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The CMOS Inverter: A First GlanceThe CMOS Inverter: A First Glance
VDD
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CMOS Inverter
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Two Inverters

Share power and ground

Abut cells

Connect in Metal
VDD
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CMOS Inverter
First‐Order DC Analysis

VDD VDDV DD VDD

R p
VOL = 0

VOH = VDD
VM = f(Rn, Rp)

V
V out

p

V out

R n

V V V 0V in 5 VDD V in 5 0
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CMOS Inverter: Transient Response

VDDVDD

tpHL = f(R on.C L )

= 0.69 R onC L

Rp
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Vout
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( ) L t hi h (b) Hi h t l(a) Low-to-high (b) High-to-low
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1. Voltage Transfer Characteristic
PMOS L d LiPMOS Load Lines

IIDn
Vin = VDD+VGSp
IDn = - IDp

Vout = VDD+VDSp

I I I

Vout
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Vin=0

Vin=1.5

IDn
Vin=0

Vin=1.5

VDSp

VGSp=-2.5

VGSp=-1
VDSp Vout

Vin = VDD+VGSp
ID = - ID

Vout = VDD+VDSpIDn = - IDp
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CMOS Inverter Load Characteristics
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CMOS Inverter VTC
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Switching Threshold as a function of 
Transistor Ratio
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Determining VIH and VILDetermining VIH and VIL
Vout

VOH

VM

Vin
VOL VIL VIH

A simplified approach
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Inverter GainInverter Gain
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Gain as a function of VDDGain as a function of VDD
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Simulated VTC
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Impact of Process VariationsImpact of Process Variations
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2. CMOS Inverter Propagation Delay
Approach 1

VDDVDD

tpHL = CL Vswing/2
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CMOS Inverter Propagation Delay
A h 2Approach 2

VDDDD

tpHL = f(Ron.CL)
= 0 69 R CL

Vout
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CMOS Inverters
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Transient Response
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Design for PerformanceDesign for Performance

• Keep capacitances smallKeep capacitances small

• Increase transistor sizes
t h t f lf l di !– watch out for self‐loading!

• Increase VDD (????)

9/11/2008 20GMU, ECE 680 Physical VLSI Design



Delay as a function of VDDDD
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Device Sizing
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NMOS/PMOS ratio
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Impact of Rise Time on Delay
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Delay FormulaDelay Formula

( )~ CCRDelay LintW +

( ) ( )γ/1/1 0int ftCCCkRt pintLWp +=+=

Cint = γCginwith γ ≈ 1int γ gin  γ
f = CL/Cgin ‐ effective fanout
R = Runit/W ; Cint =WCunit
tp0 = 0.69RunitCunit
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3. Inverter Sizing
l hApply to Inverter Chain
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Optimal Tapering for Given NOptimal Tapering for Given N

Delay equation has N 1 unknowns C CDelay equation has N ‐ 1 unknowns, Cgin,2 – Cgin,N

Minimize the delay, find N ‐ 1 partial derivatives

Result: Cgin,j+1/Cgin,j = Cgin,j/Cgin,j‐1

Size of each stage is the geometric mean of two neighbors

‐ each stage has the same effective fanout (Cout/Cin)
‐ each stage has the same delay

11 += jginjginjgin CCC 1,1,, +− jginjginjgin
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Optimum Delay and Number ofOptimum Delay and Number of 
Stages

1,/ ginL
N CCFf ==

When each stage is sized by f and has same eff. fanout f:

Effective fanout of each stage:

N Ff =
Mi i th d l

( )γ/10
N

pp FNtt +=

Minimum path delay

( )pp
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ExampleExample

CL= 8 C1

In Out

1 f f2 CL  8 C1
C1

1 f f2

283f

CL/C1 has to be evenly distributed across N = 3 stages:

283 ==f
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Optimum Number of StagesOptimum Number of Stages

For a given load C and given input capacitance CFor a given load, CL and given input capacitance Cin
Find optimal sizing f
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For γ 0 f e N lnF ( )ff γ+1expFor γ = 0, f = e, N = lnF ( )ff γ+= 1exp
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Optimum Effective Fanout f
Optimum f for given process defined by γ

( )ff γ+1exp( )ff γ+= 1exp

fopt = 3.6
for γ=1for γ=1
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Impact of Self‐Loading on tpImpact of Self Loading on tp

No Self Loading γ 0 Wi h S lf L di 1No Self‐Loading, γ=0 With Self‐Loading γ=1
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Buffer DesignBuffer Design
N f tp

1 64 1 64 65

1 8 64 2 8 18

1 644 16 3 4 15

1 64
2.8 8 22.6 4 2.8 15.3
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4. Power Dissipation

Where Does Power Go in CMOS?

• Dynamic Power Consumption

Sh t Ci it C t

Charging and Discharging Capacitors

• Short Circuit Currents
Short Circuit Path between Supply Rails during Switching

• Leakage
Leaking diodes and transistorsLeaking diodes and transistors
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Dynamic Power DissipationDynamic Power Dissipation
Vdd

Vin Vout

C

Energy/transition = CL * Vdd
2

CL

L dd

Power = Energy/transition * f = CL * Vdd
2 * f

Need to reduce CL, Vdd, and f to reduce power.
Not a function of transistor sizes!
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Modification for Circuits with Reduced Swingg

Vdd

Vdd

CL

Vdd -Vt

L

E0 1→ CL Vdd Vdd Vt–( )••=

Can exploit reduced swing to lower power
(e.g., reduced bit-line swing in memory)( g , g y)
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Adiabatic Chargingg g

2

22
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Adiabatic Chargingg g
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Node Transition Activity and PowerNode Transition Activity and PowerNode Transition Activity and PowerNode Transition Activity and Power
Consider switching a CMOS gate for N clock cycles

EN CL Vdd• 2 n N( )•=

(N) h b f 0 1 i i i N l k l

EN  : the energy consumed for N clock cycles

n(N): the number of 0->1 transition in N clock cycles

Pavg N ∞→
lim

EN
N-------- fclk•= n N( )

N------------
N ∞→

lim⎝ ⎠
⎛ ⎞ C•

L
Vdd•

2 fclk•=g N ∞→ N ∞→ L

α0 1→
n N( )

N------------
N ∞→

lim=

Pavg = α0 1→ C• L
Vdd• 2 fclk•

9/11/2008 39GMU, ECE 680 Physical VLSI Design



Transistor Sizing for Minimum EnergyIn

C
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G l Mi i i E f h l i it

1Cg1 f
Cext

• Goal: Minimize Energy of whole circuit
– Design parameters: f and VDD

– tp ≤ tpref of circuit with f=1 and VDD =Vref
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Transistor Sizing (2)Transistor Sizing (2)
• Performance Constraint (γ=1)
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Transistor Sizing (3)Transistor Sizing (3)
VDD=f(f) E/Eref=f(
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Short Circuit CurrentsShort Circuit Currents
Vdd

Vin Vout
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How to keep ShortHow to keep Short--Circuit Currents Low?Circuit Currents Low?

Short circuit current goes to zero if tfall >> trise,
but can’t do this for cascade logic sobut can t do this for cascade logic, so ...
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Minimizing ShortMinimizing Short--Circuit PowerCircuit Powergg
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LeakageLeakagegg
Vdd

VoutVout

Drain Junction
Leakage

Sub-Threshold
Current

Sub‐threshold current one of most compelling issues
in low‐energy circuit design!
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ReverseReverse--Biased Diode LeakageBiased Diode LeakageReverseReverse Biased Diode LeakageBiased Diode Leakage

N
p+ p+

GATE

Reverse Leakage Current

+
Vdd-Vdd

IDL = JS × ADL S

JS = 10-100 pA/μm2  at 25 deg C for  0.25μm CMOS
JS doubles for every 9 deg C!JS doubles for every 9 deg C!
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Subthreshold Leakage ComponentSubthreshold Leakage Component
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Static Power ConsumptionStatic Power Consumption
Vd d

I
Vout

C

Istat

Vin=5V CL

Pstat = P(In=1).Vdd . Istat

Wasted energyWasted energy …
Should be avoided in almost all  cases,
but could help reducing energy in others (e.g. sense amps)but could help reducing energy in others (e.g. sense amps)
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Principles for Power Reduction

• Prime choice: Reduce voltage!
– Recent years have seen an acceleration in supply 
voltage reduction

– Design at very low voltages still open question (0 6– Design at very low voltages still open question (0.6 
… 0.9 V by 2010!)

• Reduce switching activityg y
• Reduce physical capacitance

– Device Sizing: for F=20
• fopt(energy)=3.53, fopt(performance)=4.47
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5. Impact of Technology Scaling

Goals of Technology Scaling
• Make things cheaper:

– Want to sell more functions (transistors) per chip 
for the same money

– Build same products cheaper, sell the same part 
for less money

– Price of a transistor has to be reduced

• But also want to be faster, smaller, lower 
power
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Technology ScalingTechnology Scaling

• Goals of scaling the dimensions by 30%:Goals of scaling the dimensions by 30%:
– Reduce gate delay by 30% (increase operating frequency 
by 43%)

– Double transistor density

– Reduce energy per transition by 65% (50% power savings 
@ 43% increase in frequency@ 43% increase in frequency

• Die size used to increase by 14% per generation

• Technology generation spans 2 3 years• Technology generation spans 2‐3 years
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