ECE 546
Lecture -26
Packaging Technologies
Spring 2026
Jose E. Schutt-Aine
Electrical & Computer Engineering

University of Illinois
jesa@illinois.edu

ILLINOIS
=y oy =y
> ri 1d Computer Engineering
University of Illineis at Urbana-Champaign

ecirical ar
] s P 11

ECE 546 — Jose Schutt-Aine




e ILLINOIS
=y oy =y
Electrical and Computer Engineering
University of Illineis at Urbana-Champaign

System-Level Integration
(Microelectronic Packaging)

Semiconductor
* Unprecedented Innovations in CMOS, Si-Ge,Copper Wiring
* Fundamental technical Limits

Electronic Systems
* Computers, telecom & Consumer Products Merge

* Portable, Wireless, & Internet Accessible
* Very Low Cost & Very High Performance

Microelectronic Packaging
* High Cost, Low Performance, Low Reliability
* Lack of Skilled Human Resources
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Packaging Challenges

- Package is bottleneck to system performance
- Package cost is increasing percentage of system cost
- Package limits IC technology

- On-chip system can outperform package capability
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Advantages of SOC

* Fewer Levels of Interconnections
* Reduced Size and Weight

* Merging of Voice, Video, Data....

Arguments against SOC
* Challenges too Big

* Legal issues
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Challenges for SOC

* Different Types of Devices

* Single CMOS Process for RF and Digital

* Design Methodology not available

* EDA Tools cannot handle level of complexity
* Intellectual Property

* Signal Integrity

* High-Power Requirements of PA
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System on a Chip (SOC)

Logic B RIS Bill ccsine
il T e ~ synthesis
4 i g and ATPG

In-house

Memory BIST Piaray

Partial-scan
synthesis and

In-house
block B ATPG

g
z
3
:

Core access

Core reuse
Sequential

ATPG

Boundary
scan

ATPG = automatic test pattern generation  IP = intellectual property
BIST = built-in self-test TAP = test access port

Source: Mentor Graphics Corp.
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SOC vs SOP

System on Chip System on Package
Silicon Passive Ceramic
substrate Spiral Components Substrate

Triple-band GSM/EDGE Power Amp Module

Voltage Controlled Oscillator (RF Design Magazine — 4/02)

(UIUC-CAD group — 1999)
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SOP vs SOC

SOP SOC

Low cost consumer products (<$200) YES

Portable products ($200-$2000)

Single processor products ($1-$5K)

High Performance Products (>5K)

Automotive and Space Applications YES NO
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Traditional Design Flow

v v

IC Technology selection Package/module selection PC board selection

v Y !

Passive integration Placement routing

Acti ircuit thesi .
ctive circuit synthesis (filters, switches....)

Y v Y

Layout tape-out I/O Pad design Antenna
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Co-Design Flow

IC Design Flow

IC Technology Selection

Y

Package Design Flow

Package
Technology Selection

Y

Routing and /O

Pad placement & I/O

Y

Y

PCB Design Flow

PCB
Technology Selection

v

Component placement

v

Passive implementation: filters, switches, etc...

Y

Y

Matching networks

Y

!

Decoupling network/Power distribution

Y

Layout

v

Layout

v

v

Routing

Layout

Antenna Integration

v

!

RF Simulation
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Dual-in-Line (DIP) Package
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- Mounted on PWB in pin-through-hole (PTH) configuration
- Chip occupies less than 20% of total space
- Lead frame with large inductance
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Package Types (1995-2005)

DIP
Top View
(showing chip topackage connection) E E
d b

PTH

Plane View

(showing package to board connection)ﬁ

Chip Size (mm xmm) 5 x5
Chip Perimeter (mm) 20
Number of 1/Os 64
Chip Pad Pitch (um) 312
Package Size (inxin) 3.3x1.0

Lead Pitch (mils) 100
Chip Area (mm?) 25
Feature Size (um) 2.0
Gates/Chip 30K

Max Frequency (MHz) 5
Power Dissipation (W) 0.5
Chip Pow Dens (W/cm?) 2.9
Pack Pow Dens (W/cm?2) 0.024
Supply Voltage (V) 5
Supply Current (A) 0.1

Engineering

University of Illineis at Urbana-Champaign

QFP

QFp

Qoo

oagoogon
j=lninin]=]
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SMT

16 x 16
64

500
128
2.0x2.0
16

256
0.5
300K
80

7.5

4.8

0.3

3.3

2.3
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CSP Flip Chip

0O O 0O O

O-g Z-O 0 00O

oo olo 0o OO

S5 0O 00O
SMT/BGA DCA 1

25 x25 36 x 36
100 144
1600 3600
625 600
1.0x 1.0 1.4x1.4
25 24

625 1296
0.25 0.125
2M 10M
320 1280
30 120
9.3 2.0

4.8 9.8

2.2 1.5
13.6 80
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Package Technologies (2025)

Bandwidth / Data

Package Technology Typical Die Size  1/0 Count Pitch Rate Power Density Primary Use Cases
Wire-Bond QFP / BGA  5-15 mm 64—400 400~-800 pum <1 Gb/s <5 W/cm? ;ehffccsy MCUs,
Flip-Chip BGA (FC-BGA) 10-35 mm 1k-10k 150-180 pm 10-32 Gb/s 10-50 W/cm? CPUs, GPUs
o , HPC, Al
Fine-Pitch FC-BGA 20-50 mm 10k—40k 90-130 pm 32-56 Gb/s 50-150 W/cm
accelerators
2.5D Interposer Chiplets 20k-80k 40-55 um 56-112 Gb/s 150-300 W/cm?  GPUs + HBM
(Si/Organic) P H
Fan-Out Wafer-Level ) 500-5k 40-80 pm 10-32 Gb/s 20-80 W/cm? Mobile SoCs
(FOWLP)
3D-IC (TSV stacked) Stacked dies 10k-100k <40 um 112+ Gb/s 300-1000 W/cm? f:)'éEBM' logic-on-
e ILLINOI
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Material

Air (dry)

Alumina:
99.5%
96%
85%

Sapphire

Glass, typical

Polyimide

Substrate Materials

Surface
roughne
ss (pm)

N/A

0.05-0.25
5-20
30-50

0.005-
0.025

0.025

104 tand
at 10
GHz

0.4-0.7

20

50

10.1
9.6
15

9.4,11.

3.2
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Thermal

conductivity K
(W/cm?/°C)

0.00024

0.37
0.28
0.2

0.4

0.01

0.002

Dielectric
strength
(kV/cm)

30

4x103
4x103
4x103

4x103
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Substrate Materials

Material Surface 104 tand g, Thermal Dielectric
roughne at10 conductivity K strength
ss (um) GHz (W/cm?/°C) (kV/cm)

Irradiated polyolefin 1 23 0.001 ~300

Quartz 0.006- 1 3.8 0.01 10x103

(fused) i.e. SiO2 0.025

Beryllia 0.05-1.25 1 6.6 25 -

Rutile 0.25-2.5 4 100 -

Ferrite/garnet 0.25 2 13-16 0.03 4x103
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Substrate Materials

Material Surface 104 tand g, Thermal Dielectric
roughne at10 conductivity K strength
ss (um) GHz (W/cm?2/°C) (kV/icm)

FR4 circuit board ~6 100 4.3-4.5 0.005 -

RT-duroid 5880 0.75-1 5-15 2.16- 0.0026 -
4.25-8.75 224

RT-duroid 6010 0.75-1 10-60 10.2- 0.0041 -
4.25-8.75 10.7

AT-1000 - 20 10.0- 0.0037 -

13.0
Cu-flon - 4.5 21 - -
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Substrate Materials

Material Surface 104 tand g, Thermal Dielectric
roughne at10 conductivity K strength
ss (um) GHz (W/cm?2/°C) (kV/cm)

Si (high resistivity) 0.025 10-100 1.9 0.9 300

GaAs 0.025 6 12.85 0.3 350

InP 0.025 10 124 0.4 350

SiO2 (on chip) - - 4.0-4.2 - -

LTCC (typical green 0.22 15 7.8 3 400

tape 951)
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Ceramic Substrate
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Stacked Wire Bonds
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Ball Bonding for Flip Chip
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Flip Chip Pin Grid Array

Bumped

Die

Package
Body

(FC-PGA)

Pins
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3D Packaging

Packaging-Based Chip Stack Die-to-Wafer
Enndlng SoC

BEOL Wafer-to-Wafer Bonding
3D Hyper-Integration

== . Sequentially
prelasighenvtll align, bond,
thin and
interconnect

3-D Chip
Stack

HTW (i) I '| (k)

Source: Jian-Qiang Lu, "3-D Hyperintegration and Packaging Technologies for Micro-Nano Systems", Proceedings of the IEEE,

pp 18-30, Vol. 97, No. 1, January 2009.
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3D Packaging

“Via-Last” TSV “Via-First” TSV

“Integrated passive”

- Decoupling Capacitors,
Inductors...

ll'f.--."l_pj-

- A A : W ol i il e
IPD Digital
interposer
.l.-.il Key concepts
PCB /laminated substrate .
*  Wires
Source: Yole Report 2009. > shorter

> lots of it
° Heterogeneous integration
» Analog and digital
» Technologies (GaAs and Si?)
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3D Industry

» 16Gb NAND flash (2Gx8 chips) Wide Bus DRAM
Micron
» Wide Bus DRAM
Intel
» CPU + Memory
OKI
» CMOS Sensor
Xilinx
» 4 die 65 nm interposer
Raytheon/Ziptronix
» PIN Detector Device
IBM
» REF Silicon Circuit Board/ TSV Logic & Analog
Toshiba
» 3D NAND

ECE 546 — Jose Schutt-Aine
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Through-Silicon Vias

IO Pad

FISONN

Through Si Via

(TSV)
144SONN Adhesive
Layer

Metal
Microbump
Z N Insulating
gi y NMOSFET PMOSFET Layer
Substrate

L13450Nd

__ Supporting
b Mf?tl;lial i
(a)

/O Pad

PMOSFET

NMOSFET

~Through Si Via

(TSV)

~ Adhesive
Layer

NMOSFET

L \Mctﬂl
s &7

Microbump From: M. Motoshi, "Through-Silicon Via,
Substrate NMOSFET PMOSFET

Proc. of IEEE Vol. 97, No. 1, January 2009.

(b)

Mitsumasa Koyanagi," High-Density Through Silicon Vias for 3-D LSIs"
Proceedings of the IEEE, Vol. 97, No. 1, January 2009

TSV Density: 10/cm? - 108/cm?
e ILLINOIS
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Through-Silicon Vias (TSV)

Advantages

> Make use of third dimension

> several orders of magnitude (10/cm? to 108/cm?)
» Minimize interconnection length

> More design flexibility

Issues

> 3D Infrastructure & supply chain
> 1/0 Standardization

R = = _—_ e S

y — Tl e e r = —_— —d rF —J

I a.n,u M Bul'll-n'] Irtﬂrr"nnnﬂ tion |T'"‘u i

===

I‘u1ut.a Mic ml’urni.

"W@ﬁ%};

F—F—ﬂ'l—'""-'-' e, !

A '!II“IF“;MH L F.I.ft'—“l'
; —

> EMI Supporfing Substratd &
> . oge . (b _
Thermal management and reliability From Koyanagi et al., IEEE Proceedings, Feb 2009
I-I\ o
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TSV Pitch # Area / Number of TSVs

e ILLINOIS
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* TSV pitch example

» 1024 bit busses require a lot of and
space with larger TSVs S

TSV Pitch

3rd
Stratum ¥

{Thinned
Substrate)

Substrate)

» They connect to the heart and

most dense area of processing

elements

» 'The 45nm bus pitch is ~100

15t
Stratum
[Criginal
Substrate)

Interstrata pads, 1/0s, or power/ground

nm; TSV pitch is > 100x greater

Source: Jian-Qiang Lu, "3-D Hyperintegration and Packaging Technologies for Micro-Nano Systems", Proceedings of the IEEE,

pp 18-30, Vol. 97, No. 1, January 2009.

University of Illineis at Urbana-Champaign
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wemsannss ON-Chip
wese  INtEFCOARBCL

Eonding
e sive

Metal Multi-level on-chip interconnects

(Metal,
Eutectic,
ar solder}

Adhesive
Bonding,
Cide
Bonding,
or Qxide
Recess
(AirGap)
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Through-Silicon Vias (TSV)

Ird 1. | - ".-‘-_1
* Via First stratum 1 = S
. Substrate)
® Via Last = Bond
(Adhesive
] < 2nd or Oxide)
Vla at FI‘OIlt End (FEOL) Stratum . ‘_EJE;LCZ
(Thinned =
® Via at Mid line Substrate) bond
. ' (Adhesive
° Vla at BaCk end (BEOL) 1st Multi-level on-chip interconnects nrﬂn':lde}
Stratum | +— Device

Source: Jian-Qiang Lu, "3-D Hyperintegration and Packaging Technologies for Micro-Nano Systems", Proceedings of the IEEE,
pp 18-30, Vol. 97, No. 1, January 2009.
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Through-Silicon Vias (TSV)

CMOS 501

iy

Source: Jian-Qiang Lu, "3-D Hyperintegration and Packaging Technologies for Micro-Nano Systems", Proceedings of the IEEE,
pp 18-30, Vol. 97, No. 1, January 2009.

e ILLINOIS

Electrical and Computer Engineering
University of Illineis at Urbana-Champaign

ECE 546 — Jose Schutt-Aine

29



TSV-Based Products

Cross-section.

i
1
I
.l.
|
i
i
1

- -
e o P
e e o B
e e o e
s e e e e e i
i [ P e e -

STMicro CMOS Sony Video / DSC L
image sensor in camera with BSI Elpida’s 3D TSV stacked DRAM memory
WLP/TSV package CMOS image

sensors

There are currently about 15 different 3D-IC pilot lines worldwide

e ILLINOIS
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3D-ICand TSV

* Stacking of chips makes heat transfer through
the z-direction difficult.

* Lossy silicon substrate makes coupling between
adjacent TSVs strong.

* TSV noise can be easily coupled to the adjacent
TSV through conductive silicon substrate

* 3D IC yields are much lower than 2D-IC

* Difficult to detect TSV and MOS failures

Solution: Use 2.5D integration
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2.5D Integration

2.5D-IC emerges as a temporary solution

In 2.5D-IC, several chips are stacked on interposer
only homogeneous chip stacking is used.
fine-pitch metal routing is necessary because it
increase I/0 counts

For this purpose, an interposer is used where small
width and small space metal routing is possible.
Silicon substrate is usually used for an interposer
because on-silicon metallization process is mature
and fine-pitch metal routing is possible

ECE 546 — Jose Schutt-Aine
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Silicon Interposers

Memory
o5 (a»]
Memory
(@] Lo |
Memory
= @ ]
Memory Processor
o
I l ﬂlnterposer

Source: J. Kim et al — DesignCon 2013.
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Silicon Interposers

Multi-layer Signals

Back-side

Silicon ; Thin Oxide J. insulato
nsulator

Source: Jong-Min Yook, Dong-Su Kim, and Jun-Chul Kim,
"Double-sided Si-Interposer with Embedded Thin Film Devices",
2013 IEEE 15th Electronics Packaging Technology Conference
(EPTC 2013), pp 757-760.

ECE 546 — Jose Schutt-Aine
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Silicon Interposers

Signal W/S=10/10 pm

Low-loss Via

IC #1 IC #2

L T XY FYYYY YN Y . 4 N TSN
High @ Inductors

Organic 3

ﬂarli[: 1

Organic 2

Organic 4

Source: Jong-Min Yook, Dong-Su Kim, and Jun-Chul Kim,
"Double-sided Si-Interposer with Embedded Thin Film Devices",
2013 IEEE 15th Electronics Packaging Technology Conference
(EPTC 2013), pp 757-760.
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Coupling Noise in Mixed Signal Systems

e ILLINOIS
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High-Performance A/D Converter Digital Signal Processor

Digital Digital
GND VDD

Digital Digital

package PCB-level GND UDD

* (chip-to-chip interface)

n ! , Generation couplin CHIP2
Sensitive  |ayel 3 coupling
nalog Block <+\/\ oy

<\

Digital Block

<+ \/\

ECE 546 — Jose Schutt-Aine
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Proposed Solution

* Electromagnetic Bandgap (EBG) Structures

- ILLINOIS
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— Definition: One-, Two- or Three-Dimensional
Periodic Metallic/Dielectric System which Exhibits
Band Rejection Behavior

— Bandstop filter characteristics due to shunt
capacitances and series inductance

— Design can be optimized for PDN applications

ECE 546 — Jose Schutt-Aine
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Electromagnetic Bandgap Structures

IEEE MWCL July 2004 (EBG) LPF: Cpand Liqq
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Planar-type EBG Structures

IEEE APS July 2005

90mm

-
IEEE MWCL Mar. 2006

A0mm
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EBG Structure

1. Reducing Cut-off Frequency of Planar-type EBG Structure
* (In Consequence) Enhancing Noise Suppression Bandwidth

2. Miniaturizing Unit Cell of Planar-type EBG Structure
* Without Degradation in Stopband Bandwidth

=20 - a »
] b e
E—du n —\Iw
E—ED ! ) &1 |
':b S’zI ‘&
80 Jog
100
Frequency(GHz)
e ILLINOIS
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EBG Structure

(i-1)t Cell ith Cell (i+1)t Cell

L2 i L2 L L2 i L2

—1 . 2 I

parasztlcs

, 5 I
: g % : %
2Lparasitics CP/Z 5 CP/Z 2Lpamsitics T:T “B ;}I T .5; ........

Cw? T _TIT ¢ C/2  =F T
7 >
ith Patch Bridge (i+1)th Patch
METHODS OF CUT-OFF DOMINANT CIRCUIT LEVEL CUT-OFF FREQUENCY (fioupass_cutoff) HIGH FREQUENCY LIMITATION OF EBG
FREQUENCY ENHANCEMENTS COMPONENTS IN FIG. [MHZ] STRUCTURE
Method 1: Conventional . [ Tl st ( )
Planar-type EBG Structure Lp, Lyriage (FLmst), and Cp a \/C P (L p+L MSL) 1¥ Resonant Frequency of Patch at c/ 2b4/ &,
Method 2: Increasing Bridge - 1
Inductance using Series Lp, Lyriage (SLcnip), and Cp r.|C P ‘ Lp +Lepip '] 1* Resonant Frequency of Patch at c/ (Zb £, )
Lumped Chip Inductors )
Method.3: Incregsmg Patch Loy Lvidgo Lyarasiics, Cr, and - : -1 Parallel Resonant Frequency of Cp and Lparasirics at
Capacitance using Shunt o 74/Cp (L p+L bridge) 1/(27[ \/CLi )
Lumped Chip Capacitors chip L P parasitics

= ILLINOIS ECE 546 — Jose Schutt-Aine
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Verification: ADS Simulation

DJ ™
(a) (b) (C) - (& ] VAR Num=4 C1
VAR1 R C=p
mm j
y {mm] 12x12 array of T-models cp=.55339¢-12 Re ]l
Ip_2=25133e-9 § R=rp_2
X [mm] rp_2=8.6207e-4 N
BS
| L =
[(74,74) ¥ R R B
L=p_2 R1 % LHp_2 .
p_; e R Y[1,1]=freq cp*tarf0.02)

Port pis

(46 45) (74 45)

“Port1 Port3

bﬁ‘ﬁ - #‘%QEI####%#% R 2 ‘-
e e ._e!!. L, -

! pherb]
5 #'!!!!!!!!!!!!#5!!&?

(d) 12-section distributed |capacitance models (e) 1% order LC model

----------------------------------------- Pori ' Paoat

A 4 c udior_symby P c1 P2
(.‘.85 (386 087 (.‘.88 c89 31291 092 (393 (.‘.94 (395 096 : Num=1 | C-016pF Numn=2>
C=cgap C=cgap C=cgap C=cgap C=cgap 5

C=cgap C=cgap C=cgap .

I M R K 122 A5t R i K o

= ILLINOIS ECE 546 — Jose Schutt-Aine
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— EBG Structure with 90x90 mm? Ground Plane Area

Simulation Results

1S21] -

-150

MWCL 2005

W

10n

& 100n

bridge

/

Parametgr !

“‘I!'l‘ !

-

[ [ [ [ | [ | [ [ [ [ | [ [ [ [ | [ [ [ [
&\\ 200n" ) | ) )

470n

freq, GHz

ECE 546 — Jose Schutt-Aine

43



cCr ILLINOIS

(_,ampg

Electrical-Thermal AC Analysis

Electrical Analysis: Thermal Analysis:
V x (iv x E) —ko%¢,E = —jkoZo] V-kVT=-F
Hr
T = T. on [ e
» Waveguide port boundary oT
condition k% = —h(T = Ta2) onleony

» Absorbing boundary
condition

ECE 546 — Jose Schutt-Aine
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Electrical-Thermal DC Analysis

Electrical Analysis: Thermal Analysis:

V.-oVep=0 V- -kVT =-P
O = Oc on [ ye T =T, on [
19J0) O oT
- = k— —h T —_ Ta rconv
o oy e on Moad o ( ) on [,
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Electrical Analysis:

1 DC
1AC
| Transient
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Thermal Analysis:

| steady-state
1 Transient
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Electro-Thermal Analysis. Motivation

— 3D stacked IC designs
— Increased power density
— Heat removal difficulties

— Electrical reliability (electro-migration)
— Power delivery (IR drop)

— Signal propagation (RC delay)

— Memory retention time (Leakage)

— Thermal-aware design at the earliest stages

— Using the floor plan and early power distribution analysis (know the
current distribution — want to use that information)

FI\ [
Elects {4&!«015 ECE 546 — Jose Schutt-Aine
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Temperature-Dependent IR Drop

* Interconnect resistance depends on temperature = Current depends on
resistance = Temperature depends on current - ...

 Temperature-dependent phenomena must be accounted for

Sources of heat

> Self heating (Joule)
IRD Analysi .
[ FeRSTERE ] » Heating from the substrate
v e (from active devices)
New Resistance
Currents
{ Values ] { ] Metal
Isulator
\ / Substrate Substrate
[ Thermal Analysis ] W\/_

Heat Sink

The flow of thermal-aware [8]
IR drop analysis

Multilayered structure

Lumped model of the interconnect of an IC

thermal system [9]

[8] Y. Zhong and M. D. F. Wong, “Thermal-aware IR drop analysis in large power grid,” IEEE ISQED, 2008, pp. 194-199
[9] C. C. Teng, Y. K. Cheng, E. Rosenbaum, and S. M. Kang, “iTEM: A temperature-dependent electromigration reliability
diagnosis tool,” IEEE Trans. Computer-Aided Design, vol. 16, pp. 882—893, Aug. 1997.
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Pre-Layout IR Drop Analysis

Example based on a segment of the actual
Rambus test-chip

| curentionds ]

| o0 * PDN parameters are in the form of
. > process parameters
Q0 > floor plan
[ cabumps (vop) | > pad out

‘ Ll > current load
> voltage budget

Floor plan and pad out * Floor plan is divided into segments

» Each segment is modeled with a resistive grid

metal y

metal x

» A script is used to generate the equivalent
circuit model

* Once the circuit representation is available a
circuit solver can be used to perform static IR
drop analysis

Equivalent circuit for a
single segment

e ILLINOIS
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Pre-Layout IR Drop Analysis

Voltage, V
0.999

0.9985

0.998

0.9975

0.997

0.9965

0.996

0.9955

0.995

LIMat25'C

Voltage, V
0.999

0.9985

0.998

0.9975

Voltage, V
0999

0.9985

0.998

0.897
0.9965
0.996
0.9955

0.995

0.9945

4
LIMat85'C
HSPICET=85'C

e ILLINOIS
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0.9975
0.997
0.9965
0.996
0.9955
0.995

0.9945

currentloads +*

C4 bumps (VDD)




Electrical-Thermal Isomorphism

Current Flow (1) i Heat Flow (Q)

Voltage Drop (VI=V2) | Temperature Drop (T1 = T2)

Electrical Resistance (K ) E Thermal Resistance (Ry)
i

I Q
—_— —_—
vl =M\ v2 =12 Tle—AW—oT2
Ra E Ry

e ILLINOIS
X i wd Computer Engineering
niversity of Illinois at Urbana-Champaign

ectrical ax
u ersity 1
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Temperature distribution in IC structure

* Modeling methodology et Flow (D 1 st Flow (@
Dltafgc Dmp_ (V1=-¥2) E Tempemture_Dmp (TL -T2
— Use thermal — electrical analogy Flecuiesl Resistance (Re) 1 - Themal Fesistance (R)
— Thermal problem = electrical circuit Vi AW V2 -=-1§-=- Tl AW T2
— Bulk of the material = 3D Resistive network e E “
— Heat sources = Constant current sources Acl oC
— Convective boundaries = Effective resistances R, :k_A W

— Ambient temperature - Constant voltage sources

— . hai[ C}
— Ambient air —> @Rh heA W

Heat sources > = R, AAA
Apply
circuit

solver

e Solve the resulting network for node voltages
— A major issue — the SIZE of the model

e ILLINOIS

Electrical and Computer Engineering
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Benchmark Thermal Problem

e 2D benchmark problem (NAFEMS) D f —
|
— Simple geometry Convectionto i
— Has all typical components e euator 1£Om
_ o . . E |
There is analytical solution Gonstant =100 T % |
— Target temperature at E is 18.3 °C — j&% — =l y
N T
———_08m __ _
100
10
: —— LIM solution
80 o Analytical solution 20
30
O .
:% : x=20cm &
% 40} T= 183°C 60
- 1 . 70 X-60
20+ i : [0 = 80 Level= 18,2574
liaate | L HHHHW .
% 20 40 60 80 10 B . 100

Distance from point B. cm

[10] Davies, G.A.O. and Fenner, R. T. and Lewis, R. W., Background to benchmarks, NAFEMS, 1993
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3D Structure. Chip-Interposer-Chip

silicon substrte actiwje P T
; <+ devices B

—Aam Flmuar
—"EaEm —u A W
Ry

substrate

[
|
|

. |
interposer !
|
|
|
[

ERFACE ‘ ’—EST. DEV. TH. 0.85

CAVITY LID
SECTION
SHOWN

> How hot does the system get ?

> How much heat is transferred Model parameters

from the top chip (controller) to Unit cell size (cube) Ax =0.2833 mm
the bottom (memory) ?
Number of nodes 135,089
> !f the via density or distribution Number of branches 326,168
is changed, how does that affect
the temperature distribution ? Total number of 461,257
elements

» How much heat can be
dissipated through the
interposer substrate ?

e ILLINOIS
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Results of the simulation

e LIM simulation results in a symmetric temperature profile

Temperature, C .90

-?D
- 160

150
40

.30

 |cepak resultis not symmetric

96.3927

87.4686

78.5444

69.6203

60.6962

51.7721

42.8479

33.9238

24.9997

cCr ILLINOIS

hlc tri nd Computer Engineer
University ollllnos at Urbana-Cha mp ign
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Results with non-uniform cooling

* Cross section of the 3D structure (center cut)
— Comparison between two pictures from different tools
— Looking for correct temperature range and general distribution (color maps used by
the tools are not exactly the same)

— In general, very good correlation is observed

TEmperature

96.3927

87.4686

78.5444

69.6203

60.6962

51.7721

42.8479

(a) ANSYS Icepak simulation 4.999?
Temperature, C 90

33.9238

180

-70

160
150
140
(b) LIM MATLAB simulation I30
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More Results

e Can look at two scenarios

:
i

Controller chip is

Controller chip is

|
a0 T
Y 1
[ R R
I |
I |
I |
| |
F 47 | |
I |
35.000 | ‘
21800 I |
I |
I eo | |
I I
I |
I |
E a0 [ J
]
0 1230
33.02
35.001
‘ [EST.DEV. Th 085
El

5-2-5 BU SUBSTRATE

Steady-state temperature profile.
Top view of the structure

e ILLINOIS
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Model Size Issues

* Mesh density considerations

» coarse mesh results in errors in heat flux calculation
» geometry of the structure

» structure of the underlying PDN

» sizes of elements of interest (TSVs, solder balls, etc.)

#1

3 segments [t

#2

6 segments [t

nm Run time LIM (C++) Run time LIM (MATLAB) Run time HSPICE 2010

461,257 27 (total)

2 3,514,400 65 154 949 (total)

* Typically the size of the equivalent circuit is very large
* Traditional solvers (SPICE) do not scale well with the

size of the model
e ILLINOIS
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Transient results

* Transient analysis is naturally performed by the LIM
* Insert the actual capacitance instead of fictitious

100

90+

80t

70F

60

Temperature, C

501
The structure heats up from

40 the ambient temperature
and reaches the steady state

30

200

0.01 0.02 0.03 0.04 0.05 0.06
Time, s

 Dynamic heat management through workload distribution
* Cooling management

e ILLINOIS
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Novel CAD Technologies

°* High-Speed Link Simulation
»Surrogate modeling with polynomial chaos
» Statistical eye diagram

°* Machine Learning Techniques
» Electromagnetic Modeling
»Macromodeling
» Equalization and

EC—‘E ILLINOIS
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Eye Diagram Simulation Method

Transient Simulation

® The conventional Simulation Program with Integrated Circuit Emphasis (SPICE) b b

transient simulation can handle nonlinear features.

The time required for simulation increases in proportion to the length of the input
sequence. For BER=10"12, 102 bits are expected to run. The runtime for 10* bits is =
1 sec, so 102 bits will take about 3 years to complete.

<—>
2-bit

Statistical Simulation

* The statistical eye diagram is directly estimated from single bit response and its statistical information without running the full waveform

transient simulation in LTI system.
6(v—Vo(®) +6(w—Vy(D)

. ISI; (v, t) = > ISI;, (v, t)
™ .:‘q:. PDF

Lo i : e b
; 3] ‘. |
ST S N = = -|i| b

L HH||”|||."| 1§

N - T 3 ..|||||””H”'I|"||||||.||||II|||HHHHH“I._ i
o tet B pan )
‘_SlllJ‘p(iEosition of cursors Probability of a given ISI ISI at ¢° ISl at ¢! Multiple ISI att € [0, 2T] 3D view of eye diagram
Crectricar a{(L&!ﬂOﬂ{S ECE 546 — Jose Schutt-Aine 6
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Eye Diagram Simulation Method

Limits of Current Methods:

* Transient simulation: to completely capture nonlinearity, the full bit sequence is fed into the HSL and the full waveform is
obtained, then deriving to eye diagram, which is computationally time-demanding.

* Statistical simulation: the fast and efficient simulation sacrifices the nonlinearity property and leads to a less accuracy as the
statistical analysis bases on LTI and superposition.

Proposed Solutions:

1. Surrogate model through Polynomial Chaos Expansion (PCE) technique.
a) HSL Waveform and Eye Diagram Estimation via PCE
b) HSL Eye Width and Eye Height Estimation
C) Decision-Feedback Equalizer (DFE) Taps Estimation with Surrogate Modeling Methods

2. Statistical analysis of the eye diagram in nonlinear systems via Wiener model.
a) Theoretical Wiener System
b) Differential FinFET Buffer
C) High-speed Link System with CTLE and DFE

Bobi Shi,Yi Zhou,Haofeng Sun,Thong Nguyen,Jose. Schutt-Aine, "Statistical Method for Eye Diagram Simulation in High-Speed Link Nonlinear System Applications”, IEEE Transactions on Components,

Packaging and Manufacturing Technology, 2024.
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Surrogate Model — Polynomial Chaos Expansion

i i tion utputs
What is Surrogate Model? ramees| | S50 | = |y
o | 1 —— ¥
* Asurrogate model is a simplified model that is used to X2 Ny (s Y
approximate the behavior of a complex or computationally X3 = Surrogate Model = :
. . yeree . : y~ f(X)
expensive model that is difficult to work directly. — — —

|::> Expensive with many simulation runs

|:> Cheap with training and employing a surrogate model

What is Polynomial Chaos Expansion?

* A Polynomial Chaos Expansion (PCE) is a way of representing an arbitrary random variable of interest as a function of another
random variable with a given distribution, and of representing that function as a polynomial expansion.

P

— . ch L ) .
y()\) ;thbt()\) OrthonormalHermitel"olynomial (I)O(A ) T (I)P(’\ ) Co ’y()\ )

. ld ‘ A=l | T=l, Y=
(m +n)! ¢, (4) 2 N N )
Pyl=-2""0 b, () -2 Do(AY) ... Dp(AY) cp y(AM)

m!n! FYE)) F —30)/Ve
A% (A" — 642 + 3)/(26)

— T —1 AT
A= [/\1,/\2,..,/\an I' = (A A) ATY

m = polynomial order

~rre
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Surrogate Model

Waveform and Eye Diagram Estimation

*  Oiriginal input-output data set: bit sequence — output waveform - M

®* Issue: a small bit sequence can result in a large matrix to be solved in PCE. .
2000 bits leads to matrix column size in the order of billion. 101110110000.. f(X)

(m+n)! _ 2003! SOL)  Ba(\l
PHl=—rmr = 32000 ~ E° A 0(. ) . PF ) I = (ATA)1ATY L \J
) N : E : - Decompose into
* Updated input-output data sets: Do(AY) ... @p(AY) 4 groups
®* 4 groups of data set based on the last 2 bit transition states
* Inputs: N-bit length sequence ending with 00/01/10/11 ~l "
*  OQutputs: Corresponding last 2-bit output waveform o] ZZ 1
Transient Output Waveform from Reference vs. PCE =014 —01
* Testing bits: 20,000 unseen bits i* \ :
oo w00 h 0 10 20 30 40 50/ 60 70 S“ 0 10 20 30 X SOI 60 'l 8l
‘_g 200 g 200 g _;,_?: 1 O _:? 1 1
T o | o | owier | ot | N Group(0: 10100, 01000, 011
- — - p— o Group01: 01101, 10101, 10001...
Group10: 00110, 11010, 01010...
REF 281 740 622 18 Group1: 100711, 000711, 01071...
%Error 4.98 2.02 0.16 5.56
~_r re-
e lLLinur

ECE 546 — Jose Schutt-Aine

Electrical and Computer Engineering
University of Illineis at Urbana-Champaign

G
£



Nonlinearity Modeling

Volterra-Wiener Model System Identification

Given a nonlinear time-invariant (NLTI) system along with the memory effects, the Volterra series expansion is widely used to represent such
system as

y(t) = j h,(T{, ", Ty) 1_[ u(t whergd, (rl,rz, .., T,) is nt"* order Volterra kernel.

* Wiener model: a spe’&lajr case of the Volterra serfeslmodel describes a static polynomial nonlinear model cascading with an LTI network.

y

v

Actual System

Input u @ N

y(t) = Z ax™(t) = g(x (1))

n=1

LTI Model X Nonlinear
G(q. ) Model]

6(q) = bn(q—21)(q—22)..(q — zp) g(x,n)
a,(q —p1)(q —p2) ...(q — Pn)

* Ajoint parameter vector 8 = [y7,nT]" to describe the unknown intended to be found.

y represents the poles and zeros in the LTI system and n represents the polynomial coefficients in the nonlinear model.
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Statistical Analysis in Nonlinear System

High-speed Link System with Rx DFE and CTLE (1)

A single-bit input pulse u(t) at Vin is sent to the system to acquire the corresponding output response y(t) at Vout.
Modeling the u(t) = y(t) system as Wiener model, which is consist of LTI block and polynomial block.

<+ VCiTLE
h in out
in out
> —>

TX I 1 RX (CTLE+DFE)
7 7 E 74

in_ | = ) ] CH out
V.- Channel V= V=

mn_| ™ ) )_C;H & out

u®)l,l (@) x(t) 9(x) (@), u@,| -~ @) x(t) 9(x) MON u®t,l @) x(t) g(x) y(©),
—— V., =V V. =V,
& /LLWO/E‘

Uni

Pl

ctr

t f Ill

d(_ mputer l- g
at Urba Lhmp ign
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Statistical Analysis in Nonlinear System

Example 3 — High-speed Link System with Rx DFE and CTLE (2)

Eye Diagram Comparison at Vyyr

Eye Diagram Comparison at V -y

o008 o == Tram Level 1
\] == Tramns Leve 0
. — smmlevel
0 e Stats Level O

e p P
2 & B
B B B B

Eye Diagram Comparison at V¢r g

Transient Eye Diagram

Stalistieal Eye Disgram

Sialisbical Eye Diagram

& .50 ars 100 125 150 LTS 200

lllllll

300 400

Ven Verre Vour
EH (mV) EW (U) EH(mV) EW (U) EH(mV) EW (UI) | Veu | Voroe | Vour ||
i . 4i Transient 1 483.1616  0.8851  165.6665 0.6005 394.2349  0.5966 Transient 1 144 s
Trans!ent 1:10 Sb!tS PRE Transient 2 454.6452 0.8898  143.6442 0.5999  351.4231 0.5912 Transient 2 43 m 169 s
Transient 2: 10°bits PRE statisticat ~ 447.9806 08782 137.3159  0.5922 3447546  0.5928 Statistical | 1658 s | 5.53s | 5.96s
Error 1 728%  -078%  -17.11%  -138%  -12.55%  -0.64%
Error 2 -147%  -1.30% 441%  -128% -190%  -027%
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Channel Modeling using ML*

Goal: Create a fast channel model using Neural networks that can accurately
predict S-parameters from various geometry information

Importance of using ML

To reduce computational complexity

For better understanding of the physical systems
WSimplifies Design

L Efficient Solutions

Design Fast Channel S—parame tore™
Parameters model using NN - N AL AA

*Juhitha Konduru, Oleg Mikulchenko, Loke Yip Foo, Jose E. Schutt-Aine, "Signal Integrity Analysis and Design Optimization using Neural Networks", 2024
IEEE 74th Electronic Components and Technology Conference (ECTC), May 2024.
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Neural Network Architecture

Fully Connected 1-D Transposed
Layers Convolution Layers
/ M
/.eéff’m
Input ,::> Frequency
parameters ] _g response
Geometry, ’
Material, etc.
S-TCNN
Architecture
Input Frequency
STCNN  — CEL —> PEL
parameters response

Neural Network
Architecture
e ILLINOIS
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Plated Through Hole layout Modeling

t BB F

Physical Input parameters

Parameter Unit Min Max
puVia Diameter Km 30 70

puVia Pad Diameter pum 31 140
puVia Antipad Radius pHm 100 500
PTH Pitch Hm 300 1200
Core Thickness pnm 100 1200
PTH Diameter pm 100 250
PTH Pad Diameter um 110 500
PTH Antipad Radius um 50 500
S-G Via Pitch pHm 300 1200

*Juhitha Konduru, Oleg Mikulchenko, Loke Yip Foo, Jose E. Schutt-Aine, "Signal
Integrity Analysis and Design Optimization using Neural Networks", 2024 IEEE 74th
Electronic Components and Technology Conference (ECTC), May 2024.

e ILLINOIS

Electrical and Computer Engineering
University of Illineis at Urbana-Champaign

O PTH structure is partially symmetric and reciprocal

= the output frequency response of the model
consists of the real and imaginary parts of the
frequency responses of S;1, S12, S13, S14, S33 and
534

= Broadband frequency response between 0.1 —
100GHz with 100MHz steps

=  Qutput dimensionality of the NN: 12000

O 393 S-parameter samples of the PTH were generated
by varying the 9 parameters

O Sobolset — Quasi random generator was used to
determine the 393 samples.

O 390 sample are used for training and 3 samples are
used for validation

ECE 546 — Jose Schutt-Aine 70



Results - Training

—— HFSS
--=- NN Model

—— HFSS

0 STCNN model can predict S- - ' --= NN model
parameter frequency responses |

very accurately
O Validation NMSE: 8%

Insertion Loss (Real)

0 20 40 60 80 100
Frequency (GHz)

0 20 40 60 80 100

Frequency (GHz) 3 u — HFsS
0.3 7 2 ===- NN Model
o —— HFSS @
. . 2 02 ---- NN Model T 1
Run-time comparison to generate £ o g
) 3
1000 different S-parameters E o0 5,
= o £
§ -01 g -
MOde Run'tlme E —0.2 -3 n N
E 0.3 0 20 40 60 80 100
Each HFSS 40mins = 2400s S o _— rreaueney 1oR
; ; ’ ‘ - ‘ y e - — HFSS
0 20 40 60 80 100 2
simulation e ency (G £ oo - NN Model
Dataset generation | 393x2400s = 943200s (a) g 7°
z =50
2
Training STCNN 250s S-parameters comparison between HFSS and S- 8 7
model TCNN Model a) Real-Imaginary plots, b) Magnitude- ‘g' -10.0
Phase-Unwrapped phase plots. £ -125

20 40 60 80 100
Frequency (GHz)
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Inference Results

Input parameter values 03 — Inference Model | 2035 — Inference Mode
— o030
Parameter Value Min Max g €025
0 S 0.20
MVia Diameter 45 30 70 3 ‘E’ 0.15
c 9 :
uVia Pad Diameter 120 31 140 § 5010
n £ 0.05
MVia Antipad Radius 120 100 500 - €000 | | | |
0 20 40 60 80 100
PTH Pitch 600 300 1200 o 20 20 P 50 100 Frequency (GHz)
F (GHz)
Core Thickness 600 100 1200 ey 3 — Inference Model
_ —— Inference Model ’Q 2
PTH Diameter 120 100 250 2 01 \ £
PTH Pad Diameter 150 110 500 g o0 W g
PTH Antipad Radius 300 50 500 g -0 2
p 2 5
S-G Via Pitch 600 300 1200 5 -0.2 = A
T -3
. . £ -03 0 20 40 60 80 100
Run-time comparison to generate | | | | ~ Frequency (GHz)
o 0 20 40 [#]0] 80 100 ¢
1000 different S-parameters Frequency (GH2) g — Inference Model
Mode Run-time (@) 2
S
HFSS simulation 40mins = 2400s S-parameters generated from Inference Model a) =]
Real-Imaginary plots, b) Magnitude-Phase- g
Fast NN Model 0.2s (12000X speedup) Unwrapped phase plots.

a 20 40 60 80 100
Frequency (GHz)
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FEFN for Cascade-able Transceiver

We developed a feed-forward neural network (FNN) based modeling technique that generates cascade-able transceiver
blocks for HSL transient analysis. We verified the method by accurately modeling nonlinear CMOS and NAND buffers.

To train/generate the FNN TX/RX models:

Obtain Ground Truth Data Terminologies Input matrix to FNN Output matrix of FNN
x &y from Circuit Solver Memory sequence: Current and past states of voltage inputs. T +(2) .. 2M) ard 1T T uides wiMiex 11
¢ Protocol: Parameterized channel and load information. x(2) x(3) s x(M41) & v od | wiM + L)y w(M + 1) gy
Construct Memory : i : : 5 3§ J : :
Matrices X & ¥ lz{n=M) zn-M-+1) . x{m) a r d IEL BT TLEL TR
Feed X & ¥ into FNM for
; Training & Testing
ﬂﬁfpend Tgermhan;n o Input layer Hidden layers Output layer
ormation r; to | : /;Q {not to scale)
- . SN x(1) O
- ) - /_,- ) . 4'{2 } -  ——
Append Geometric " FNN Transceiver > . : =P8R L O - §{A
Information fu{] to X ' Models : : £ Sy S,
- - \a-__r_-f”“ onl—C0 = B Sy — = () v
F Y : i — ——_’O eﬁ.ﬁ}zﬁt%?.
: i % el 7 —
Append Pole/Residue ! -1 —) “*ﬂ’;‘&w
Information [a,r,d] to X d — . —_
L A
FNN modeling workflow. FNN structure for training TX with VF protocol.

Yixuan Zhao, Thong Nguyen, Hanzhi Ma, Er-Ping Li, Andreas C. Cangellaris, Jose E. Schutt-Aine, "Modular Neural Network-Based Models of High-Speed Link Transceivers", IEEE
Transactions on Components, Packaging and Manufacturing Technology, Vol. 13, Issue 10, 2023
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Application to CTLE

Whatis CTLE:

CTLE stands for continuous-time linear equalizer. A passive CTLE of one tap can be achieved by two sets of RC circuit.

—\WV .
v EQ Wy = ——— i i
Channel Tli Ry Cy '____"_:IITE____'
| & = 1 i
" ? Al (0 +Cy) TX Channel ———— Termination
R2 S T——c2 z
Ry

A= — =
LB R+ R

Example circuit of one tap passive CTLE. CTLE located in the interconnect channel.

Why we wish to include CTLE:

« |In HSL, high frequency signals are attenuated more than the lower ones — inter-symbol interference (1S1).
« CTLE attenuates the low frequency signal and boost the high frequency signal — larger opening in the eye diagram.

« Many modern RX designs contains CTLE option by specifying the pole/zero frequency (wpfwz) and DC gain (A,.).
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CTLE Results

CTLE OFF CTLE ON

ADS FNN Model ADS FNN Model

Error in Eye Measurement

| Percentage Error (%) | Eve Width | Exve Height | Zero Level | One Level |
VTX N/A
CTLE OFF VEX % 5 ] 1.18 136 E
VOUT 3.71 2.15 ] .79
| vTX 40 | 212 | Lo6 017
CTLE ON VERX [0.57 1.33 2.50 (131
VOUT 2.6 0 1] 0.07

Good correlation: Predicted eye errors <6 %
Time efficiency: Speed up eye analysis x 25 E

FNN models always underestimates the eyes:

— Tighter timing budget (preferred).
— Might result in minor over-design.
— Never result in false-design.

vouTt
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FNN eye predictions of V_ ,V_ and V_ _without and with CTLE.
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