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Clock UncertaintiesClock Uncertainties
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Clock Design IssuesClock Design Issues……
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Clock DistributionClock Distribution

CLK

Clock is distributed in a tree-like fashion

H-tree
Each path must be 
balanced: equal 
interconnect and 
device load

Difficult to achieve 
due to parameter 
variations
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More realistic HMore realistic H--treetree

[Restle98]

Matched RC Trees
Doesn’t not require a regular 
physical structure

interconnections carrying 
CLK signals to  different sub-
blocks are of equal length

Chip is partitioned into 
balanced load segments 
(tiles)

Global CLK driver distributes 
the CLK to the tile drivers 
located at the dots in the 
figure
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The Grid SystemThe Grid System
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GCLK•No rc-matching
•Large power

Allows for late design 
changes….CLK is 
more easily accessible 

Delay from the final 
driver to each load is 
not matched

Absolute delay is 
minimized

Large power 
dissipation: due to 
excess interconnects
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Example: DEC Alpha 21164Example: DEC Alpha 21164
Clock Frequency: 300 MHz - 9.3 Million Transistors

Total Clock Load: 3.75 nF

Power in Clock Distribution network : 20 W (out of 50)

Uses Two Level Clock Distribution:

• Single 6-stage driver at center of chip
• Secondary buffers drive left and right side

clock grid in Metal3 and Metal4
Total driver size: 58 cm!

0.5 um CMOS process

extensive use of dynamic logic….
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21164 Clocking21164 Clocking
2 phase single wire clock, 
distributed globally
2 distributed driver channels

Reduced RC delay/skew
Improved thermal distribution
3.75nF clock load
58 cm final driver width

Local inverters for latching
Conditional clocks in caches to 
reduce power
More complex race checking
Device variation

trise = 0.35ns tskew = 150ps

tcycle= 3.3ns

Clock waveform

Location of clock
driver on die

pre-driver

final drivers
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Clock Drivers
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Clock Skew in Alpha ProcessorClock Skew in Alpha Processor

Skew is zero at 
the output of left 
and right 
drivers….
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21264 Clocking21264 Clocking
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2 Phase, with multiple conditional 
buffered clocks

2.8 nF clock load
40 cm final driver width

Local clocks can be gated “off” to 
save power
Reduced load/skew
Reduced thermal issues
Multiple clocks complicate race 
checking

trise = 0.35ns tskew = 50ps

tcycle= 1.67ns

EV6 (Alpha 21264) ClockingEV6 (Alpha 21264) Clocking
600 MHz 600 MHz –– 0.35 micron CMOS0.35 micron CMOS

Global clock waveform

PLL
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EV6 Clock ResultsEV6 Clock Results

GCLK Skew
(at Vdd/2 Crossings)
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EV7 Clock HierarchyEV7 Clock Hierarchy
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+ widely dispersed 
drivers

+ DLLs compensate 
static and low-
frequency variation

+ divides design and 
verification effort

- DLL design and 
verification is added 
work

+ tailored clocks

Active Skew Management and Multiple Clock Domains
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Circuits for sub kT/q Operation
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CMOS Scaling TrendsCMOS Scaling Trends

Subthreshold and gate leakage increase dramatically with 
scaling device parameters.

Source: ITRS 2005 Source: ITRS 2005
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Leakage, Not Good !Leakage, Not Good !
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Leakage will account for nearly 50% of total power 
consumption in 16 nm technology node
More than 5X leakage variation in 130 nm technology node
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Lecture 15, ECE 225

Theoretical Limit for SubTheoretical Limit for Sub--threshold threshold 
Swing of CMOS DevicesSwing of CMOS Devices

Theoretical limit for subTheoretical limit for sub--threshold swing of all CMOS devices threshold swing of all CMOS devices 
is proven to be is proven to be 60 mV/decade60 mV/decade
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Low SubLow Sub--threshold Swing Transistorsthreshold Swing Transistors
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Minimum measured subthreshold swing value for Minimum measured subthreshold swing value for 
different MOS devices reported in the literature different MOS devices reported in the literature 
((references cited in the paperreferences cited in the paper))
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OutlineOutline

NanoNano--ElectroElectro--Mechanical Switches (NEMS)Mechanical Switches (NEMS)
Fabrication Feasibility of Hybrid NEMSFabrication Feasibility of Hybrid NEMS--
CMOS CircuitsCMOS Circuits
Application of Hybrid NEMSApplication of Hybrid NEMS--CMOS CMOS 
technology in design of:technology in design of:

SRAM cellsSRAM cells
Dynamic OR gatesDynamic OR gates
Sleep transistorsSleep transistors

ConclusionsConclusions



Lecture 15, ECE 225

NanoNano--Electro Mechanical Systems (NEMS)Electro Mechanical Systems (NEMS)

NEMS can operate in NEMS can operate in GHzGHz
range due to very small range due to very small 
massmass
NEMS resonators of NEMS resonators of l = 2uml = 2um
can have Resonance can have Resonance 
frequency of frequency of 400 MHz400 MHz

NEMSNEMS--based DRAMbased DRAM
Jang, et al. Jang, et al. IEDM 2005IEDM 2005

CNT-based relay
Lee, et al. Appl. Phys. 2003

NEMS resonators
Carr, et al. Appl. Phys. 1999 A
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Suspended Gate MOSFET (SGSuspended Gate MOSFET (SG--MOSFET)MOSFET)

AdvantagesAdvantages
Very low gate leakageVery low gate leakage
Very low subthreshold leakageVery low subthreshold leakage
Possible Integration in CMOS Possible Integration in CMOS 
processprocess

DisadvantageDisadvantage
Low ON current compared to Low ON current compared to 
CMOS devicesCMOS devices

Proposed by Proposed by IonescuIonescu, et al. , et al. ISQED 2002ISQED 2002
& Fabricated in & Fabricated in Abele, et al. Abele, et al. IEDM 2005IEDM 2005
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Oxide

Cross section #1
Gate when the device is ON
Gate when the device is OFF

Suspended Gate

Body

Cross section #2
Gate when the device is ON
Gate when the device is OFF

Oxide
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Abrupt Switching of SGAbrupt Switching of SG--MOSFETMOSFET

Operation of SGOperation of SG--MOSFET under three different bias conditions.MOSFET under three different bias conditions.
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Idea: Hybrid NEMSIdea: Hybrid NEMS--CMOS CMOS 

CMOS ?
High ON current

Very high OFF current

NEMS ?
Low ON current

Very low OFF current

Hybrid 
NEMS-CMOS

High ON current
Very low OFF current
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SGSG--MOSFET ModelingMOSFET Modeling

Interaction between Interaction between 
mechanical and electrical mechanical and electrical 
entities complicates entities complicates 
modeling of SGmodeling of SG--MOSFETMOSFET
However, a simplified However, a simplified 
equivalent HSPICE model equivalent HSPICE model 
is proposed by is proposed by 

IonescuIonescu, et al. , et al. ISQED 2002ISQED 2002

dt
dvmf

dt
dILV

dtvKf .1

cvf .

Analogous equations

Electrical Mechanical

dtICV .

RIV . Velocity, v

Voltage, V Force, f 

Current, I

Electrical Mechanical

Stiffness-1,K-1

Resistance, R Damping, c

Capacitance, C

Inductance, L Mass, m

Analogous parameters
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Fabrication Feasibility of SGFabrication Feasibility of SG--MOSFETMOSFET

Simplified proposed fabrication model for hybrid NEMSSimplified proposed fabrication model for hybrid NEMS--
CMOS technology (Based on CMOS technology (Based on Abele, et al. Abele, et al. IEDM 2005IEDM 2005 ))

CMOSNEMS

CMOSNEMS

(a) Formation of poly gate for CMOS 

(b) Definition of active area for CMOS

(d) Growth of thick oxide layer
CMOSNEMS

CMOSNEMS

(c) Definition of active area for NEMS
CMOSNEMS

) (e) Sacrificial layer deposition

(f) AlSi metalization and dry etching

(g) Release of metal gate

CMOSNEMS

CMOSNEMS

ALSi 1% Poly Oxide
Source/Drain Polymide
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Issues with CMOS Dynamic OR GatesIssues with CMOS Dynamic OR Gates

High leakage current reduces reliability of dynamic gatesHigh leakage current reduces reliability of dynamic gates
Reliability can be improved by using larger keepers; Reliability can be improved by using larger keepers; 
however, this will increase delay and power consumptionhowever, this will increase delay and power consumption
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Hybrid NEMSHybrid NEMS--CMOS Dynamic OR GatesCMOS Dynamic OR Gates

SGSG--MOSFET devices reduce leakage and hence, allows us to MOSFET devices reduce leakage and hence, allows us to 
use minimaluse minimal--size keeper in the hybrid architecture size keeper in the hybrid architecture 
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Dynamic OR Gates Simulation ResultsDynamic OR Gates Simulation Results

Dynamic OR gates can achieve Dynamic OR gates can achieve 6060--80%80% lower switching lower switching 
power power 
For For high fanhigh fan--in valuesin values, the hybrid gate outperforms the , the hybrid gate outperforms the 
CMOS gate in terms of both delay and power consumptionCMOS gate in terms of both delay and power consumption
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Dynamic OR Gates Simulation ResultsDynamic OR Gates Simulation Results

The hybrid gates have lower powerThe hybrid gates have lower power--delay product over delay product over 
entire range of activity factor.entire range of activity factor.
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BLBLB

WL

Dual Vt Cell
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Different LowDifferent Low--leakage SRAM Cell Designsleakage SRAM Cell Designs

HamzaogluHamzaoglu, et al. , et al. ISLPED2000ISLPED2000

AziziAzizi, et al. , et al. DAC 2006DAC 2006
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SRAM Cell Simulation ResultsSRAM Cell Simulation Results

Hybrid SRAM cell has nearly Hybrid SRAM cell has nearly 8X lower8X lower leakageleakage
Hybrid cell offers higher noise margin than Hybrid cell offers higher noise margin than AsymAsym. And . And 
DualDual--VVtt architecturesarchitectures
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Sleep Transistor Simulation ResultsSleep Transistor Simulation Results

For the same area, NEMS sleep transistors offer For the same area, NEMS sleep transistors offer three orders three orders 
of magnitude lower OFF currentof magnitude lower OFF current
NEMS sleep transistors have slightly higher ON resistanceNEMS sleep transistors have slightly higher ON resistance
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ConclusionsConclusions
Contributions of this work:Contributions of this work:
1.1. Proposed the idea of hybrid NEMSProposed the idea of hybrid NEMS--CMOS technologyCMOS technology
2.2. Showed that Hybrid NEMSShowed that Hybrid NEMS--CMOS:CMOS:

Dynamic OR gates can achieve Dynamic OR gates can achieve 6060--80%80% lower switching lower switching 
power and power and 
for for high fanhigh fan--in valuesin values, the hybrid gate outperforms the CMOS , the hybrid gate outperforms the CMOS 
gate in terms of both delay and power consumption gate in terms of both delay and power consumption 

SRAM cell can have nearly SRAM cell can have nearly 8X8X lower standby leakage powerlower standby leakage power

Sleep transistors offer up to Sleep transistors offer up to three orders of magnitudethree orders of magnitude lower lower 
OFF currentOFF current


