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How Do We...

» Design a billion-transistor IC made of Si atoms?

e ==

Silicon Atom Intel 4-core Nehalem
Processor
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How Do We ... (2)

» And even build complex systems like smartphones?
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Course Introduction

>

>

Cell-based design flow for analog/mixed-signal
system enables IC design and layout simply by
outting ready-made cells together without technical
knowledge of transistor-level circuit

_earn how to use XMODEL and cell-based design
flow for design, simulation, and layout of digital PLLs

Cell Library Final Chip
Digital :

=
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Course Objectives

» Understanding cell-based design flow for mixed-
signal system

» Digital phase-locked loop (PLL) design and
simulation by Scientific Analog’s XMODEL

» Digital PLL synthesis and place-and-route (P&R)
utilizing Synopsys’s Design Compiler and IC
Compiler/Custom Designer
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Course Schedules (Day 1)

» Morning
Introduction to cell-based design flow
Digital phase-locked loop (PLL) basics

» Afternoon
Getting started with XMODEL

Design and simulation of digital PLL using
XMODEL

Digital loop-filter synthesis using Design Compiler
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Course Schedules (Day 2)

» Morning

Introduction to IC Compiler/Customer Designer
(ICCD) flow

P&R practice (placement ~ decap insertion)

» Afternoon

P&R practice (power rail & clock-tree synthesis ~
chip completion)

Final DRC & LVS check
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Teaching Staffs

» Main instructors:

Sung-Joon Lee, MS candidate (sjlee@mics.snu.ac.kr)
Eunseo Kim, MS candidate (eunseo@mics.snu.ac.kr)

» Supervising instructor: Prof. Jaeha Kim

Associate Professor at Seoul National Univ. (SNU)
CEO and Founder of Scientific Analog, Inc.

BS from SNU and MS/PhD from Stanford Univ.
Mixed-signal IC design and methodologies
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Demands on Analog Circuits

» Samsung Galaxy Sg teardown

Qualcomm 32HUBI Invensense MP65M
SWCP GRG28 WTR1625L Sensor Hub 6-axis gyro/ accelerometer
Antenna Switch Transceiver

Lattice
LPIK9D 8409R31
Low-power FPGA

Module Qualcomm WCDS320

Audio Codec

.
W U L . e —
.5 A L] B

FCI (Silicon Motion)
FC8080 RF Tuner

& Demodulator

NXP 47803
NFC Controller

|||||

.....

Qualcomm
WTR1620
Receiver

Advanced Voice
Processor

Silicon Image
SIMG 8240B0
MHL Transmitter

Biosensor
Pulse/Oxy IC

Qualcomm PMC8974
BB/AP Power Management

[Chipworks]
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|IC Design Cost Skyrocketing

» With scaling of CMOS technology, design cost has
been dramatically increased

» Due to rapid change in process, analog design is not
able to catch the pace of digital design

120

100

Dveid Ramewe
ﬂ .inli iﬂ'

B Design Cost

&

=2

=
: E i I
R B e R e R — [JRC, 2009]

b 12 X1 8 Mixed-Signal IC and
4 System Group at SNU




Challenge with Big D, Little A

» Today’s mixed-signal systems are tightly coupled A+D
Calling for new methodologies for their design & verification

EQ || 1Sl Error Offset | | | |
Calibrate Measure Calibration Sammer Offset
Calibration Loop | _ .
, | o Digital Loop
ler . Filter
Phase
| Detection
Q Calibration v
Loop } Sampler Bank | Locql Skew DCO
Adjdstment
Phase Mux &
Lane #1 Interpola
Timing Adjustment Loops
Lo |
(:G— Lane #2~#4 J‘
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Popularity of Digital in Analog

» Designers employ large D in order to improve circuit
system performance

cancellation
scheme

Special

Fast locking O Functionality

CK|N —>

-

Peaking-free
transfer

TDC > LF

—— Divider

Low jitter
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Digital Design is Systematic

» Digital flows starts by SP“‘T”‘“"“
o n ”
dEﬂnlng What we want » Functional Modelling ) .
System-level functional v - Behavioral
modeling and verification F“"C"“’“a':e"ﬁca"i"“ )
> Logic Synthesis )
¥ Circuits
and Gates
D . . f Equivalence Check )
> eS|g|_’1 IS d pr.OCESS O ¥
mapping the intent into > Place-and-Route )
realit 3 y .
Th y tent di E Parasitic Extraction i:;:f:;
e Intent expressed In £ ¥
Boolean algebra Timing Analysis )
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Analog Design is Manual

COrd: Wire Sel: 0 5

D> Analog flOWS deal W|th Tools Design Window Edit Add Check Sheet Help
“reality” from the start

Transistor-level circuit
design

gl 2| A 2| 4=bit adder block itarcted 4 fimes
i 15 et Bm

» Design is a process of
scaling the components
to a system

Lz —tr] [zera-
E

Foint at starting point TE E_ [

53 2| ¢

Largely manual t-!;:":*'r':\llr_.l_lf.l S N Ux—tr] [zero-
hfolen s e

Lack of abstraction to aid ;_ @ 53_5 :

scaling — i
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Slow Analog Design Process

» Analog design is still largely based on manual efforts
and human intuition/experience

[Courtesy: Isaac Martinez]
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Change the Analog Design Flows

Can we design analog circuits
Just by putting together blocks?

System Model

Designer IC Factory
ﬂ‘
\ Component ‘/
Library

With Cell-Based Design Flow, YES!
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Concept of Cell-Based Design Flow

Systematic design flow [ Design Intent }
» Starting the design U
by verifying the
functionality of the Mixed-Signal Simulator
system model
» And then turning it Functional Model
into circuits and \}
layOUt Circuit Implementation
» XMODEL can enable \}
this top-down design Ssics] eyl
flow!
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Cell-Based Design Flow for A/MS IC

Mixed-Signal Functional Model < XMODEL

¥

Analog Behavior

Function Verification Simulator
Analog Cells Digital Cells
4 * N L. * .
Custom Design Digital Synthesis
______ | _ (Analog Synthesis) _ _|_ _ _ _ _ _} _ _ _ _ _ _ _ _ _______

l \. J B -:

: * Standard Cell I

! Analog Cell Library Library | :

|

| ¥ |

: Cell Netlist + Extended Cell Library :

| 3 Cell-Based |

| .

| Top-Level Layout via P&R Design Flow |
|
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Cell-Based Design Flow is Systematic

» Model-first design flow
» Auto place & route for whole chip

» No manual routing at chip-level
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Cell Library Composition

( . . h ( h
Functionality I/0 Interface

digital

Linguistic Description —
”!! +o‘1o11ooo1

Functional Modeling .
— pulse

1

Parameter Insertion

Cell Library

IC Compiler
Library

(.lib, .fram, .cel)

. \ N\
T
Can be extracted

Bottom-Up Cell Layout
Model (.GDS)

Layout (P&R) from the circuits easily
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Pre-Placement & Pre-Routing using
Custom Designer

» Critical analog cells can  » Critical signals such as
be pre-placed according high-speed, multi-phase
to floorplan clocks and analog bias

signals can be pre-
routed

-'-'. |: 'T:-

modules ‘
High- '

<--- cecep
Speedio partitioning

T2 9| (T2.10{ (T2.11| ([T2.12| [T2 13| [T2 14| [T2_15| [T2_16| T2 17| (T2 18| [T2 19! |T2 28
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Pre-Routing in Custom Designer

» CD supports "AUTO ROUTE" that can automatically
route wires according to analog constraints

Tools > Galaxy Custom Router (GCR) > Auto Route

Symmetry, length-matching, shielding, etc...

12 tyche tyche layout* (Editing) - Custom Designer Layout Editor (on manta)

Bus routing - symmetry, length
matching

[ R S

) 051 1) 50 5 1) 061 ) 00 7 ) 0100 ) 1 6 (61
[ [ 0 [ ) () [

Repetitive patterns can be easily managed by Multi-Part Path

@25 3tyche_test tyche_PLACE layout* (Editing) - Custom Designer Layout Editor
Tools Design View Create Edit Connectivity Options ICC Verification Router GCR Window Help

262.235,660.440) DXDY. (0.000, 0.000) Dist: 0.000 ||Selection: 0 full ‘ SmartDRD: (0ff +| " On Modification @‘
gebrganBa/a_aEsnAd|#4F s t%‘.kytheiPLACE‘.‘."G 2] | Path: M4 drawing Net: vt

AutoRoute| Nets:  All & Selected [ext int coarse<0:9> E ﬂ ﬂ Check 2|y 2

= Design Navigator #x Object/La g
i g
3 A 'S §— C] oo o B 1
a H|t€f1’75 Filter: I—
N & ind en_pdoffset_coarse E Objects I 1PPs [ Layers
B || &} en_pdoffset fine - —
- 3 drawing -
blk
= drawing
blk
i drawing
i bik
a drawing
& bk
drawing
o blk
E] drawing
0: blk
& L drawing
o s . -
B rawing
X2 s e Clock shielding
4 ||E! 2<5> drawing
o ||® | extint fine<> blk
& |3 |- extint fire<7> drawing
# | ext int_fine<g> blk
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Place and Route in IC Compiler

» Synopsys IC Compiler Clock pro-routng
can perform P&R on the
rest of the cells and
signals

Detail P&R

Buffer insertion

Power and ground routing B8 ] Sdcell
Via insertion -
Clock-tree synthesis
Filler insertion

Antenna fix
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Layout After P&R

» Digital + Analog + Clock Tree + Buffer + Filler + Routing

155311 Esin sE R

SR T SO o) e e s D

I oI maem o ) e e o
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Example
(fabricated chips using cell-based design flow)
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Examplea: Digital Phase-Locked Loop

» 9.2-GHz digital PLL with peaking-free transfer function
The system is partitioned into analog/custom and digital blocks

DCO
v /dn | D
CKn—{ BB ||[ | "P" | ="+ | Digital Filter —> CKout
> count
.| PFD |[["dn

Phase DA
CKa, ase DA® < CKaiv Frequency |
7 7 ﬂ ’ Divider [

Yy

D A — : [S. Ryu, JSSC14]

E | 3"-order 4_§.'“p“t
E il “71MASH ZA ' Sequence I:I Digital

t [ omset |_: a0 I
+  Phase | Control |": Ag
. Controller
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Example2: Fast Chirp Freq. Synthesizer

» A 940MHz-Bandwidth 28.8us-Period 8.9GHz Chirp Frequency
Synthesizer PLL

CKRrer

— 2" order DLF Output
CKrsg T/ Derr | o Deror. CKoyr Fred. Chirp
] /| 5 ~D ' —(Tc}:é _b/\/
TDC - .J Do
Frequency Ramp
Dravp /\/

|.

Estimator (FRE)

b
N

—R> ¥

A

PI 8 Freg.
m_ « ) ) 7 Divider
CKow (/32)
/\ | dmop polarity

Phase Modulator [H.Yeo, ISSCC16]

S:
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Finalized Chip After P&R

» Layout and die
ohotograph of the
orototype digital PLL

i

» The entire P&R process | i 11
takes only 2~4 hours, 1S. Ryu, JSSC14]
enabling multiple
iteration of the chip-
level layout and
validation for the run

[H.Yeo, ISSCC16]
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Die Photograph and Summary (Exa)

» Demonstrates the feasibility of cell-based design flow

Property

Technology 65nm 1P8M CMOS LP
Supply Voltage 1.2V
Input Frequency 139 ~ 148.44 MHz

Output 8.9 ~9.5GHz
Frequency
Bandwidth 0.3~ 1.5MHz e
Clock Jitter (/8)  3.477 ps,, at 1.15 GHz i l-i ﬂ‘ffi—“i'i i
24 PSpp
Phase Noise -93 dBc/Hz at 1IMHz offset
-115 dBc/Hz at 10MHz offset
Settling Time 1.58 ps at 0.69 MHz-BW
Power 63.9 mW
Dissipation .
Active Area 0.374 mm? g
[S. Ryu, JSSC14] 20psdiv
(b)
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Measurement Results (Exa)

» The measurement results agree well with the simulation

Jitter Transfer

10’

Second-order DPLL

Peaking-free DPLL

0 | . i "\‘i"“\ No peaking
I | = in the vicinity
—10} . . of the loop BW
3 | Same Bandwidth &
z .| Peaking-characteristic
—40 E (5]
. 10
-50f .
10° 10 10’ e =
Frequency [Hz] Frequency (Hz)
Phase-step Response e .
: o
0.05 | - g 0.2
= : i | .-"\: 01} Conventional
= —
! Same Locking-time
£ -0.05 v =3 —roo={IS
N o2
o1y - ;_-g i Proposed
i s 8 10 | 5

10

Time (ps)
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Die Photograph and Summary (Ex2)

Technology 65nm 1P9M CMOS LP

Supply Voltage 1.1=13V

Input Freq. 276.8 MHz

Output Freq. 8.4~9.4 GHz

Maximum
Chirp Slope 32.63 MHz/ps
<1.9 MHz

(including turn-arounds)

RMS Freq. Error

Phase Noise (PLL) | -105.0 dBc/Hz @ 1MHz

300pm

Power Dissipation | 14.8 mW

Active Area 0.18 mm?

[H.Yeo, ISSCC16]
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Measurement Results (Ex2)

Carrier Freq 8.5/5888878 GHz
Carrier Power -14.58 dBm Atten ©.00 dB Mkr 1 999.900 MHz

Ref -48.08dBc/Hz _— I . | 49@.|@fls“
L0 Integrated RMS Jitter = 490fs
e (100kHz~1GHz)
R
-105dBc/Hz@1MHz offset |||
Sk | 1
ha ]
I
Sy ailhd U._l

109 kHz Frequency Offset 1 GHz

Phase Noise (Without Chirp)

» PLL phase noise without chirp

a Mkrl 940.0 MHz

ﬁzrfm@ dBm Atten 10 dB -0.22 dB
Log
Y BW=940M Hz (T=28.8us)
-
1. |
[: t 111 %
Come il M ‘IHHHHH‘ W VHW\ N ‘n‘ W
LoRv |H||||||HIIHIH||H||||||!
i 52 I]HHI\ IIM Ml lll I \'I T D |
cco- i H I‘ il ‘HI ‘I Il Hl | ||‘ ‘H | I‘ | i !!
e !.'" '.l M h |.| ' T I LA | L I i
Center 8 355 a GHz ‘ ' H m pan 1 5 st
#Res BW 200 kHz YEHW 2686 kHz Sweep 45.24 ms (601 pts)

Power Spectrum (With Chirp)
[H.Yeo, ISSCC16]

Integrated RMS jitter: 490fs,, ..

» Power spectrum with chirp
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Measurement Results (Ex2)

» The measurement results agree well with the simulation

Loo de10 Output Frequency

Model-level Simulation Result

0055 A Nt N N

Frequency [GHz]
(=]

No overshooting at turn-around 40 N
20
| | | 10 £
I I I o ____________________

° 100 “ime [us] < R ——— 0 L:
10 O
g‘ 8.6 . 7.6MHz (p-p) 0 q:,;
o 84 g 1.9MHz(mms) -20 5
m 8.2 [ us . . -30 g
.
L

Measurement Result 10 20 30 40 5 60 70 8 90 100

Time [us]
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Summary
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Summary

» Cell-based design flow
Model-first design flow
Auto place & route for whole chip
No manual routing in chip-level

» Block-level model and abstraction

Enabling circuit design just by cell libraries
» Digital Synthesis : Design Compiler
» Layout by P&R tools : IC Compiler [ Custom Designer
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Circuit Design Just by Cell Libraries

» A Circuit designer can make a chip without the use of
Cadence Virtuoso

___________ : Extended cell library L ~
( : ) i ( N\ [ N i
 Celllibrary 3 Analog Standard iy | Top-Level
{\ provider ’: i Cell Library Cell Library i Layout via P&R
"""""""" I I
L——_m““\ﬁ_)____m_“ﬁ_}____: \ )

» Requirements for the analog cell library
1) Input/output interfaces are well defined

2) It should be represented by definite functionality
(described by XMODEL)

3) PVT robust circuit topology
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Can Analog Circuit Design
Become As Easy As
Digital Design?

YES!




