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Introduction

Power noise simulation and diagnosis techniques

Power noise problems and solutions in advanced packaging
Summary
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Power noise problems T

EMC issues

‘Y 4 - emission

- susceptibility

Chip issues
- Power integri

- Signal integrity (SI)
- Substrate noise (SN)

- Timing variation

- Performance degradation
- Operation failures

ixed integration
- Three dimensional (3D)
heterogeneous integration
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Power noise analysis and diagnosis guns Shetery
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> Analysis: full-system level power noise simulation using C-P-S™1 models
> Diagnosis: on-chip power noise measurements using OCM*2

*1Chip-package-system board *20n-chip noise monitor
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On-chip power noise monitoring e Sherery
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M. Nagata et al., “Measurements and Analyses of Substrate Noise Waveform in Mixed Signal IC Environment,” CICC 1999.
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R + 3
C-P-S* model for power noise analysis @it
*Chip-Package-System board

vDD
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> Full-system level simulation of power-noise generation and interference
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General flow of C-P-S modeling &

Floor & Power
Plan

Design data
Preparation

C

technology profile

AD data <€ GDS data

technology profile

Modeling of
PCB and PKG

Modeling of
CHIP

( Unification )

Circuit simulation
& evaluation
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General flow of C-P-S modeling &

CAD data
technology profile

Modeling of
PCB and PKG
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PCB impedance
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> Full-wave EM simulator solves PCB with FR-4 ©10 100 1000

. Frequency (MHz)
multiple layers.
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» C-P-B integrated passive model, capturing AC impedance seen from power
source side (VDD)

Copyright Makoto Nagata, Kobe University -12-



IEEE Solid-State Circuits Society, DL program (2020-2021) fRere :

_ ) A
General flow of C-P-S modeling &

< GDS data
technology profile

Modeling of
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Chip power model

Voo 6" —

Power
current
model
(active

part)

Vss (?—l —

Power
network
model
(passive

part)

P

SOLID-STATE
CIRCUITS SOCIETY

Where ICs are in IEEE SWITZERLAND

Chip power model

/'/]./ (CPM)

of either
“digital circuit block”
or
“whole chip”

» CPM -- power delivery network involving multiple power current models
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Power current model (active part) 885G

well network
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- SPICE simulation: I(t) : - C
; . —— Pg
LUT for in/out condition, load caps \67
- Post-layout extraction — Cesc
logic cell level: Cuoy Resr
» Cell based -- Logic cells are characterized in oA Vss Wiring

power current model.
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Liner network model (passive part) &G

Chip(GDS I /LEF DEF) Power supply RC network

ﬂ:ﬂmfﬂ
}.ﬁ#‘lﬂffdﬁ!ﬁf
. L Liner network model
=Passive CPM
N-type : ! )
||
P-type 1~1l5-5— “m '[ Lo Silicon substrate
< Substrate RC network | model is included.

» Liner network model (passive CPM) -- reduced and distributed RC network
among explicit ports
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Power noise: C-P-S active interaction :smssicey
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» Power current (Ipp, active part of IC) interacts with PDN AC impedance.

» C-P-S integrated models for power noise in IC chips and PCB
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3. Power noise problems and solutions in advanced packaging
4. Summary
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IC chip packaging (2D)
Chip on board (CoB)

Bonding wire IC chip (Face up)

Y

| e——

Printed circuit board

Ball grid array (BGA)

IC chip (Face down)

Solder ball # ,Plastic interposer

Printed circuit board

» Most popularly used IC chip packaging structures
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EM noise emission (measured) &k
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Frequency (GHz)

» CMOS gates switching at 100 MHz (clock signal) produce high order harmonics in
electromagnetic (EM) radiation over 6 GHz.

» Insignificant difference in EM radiation among CoB and BGA packaging structures.
Copyright Makoto Nagata, Kobe University -20-
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Fan-out packaging (2.5D)

Cross-section view

Birds view

> A thin-film, multiple layer interconnect interposer for accommodation of
multiple chips in a package
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PDN with land-side capacitors Guition

Molded resin

}
( _ RDL)
Copper pillar

External terminal

» Very proximate placements of capacitors (land-side caps) to chip pads,
potentially suppressing PS noise.

H. Sonoda et al., “In-Place Power Noise and Signal Waveform Measurements on LVDS

Channels in Fan-Out Multiple IC Chip Packaging,” EMC Compo 2019. Copyright Makoto Nagata, Kobe University -22-
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On-chip waveforms in FO package Gmuissocny
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» In-place waveforms over Vy of LVDS channels (Tx) within fan-out packaging
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SOLID-STATE

Power noise suppression by LS caps sy

- - 0.30

. 1.33 ns(750 MHz RX
Dgn-chip VRM | ocMm 0CM \eg-h:hlp 05 ( )
T | il D ' 1 |
I SRAM : SRAM - 0.20
1 o] INES
= ] o 015
o)
S
Data pattern : 1010110011001100 S 0.10
Clock frequency : 750 MHz 0os5| —— LScap1nF
Voltage resolution : 100 pV | — LScap 3.9nF
0 5 10 15 20 25
Time (ns)

» Fan-out landside (LS) caps attenuate dynamic power noise within IC chips.

Copyright Makoto Nagata, Kobe University -24-



IEEE Solid-State Circuits Society, DL program (2020-2021)

T + 2
Wide I/0 test vehicle (3D) e

Where ICs are in IEEE SWITZERLAND

Wide I/0 4996 TSV

4 A

P N |t rpOSEY

Three-tier 3D chip stack

FPGA boal;d e
» 3D TSV chip stack demonstrator featuring 4096b Wide I/O at 100 GB/s

S. Takaya et al., “A 100GB/s Wide I/O with 4096b TSVs Through an Active Silicon
Interposer with In-Place Waveform Capturing,” ISSCC 2013. Copyright Makoto Nagata, Kobe University -25-
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Stack structure || Mooy sRAM (800 kB)
PDN Wide 1/0 (4096b)

> Silicon technology #7.3k pBump “
90 nm CMOS, 8LM, 1.2V

9.9 mm x 9.9 mm Wiring, Ptich conversion, Decaps

Mem. chip (1.8 Mgate, 800 kB)  #7.3k TSV+1Bump <l I

Interposer PDN Wide 1/0 (4096b)
Logic chip (1.8 Mgate ) .
: 12C Logic Register
» Organic substrate |/F Cntrl.
FR4, 8 layer

#0.7k TSV+pBump ‘m’
26 mMm X 26 mm

Wiring, Ptich conversion

527 pin Ball Grid Array%

Copyright Makoto Nagata, Kobe University -26-




IEEE Solid-State Circuits Society, DL program (2020-2021)

Stack operation and performance EREUTS SDciETY

» Operation modes:
- Memory write (Logic 2> Mem)
- Memory read (Mem - Logic)
- BIST (Fail bit capture)
- PLL clocking/external clocking
- Setting up from 12C
*All signaling through TSVs

» Maximum operation frequency:
200 MHz (typical), 100 Gbyte/sec

» Power consumption (wide I/0O bus) :

0.56 mMW/Gbpsat 1.2V

Where ICs are in IEEE SWITZERLAND
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Layout view of 3D chip stacks after
physical synthesis.
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SOLID-STATE

Demonstrated performance
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Mini I/0 circuit schematic SiETs ociery
Logic die Active Si interposer Memory die
Vi, T o o
Voo ] 0 [ 'J.j
Core logic| |minil/O  Bys keeper mini |/O Core logic
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________ SEL [= 1.00 mA 1.00 mA [= e —
~Register S [ 4x'200mA  200mALY | S Register--
Vs 5 5 mx:w 5 o

> Mini I/O circuit consists of a pair of driver & receiver buffers.
> The driver has 4 levels of drive strengths for adaptability to TSV properties.
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In-place monitoring in 3D chip stack &%
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s 8

Sig nal skew Iin 3D stack

16 vertical channels in 512-bit BANK

1.2 ‘ |
- BANKO 1
1 ]
0.8 .
Z ]
04/ - o: Redundancy channel TSVs
] o Monitored power supply TSVs
0.2 -
- Forc=50 MHz - » Redundant channel (32:1) is tapped
0= . ‘ | by on-chip monitor channel
ros 3 ™2 s No degradation found in data rat
Time (ns) o0 degradation found in data rate
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In-place captured eye diagrams it

Mini I/0O strength: 0.25 mA

=
N

o
N

o

2

3 4
Time (ns)

Time (ns)

> Wider eye-opening for higher driving strength
» The dynamic power noise remains less than 20% of signal swing
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Hierarchical ESD protection (1/2)  &i%en

PN diodes at drain nodes

7
6’%‘:\ o
Control signalg\ S v 3
r, -[>o- @
% ©
Input f—é’é’ E
{— % —

MOS icapacitors

Gt

Output 40<k)<}

» PN diodes intrinsic to tri-state driver
transistors serve as ESD elements and are
directly connected to a single TSV in parallel.

-

Connections to
I nexttier (TSVs)
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Hierarchical ESD protection (2/2) &%

Where ICs are in IEEE SWITZERLAND

Internal circuits /O ceUKin periphery
» Conventional I/0O cell with | | \
ESD protection for every _|J_eve| shifter,j — ESD | pap
external signal before TSV driver | protection |
(in bottom logic die)

TSV
Back side pbump

Laminate of organic interposer

M. Nagata et al., “CDM Protection of a 3D TSV Memory IC with a 100

GB/s Wide I/O Data Bus,* EOS/ESD Symposium, pp. 1-7, Sep. 2014. Copyright Makoto Nagata, Kobe University -34-



IEEE Solid-State Circuits Society, DL program (2020-2021)

CDM ESD stress test

T + 2
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Top plate

>10 MQ .597

N

V Hv
(Zap voltage,
up to 2.5 kV)

Ground plate

18t step: charging up, 2" step: discharging

Ref. HANWA HED-C5000R

? Oscilloscope
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CDM stress at pin VDD_M BT Sy

j ‘ - -2.0kV
30:_ 0L
< 20 <-10]
100 2.0
) - =S L
& i O I
0F -30 | ]

10 20 30 40 (ns) 10 20 30 40 (ns)

> No damage after positive (+) and negative (-) CDM ESD stress on Vpp
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CDM peak current / leakage current
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Global PDN in 3D stacked IC chip AT Ty

Where ICs are in IEEE SWITZERLAND

ESD protection in I/O cells at die periphery

____________

Off-chip network
(Package laminate and balls)

» Combination of ESD structures sharing PDNs
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Global PDN from PI/EMC standpoints UESTE
3D-LSI
Organic interposer Top tier
Planar LSI )\ ,,,,,,,,,,,, Middle tier
,,,,,,,,,,,, Bottom tier
I | | | I | | |
\ AW WA AW \ AW AW AW AW \ AW WA AW \ AW AW
01—
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T ———
q,:_?_rmj\_?_:..

> Vertical integration of distributed parasitic capacitances
> Mitigation of power supply noise and electromagnetic interference
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SOLID-STATE

Electromagnetic interference (EMI)  creussocay
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Summary CIRCUITS SOCIETY

> C-P-S power noise simulation includes packaging-circuits interaction
for SI, PI, EMC and ESD characteristics
Importance of multi-level noise analyses increases from viewpoints of
highly heterogeneous integration.

> In-place diagnosis uses OCM and sheds lights on in-package
problems.
Exploration of on-chip SI/PI diagnostic features within advanced

packaging structure — 2D (face down), 2.5D (fan out), and even 3D
(stacked).

» 3D IC packaging provides potential advantage.

The densely integrated 3D P/G grids with distributed TSVs - advantageous
for EMC and ESD standpoints.
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