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TopicsTopics

•• Performance CharacterizationPerformance Characterization

–– Delay AnalysisDelay Analysis

–– Transistor SizingTransistor Sizing

•• Digital Design ReviewDigital Design Review

•• CMOS Logic DesignCMOS Logic Design
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Interconnect DelayInterconnect Delay

5000µ metal1 (0.5µ wide)

•Interconnect resistance

•Interconnect capacitance

•Intrinsic load capacitance€ 

R = .07 5000µ
0.5µ

= 700Ω

€ 

Cwire = .03 ⋅ 5000µ ⋅ 0.5µ + .044 ⋅ 2 ⋅ 5000µ + 0.5µ( ) = 515 fF

•Propagation delay

€ 

tp =
RCwire

2
+ RCin =

700 ⋅ 515 fF
2

+ 700 ⋅ 5 fF =184 ps€ 

Cin ≈ 5 fF
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Interconnect DelayInterconnect Delay

•• Avoid long interconnect delays using buffersAvoid long interconnect delays using buffers

2500µ metal1 (0.5µ wide)

•Interconnect resistance

•Interconnect capacitance

•Intrinsic load capacitance€ 

R = .07 2500µ
0.5µ

= 350Ω

€ 

Cwire = .03 ⋅ 2500µ ⋅ 0.5µ + .044 ⋅ 2 ⋅ 2500µ + 0.5µ( ) = 258 fF

•Propagation delay

€ 

tp = 2 ⋅ RCwire

2
+ RCin

 

 
 

 

 
 = 2 ⋅

350 ⋅ 258 fF
2

+ 350 ⋅ 5 fF
 

 
 

 

 
 = 94 ps

2500µ metal1 (0.5µ wide)

€ 

Cin ≈ 5 fF
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Interconnect DelayInterconnect Delay

•• Avoid long interconnect delays using wider linesAvoid long interconnect delays using wider lines

5000µ metal1 (5µ wide)

•Interconnect resistance

•Interconnect capacitance

•Intrinsic load capacitance€ 

R = .07 5000µ
5µ

= 70Ω

€ 

Cwire = .03 ⋅ 5000µ ⋅ 5µ + .044 ⋅ 2 ⋅ 5000µ + 5µ( ) =1190 fF

€ 

Cin ≈ 5 fF

•Propagation delay

€ 

tp =
RCwire

2
+ RCin =

70 ⋅1190 fF
2

+ 70 ⋅ 5 fF = 42ps
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Delay time analysisDelay time analysis

€ 

tpHL = 0.69ReqnCL

•• Propagation delay is proportional toPropagation delay is proportional to
intrinsic resistance and load capacitanceintrinsic resistance and load capacitance

•• Take average of p and n delays forTake average of p and n delays for
overall propagation delayoverall propagation delay

€ 

tp = 0.69CL
Reqn + Reqp

2
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Delay time analysisDelay time analysis

•• Propagation delay is inverselyPropagation delay is inversely
proportional to proportional to kk

€ 

tpHL = 0.69 3
4
VDD

IDSATn

 

 
 

 

 
 CL

= 0.52 VDD

kn
VDD −VTn( )2

2

 

 

 
 
 
 

 

 

 
 
 
 

CL

≈
CL

knVDD
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Delay time analysisDelay time analysis

•• Propagation delay is inverselyPropagation delay is inversely
proportional to proportional to kk
–– When device is velocity saturatedWhen device is velocity saturated

€ 

tpHL = 0.69 3
4
VDD

IDSATn

 

 
 

 

 
 CL

= 0.52 VDD

knVDSATn VDD −VTn −
VDSATn

2
 

 
 

 

 
 

 

 

 
 
  

 

 

 
 
  

CL

≈ 0.52 CL

knVDSATn
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Delay time analysisDelay time analysis

•• Like the fall time and rise times, the delayLike the fall time and rise times, the delay
time is affected by the load capacitancetime is affected by the load capacitance
and the transistor and the transistor kk’’ss

•• Reduce delay byReduce delay by
–– Reducing Reducing CCLL

–– Increasing Increasing k k or increasing or increasing W/L W/L ratioratio

–– Increasing Increasing VVDD DD (to a point)(to a point)
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Delay time analysisDelay time analysis

•• In order to equalize the rise and fall delays, theIn order to equalize the rise and fall delays, the
transistor equivalent resistances must be equaltransistor equivalent resistances must be equal

•• Typically that means the pMOS width must beTypically that means the pMOS width must be
2-3 times the width of the nMOS to have equal2-3 times the width of the nMOS to have equal
falling and rising delay timesfalling and rising delay times

•• However, this does not mean that overall delayHowever, this does not mean that overall delay
has been minimizedhas been minimized
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Delay time analysisDelay time analysis

•• Assume that the inverter is cascaded to anotherAssume that the inverter is cascaded to another
inverterinverter

€ 

tp = 0.69Req Cdp1 + Cdn1( ) + Cgp2 + Cgn2( ) + CW( )
•• Scale the pmos transistors by a factor of Scale the pmos transistors by a factor of ββ

€ 

tp = 0.69
Reqn + Reqp β

2
 

 
 

 

 
 βCdn1 + Cdn1( ) + βCgn2 + Cgn2( ) + CW( )

= 0.345 Reqn +
Reqp

β

 

 
 

 

 
 β +1( ) Cdn1 + Cgn2( ) + CW( )

•• Optimal Optimal ββ

€ 

β =
Reqp

Reqn

≈
knVDSATn

kpVDSATp



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 7

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

1 1.5 2 2.5 3 3.5 4 4.5 5
3

3.5

4

4.5

5 x 10-11

β

t p(
s
e
c
)

NMOS/PMOS ratioNMOS/PMOS ratio

tdLH tdHL

td Wp/Wn
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Transistor SizingTransistor Sizing

•• Size the transistors based on delaySize the transistors based on delay
requirements and capacitor loadrequirements and capacitor load

€ 

Rn = Rp =11KΩ

€ 

CL =1pF

€ 

td =11ns

€ 

Rn = Rp =1.1KΩ

€ 

CL =1pF

€ 

td =1.1ns
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Transistor SizingTransistor Sizing

•• Increasing transistor size allows us toIncreasing transistor size allows us to
drive large capacitancesdrive large capacitances

•• ProblemsProblems

–– Increases areaIncreases area

–– Increases input capacitanceIncreases input capacitance
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Transistor SizingTransistor Sizing

•• Use cascaded invertersUse cascaded inverters

€ 

CL

€ 

R

€ 

R
f

€ 

R
f 2

€ 

R
f 3

€ 

R
f n−1

€ 

fC

€ 

f 2C

€ 

f 3C

€ 

f n−1C

€ 

t f = n −1( ) fRC +
R
f n−1

CL

•If we equalize the delays, then

€ 

f n =
CL

C

€ 

tp = nfRC
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Transistor SizingTransistor Sizing

€ 

tp = nfRC

=
ln CL

C
 

 
 

 

 
 

ln f
fRC

•• Minimum delay is reached when Minimum delay is reached when ff is equal to is equal to
ee(~2.72)(~2.72)

•• At optimum,At optimum,

€ 

n = ln CL

C
 

 
 

 

 
 



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 7

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

Transistor SizingTransistor Sizing

€ 

R =11KΩ,C = 9 fF

€ 

CL =1pF

€ 

n = ln CL

C
 

 
 

 

 
 = ln

1pF
9 fF
 

 
 

 

 
 = 4.71

Set nn=5, and ff =3 to use integral values

€ 

tp = n −1( ) fRC +
R
f n−1

CL

= 5 −1( ) ⋅ 3 ⋅11KΩ⋅ 9 fF +
11KΩ
35−1

1pF

=1.32ns
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Buffer DesignBuffer Design

1

1

1

1

8

64

64

64

64

4

2.8 8

16

22.6

N f tp

1 64 65

2 8 18

3 4 15

4 2.8 15.3
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Transistor SizingTransistor Sizing

•• Cascaded inverter staging will use more area thanCascaded inverter staging will use more area than
a single invertera single inverter

•• The input capacitance is much lowerThe input capacitance is much lower

•• The number of stages and stage ratio can beThe number of stages and stage ratio can be
adjusted to get faster delay times or smaller areaadjusted to get faster delay times or smaller area

•• When you take into account intrinsic capacitance,When you take into account intrinsic capacitance,
the optimal the optimal ff is a little closer to 3.6 is a little closer to 3.6



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 7

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

TopicsTopics

•• Digital Design ReviewDigital Design Review

•• CMOS DesignCMOS Design
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Boolean AlgebraBoolean Algebra

•• Basic operatorsBasic operators

–– ANDAND

–– OROR

  

€ 

f (A,B) = A ⋅ B = AIB

111111

000011

001100

000000

AA••BBBBAA

A

B
A•B

  

€ 

f (A,B) = A + B = AUB

111111

110011

111100

000000

A+BA+BBBAA

A

B
A+B



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 7

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

Boolean AlgebraBoolean Algebra

•• Basic operatorsBasic operators

–– NANDNAND

–– NORNOR

  

€ 

f (A,B) = A ⋅ B = AIB

001111

110011

111100

110000

AA••BBBBAA

A

B
A•B

  

€ 

f (A,B) = A + B = AUB

001111

000011

001100

110000

A+BA+BBBAA

A

B
A+B
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Boolean AlgebraBoolean Algebra

•• Basic operatorsBasic operators

–– XORXOR

€ 

f (A,B) = A⊕ B

001111

110011

111100

000000

BBAA

€ 

A⊕ B

A

B

€ 

A⊕ B
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Boolean AlgebraBoolean Algebra

•• Unity operatorsUnity operators

•• ComplementComplement

€ 

A + 0 = A
A ⋅1= A

€ 

A + A =1
A ⋅ A = 0
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Boolean AlgebraBoolean Algebra
•• CommutativityCommutativity

•• AssociativityAssociativity

•• Distributive LawDistributive Law

€ 

A + B = B + A
A ⋅ B = B ⋅ A

€ 

A + B + C( ) = A + B( ) + C
A ⋅ BC( ) = AB( ) ⋅C

€ 

A ⋅ B + C( ) = AB + AC
A + BC = A + B( ) ⋅ A + C( )
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Boolean AlgebraBoolean Algebra

€ 

f (A,B,1,0,⋅,+) = f (A,B,0,1,+,⋅)

•• DualityDuality

€ 

A + A = A
1+ A =1

A + AB = A
A + AB = A + B

€ 

A ⋅ A = A
0 ⋅ A = 0

A ⋅ A + B( ) = A

A ⋅ A + B( ) = A ⋅ B
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Boolean AlgebraBoolean Algebra

€ 

AB + AC + BC = AB + AC

A + B( ) ⋅ A + C( ) ⋅ B + C( ) = A + B( ) ⋅ A + C( )

€ 

A + B = AB
A ⋅ B = A + B

•• DualityDuality

–– ConsensusConsensus

–– DeMorganDeMorgan’’s s TheoremTheorem



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 7

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

Boolean AlgebraBoolean Algebra

€ 

A + B = AB
A ⋅ B = A + B

•• DeMorganDeMorgan’’s s TheoremTheorem

A

B
A•B

A

B
A+B

A

B
A+B

A

B
A•B
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Digital LogicDigital Logic

• Representation of the function to be
realized

• Sum of Products representation

 Sum of minterms

• Product of Sums representation

 Product ofProduct of maxterms maxterms

00111111

11001111

11110011

11000011

11

00

11

00

CC

001100

111100

110000

000000

FFBBAA

•• Truth TablesTruth Tables

€ 

F = ABC + ABC + ABC + ABC + ABC

€ 

F = A + B + C( ) ⋅ A + B + C( ) ⋅ A + B + C( )
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Logic MinimizationLogic Minimization
•• Minimizing SOP representation to MSPMinimizing SOP representation to MSP

•• Using Using Karnaugh Karnaugh MapMap

1100001111

1111110000

1010111101010000

€ 

F = ABC + ABC + ABC + ABC + ABC

€ 

F = BC + AB + BC
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Logic MinimizationLogic Minimization
•• Minimizing POS representation to MPSMinimizing POS representation to MPS

•• Using Using Karnaugh Karnaugh MapMap

€ 

F = A + B + C( ) ⋅ A + B + C( ) ⋅ A + B + C( )

1100001111

1111110000

1010111101010000

€ 

F = A + B + C( ) ⋅ B + C( )
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CMOS Logic ImplementationsCMOS Logic Implementations

•• InverterInverter

AA
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CMOS Logic ImplementationsCMOS Logic Implementations

•• NORNOR

A+BA

B
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CMOS Logic ImplementationsCMOS Logic Implementations

•• NORNOR

A+BA

B

Pull-down truth tablePull-down truth table

001111

000011

001100

XX0000

OUTOUTBBAA

Pull-up truth tablePull-up truth table

XX1111

XX0011

XX1100

110000

OUTOUTBBAA
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CMOS Logic ImplementationsCMOS Logic Implementations

•• NANDNAND

A

B

AB
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CMOS Logic ImplementationsCMOS Logic Implementations

•• Multi-input NORMulti-input NOR

A+B+CA

B

C
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CMOS Logic ImplementationsCMOS Logic Implementations

•• General CMOS combinational logicGeneral CMOS combinational logic

FInputs

F

F dual
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CMOS Logic ImplementationsCMOS Logic Implementations

€ 

F = BC + AB + BC

= B + C( ) ⋅ A + B( ) ⋅ B + C( )

B

B

C

B C

A

Pulldown
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CMOS Logic ImplementationsCMOS Logic Implementations

A

B

C

C

B

€ 

F = A + B + C( ) ⋅ B + C( )
= ABC + BC

Pulldown
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CMOS Logic ImplementationsCMOS Logic Implementations

A

B

CB

€ 

F = A + B + C( ) ⋅ B + C( )
= ABC + BC

F '= A + B + C( ) ⋅ B + C( )

C
Pullup
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CMOS Logic ImplementationsCMOS Logic Implementations

A

B

CB

C

A

B

C

C

B

F
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Next classNext class

•• Multi-input delay analysisMulti-input delay analysis

•• Homework 2 due 2/15Homework 2 due 2/15

•• Chapter 6 and 7Chapter 6 and 7


