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Outline

d Trends
O What is System on Package (SoP) ?
d Why SoP ?

O Miniaturization of Systems (Status, Challenges and Opportunities)
O Micro-miniaturization for RF/Microwave Integration &
Computing
 Nano-miniaturization for Sensing and Computing

d Summary
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What does it take to miniaturize Multi-functional

Systems ?

Mini-computers introduced by Xerox PARC (1973)
Modern micro-computers from Commodore PET,
~Apple Il and TRS-80 from Radio Shack (1977)

First portable computer — Osborne 1 (1981)
Modern mobile computers (mid 1990)

Laptop Notebooks (mid 2000)
= smaller battery, screen...

Notebook p, 2 TAC 8000x (1983)
Cellular/Smart Phones

- ) \

7+ SMART
e ‘Watch” &
A Bio-sensor
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Barriers to System Miniaturization

Nanosezlla

»[0-20% Sysian)

-

*80-90% System
Milli-scale

s[.ow functional density
Bulky.

*Costly

*Low reliability

L

Courtesy: Packaging Research Center
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System on Package — A New Paradigm for
System Integration

Introduction to System on Package
Co-editors: Rao Tummala ang\hMaghaMansswaminathan

THERMAL SOP McGraw Hill 2008 SYSTEM-IN-PACKAGE
Nanoscaled B - I (SIP) Thinfilm
Interconnects p— I Build-up
\5 mnr:g % ‘ YOY. m % Dielectric
E— Y TEML . PACLAGH (399 Ultra-fine
' DIGITAL SOP! B0 amd 2P pitch wiring
& vias
I—
E—

_

e
ULTRA HIGH DEN

O Functional layers in the package

O Enable High System Level Component Density

O Georgia Tech — Originator of the SoP concept in 1994

Courtesy: Prof. Rao Tummala, Packaging Research Center
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More than Moore Era — circa 1995 - Present
Engineering of Micro-systems
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Wireless Communication (Circa 1995 ....)

Dawn of the Consumer Driven

Integration of ra wces created a
e CeRER R

hiige N Integration an laturization.
Hang on,
Anita. I've got ]
another call _
coming in. ¢ NICE oRE
o |
A7 R
il gh
\ _
N &
\‘) e
N
<
A i -10 GHz 9/-04 urnz
Not yet wireless ;trum of popular wireless technologies

* Courtesy of www.corbisimages.com
“*www.ansoft.com, Presentation Slides by Dong-young Kim, ETRI, “60GHz SoP Tech Using HFSS and AD”
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Redistributiod

Integration BU Layer
Layer 7
/

of Antenna

he demand for increastnghy higher rates of
data, volos, and video transmisslon, togethe
& with minlaturization of portable and
wireless fechnologies, has drowen the mesd
for  hdgh-performance  applications  that

Polymers for RF Apps

Madhavan Swaminathan, Venky Sundaram,
John Papapolymeron, and F. Markondeya Raj

have become a major aspect of ever y day 1ife. From hune
dreds of megahertz to millmeter-wave frequencies, the
svalution of wirekss comumumnlcations has led to sever-
al Indispenisable technalogies such as cellular commus-
mications, wirekss local area networks WLAN), ultra-

Mz S (e st ey ke ok, Venky Siosdmen), foie Fapepctyweran, aad P, Markandzyo Be)
are e dhe Sfeood of Elecinivel wad Covepiider Exgieseming, Seorpds s of Techmolagy, Adheons, Senopdn 30230, LS4,
I s e BN 2 NG
Car wpaease 155k i

\ » . —_— . - .
M. Swaminathan, V.Sundaram, J. Papapolymerou arid R: PultiglFtha, “Polymers o BF Apps *1EEE MicroW&vVe Magazine, Dec 2011
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Platforms for System Integration

LTCC LCP RXP

M Hermetic M Hermetic M Hermetic
M Multilayer M Multilayer M Multilayer
M Integrated-LC M Integrated-LC M Integrated-LC
M High-Q passive M High-Q passive M High-Q passive
M Low tand M Low tand M Low tand
M Flexible M Flexible
High processing temp M PCB process compatible M PCB process compatible
900°C
Sl'hick (5)300 um) High processing temp M Low cost (220°C)
Incompatible with (290°C) M Ultra-thin (20 pm)
PCB process Bondply misalignment M Advanced fabrication
<2000 2000 - 2009 2007 - Present
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Good Electrical Properties

Dielectric Constant and Loss Tangent Variation with
Frequen

001 | RXP1=0.0037~0.006 |
| RXP1 = 3.41+0.06
34l - | LCP=0.002~0.0049 |
VSRR - % % v vV v {
= vwyvvyvy IV 0.007[ | RXP4 =0.004~0.0053 |
g ul ..GC_J' 0.006
8 ..l | LCP=3.16+0.05 | s & A & 2 v v . ov
_g A A ‘ 50 o X o < : 0.005 | R v v v
% 31f o * § 0004va vvvgvvvgivvv%vv ’ Yooy
Q- X X,V o]
B || RXP4~2.98+0.05 | B v = ©
0.003 | o
3.0—VV§€ V%vaivvvv 1
7 Vvl v v v v l
1 b 26 36 46 56 E;O 76 86 96 1 60 110 16 26 36 46 56 E;O 76 86 96 1 60 110
Frequency (GHz) Frequency (GHz)
(a) (b)
Dielectric Constant Loss Tangent

M. Swaminathan, V.Sundaram, J. Papapolymerou and R. Pulugurtha, “Polymers for RF Apps”, IEEE Microwave Magazine, Dec 2011

Characterization Details: Seunghyun Hwang, Sunghwan Min, Venkatesan Venkatakrishnan, Madhavan Swaminathan, Hunter Chan,
Fuhan Liu, Venky Sundaram, Scott Kennedy, Dirk Baars, Benjamin Lacroix, Yuan Li and John Papapolymerou, “Characterization of
Next Generation Thin Low-K and Low-Loss Organic Dielectrics from 1 to 110 GHz”, IEEE Transactions on Advanced Packaging,
Vol. 33, Issue: 1, pp: 180 - 188, 2010.

i 1™
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- HIg uency Material for ntegration
O Laminate type paclgaglng su%opat 2009)

L Thermoplastic

1 Low loss (< 0.002) stable with freq.
(~100 GHz)

 Moderate dielectric const. (~ 2.95) e B
1 Large processing area (18"x12")
d Low temperature process (~ 200 C)

O Low moisture absorption (0.04 %)

O Can be the final PWB
@IEEEE | e



How Do Polymers Help ?

High Q Inductors (Highest reported in Organics*)

180 30
1604 Q Measured | Substrate Quality Inductance Frequency
L25 N
g 140 d Factor
120+ 20 g Silicon 52.8 [5] 1.38nH 13.6GHz
Z 100{ g t -Low Resistivity 30 [6] 4nH 1-2 GHz
ct, 801 4 ¢ Qsimulated 18 : _High Resisti'vity 150 [7] 1nH 8 — 23 GHz
» s0f L Measured & Z -Micromachined
" 404 Simula 1 Wafer Scale Packaging 38 [8] 1nH 4.7GHz
201 mHy | LTCC 93 [9] 9.6nH 1.15GHz
0 T T T T T T 0
1 2 3 4 5 6 7 8 Organic Laminate* 180 [10] 4.8nH 2.2GHz
Sonnet Software Inc. Frequency (GHZ) (nghest Reported)

. . .- Reference in: R. Tummala and M. Swaminathan, “Introduction to System on
High Q Capacitors (Limit~1/tand) o, .00" vcGraw Hil, 2009

M1 layer M2 layer X-Ray Enables deS|gn of nghformance
Parallel
plate
Vertically
stitched
| Horizontally =
stitched M3 C L,
At ”IE“ Stitched LC Resonator
Capacitor with

ntar~nnnact

First Paper: S. Dalmia, W. Kim, S. Hwan-Min, M. Swaminathan, V. Sundaram, F. Liu, G. White and R. Tummala, "Design and Analysis
of High Q-Inductors for MCM-L Technology", Proceedings of the International Microwave Symposium, Phoenix, Arizona, May 2001.

i | '||1|
@IEEE Georgia Institute of Technology Feb 2013 E::: I‘hlm Im:'l



- ]
Design of Flexible Antennas A

Directional Antenna

Antenna
Integrated
w/ RF Module

N. Altunyurt, R. Rieske, M. Swaminathan, and V. Sundaram, “Conformal Antennas on Liquid Crystalline Polymer Based Rigid-Flex

Substrates Integrated With the Front-End Module”, IEEE Transactions on Advanced Packaging, Volume 32, Issue 4, pp: 797 — 808,
Nov. 2009.

E 5 Linear Tapered Slot Antenna :
o o —— Simulation (61 GHz)
Vs 1 \ A A / . 3 ¥ Measurement (80 GHz)
4 N \ E ”_‘ X fh & :\ 4 +
A \ | B aA i Y W b Measurement (61 GHz)
BN BB B! AW N N | et 2

!L"_'.{ y iy aA W aadr ST ST b
Y | , Y \ Al : . 204
L 1;_/ i = 1 + o

GPPO-based designs

MM

Probe-based designs

— | s
=] i

Nevin Altunyurt, “Electromagnetic Modeling of Interconnections in Three-Dimensional Integration”, PhD Dissertation, Georgia Tech,
2010

m— =
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RXP Replaces LCP (Circa: 2007 — Present)
High Order, High Q Filters

53 88

2.2mm X 3.0mm x 0.2mm
(1.2mm?>%*)

DB[E11]
DB[S21]

®oc ~—5a@ 0 =
PoCc ~—3Q N Z

=
@X

(dB) -50-

DB[S11]
DB[S21]

m3:57.0 GHz m4: 60.0 GHz m5: 62.0 GHz m6: 66.0 GHz
-2.733 (dB) -2.966 (dB) -3.048 (dB) -2.594 (dB)
-60 : : : : : ‘ . !
40 45 B0 55 60 65 70 75 80
Sonnet Software Inc. Frequency (GHz)

T T T T
1 2 3 4 5 6
lsomet Software inc Frequency (GHz)

Bandwidth: 200 MHz

Insertion @2.38GHz: 2.2dB

E?Ziggﬁ gi'gfggif ig'}ﬂﬁ Insertion @ 58.5 GHz: 2.0dB
) ' -7 Insertion @ 64 GHz: 1.9dB

-30 dB @ 200 MHz out of passband
* « O 0T PASSHAR RXP: Roger’s Experimental Polymer }
[ ] World’s smallest high-rejection bandpass filter Therm ing Polymer

< IEEE Georgia Institute of Technology Feb 2013 EE“ I‘|||||

Passband1: 57~60 GHz
Passband?2: 62~66 GHz
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Magneto-dielectrics for Antenna Design

—e— Percentage Bandmndth ‘ —E—Patch Area ‘
1mm thick £, =4.4 u,= sweptfrom 1to 13, tand,, 1‘0.02 || = Pleak Ga,'ﬂ‘ , .

750

iy - -----{600

Coaxial feed

Patch Area {mm2}

Percentage Bandwidth(%o)
Peak Gain {dBi)

Ground plane

Thin Substrate

2Af 1 1

Relative Permeability (pr)

BW = (SWR<2) BW o« —

_\/EQ .
P

n= PP (Radiation  Efficiency) |P,,: Surface Wave Problematic
_|_

r

Nevin Altunyurt, “Integration and Miniaturization of Antennas for System on Package Applications”, PhD Dissertation,
Georgia Tech, 2010
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Polymer-based Magneto-dielectric Films

d Magneto-dielectrics not available in

nature — need to synthesize with right _
properties

O Sol-gel process ‘ Screen printing
Gel with the silica coated nano-
particles © °F © _oc°Pooo
O Milled with polymer composite to
create magneto-dielectric paste _
Q Screen printing for device fabrication Curing and
mechanical via drilling
Nickel and Cobalt S\ Pl e s
| Supporting Substrate |
. Lithography and
20-30nm electroplating

o (=)

Courtesy: Packaging Research Center

: : w ] @™
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U":I‘a-thin RF MOduleS Easy to remove heat

’4~ Interconnect—»
RF IC Digital IC

v

< Size
Conventional Packaging

A Digital IC :5QJm
[
RF IC Gap Fill | 7x7mmi i , n-ACF MO
<«—Sjze— =
6Qm | IGFP AEIC
With Embedded ICs 152 : " RXP 80 um
e " 20 pm
(({ g0 B )
Core 100 um
- RXP -4 152Qm 11 400
: RF IC Hm
Total Thickness = 300um LNA
M5
Courtesy: Packaging Research Center 3x3mm

M. Swaminathan, V.Sundaram, J. Papapolymerou and R. Pulugurtha, “Polymers for RF Apps”, IEEE Microwave Magazine, Dec 2011
(
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I.arge Area Manufacturing

i
: I YRR

0 0
e i T 3
EEEREEEE OO

Iliﬂﬂlﬁﬁﬁﬂ'ﬁﬂl ‘: "'“IH'.I“I--
I‘Illlﬁ!".ﬂ'l'l‘lﬂ ﬂ'l"“ll 8} IIII=
ﬁﬁﬁﬁ

ﬂﬂﬁﬁﬂigﬂﬁﬁﬂﬁnﬂﬂhﬁﬂﬂﬂd&

World’s smallest organic RF Module, Courtesy: Jacket Micro Devices (JMD), Founded in 2004, Acquired by AVX Corp. in 2009
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RF Test Method (High Frequency Testing @ Low Frequency)

RF Signal (GHz) RF down-conversion

_ _ Low-Frequency = m— 1 1 1
- (Sinusoidal) = Signal (MHz) i Sample Doipd Bértiee e 09 : : Sample
Caliralion) sl s s » f 9 gl ) | PO (- 9
Tuning Knob | Sinusoidal Lk .S
EEEEED| RF Amplifier RF Mixer | |Low-Pass | ' ‘Ui Sample I TP ST B Sample
i (Probe Card) (Down-conversion) Filter ! 10 ¥ {e ; i i 10
: ! F oL & | Lo
i ! bl I (A
(TN IR -5y, S IR : S | }’ 1? i M L Ref @ dB :1.-..»«4 : :
Test Board | Aemple R i e ) Sample
- 74 ol %/ o 1 74
Passive Filter Feedback M N ili‘l‘ i 1o "
(Device Under Test) easurement g 2 E F E Mkrl 1.27258 GHz] : 2. :
Embedded this signal for testing Sample PR 82 o Bt 8 hrow | ! Sample
RF Passive e ! Lo I I I
Filter 73 e o i =
Oscillating System L 4. ;
T ) A s ot | I 1
Sample I e | m— A 1 Sample
78 b 7 : : : 73
L=ty !\
| [ | 1
;‘ f E Mkrl 1.;:5t_~u GHz : I I '
i Sample E i i i -2.813 dBm E»::F. 48 Ip..rn 10 48 : : Sample
66 I e 0 il 86
Mark : l'\ 1 : 'ﬁ". I I l
12503750tz | | | T?jﬁl T
-2.813 dBm b -21.22 diim
B T e w\ "vuw*‘»-,—»rmﬂw P e B I Wl o e e
53 FC ; ; : S3FCT 'JT' g, Wil r -
foft i ! ! 1
8 1|k
86, | 73,1 09, "‘ 66, 173, ! 09, !
Sample # 75" | 74| 10 78 174 110 :Sample#
Oscillation 1,26 {1.28! 1.29 17 1 35 ! 50 | Oscillation
Freguency GHz | GHz! GHz MHz | MHz | MHz, Frequency
A. High-Frequency Signal B. Low-Frequency Signal
LOW-pass (RF Amplifier Output) (Proposed Test-Setup Output
Filter (90 MHz) P P P =ellip=upn

A.Goyal, M. Swaminathan, A. Chatterjee, “Low-Frequency and Low-Cost Test Methodology for Integrated RF Substrates”, IEEE Transaction
on Advanced Packaging, Volume 33, Issue 3, 2010, pp(s) 669-680

@IEEE Georgia Institute of Technology Feb 2013 Ei“ I‘||||”| :':":



.
What Comes Next ?

The newest calculator: It is not worth it - in six
16 bit, with hi-tech monitor, months it will cost you half as much
including mouse ...

ST year § Technolegy by n:l:-.a FUNKY PICTURES COM

Contlnuous drive towards New At Reduced Cost .....
Technologies ...

Even More Integration to Come
Dawn of the Even M(o)ore Era

< IEEE Georgia Institute of Technology Feb 2013 !;oﬁgl'\



Good cooling
System to
remove heat

Mechanical
Integrity to
Protect against
Hurricane

Communication
Between Floors
With minimum
interference

Strong Foundation
to protect against
earthquake &
entry/exit

to outside world

mpire State Building MinO'SYStem www.ipc.gatech.edu
@lEEE Georgia Institute of Technology Feb 2013 :
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Going Vertical
SensoChip \
| RRIC

RN Control IC

oon ——noono

Logic IC

I TEVAVEVEVYEY) ITEVEAVAVEVEV)

Flash Memory

Cache SRAM

FETETETEVTEYEYEYE

Interposer

WO W W W W W W W W WY W W WY WY WY



miconductor Revolution - ntegration
3D Interconnects Enable Low Energy Processing

1000X 4.8nd/word

/T o — ¢

— J— el rocessor
T —[—1I OO0PODO C Rechess
L L L L A 1 1 ] J ] g

PCE

Multichip Package
DDR3

~ Memory Die

-

. ~Processor Die

2D 512pJ/word

. Package PCB

piom/ABisug

Stacked POP
LPDDR

Q First Killer Product in 2013
O Wide I1/0 Memory 3D
O Mobile product application
O 512 I/Os transmitting at 12.8Gbps (3.2Gbps
in LPDDR2 memory)
O 8X improvement in Bandwidth
0 35% decrease in package size
1X || O 50% decrease in power consumption

1X Die to Die Connections 100X |
)

[1] Dr. Oh Hyun Kwon [ISSCC, 2010] Samsung Electronics Courtesy: Part Greg Taylor. Intel and Paul Franzon ﬁg}lf rtﬁh_
@IEEE Georgia Institute of Technology Feb 2013 | Jys!%:




Removing Heat — A Major Challenge for 3D Integration
for High Power Chips

Correlation with measurement

1 } Sl Die
T U U i 3 351
= Electrical o v
a
b sV o 30
11T © T 11 5
- = = == E
1 = Fluidie 8 -=— Simulation
N TSY g 251 —v- Measurement
in _L':] U Ui 2
i 1]
— F lldll: g 20 T T T T T T
\/ "\ Channgl 40 50 60 70 80 90' 100 110
Fluidic & Elec. 110 Cu wira Flow Rate (ml/min)
3D System with micro-channels Max temperature v.s. flow velocity
100
+Max chlp temp: Ch|p1 1
) 90' —@— Max chip temp: Chip2 e
Chlp4 o 1 —@— Channel output temp: Chip1
g 80 —@— Channel output temp: Chip2 E
2 ]
Chip3 \é’ 70 T
. 2 601 4
Signal 8
o 50 .
Power g— :
) 40_ 1
Power - ] ]
Ground 307 , , , . ]
Signal 20 40 60 80 100 120

Flow Rate (ml/min)

J. Xie, M. Swaminathan, “Electrical-thermal co-simulation with micro-channel water cooling in 3D integration,” accepted
with revision by IEEE Trans. Advanced Packaging, 2010.

1] 'II1|
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2.498
2.496
2.494
2,492
249 (V)
2.488
2.486
2.484
2,482

Power Delivery/DC/AC
EMI

Electrical (EMC)

[l } 5i Die
1

1190 T O i
= TTITE Electrical
TSV
Y410 T T 1
- e
il a—— Flidic
11y 0 o
o+ Fluidic
\/ % Channel
Fluidic &Elec. 110 ¢y ire

K Thermal Management

20

40

80

70

60

50

140

30

60

80

100 120 140 160 180 200

Joule Heating

Multi-scale
&

Multi-physics
environment

~

=10
=20
—30
—40

—60
=70

Chip warpage (wm)
|
@
=

=90
—100

—— 20%
 — 3%
| — %
- 7%

—— No SiC (baseline)

| [ Standard processor

| | Underfill Silicon

interposer

L L
0 2 4 6 8 10 12
Diagonal distance from the center of the chip (mm)

\ Mechanical Stresses j

14

ERIBEVRER

Multi-scale Geometry

[eway 1

Tier 2
Thickness ~ 260 um
D

Active Fa

Underfill
Gap ~ 80 um

Flip Chip Bump
Size ~ <100 um
Pitch ~ 100-200 um

Package Substrate
Thickness ~ 180 pm

Underfill
Gap ~ 20 um

u-Bump
Pitch ~ 25-50 pm
BackSide Metal
Pitch ~ 5-25 pym

Tier 1
Thickness ~ 50 pm
Active Face Down

TSV
Size ~ 5-10 ym
Pitch ~ 10-50 pm

BGA Bump
Pitch ~ 0.65 mm
Height ~ 300 um

I
eeoo0e o©0o0o0o
I

On-chip Interconnects
(Nano-meter)

Solder pads
(Diameter = 50 pm)

Package Interconnects
(100 pm)

Package structures
(mm)

—
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Multi-physics — Interaction between Power

Delivery and Heat Generation

0 Steady-state Electrical Problem W Steady-state Thermal problem

V(; Vo(x.y. z>j - V- (k(x, 7. 2)VI(x, y,2)) =—P(x. .2)
Ppx, y,z,T)
o(x,y,2,T) : Electrical Resistivity k(x,y,z,T) :Thermal conductivity

¢(X, V,2) : Electrical Potential T(x,y,2) : Temperature

B Heat Out

JE—— Power from Transistors

Ohmic Loss = Joule Heat:

PJoule(x’ y,z)=j-E(x, y’Z)

Stacked

! Power In
AV=IR "~ Heat sources <
P(x,y,2)
Current

e

e v

Joule heating

0 [ g™
@lEEE Georgia Institute of Technology Feb 2013 gﬁﬁﬂ ani;




Temperature and IR drop with Micro-fluidic Cooling

Steady State Steady State ‘
_ 2.428
180+ : = = = 2424 —=— Chip1
1604 Y ¢ . . ' ~e Chip2
) : Conventional heat sink 2.420 T.\
2 140- 2.416 - &
> 120 Temperature _ > a1, IR Drop “%7\. . .
=} | Decrease ~100C —m— Chip1 > 2. 12 - Decreases i h | i
o 1004 Using —o— Chip2 ® 2.408 - Using .‘ﬂi annel cooling
5 { Micro-channels =2 Micro-channels| - ¢ *
- 80 - v 1_5 2.404 - 4 \~16mv
3 60 A > 2.400 - H\F . .
1 Hi & : | ]
E 40 i;IJicrochannel cooling 2.396 | F|Conventional heat sink
1 2.392 -
204 5 388 \\’\0— —® *
initial 1st Z2nd 3rd 4th 5th Initial 1st 2nd 3rd  4th 5th
I[teration Iteration
Temperature (Flow rate: 104 ml/min)
: : w ] @™
< IEEE Georgia Institute of Technology Feb 2013 sg@y@w




T on a muftaneous ng Noise
A Big Problem for 3D Integration

Die 5 ) Power Supply Noise
Die 4 Vdd m """"""""
n Increased | /\Uﬂv/\ My ¢ dies
Inductance | U |
Die2| || (o adl M
Die 1 . Increased
Interposer/Pkg Vdd Passives VRM . Power

e Supply Noise
Vdd :
Gnd

PCB

3E1

1E1—
R Increased
NSNS
S ST Inductance
© @ © O © 1
ECEEE

1E-1 |

1E8 1E9 1E10

freq, Hz

< IEEE Georgia Institute of Technology Feb 2013 E: I‘|I|||
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Modified Power Distribution and Signaling

Constant Voltage Power Transmission Line (CVPTL)

Power planes replaced with Power Transmission Line (PTL)

0 Depending on the input data, a data pattern detector is used to select a resistor
path in the PDN to keep the impedance looking into the input of the PTL (Zpq ;,)
constant.

O Dynamic resistor path compensates for varying current to keep V, constant
regardless of data.

g 8
‘El ul v[}; ___________________ H
g g _ Calculate resistor values:
-T ‘T Rpiq
Rs Zopne Data Pattern RyroLon [ ]_ +R
drlver k

— T Detector [0 O W0 —o—¢

Ivs Zp1in T
[00] F
R-:Irive(

Power Transmission Line (PTL)

Rulk1= 2V, Ry [K1=Viy (R (K14 R, + R.)

dd

fork=0,1,...,N-1

R .. = !
____________________ Vdd _Vs‘

Transmitter 0 z======= e
Receiver

(_ Vdd ’ (Rs +st ))

[1] Telikepalli, S..; Swaminathan, M.; Keezer, D.; " Minimizing Simultaneous Switching Noise at Reduced Power with Constant Voltage
Power Transmission Lines for High-Speed Signaling,” To be presented at the International Symposium on Quality Electronic Design

(ISQED), 2013
[2] Huh, S.; and Swaminathan, M. , “Are Power Planes necessary for High Speed Signaling”, Designcon 2012. Best Paper Award in the RF

and Design Category.

0 P
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Alternate Power Distribution Scheme for 3D Integration
Convent|ona| CCPTL PBPTL Constant Current .

Constant Voltage

CVPTL ] [

| D|e 3 Power

Grid —ll e | Die 3

Die 2

- O Pwr \ I I
100 uni . = '\—> | | % | | | 100 ur

TSV —J .
s B B Dle 1 D|e 1
: = l TC — - = ] -
—_— >
. Nacro Bump —M> |
B =l ==
VRN ey o0 Interposer perposer [ 595 |<_| | %—woml Interposer
—r— & @ -0 = e
[ 1| | [ Power Planc IY == el l Y 40“—‘“
f Ground Planc ] PCB | ¢ T T — )
i ! z i}
3.5-inch 3.T5—i1'l(:h
Eye Diagram - Power Supply Noise Eye Dlagram e Power Supply Noise
e et e bt car | 0.505V 1= : ]
g : - v . ? g 1_1- g i 2 96 s 8 1.0 W 25 myv
pri ossst > W< |7 ] ”ﬁhﬁl ;'wﬂ [ﬂﬂ[;ﬂ,qﬂ]ff”ﬂ = - 0,436V | e = E 1+
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Engineering Nano-Systems

NANO- BIO SENSORS

DEVIC
NANO-THERMAL NANO-DEVICES / (RF,OPTO 3D STACK o
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CNT Based Antenna for Sensor Applications

* Trace ammonia OFF/ON/OFF 0 [

—Before NH3 exposure

(25 ppm) 5 - 77377777777774: 77777 — After 3 minutes of NH3 | |

— After 10 minutes (revert)
T

* Phenomenon #1: R
RF Resonance Frequency Shift ‘ ‘
(remote [standoff] RF detection)

* Phenomenon #2:
Passive Backscatter Measurement ‘
(less sensitive to environment than #1) s C

L
' 7 7.5

CNT loaded stub

Paper Sulxstrate \ Unique Approach

Apply CNT to only a small
part of the antenna to
Minimize conductive
losses

Silver Ink (Inset-Fed

Patche e Courtesy: K. Naishadham, GTRI
Breadboard test connector measuring return loss M. Tentzeris, GT
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CNT based Antenna Sensor Experimental Validation

0
3 3 —Before [NI-.I3 exposure
CNT loaded stub e~ R — After 10 minutes (revert)
Paper Substrate \ \ A TN N\ . L e
@15 % ——————————— B\ P S S
) | | |
g | | ‘ Revert
\ b RS SRR T £ W m
5 | Aftey | ‘
Silver Ink 2B Tosooooes VAR N Y A IS
(Patch Antenna) . 300 MHz Resonance sHift  \| /| et ]
(Largest Reported) 300 MHz |
R e o -
3 5.5 6 b.5 7 7.5
Test connector measuring return loss Frequency (GHz)
Low-Power Detection Using Reflected Signal
S I| |I2\JEIl—|3 Exposure
=225 7Air Raw Data
(= NHS Exposure Recowvery
E E._195
: « YNH.S 519 Sensor Reverts
s el e | Itself
Passive Detection Using Back-Scattered Signal 'C' " dimecs T M

Courtesy: K. Naishadham. GTRI. M. Tentzeris. GT Time Line of Passive Resonance Detection .
(g™
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d ng Energy from
The Battery Problem

Epilepsy e P Migraine
Parkinson's P Qccipifal Traumatic Brain
AlzheimerG % i

Coct Injury
Essential Tremor tear

Profound Deafness

ParkinsonG \ 5

Dystonia = ceP : Y iy S Epilepsy
ocD F e | S Depression
Epilepsy A £ Alzheimers
Stroke iy W gl S Autism
Depression e MG Bulimia
Pain i Lo, Chronic Pain
Tinnitus Qf!’@e Migraine
Respiratory Support Q'o Obesity

OCDiAnxiety
Cycle Bipolar
T

Chronic Pain
Malignant Pain

Spasticity o
ALS .
Huntington@ “eass®
Obesity

Gastroparesm
Chronic Mausea
Diarrhea (Crohn (& Disease e)

e,
®  Rapid

( \Chronl Pain

Angina Pain
Incontinence
Pelvic Pain
Sexual Dysfunction
Interstitial Cystitis

Irritable Bowel Syndrome

Local Site Pain @ l:- { f_._T
FPhantom Limb Syndrome d %
S 2

PVD Pain

How much energy does each of us have’?

Table 1. Mechanical energy from typical body motions and the expected electrical
energy can be generated.

Activity Mechanical  Electrical Electrical energy per movement
| | o Blood flow  0.93W 0.16W 0.16J &
rregular energy. Exhalation  1.00W 0.17W 1.027 A

- Low frequency; Breath 0.83W 0.14W 0.84]
Upper limbs  3.00W 0.51W 2.25])

- Variable frequency; Fingers type 6.9-19mW  1.2-3.2mW  226-406p)

4
- Variable amplitudes Walk 67.00W 11.39W 18.9] |'¢
Courtesy: Z. L. Wang, Georgia Tech
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Controlled Growth of Zn0O Nanowires

Zn0O

ZnO:

*Semiconductor
*Piezoelectricity
«Optical material

b,
p— £ UINTMENT r 1

; 1\&,!1}
Courtesy: Z". W&hg, Georgia Tech
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Zn0 Nanowire and Nanogenerator
Operating Principle

Piezoelectric potential for ZnO nanowire Nanogenerator and its output
(a) +—¢C — Colorscales  (a) zno Cradhesion layer [ (b) 4
\ 2 ‘ k ;\ ‘, ®.c e PS Crifu electrode S
2 ) ' PhMA 5°
(b) : 2,
v+ fFllz H
<l || | g
3 |
(c) ‘ - § o8 C-axis v -10
[>- ‘@ o B R R R
\ | J 0.15 Time (s)
e C-axis (c) 08
\ < (@ ’
3 04
: | I g 1| -
é l —5 ;“"
5 Dt " =
-: ° S04
c Jo| Yo s n s owm
‘\ e Time (s}
60 — 85nN of force Flexible

Courtesy: Z. L. Wang, Georgia Tech
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Driving LCD using Nanogenerator

| Hr \ ?
AT

0 2 4 E 31012141818
Time (s)

L

0 2 4 6 8 10 12 14 16 18 Hu, Zhang, Xu ... Wang, Nano Letts.

Time (s)

Voltage (V)
o

300
20

D

10

O

Current (nA)
D

10

= {11171

O

Y.F. Hu, Y. Zhang, C. Xu, G. Zhu, Z.1.. Wang @ Georgia Tech

20

O

Courtesy: Z. L. Wang, Georgia Tech ~ WwWw.nanoscience.gatech.edu/zlwang
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What will limit the move from Nano-Science into Nano-Engg. ?
Need for a ComputationaC! rﬂl’oer

Electrical/Thermal Transport Modeling

S
Architectural Modeling

Logical Process (LP)

I
ed EM/D

n
ev

VXE(r.[):&BKr.[)

odeling
J(r.r)

@S>
Madel Level Simplified VXH(r.[):iDKr.[)*JKr.[) <:| quantum-
Model I=/V) oD ey Maxwell mechanical
LV, VBry=0  equations current
parasitics, t=t,+1 -
etc. Large-Scale ’ o)
NEGF EM Tield aly (r1)
geometry, charge density
hopping, etc. | Atomic Level source terms
NEGF S ﬁ
1=t,
L (inet)o A et 0 ¥ y(r,
Principle ::> {LAV’ 0 A/ua«sa%/:%?a”ﬁﬁﬂ"s ::> wave
i function
» . . . Scale
0.1 10 100 nm i

Small- Scale

Large-Scale

initial conditions

Wr1-0)_JSSERESRERRERS

4

frastructure
ice M

Energy Harvesting

Modeling

stems

Component

Compone

(==
L

Manifold Kernel

Manifold Kernei

Inter-
Kernel API

Core 0 Corel

Package/System Modeling

Nano-System
Redistributi
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Summary

O Similar to transistor integration for ICs, System on
Package (SOP) technologies provide component
integration for systems

W Criginal Artist
Rep dun:tlnn rightstobtainablefram,
Q Digital, RF and Optical convergence have been " >nsiedkcor
the drivers for SOP over the last two decades :
0 SOP has led to ~1000X reduction in the size of — X __a Eﬁ/")
system level components i f

0 Nano convergence with sensing and energy : /
harvesting — the next big wave for SOP ‘? @ lh

“ bdu: i
O Move from the regime of Nano-science to the £ roally is an innovative approach, but I'm afth
realm Of NanO‘engineering required e can't consider it. It's never been done before.”

0 Requires a further ~1000X reduction in system Innovations from our
component dimensions to enable nano-systems Engineering Community
Required!
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Upcoming Book on 3D
Design and Modeling for 3D ICs and Interposers

d Focus on Design, Modeling and Tools

_‘* ’ * for 3D
‘ / Q Authors: M. Swaminathan and K. J. Han
_ \ | d Chapters
= System Integration Concepts
= Modeling of Cylindrical
Interconnections
» Modeling of Through Silicon Vias
= Electrical Performance & Signal
Integrity
= Power Distribution and Return Path
Discontinuities
» Thermal Effects
O Publication Date: 2013
d Published by World Scientific Publishers
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