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NanoCAS Lab at Stony Brook 
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ÅEstablished in 2011 

Å3 PhD students 

Å2 MS students 

Å7 MS alumni 

ïEmployment at 

ÁIntel, NVIDIA, Hynix, Marvell,  

ÁContinue PhD 

ÅSeveral undergraduate 

researchers 

ïURECA, senior design  

ïECE Honors Program 

http://nanocas.ece.stonybrook.edu 

 



Research at NanoCAS Lab 
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Energy-

efficient circuit 

design 

Emerging 

integrated circuit 

technologies 

Number 1 design 

objective for 

almost any 

application 

ñPower Wallò 

ñDark Siliconò 

 7 nm by 2022 

seems to be the 

end of traditional 

CMOS scaling 

Mooreôs law 50th 

year anniversary 

Application Domain 

ASICs, 

microprocessors 

Low power portable 

processors 

Implantable ICs 

Research Themes 



Energy-Efficient Circuit Design 
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Low 

Power 

Clocking 

Reliable 

Power 

Delivery 

Industrial liaisons from Freescale 

Semiconductor, AMD, TI 

Clocks consume 

significant power  

ü20% to 60% of the 

total power 

Application to low 

power SoCs, 

embedded/mobile 

computing 

 

Modern SoCs 

demand high 

current at low 

voltages 

ü1 Volt to 0.4 Volt 

Power delivery is 

critical 



ÅñAn industry game changerò according to SEMATECH 

 

 

 

 

 

 

 

 

Emerging IC Technologies 
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Three-dimensional 

(3D) integration 

Å CAREER Grant 

Source: Samsung 

Source: Intel 

Source: Qualcomm 

- Fabless company 



Outline 

 

ÅMotivation 
 

ÅBackground 
 

ÅRecent Research Results in 3D ICs at NanoCAS Lab 
 

ÅConclusions 

6 



A Brief History 
Electronics + biotechnology, ? 

 Electronics + nanotechnology, ? 

F
u
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n
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Number of devices 

First transistor, 1947 

First IC, 1959 

Intel Core i7, 2014 

ENIAC, ``the Giant 

Brain,ò 1946 

Conceptual transistor, 

by J.E. Lilienfeld, 1926  

Monolithic era 
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Nanoscale Circuit Design 
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ÅTransistors ÅInterconnections 

ÅTransistor vs interconnect scaling? 

 

Global 

Interconnects 

Transistors 

Local 

Interconnects 



Overview of Device Scaling 

9 

Time 1980s 1990s 2000s 

2 µm 0.8 µm 130/90 nm 

2010s 

 22 nm 

ÅConstant voltage 

ï Avoid multiple 

supply 

voltages 

ï Reduce delay 

ï Higher electric 

fields 

ÅConstant electric field 

ï Scale supply and 

threshold voltages 

ï Reduce delay 

ï Reduce power 

consumption 

ï Constant electric 

field 

ÅñNear constant 

voltageò 

ï Voltages 

cannot scale 

further 

ï Higher 

electric 

fields 

ï Significant 

short 

channel 

effects 

Å
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Device Scaling Scenarios 

10 W. Haensch et al., ñSilicon CMOS Devices Beyond Scalingò, IBM Journal of Research and Development, July 2006 



Overview of Interconnect Scaling 
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ÅMetal pitch reduced from 1.8 um in 1994 to a few hundred 

nanometers in 2011 

- Higher coupling capacitance 

ÅSignificant reduction in the cross-sectional area 

- Higher parasitic resistance 

 



Interconnect Scaling Scenarios 

12 E. Salman and E. G. Friedman, High Performance Integrated Circuit Design, McGraw-Hill Publishers, 2012. 



Interconnect Scaling Scenarios 

13 2005 International Technology Roadmap for Semiconductors (ITRS) 

 Interconnect-centric design era 



Vertical Integration 
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ÅOne solution: Go vertical! 

A 

Longest interconnect =   

Low impedance vertical connection 

(Compared with 2 ×  L )   

B



Heterogeneous Integration 
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Dies with different functions, fabricated with different 

technologies are integrated 

www.monolithic3d.com 



3D Applications and Players 
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Outline 

 

ÅMotivation 
 

ÅBackground 

ï3D Integration Technology 

ïPower and Signal Integrity 
 

ÅRecent Research Results in 3D ICs at NanoCAS Lab 
 

ÅConclusions 
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Example 
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ÅApple A4 Chip (for 1st Gen iPad and iPhone 4) 

Off-chip vertical connections 



Different Types of 3D ICs 
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3D Package-on-

Package, Amkor 

Interposer 

Based 

Integration, 

Xilinx 

Through Silicon Via (TSV), Intel 



Current Status in Industry 
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ÅHyper Memory Cube (already commercially available) 

Micron Wide I/O DRAM (15X faster, 70% less energy and 90% less space) 

ÅMemory-Processor Stack (next step)  

AMD xPU + DRAM stacking 



Wafer-Level TSV Based 3D Integration 
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ÅMultiple wafers are  

Thinned 

Aligned 

Bonded 

ÅNo fundamental  

limitations exist 

- Alignment accuracy of 1 um 

- Adhesive, oxide, metal 

bonding 

- Wafer thinning capability 

Á0.1 um for SOI  

Á15 um for bulk silicon 

 



Through Silicon Via 
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Courtesy of IBM 

ÅTSVs are large  

- Diameter in the 2 to 10 um range 

- Height in the 8 to 60 um range 

ÅTSVs have parasitic impedances (RLC) 

 

Ctsv

substrate
Ltsv

Rtsv



TSV Fabrication Techniques 
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ÅVia-first 

- Prior to FEOL 

process 

 

ÅVia-middle 

- After FEOL 

- Before BEOL 

 

ÅVia-last 

- After BEOL 



Primary Challenges 
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ÅFabrication 

ïTSV reliability and stress 

ïBonding techniques 

ïThermal/Cooling 

ÅDesign 

ïArchitecture  

ïDesign for test 

ïEDA tools 

ïDesign for thermal integrity 

ïPhysical design 

ÁPower integrity 

ÁSignal integrity 

 



Research Focus on 3D ICs 

 Signal Integrity for 3D ICs 
 

ïTSV-to-transistor noise 

modeling 

Á [Integrationô14,GLSVLSIô13] 

- Noise analysis for 

implantable 3D ICs 

Á [ISCASô11, BioCASô11] 
 

Power integrity and power 

aware design for 3D ICs 
 

ïPower distribution in 

processor-memory stacks 

Á [JETCASô12, SOCCô12, 

GLSVLSI, 13] 

ïDecoupling capacitor 

topologies for 3D ICs 

Á [TVLSIô15, ISQEDô15] 

ïResource allocation in 3D ICs 

Á [ISQEDô15, GLSVLSIô13] 

ïLow power 3D ICs 

Á [ISCASô15] 
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Power Integrity and Delay Uncertainty 

 Power distribution network 

 Ground distribution network 

Ideal power 

supply 

VDD 

ÅñI have thought about some of the problems of building electric circuits on a 

small scale, and the problem of resistance is serious.ò    Feynman, 1959 

dt

di
LIRVV ppDDp --=

dt

di
LIRVV ggGNDg --=

T min 
T max 
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Impedance Characteristics 

nconsumptioPower 

ripple Allowed voltageNominal
         

Current

ripple Allowed voltageNominal

2

target

³
=

³
=Z

Å65 nm CMOS microprocessor* 
īP = 250 watts 

īVDD = 1.2 volts 

īRipple = 10% of VDD 

īTarget impedance Ò 0.3 milliohms 

G. Konstadinidis et al., ñImplementation of a Third-Generation 16-Core 32-Thread Chip-Multithreading SPARC Microprocessor,ò      

IEEE International Solid State Conference, February 2008 27 



Decoupling Capacitance 

Decoupling 

capacitance 

Stage 1 Stage 2 

E. Salman, E. G. Friedman, R. Secareanu, and O. Hartin, ñWorst Case Power/Ground Noise Estimation Using an 

Equivalent Transition Time for Resonance,ò IEEE Transactions on Circuits and Systems I: Regular Papers, May 2009 28 



ÅDecap is required to satisfy target impedance 

ÅResonance should be carefully considered 

Decoupling Capacitance and Impedance 
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ɤres 

Z target 



Signal Integrity 

Circuit 

block 1   

Driver Receiver 

Circuit 

block 2   
Aggressor 

Victim 
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3D Processor-Memory Stacks 
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ÅHigher on-chip memory bandwidth 

ÅReliable power delivery is an important challenge 

3D processor-memory stack  J. L. Hennessy and D. A. Patterson, Morgan Kaufmann 2011 



3D Processor-Memory Stacks 
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IEEE Design & Test of Computers, 2009 

ÅPotential architectural benefits of a 9 plane memory + 

processor stack (1 GB embedded memory) 

- Access latency, footprint, energy consumption 

ÅPower delivery is identified as a primary challenge 



Nine Plane 3-D Processor-Memory Stack 

ÅHow many power/ground TSVs are required? 

ÅHow much decoupling capacitance is required? 
Satisfy power supply noise (target impedance) 

Minimize area 
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Design Space for Via-First TSV 

ÅMonotonic response 

ÅTypically over-damped 
- Relatively low peak-to-peak noise 

ÅHigh number of TSVs to reduce effective resistance 

ÅHigh decoupling capacitance to reduce transient IR drop 

34 
S. M. Satheesh and E. Salman, ñPower Distribution in TSV Based 3D Processor-Memory Stacks,ò IEEE Journal on Emerging and 

Selected Topics in Circuits and Systems, December 2012 



Minimum Physical Area for Via-First TSV 

ÅDecap is implemented as MOS-C 
- 39 fF/um2 Ą 32 nm technology node (from EOT) 

ÅOptimum pair exists that minimizes area 
- 2750 TSVs and 2.7 nF of decoupling capacitance 

- 9% area overhead  

- 34 mV peak-to-peak noise 

35 
S. M. Satheesh and E. Salman, ñPower Distribution in TSV Based 3D Processor-Memory Stacks,ò IEEE Journal on Emerging and 

Selected Topics in Circuits and Systems, December 2012 



Design Space for Via-Last TSVs 

36 

ÅNon-monotonic response 

ÅTypically under-damped 

ÅRelatively high peak-to-peak noise 

ÅHigh sensitivity to design variables 

ÅCareful analysis is required 

S. M. Satheesh and E. Salman, ñPower Distribution in TSV Based 3D Processor-Memory Stacks,ò IEEE Journal on Emerging and 

Selected Topics in Circuits and Systems, December 2012 



Power Gated 3D ICs 

Å An effective method to reduce leakage power consumption 

Å Total power consumption = dynamic power + leakage power 

Power Gating: turn off the inactive blocks to save leakage 

Intel Atom Processor 

* U. Nawathe et al., ñImplementation of an 8-core, 64-thread, power-efficient SPARC server on a chip,ò JSSC, vol. 43, Jan. 2008 

* Niagra 2 (2008) 
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Power Gating: Sleep Transistors 

Å Sleep transistors are inserted along the power delivery path 

High Vth  

Transistors 

* R. Jotwani et al., ñAn x86-64 Core in 32 nm SOI CMOS,ò JSSC, vol. 46, Jan. 2011 

ÅSleep transistors also consume significant area 

ï More than 1 meter overall width 
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Allocate Area between TSVs and Sleep Transistors 

ÅArea contention 

ÅBoth affect power integrity 

ÅMinimize power supply noise 

  Subject to: 

ÁLeakage power 

ÁTurn on time 

Power Supply

Sleep 
Transistor

C
Sleep 

Transistor

C

Via-last 

TSV 
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