |
. lo 1'3_ behaviorial -
simulation representation Z=a+bc+de
8
¥ b _
Logic Synthesis ¢ 7 LOQIC level
d
e
cirenit structural Voo
analysis representation
b b-c
At é
Y
Circuit Design ¢ p-¢
——7 - .
- - Building block
extrac_tion _ o a ;4 ¥ a 4
& verification representation c €
VSS
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Traditional VLSI Design Flow (Cont'd)

—

extraction & structutal [ ; |
verification | representation -

Physical Synthesis !D B

physical | ‘ _ B

representation

Physical
layout level
¥
Fabrication
Manufacturing
¥
Packaging
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Major Components In SoC Design Flows

e On the digital SoC (system on a chip)

System level design: simulation
(behavioral, function level)

with constraints (may need gate level
simulation, or formal verification)

Layout: floorplan, place-and-route,
timing optimization

» Formal verification to confirm the logic
changes in layout

Verification:
= R/C parasitic extraction with corners
= Static timing analysis
« layout verification (DRC, LVS, PERC, ...

Power network analysis and IR-drop
with electro-migration

ECO changes

CSR @ Tsing Hua

Gajski and Kuhn's Y Chart

Logic synthesis; then, physical synthesis i

Architectural

Structural

Physical Partitions

Physical/Geometry



Three Design Views

module add4 (s, c4, ci, a, b);
input [3:0] a, b;
input ci;
output [3:0] s;
output c4,

. wire [2:0] co;

Behavior add 10 (co[0], s[0], a[0], b[0], ci);
add f1 (co[1], s[1], a[1], b[1], co[o]);
add 12 (co[2], 5[2], a[2], b[2], co[1]);
add 13 (c4, s[3], a[3], b[3], co[2]);

endmodule

b[3] al3]  b[2] a[2]  b[1] a[l]  B[O] a[O]

S OV S SR I B B

C
Structural «——| add fe— add |«— add |e— add |e—-ci

oo

s[3] s[2] S[1] s[0]
(400, 400) (100, 100)
Physical | B3] 2 [[] f1 ] fo [
—1 —1 —1  — | (0, D)
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Design Issues and Tools

e System-level design
— Partitioning into hardware and software, co-design, co-simulation, etc.
— Cost estimation, design-space exploration

e Algorithmic-level design
— Behavioral descriptions (e.g. in Verilog, VHDL)
— High-level simulation, waveform viewing
¢ From algorithms to hardware modules
— High-level (or architectural) synthesis
® | ogic design:
— Schematic entry
— Regqister-transfer level and logic synthesis
— Gate-level simulation (functionality, power, etc) & waveform viewing
— Timing analysis
— Formal verification
¢ Testing

CSR @ Tsing Hua



Design Metrics

Design metrics: (PPA) speed, power dissipation, area;
noise/crosstalk, design time, testability, etc.

Design evolution: interconnect (not gate) delay dominates circuit performance in
deep submicron era.

— Interconnects are determined in physical design
— Need considering interconnections in early design stages
— Often post-layout simulation results are different from those in pre-layout

e Other tasks, such as testing, formal verification, ..., are not covered here

CSR @ Tsing Hua
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EDA plays a
critical role in
digital SoC!




https://semiengineering.com/the-next-incarnation-of-eda/
The Next Incarnation Of EDA (Aug. 2022)

EDA solutions must scale with design complexity

B ‘_w..

"A//.%f//// s

SUUfoe Semicentstior Emditein

Phy. Verification signoffs ~3d+
Extraction ~ 2d+
STA signoffs ~ 1week+

Power signoffs ~ 1 week+

* EDA solutions need to ramp for hierarchical, split signoffs with optimal storage & server needs

Fig. 1: Design complexity and EDA. Source: Broadcom

CSR @ Tsing Hua 18


https://semiengineering.com/the-next-incarnation-of-eda/

DDR Logic

rerar

GPU Core

Floor Plan.By )

March 28, 2022

'DDR Logic DDR Logic +'DDR Logic

State-of-the-Art Chlps

v NEXTPLATFORM

HOME COMPUTE STORE CONNECT CONTROL CODE Al HPC ENTERPF

——

LR I I T S R R Ry

LATEST >  Deep Dive Into AMD’s “Milan” Epyc 7003 Architecture » COMPUTE

gle Says The SOC Is The New Motherboard

GOOGLE SAYS THE SOC IS THE NEW MOTHERBOARD

System Caché ..
4x Slices
Big Cores

CPU Complex
| L2 4x Banks

Small L2

L(z B ank For two decades now, Google has demonstrated perhaps more than any other company that
the datacenter is the new computer, what the search engine giant called a “warehouse-scale
machine” way back in 2009 with a paper written by Urs Holzle, who was and still is senior vice g
president for Technical Infrastructure at Google, and Luiz André Barroso, who is vice
president of engineering for the core products at Google and who was a researcher at Digital
Equipment and Compagq before that.

Stanford EE292A Lecture
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Major Components In Custom Design Flows (2)

e On the custom/analog design: Same for Manufacturing

— Design specification (schematic, AMS Verilog, ...): ) Opt|FaI Prox'm'ty. Corre;tmn (OPC)
. _ _ _ _ = Lithography simulation to get
= Netlisting output, simulation (spice, co-sim) hot spots (using CPU farms)
— Layout: = Add extra shapes to mask
« placement with matching (constraint based),
= Special routing, in-design analysis
— Layout verification: DRC, LVS, and RC extraction
— Post-layout simulation (with huge RC data)
— Power network analysis and IR-drop, Electro-migration
— ECO fixes (schematic, sim, layout, verification)

N

Many software development talents are needed;
PDK development also needs talents.

CSR @ Tsing Hua



Wafer & Chip

Figure 113
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|IC Design & Manufacturing Process

LIRRTAs
LR i
Industeial Tech Jl & Inwtl

Electronica Research & Service Organivation
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Industry-leading Advanced Technology Portfolio

/"‘-llllll'> N2

Nanosheet

FinFET h £ &
/ N3~  N3E° N3P  N3X

ﬁ,{r«.sy NP, N4P. NAX.
N7 N6 N6RF

2018 2019 2020 2021 2022 2023 2024 2025

&

Planar FInFET Gate-All-Around

Fig. 1: Planar transistors vs. finFETs vs. gate-all-around

Source: Lam Research

CSR @ Tsing Hua
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LR 2ZS K DI T HRSE  CFETZRISIEEGAA Intel Evolution of Transistor Innovation — SemiWiki
TR/ REINE 2022-6-22 Worthwhile to read it

EVOLUTION OF A CMOS DEVICE ARCHITECTURE

N3 node N2 Node N1 Node
PP:44-48, MP: 21-24 PP:40-44, MP: 16-21 - MP: 12-16

Nanosheet Forksheet

Ryckaert et al IEDM 2019

Forksheet (42PP), 5

| WV N/P Separation - W Area Scaling |

TH 3.1

2020 Symposia on VLS| Technology and Circuits



https://semiwiki.com/semiconductor-manufacturers/intel/308690-intel-evolution-of-transistor-innovation/

| CFET Density Scaling

Density scaling ~ 1.5-2X
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A fully*assembled EUV system weighs approximately 100.000 kilograms & each unit has a starting price of $119M

March 28, 2022
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IC Manufacturing: Transport of an EUV System

| B 'M PR
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nd we'need S|X‘a|rplanes
V st
because;.the Machine is’so heavy

March 28, 2022 Stanford EE292A Lecture
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The Center of Gravity Matters!

March 28, 2022 Stanford EE292A Lecture
1

CSR @ Tsing Hua



Summary So Far

e EDA tools have many software components = need lots of
software talents

e Such expertise can be applied, expanded to other areas

e Multidisciplinary study is very common

¢ Artificial intelligence/Machine learning is a big trend
— But so far not every problem can be improved by ML approaches
— ML-inside and ML-outside

CSR @ Tsing Hua



Before We Close

¢ |[ndustry trends
¢ |Introduction of chip design flows & methodologies
¢ Briefly mention the major steps in digital and custom designs

CSR @ Tsing Hua
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Design Actions — After Specifications

e Synthesis: increasing information about the design by providing
more detail (e.g., logic synthesis, physical synthesis)

e Analysis: collecting information on the quality of the design (e.g.,
timing analysis)

e \erification: checking whether a synthesis step has left the
specification intact (e.g., layout verification)

e Optimization: increasing the guality of designs by rearrangements
In a given description (e.qg., logic optimizer, timing optimizer)

e Design Management: storage of design data, cooperation
between tools, design flow, etc. (e.g., database).

Unit 1
CSR @ Tsing Hua
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HDL Synthesis

HDL Synthesis = Domain Translation + Optimization

Domain Optimization Logic gates

Variable (A,B,C,D,Y) are translation (area, timing, power...) ¢ have
assigned to registers various sizes

B / for strengths
--VHDL [\ erilog
If (A="1’) then if (A==1)

g S I oL Pt
elsei ='1") then else if (B==
e e Il 5
endif f RTL o .
Behavioral|[domain ~ synthesis ﬂ,ﬁ :Ey)
MUX is needed Structural domain

Adapted from Prof. Ric Huang's slides



Technology Mapping Problem

process
begin
wait until rising edge (CLOCK) ;
if (SRS5T='0') then
DOUT1 <= *‘0f;
else
DOUT1 <= DIN1 nand DINZ;
end if;
DOUTZ <= SRST and (DIN1 nand DINZ);
end process;
./’—————_—\\
- \Ingic synthesis I‘
prnens, /
pINt **% ST
pinz % P Y —DOUTH
AR FDA N
SRS T ‘- g > DIN1
Sm——_—— DIN2 ™
DIN1 _}_\
DIN2 ™ / poutz SRST
—
SRST
technology mapping
Unit 1

CSR @ Tsing Hua

Technology Mapping Problem

DOUTA
FD1

pouT2
FD1

CLOCK

Need to find equ. cells from library
35



What If We Modify Verilog Statement(s)

process
begin

end process;

wait until rising edge (CLOCK) ;
if (SRST= 1" ) then

DOUT1 <= ‘0’; How to map statements to

else combinational logic?

DOUT1 <= DIN1 nand DIN2;
end if;
DOUT2 <= SRST and (DIN1 nand DIN2):;

Often we use mux to
model if-else

FLLLLEN
ved ‘s ssnsn i

» r ", ‘0’ — - R
DIH1 --i ::-:— ',— —— 'E o-‘- _ _: I
DIHE HIIII-'* r- == [ i _..‘: _':-'.."; [ |
I ! L] DIH.1 & -tl‘_ I—I I
.e gt I
P oiNz %, e
s . | |
| a po— =
I :l':lllll..ln".II SRST ml - ; ’ ...I
SRST lllllllll bll" = = —- Ty

No simplification
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SAED_EDK32/28_CORE - SAED 32/28nm Digital Standard Cell Library

SYNOPSYS

5. Digital Standard Cells’ descriptions
Inverters: INVXO0, INVX1, INVX2, INVX4, INVX8, INVX16, INVX32

Figure 5.1. Logic Symbol of Inverter

Table 5.1. INV Truth Table
0 1
1 0

Table 5.2. Inverter Electrical Parameters and Areas

Operating Conditions: VDD=1.05 V DC, Temp=25 Deq.C,
Operating Frequency: Freq=500 MHz,
Capacitive Standard Load: Csl=4 fF

Power

Leakage
Cload

Prop Delay (Avg) | ypp=1.05 v DC, Dynamic
Temp=25 Dec.C)

ps nW

INVX0 0.5 x Csl

nW/MHz

1.27072

INVX1 1 x Csl

1.27072

INVX2 2 x Csl

1.524864

INVX4 4 x Csl

2.033152

INVX8 8 x Csl

3.049728

INVX16 16 x Csl

5.08288

INVX32 32 x Csl

9.149184




Design Issues and Tools (Cont’d)

¢ Transistor-level design (for logic function)
— Switch-level simulation
— Circuit simulation
e Physical (layout) design:
— Partitioning
— Floorplanning and Placement
— Routing
— Layout editing and compaction
— Design-rule checking
— Layout extraction

e Design management
— Data bases, frameworks, etc.

e Silicon compilation: from algorithm to mask patterns

— The idea is approached more and more, but still far away from a
single push-button operations

CSR @ Tsing Hua
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Circuit Simulation of a CMOS Inverter (0.6 um)

M1 3 2 0 C nch W=1.2u L=0.6u AS=2.16p PS=4.8u AD=2.16p PFD=4.8n
M2 32 1 1 pch W=1.8u L=0.6u AS=3.24p PS=5.4u AD=3.24p PD=b.4n
CL 3 C O.2pF

VDD 1 © 3.3

VIN 2 ¢ DC © PULSE (C 3.3 Cns 100ps 100ps 2.4ns Ens)

.LIB ’../mod 06’ typical

.0PTION NOMOD POST INGOLD=2 NUMDGT=6 BRIEF
.DC VIN oV 3.3V 0.001V
.PRINT DC V¥(3)

.TRAN 0.0O0iN 5N s this circuit
.PRINT TRAN V{(2) V(3) - P
BN design good:
VDD 35 T

RN

HEE

Vino o

HEE

BN

[T

0 L 2 3 A5

CSR @ Tsing Hua 4



Physical Design tlizleeme e

change input
ordering to,

b— p—c z
= . o R e.g., a,b,c,d,e

2 physical n ay

b—e design iE-‘h

circuit

b_|5 a dAE
3 —| 4
C_| c_|

Elr

VSS

layout

B
Fé.

e Physical design converts a circuit description into a geometric description
e The description is used to manufacture a chip.

¢ Physical design cycle:

1. Logic partitioning

2. Floorplanning and placement

3. Routing

2. DRC fixing, Compaction, ...
® Others: circuit extraction, LVS, timing & EM/IR verification, post-layout
analyses and debugging, ECO, ...

CSR @ Tsing Hua
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circuit

b
e

Same or not?




Nowadays Typical Inverter Layout | Saw

X Stretch handles

® Poly is vertical

® Use fingers to
duplicate transistors
to get larger width

82 82 B2 a2

Transistor

® Graphical Pcell folding

— Parameterized cell

® Attach stretch handle
to allow easy editing

e PDK - foundation

CSR @ Tsing Hua
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L2 ]

Physical Design Flow

Physical Design

Partitioni D
ng - . -
e
- | :
) T s ama TR0
&1 Baaarg 20x sy 190 A0

& 1
=)
‘ : J
.}—Z l w18 o -
v W .
s 60 1D i
S
Vo iy 2277,
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ni . — -—
orp ng . : S, -
& 1 A o - gian "
7N\ = Ve i “
— . Cotow 0% Pl Vire Lesy
'[' l whe 3 A L 1D [T;'_f‘.‘:' ’I'l"
Tin 3
el Win

Placement =
:E:/jj_ﬁ (-]

A Comrs .Orver Uiew fn vy “yite

| - .
ve AR e

— [ + !
,s -
- o (30 | e Sa e | "

Routing

Compaction

Y .

Extraction & '

Verification A routing system
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Floorplan Examples

PowerPC
604

A floorplan
with 9800

i Fiii b
SDATA CACHE Ifis

|
. 1 |
L it 5 TTTTTRE: '
TN - \ e 1
%o > I .
o & 5 — ! '
BRANGH UNIT : E S0 —
LOAD / STORE i 1
unIT 1 "l Y §5
&8 i | ) '
FLOATING POINT a |58 fihy
REGISTERS = i bR B i)
i i
DISPATCH - |
AND. “NTEGER UNIT Fi

COMPLETIONUNITY | iy a i =]

GENERAL PURPOSE i I I

as?smsﬁs
FLOATING POINT. . || i
JINVEGER UNIT,

I 1 |
] QLTI I
= T = s h
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Routing Example

e 0.18um technology, pitch = 1 um, 2774 nets.

".[lhi_h['

[

CSR @ Tsing Hua
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“Moore’s” Law: Driving Technology Advances

¢ |ogic capacity doubles per IC at a regular interval.
e Moore: Logic capacity doubles per IC every two years (1975).
e D. House: Computer performance doubles every 18 months (1975)

Unit 1

Transistors
per die

| 4004 8086 80386

~ Pentlum
Pentium TV

. Pentivm 1II
Pentium Pro

BO486

BO3E6
Intel uP

BOZBG

PentiumPro Pentium 4

L R I . T T L L
Year

CSR @ Tsing Hua
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Technology Roadmap for Semiconductors

Year 1907 1999 2002 2005 2008 2011 2014
Technology

hode (nm) 250 180 130 100 70 50 35
On-chip Tocal

clock (GHz) 0.75 1.25 2.1 3.5 6.0 10 16.9
Microprocessor

chip size (mm?2) 300 340 430 520 620 750 901
Microprocessor

transistors /chip 11M 21M 76M 200M 520M 1.40B 3.62B
Microprocessor

cost /transistor 3000 1735 580 255 110 49 22
(x10—8 USD)

DRAM bits

per chip 256 M 143 44 164G 644G 256G 1T
Wiring level b b=7 7 7-3 8—9 9 10
Supply voltage

(V) 1.8-2.5 | 1.5-18 | 1.2-15 | 0.9-1.2 | 0.6-0.9 | 0.5-0.6 | 0.37-0.42
Power (W) 70 a0 130 160 170 175 183

e Source: International Technology Roadmap for Semiconductors, Nov,
2002. http://www.itrs.net/ntrs/publntrs.nstf.

e Deep submicron technology: node (feature size) < 0.25 um.
e Nanometer Technology: node < 0.1 um.

CSR @ Tsing Hua


http://www.itrs.net/ntrs/publntrs.nsf

Nanometer Design Challenges (1)

e |[n 2005, e Feature size: sub-wavelength
_ feature size ~ 0.1 um, lithography (impacts of
P frequency ~ 3.5 GHz process variation)? noise?

crosstalk? reliability?

— die size 520 mm?,

_ 4P transistor count per chip ~ 200M, ® Frequency, dimension:
Interconnect delay?

electromagnetic field effects?
timing closure?

— wiring level = 8 layers,
— supply voltage = 1V,
— power consumption =~ 160 W.

CSR @ Tsing Hua 54



Nanometer Design Challenges (2)

e Chip complexity: large-scale system design methodology?
e Supply voltage: signal integrity (noise, IR drop, etc)?

¢ \Wiring level: manufacturability, yield — (DFM)? 3D layout?
e Power consumption: power, IR drop & thermal issues?

« Design Issues
« Design space exploration
» More efficient optimization algorithms

 Verification issues
» State explosion problem
« For modern designs, about 60%-80% of the overall design
time was spent on verification; 3-to-1 head count ratio
between verification engineers and logic designers

CSR @ Tsing Hua
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That is why some startup is trying: Alpha Design Al

We’'re solving three key pain points:

1.Reducing Debug Time: Engineers spend countless hours
troubleshooting RTL and testbenches. Our solution helps users
understand their design requirements, the RTL code, testbenches,
and accelerates bug resolution by working with ChipAgents and
automating tedious tasks.

2.Improving Verification Efficiency: Traditional verification relies on
manual testbench creation and constraint tuning. ChipAgents can
generate, optimize, and validate testbenches, boosting functional
coverage.

3.Enhancing Productivity with Al-Driven Insights: Unlike generic
coding assistants, ChipAgents understands semiconductor-specific
workflows, integrating deeply with EDA tools to provide actionable
insights rather than generic code completions.



https://semiwiki.com/eda/353206-ceo-interview-with-dr-william-wang-of-alpha-ai-design/

Power Dissipation Challenges

0 Power density increases exponentially!

1000

100

Watts/cm *

10

1

. Power doubles every 4 years
- 5-year projection: 200W total, 125 W/cm?2!

Muclzar F2aCior el o

Pentium® Il
Pentium® lI

Pentium® Pro
Fentium®

P=VI: 75W @

1.5V =50 A!

1.5u 1u 0.7u 05u 0.35u 0.25u 0.18p 0.13u 0.1p 0.07u

Fred Pollack, “New Microarchitecture Challenges in the Coming Generations of CMOS Process
Technologies,” 1999 Micro32 Conference keynote. Courtesy Avi Mendelson, Intel.
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MediaTek

201,054 followers + Follow
An example 20h+ ®
S h OWI N Take a look at the superb power efficiency of the Flagship MediaTek
g Dimensity 9000 during gaming. With its 4nm manufacturing process and our
comprehensive power optimizations across CPU, GPU, APU, ISP. and 5G
power | power of

modem, the Dimensity 9000 achieves sustainable flagship-grade

C O N S u m pt | O N performance while keeping cool. https://Inkd.in/dzgCsYf9

m | N | m | Zat | on #MediaTek5G #MediaTekDimensity9000

A
4 -

F s

2021 Flagship MediaTek Dimensity 5000
: P s0'c a0C l
: ' ‘

MediaTek Dimensity 9000 : Thermal testing demonstrating cooler gaming

VO be.cam
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Another Example Of Power Optimization

https://www.wsj.com/articles/the-chips-that-rebooted-the-
mac-11650081649?mod=e2li

The Chips That Rebooted the Mac

Goodbye, Laptop Fan Noisé! Apple’s M1
MacBooks Run Fast and Cool

Any thoughts about how to
reduce power consumption?

CSR @ Tsing Hua
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https://www.wsj.com/articles/the-chips-that-rebooted-the-mac-11650081649?mod=e2li

1. Photoresist coating

e e ’
Substrate /

Enotoressd /{' A
2 ‘fy}

£ Exposuny
[:'llithlll!‘ll.‘ Ultra wio ket light

Maab\.

Sushrd vl

3. Denveluprriemt
;“ m-,;

Substrale

=

Mask patterns

T-7T

Drawn layout

T

Proximity corrected layout

CSR @ Tsing Hua

Semiconductor Fabrication Challenges

0 Feature-size shrinking approaches physical limitation

=]

=

Printed layout

Printed wafer

- T

Printed wafer
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Design Productivity Challenges

— 10,000M 100,000K
o T
Q S
o 1,000M 10,000K Q
= o) %
-------- o &
% 100M 58%/yr_ compound et 1000k 2 2
o complexity growth rate limiter o<
S 10M 100K = —
D
” 3 o
ge) M 10K o o
@ = >
q 0.1M 21%/yr compound 1K > g
=. roductivity growth rate =
S 0.01M P Y9 0.1K o
w

1980 1985 1990 1995 2000 2005 2010

¢ Human factors may limit design more than technology.

e Keys to solve the productivity crisis: hierarchical design,
abstraction, CAD (tool & methodology), IP reuse, etc.

https://ieeexplore.ieee.org/abstract/document/6649058
FINFETs - Technology and circuit design challenges

Agentic Al is coming Iin

CSR @ Tsing Hua
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https://ieeexplore.ieee.org/abstract/document/6649058

Recap

e Explained the importance of EDA

e Covered major components in design flows
— Digital SoC, custom/analog design, OPC, advanced packaging

¢ \What is needed in developing EDA tools
— Nowadays need to learn AlI/ML technologies; startup opportunity

e Brief introduction of synthesis
— Using mux a lot in the “domain translation”

¢ Pictures to show a transistor design and a layout solution
— Welcome to think about if such a layout is good enough
— Also explained transistor folding (i.e., multi-fingers)

e Started to show design styles
— Good to see someone asking about emulation

CSR @ Tsing Hua
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Design Styles

COThere are various design styles:

®m Full custom, standard cell, sea of gates, FPGA,
etc.

OWhy having different design styles?

CSR @ Tsing Hua
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Design Styles

e Specific design styles shall require specific CAD tools

Issues of
VLST circuits

N

Performance

Area

Cost

\ /

Different design styvles

Time—to—market

y

'

"

'

'

!

#

Full custom

Standard cell

Gate ﬁrray

FPGA

CPLD

SPLD

S51

Performance, Area efficiency, Cost, Flexibility

CSR @ Tsing Hua

SSI: small
scale
integration
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SSI/ SPLD Design Style

Xy ye X2 Xz fr Xips
,

W— " wp L I N,
v IEE O
% @ﬂ% 5 % &
[ Oz | [ — ]
e U g @Jﬂim S5
F="J/1 xieyi -
{a) 4—bit comparator. (b) S5l implementation.
T
b= — |
':E == Predecessor
sls]o]vle]e]u]e of FPGA

2
1
. /’
QR arrew * j>_ F
<
i

ic) SPLD (PLA) implementation.



Full Custom Design Style

® Designers can control the shape of all mask patterns.
* Designers can specify the design up to the level of individual transistors

H B B B B BB
|
Data path T _y .
PIlA B
B ' I vo|
L
. ROM/RAM .
Controller L/'#
_ : e
T B
. A/D converter | lRETndiDHI] ngllc | .

VALY

pms

YO pads

CSR @ Tsing Hua

over—the—cell
~ routing

via
{contact)

72



Standard Cell Design Style

® Selects pre-designed cells (of same height) to implement

logiG

library cells

|

Feedthrongh Cell

CSR @ Tsing Hua

There are cell rows of
same height;

Heights of routing
channels vary = so chip
size is not fixed; (but not
today’s style)
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Standard Cell Example
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Gate Array Design Style

® Prefabricates a transistor array
* Needs wiring customization to implement logic

%:Zb VO pads Cell row’s heights

/ N\ are same;
= E/p\ -

o Row spacing is same
| m . ﬁ T —> fixed chip size
prefabricated /

transistor .

aray = T ﬁ
i =

R
F
/1‘

Qg

i = = =

customized
wiring

"/

| i—u\ /Lﬁ“

CSR @ Tsing Hua
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FPGA Design Style

¢ | ogic and interconnects are both prefabricated.
e |[lustrated by a symmetric array-based FPGA

By downloading 0101...
bit stream, chip function

&

E| " N | EH N || = is changed
. . . . .
_Ilﬂ% Now it is the main force
| et H : :
logic |- < L ouing  PENINd the emulation
blocks H?Eai = .*f tracks
N li :r [ |
B m mlll/m ml|m

i
switches

Prefabricated all chip components
76
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carry in clk

—r—

n‘nuxl'—r% out

logic cell:

(@

I )
I'_
-
411_'
-
>
=Y
I
_]
S
ub

:
1/

o

N
carry out clk

Simplified illustration of a logic cell in FPGA

CSR @ Tsing Hua
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Array-Based FPGA Example

e Lucent Technologies 15K ORCA FPGA

CSR @ Tsing Hua

®* 0.5um 3LM CMOS
® 2.45 M Transistors
* 1600 Flip-flops

* 25K bit user RAM

® 320 1/Os

78



FPGA Design Process

e |[lustrated by a symmetric array-based FPGA

e No fabrication is needed

I
I
I
I
| —
- reifionIng
svxfer devipn | pe . placentent
I
I
I

logic + lavout svathesis

Another
design

CSR @ Tsing Hua

a— AL
N 1
R
I
- W;J I
I
|
| i:
FLEiny I © Hxfon igofiom
I
I
|

If a design can be
fit into 1 FPGA, ...
What if can't?
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Comparisons of Design Styles

Full Standard ate
custom cell array FPGA SPLD
Cell size variable | fixed height™ fixed fixed fixed
Cell type variable variable Tixed programmable | programmable
Cell placement variable in row Tixed fixed fixed
Inhterconnections | variable variable variable | programmable | programmable

* Uneven height cells are also used.

Full Standard | Gate
custom cell array | FPGA | SPLD
Fabrication time — — — I F FFF FF
Packing density ++F FF F — Ep—
Unit cost in large quantity +4+ ++F + B —
Unit cost in small guantity - — — — F FF F
Easy design and simulatich — — — — — — FF F
Easy design change — — — I — FF FF
- Accuracy of timing simulation — — — F FF
Chip speed F++ ++ + — —

+ desirable; — not desirable

CSR @ Tsing Hua




Design Style Trade-offs

I
163
In?
Ternaromnd
Time
(Days j
I
i

S8 s

Logic Capacity (Gates)

CSR @ Tsing Hua
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MOS Transistors

gate
deain SOLtCe
O3 conductot (polysilicon)
gate
] insulator (330 | = control input: gate
drain soutce  w gwitch termminals: drain, source
(phwsically equivalent)
Bt P +|‘\ supstrate * apply zero voltage to gate —>>
_ diffusion itch ON
n— substrate pPMOS switch switc
p—transistor If Gnd is applied to
The pMOS switch passes signal "'1" well. PMOS gate, it will be
gate turned on
drain source
'S conductor (polysilicon)
gate
insulator (S30k) |
— * apply > threshold voltage to gate
drajn | I | soutce —> switch ON
i+ f1+ substrate
p— substrate diffusion AMOS switch If Vdd is applied to
n—trarsistot NMOS gate, it will be

The nM OS switch passes signal 0" well. turned on

CSR @ Tsing Hua 83



Complementary MOS (CMQOS)

¢ The most popular VLSI technology (v.s. BICMOS, nMQOS).
¢ CMOS uses both n-channel and p-channel transistors.
e Advantages: lower power dissipation, higher regularity, more

reliable performance, higher noise margin, larger fanout, etc.

e Each type of transistor must sit in a material of the
complementary type (the reverse-biased diodes prevent
unwanted current flow).

le}fSIhCD]I polysilicon
p—channel Eﬂtﬂ ﬂﬁlde n—channel
transistor transistor
AN [fwall GND
N
VDD
n— substrate p—n junction

p—well CMOS structure

Unit 1
CSR @ Tsing Hua
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A CMOS Inverter

Metal Metal—diffusion contact B= (A)’
\ Al|B _
Only exists a
VDD 10 conducting path
S _ 0|1 from vdd to gnd
Polysilicon i pMOS transistor for a short while;
i L source Hence, less
R - VDD  leakage current
AR B gatiq p{tchannel (pMOS)
S A — drain _ R
i Diffusion
e nMOS transistor
7 gﬁ{ n{tchannel (nMOS)
GND v
GND
S0WCe

[T} metal 1: blue

—— metal 2: brown . contact/via: black

Unit 1

layout

CSR @ Tsing Hua

G polysilicon: red X388 p—diffusion: yellow (p—well: light yellow)
s n—diffusion: green (n—well: light green)
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CMOS Properties

e There is always a path from one supply (VDD or GND) to
the output.

e There is never a path from one supply to the other. (This
IS the basis for the low power dissipation in CMQOS --
virtually no static power dissipation.)

* There is a momentary drain of current (and thus power
consumption) when the gate switches from one state to
another.

— Thus, CMOS circuits have dynamic power dissipation. 1

_ The amount of power depends on the switching frequency. P = —(_TVdfff

2

Unit 1
CSR @ Tsing Hua
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CMOS Inverter Cross Section

Input
|

VDD Output polysilicon GND

P-well

n-substrate

Input

VDD pMOS nMOS

transistor transistor

GND

Unit 1

CSR @ Tsing Hua
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B2 82 B2

a2

162

162

ADD

by

u-2npe{Lefe

btk

Onybrig

b-M§]|

bojAz21jicou CnD

(b

Unit 1
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A CMOS NAND Gate

inl in2 out

NE) G C=(A * B)

oo
VDD “ 01
1|0
1] 1

& ] — Diffusion

o o= e

Plysiicon el VDD
d " Ak

GND i 1] |7
GND

Unit 1
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A CMOS NOR Gate

C=(A + B)’

VDD

Polysilicon geasmnstene

P
e ==
—_ o — o | 33
o o O o —=| M

77 | 74—~ Diffusion { }‘

e I

e
|
x

GND

Unit 1
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Unit 1

Basic CMOS Logic Library

]:t:rli shnctive Algebraic Cost (# of Scaled gate
Marme sthiape equation transstors) delay (ps)
AND }F =XY 6 24
ox ) o— Y 24
MNOT _
(inrvertet/ F F=X 2 10
tepedtet)
Buffer
(deivet/ F =X 4 20
repeatet)
— E F=XY 4 14
MNANT —
NOR j)ﬂilz F=X+Y 4 14
Exclusive—OR % —
(XOR) F F=XY+XY 14
—XOY 42

CSR @ Tsing Hua
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Construction of Compound Gates

Example: F=A.- B+ C - D.

Step 1 (n-network): Invert F to derive n-network
(F=A -B+4+C- D)

Step 2 (n-network): Make connections of transistors:

_—  AND < Series connection
— OR & Parallel connection

L 3 X ] |
i
L

B

Xl

_l_‘n.Fdd Vdd
F e /_Dual\\ A4 b-B
transistors
I A—l F C Aq Cq F} D

s————F=({AB+CD)

x2

Unit 1

eneral Structure

F B D
| e po
transis tors
J?_ n—side p—side
= GND/Vss

CMOS compound gate for F =({AB + CD)
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Construction of Compound Gates (cont’d)

e Step 3 (p-network): Expand F to derive p-network
_ (F=AB+CD=AB.CD= (A+B)-(C+D))
— each inputis inverted

e Step 4 (p-network): Make connections of transistors
(same as Step 2).

e Step 5: Connect the n-network to GND (typically, OV) and
the p-network to VDD (5V, 3.3V, or 2.5V, etc).

—l—Vdd
T Esing /K Ad P’B
»| P
transis tors
! F A—l }—C Fiq F}D

X1 ———— F=(AB+CD)

T ke | P e
%o transistors
J:— n—side p-side B_{ }— D

General Structure CMOS compound gate for F = (AB + CD) = GND/Vss

o
b

Unit 1
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Homework Is Coming

e |t is related to using logic gates to realize a function

logic gate F=(A+B)(CD+E)

¢ Using gates for this logic e Using P&N transistors
function for the same logic

Unit 1
CSR @ Tsing Hua
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A Complex CMOS Gate

e The functions realized by the n and p networks must be
complementary, and one of the networks must conduct
for every input combination.

e Duality is not necessary.

Vbb

X y Z F G
0 0 0 0 1
z 7 0 0 1 0 1
N W 0 1 0
0 1 1
_ 1 0 0
x—L == 1 0
1 1 0
A N 11 1
X x
_ F="7
y—{L 1 G="?
1 _ Please complete this truth

Uni table and two functions?
nit 1

CSR @ Tsing Hua
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Stick Diagram

® Intermediate representation between the transistor
level and the mask (layout) level.

¢ (Gives topological information (identifies different layers
and their relationship)

e Assumes that wires have no width.

e Possible to translate stick diagram automatically to
layout with correct design rules.

p—Ch-’.:IIl nel ” - — — SRR DN
switch p+ p+ :
poR]

n—channel L, [ ] _ _ B
switch n+ n+ i
=2

Unit 1
CSR @ Tsing Hua



Stick Diagram (cont'd)

¢ \When the same material (on the same layer) touch or cross, they
are connected and belong to the same electrical node.

....... e ARRRR
i »

e \When polysilicon crosses N or P diffusion, an N or P transistor
Is formed.

— Polysilicon is drawn on top of diffusion.
— Diffusion must be drawn connecting the source and the drain.
— Gate is automatically self-aligned during fabrication.

b

B T o

&l e

e \When a metal line needs to be connected to one of the other three
conductors, a contact cut (via) is required.
contact
" P,N,or p—diff n—diff poly
Polysilicon

Unit 1 metal
CSR @ Tsing Hua
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CMOS Inverter Stick Diagrams

e Basic layout

v
source - DD
VDD Ny pdiff
T e poly
g p—channel (pMOS) 3
: metal
A drain B In B3 Out
or n—channel (nMOS) Bl
gate
GND Il—diff

Vss

e More area efficient layout

5
w,

W
N p—dittf
o
COTITTTTTITRS
= Vss
] n—diff S HHEHHHHE
= allnln
Iﬂ poly nfinflnm a2 &2 &2 ae
Out
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W . = (2 * Fin height + Fin width) * N

From Planar To FinFet N = # of fins
Width can become larger, but quantized

: Drain
the Drain Gate Y7|

A
L
Hfin /
Source Gate Dielectric !

Gate Dielectric
< < Fin Width (1) -7 Source

W
(@) (b)

lllustration of structural differences (no substrate): (a) planar device; (b) FInFET device.

https://ieeexplore.ieee.org/abstract/document/6649058
FINFETs - Technology and circuit design challenges

(for TsingHua University)


https://ieeexplore.ieee.org/abstract/document/6649058

FinFET Advantages & Considerations

Improved Characteristics; Impacts Circuit Design

Gate Length
N\

- Considerations

» Quantized widths
» No body biasing
» Higher parasitics

' Advantages
» Lower leakage
» Less variability

> Lower voltage » Aging
m Fin Height \\
o —
: Pﬁn Fin Width
© 2014 Synopsys, Inc. All rights reserved. 6 SV“UFSﬂ

(Only for TsingHua University)



Planar to FinFET Layout Differences

simplified generic inverter representations

o > . 1 fin rows
. I] o
g-{-o T o =
B El ~

source drain

0 r?ww
B Actve

|| ) Pimpiant
3 Nimplant
I Foly
B

B LiIPO

B Metal

i & CutPoly
] veo

) FinArea

Planar

|

CSR @ Tsing Hua
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CMOS NAND/NOR Stick Diagrams

2—input
NAND

A '

2—input
NOR

Unit 1

Vbp

diff

poly
Out

n—diff

Vss

AT
oy

o

o

3

L]

X
L3

L]

X
L3

-~

e
=

11 Out

|
§

X
e

Vss

Am

n—diff

poly

B s

ninn

Sl

ey

area efficient? contacts?

p—diff

A

oly
B P
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o,

Vss
Vb
p—diff
TR
Out
Vbp
Vss
n—diff
Hmmnﬂ
i
Out
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Design Rules (1)

¢ | ayout rules are used for preparing the masks for fabrication.

¢ Fabrication processes have inherent limitations in accuracy.

e Design rules specify geometry of masks to optimize yield
and reliability (trade-offs: area, yield, reliability).

e Three major rules:
— Wire width: Minimum dimension associated with a given feature.

— Wire separation: Allowable separation.
— Contact: overlap rules.

The three basic DRC checks

Width

Enclosure AISO need tO handle

_.- non-Manhattan shapes

CSR @ Tsing Hua

Spacing

Unit 1
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Design Rules (2)

e Two major approaches:
— “Micron” rules: stated at micron resolution.
— Arules: simplified micron rules with limited scaling attributes.

® ). may be viewed as the size of minimum feature.
— Can be viewed as “parameters”

e Design rules represents a tolerance which insures very
high probability of correct fabrication (not a hard
boundary between correct and incorrect fabrication).

e Design rules are determined by experience/experiments
— Foundries go through many test patterns ... - test chips

Unit 1
CSR @ Tsing Hua
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SCMOS (Scalable CMOS) Design Rules

tab tie

via

n—diff

2A

= n—diff vias

p—type ransistor

p—well $3A

10A

n—type transistor

3A

= 2A

2A

poly

|¢3A

metal 1

CSR @ Tsing Hua

}3x

metal 2

There was a
layout editor
based on lambda
rules. When the
real value of
lambda is given,
a new layout is
created

110



MOSIS Layout Design Rules

e MOSIS design rules (SCMOS rules) are available at
http://www.mosis.org.

¢ 3 basic design rules: Wire width, wire separation, contact rule.

e MOSIS design rule examples

Unit 1

R1
R3
R4
RS
R&
R9
R10
R11

Min active area width

Min poly width

Min poly spacing

Min gate extension of poly over active
Min metal width

Min metal spacing

Poly contact size

Min poly contact spacing

NN WWNNNW

- S

CSR @ Tsing Hua

111



Summary So Far

¢ Digital design flow - steps
e Boolean functions
¢ Basic CMQOS transistor circuits and their logic gates

Unit 1
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How To Address Complexity

Unit 1



Cope with Complexity - Hierarchical Design

e Hierarchy: something is composed of simpler things.
¢ Design cannot be done in one step = partition the design hierarchically.

hierarchical gzﬁtgr%wunp&
-«— | evel 1
-%— | evel 2
~-%— | evel 3
-«€— [evel 4

Unit 1
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Cope with Complexity — Abstraction & Modeling

e Abstraction: when looking at a certain level, you don't
need to know all details of the lower levels.

system

module

gate

circuit

L device

e Design domains:

— Behavioral: black box view
—Structural: interconnection of subblocks
— Physical: layout properties
e Each design domain has its own hierarchy.

CSR @ Tsing Hua 115



Ordering Of The Major Topics

¢ Digital design flow

e CMOS logic gates and Boolean equations

e Algorithms and complexity

e Compaction

¢ Partitioning

¢ Floorplanning

¢ Placement

¢ Basic logic synthesis, technology mapping, (High level synthesis)
e Routing

Unit 1
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