
Lecture 16
Introduction to Integrated Circuit Design

Course summary



Designing gates with switches
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Already the first lecture we learnt how to design gates with switches
and in CMOS there are two complementary switches
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Designing gates with switches
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Already the first lecture we learnt how to design gates with switches
and in CMOS there are two complementary switches

According to de 
Morgan´s theorem
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Designing gates with switches
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Designing gates with switches

VDD

Y = AB + CD

&

&

≥1

A
B

C
D

Y

Already the first lecture we learnt how to design gates with switches
and in CMOS there are two complementary switches

According to de 
Morgan´s theorem

( )( )Y = A + B C + D

N-switch

A A

nMOSFET

P-switch

A A

pMOSFET

N-switch

A A

nMOSFET

B

A

D

C

A

C

B

D

VDD

VSS

Y

2018 Integrated Circuit Design 5



Fatal errors!

Layout and Euler paths
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Fabrication

• Chips are built in huge factories called fabs

• Contain clean rooms as large as football fields

Courtesy of IBM Corporation. Unauthorized use not permitted.
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Inverter mask set and fabrication

P-type silicon substrate

N-well

Active areas

P+ select Poly gate

Contact cuts

Metal wires2018 Integrated Circuit Design 8



MOSFET – a square-law device

( )
2

2
DSAT GS T

k
I V V= −

( )
2

DSAT GS T DSAT

k
I V V V= −

DSAT GS TV V V −

DSAT GS TV V V= −

MOSFET transfer characteristic
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MOSFET models

VGS

0,00 0,05 0,11 0,16 0,22 0,27 0,27 0,32 0,37 0,42 0,47 0,51 0,56 0,61 0,66 0,71 0,76 0,81 0,86 0,91 0,96 1,00 1,05 1,10 1,15 1,20

1,2 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2162

1,15 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2162

1,1 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2162

1,05 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2162

1 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2162

0,95 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2162

0,9 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1941 2160

0,85 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1731 1938 2146

0,8 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1533 1728 1924 2120

0,75 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1348 1531 1714 1898 2081

0,7 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1174 1345 1516 1687 1859 2030

0,65 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1012 1171 1330 1489 1648 1807 1966

0,6 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 863 1009 1156 1303 1449 1596 1743 1890

0,55 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 725 859 994 1128 1263 1397 1532 1667 1801

0,5 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 599 721 843 966 1088 1211 1333 1455 1578 1700

0,45 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 485 595 705 815 925 1036 1146 1256 1366 1476 1586

0,4 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 383 481 579 677 775 873 971 1068 1166 1264 1362 1460

0,35 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 293 379 465 550 636 722 807 893 979 1064 1150 1236 1321

0,3 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 216 289 362 436 509 583 656 729 803 876 950 1023 1097 1170

0,25 0 0 0 0 0 0 0 5,99 24 53,9 95,8 150 211 272 333 394 456 517 578 639 700 762 823 884 945 1006

0,2 0 0 0 0 0 0 0 5,99 24 53,9 95,8 145 194 243 292 341 389 438 487 536 585 634 683 732 781 830

0,15 0 0 0 0 0 0 0 5,99 24 53,9 90,6 127 164 201 237 274 311 348 384 421 458 494 531 568 605 641

0,1 0 0 0 0 0 0 0 5,99 24 48,4 72,9 97,4 122 146 171 195 220 244 269 293 318 342 367 391 416 440

0,05 0 0 0 0 0 0 0 5,99 18,2 30,5 42,7 54,9 67,2 79,4 91,6 104 116 128 141 153 165 177 190 202 214 226

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Linear region

Saturation region

O
FF

 r
e

gi
o

n

VDS

IDS
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OFF ON

Models can predict IDS for any VGS/VDS

V
D

S

Max current

Output characteristic
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CMOS Inverter

VDDVSW

VDD

VTN VDD+VTP0
0

VOUT

VIN

VSW

DV

( )
2

2

N
dsn IN TN

k
I V V= −

( )
2

2

P
dsp DD IN TP

k
I V V V= − +

Equal saturation currents
yields the  switching voltage 

,
1

N
sw TN

P

kV
V V  x

kx

D
= + =

+
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CMOS Inverter

11/2

VDD

1/4 3/40
0

VOUT

VIN

Simplify and assume VTN=-VTP=VDD/4

VSW

1 1/ 2 1
, 1

4 2 2
swV  x= + = =

1/2
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NAND/NOR VTC
VOUT

Which VTC is NAND and which VTC is NOR?

VDD

0 VIN

1 1/ 2 3
, 9

4 81 9
swV  x= + = =

+

NOR3 NAND3

1
9

1 1/ 2 5 1
,

4 8 91
swV  x= + = =

+

13/81/4 3/45/80

NAND

NOR
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CMOS Inverter – Noise margins

11/2
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Switching the inverter

VDD

VSS

CL

VIN VOUT

OFF

ON

VIN=HIGH

ON

OFF

VIN=LOW  

,
OUT

DSAT P L

dV
I C

dt
=

,
OUT

DSAT N L

dV
I C

dt
= −
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Defining the effective resistance . . .

Reff=VDD/IDSAT,max 

IDSAT,max 

VDD=1.2 V

N-channel device - IDSAT,max = 600 mA/mm
IDS

VDS
VDD

Reff

VDD

CG

Defining the ideal, non-parasitic delay 
tau = 0.7ReffCG= 5 ps in 65 nm CMOS

. . . and reference delay
tau
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FO4 delay

The FO4 propagation delay becomes ( ) ( )
τau

0.7 4 0.7 4 5 ps 5 25 pspd eff D G eff G invt R C C R C p= + = + =  =

X1

X1

Reff

CD

VDD

X1X1

X1

CG

CG

CG

CG
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Defining logical effort
( )

( )

( )

( )

( )

( )
eff IN eff D eff Dgate gate gate

inv

eff G eff G eff Dinv inv inv

R C R C R C
g p p

R C R C R C
= = =

NAND3 NOR3

B

A

B

A

C

C

22

R
R2

3

3

3

6

6

6

111 R
R

5 95
3

3 3 3

eff eff D

inv

eff eff

R C R C
g p p

R C R C
= = = =

7 97
3

3 3 3

eff eff D

inv

eff eff

R C R C
g p p

R C R C
= = = =
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Wire delay
R1 R2

Vin C2C1

( )1 1 2 2 2ET R C C R C= + +

Each resistance is multiplied by its downstream capacitance!

Or: Each capacitance is multiplied by its upstream capacitance!

( )1 1 1 2 2ET R C R R C= + +

V1 V2
R1 R2

Vin C2C1
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Elmore delay model
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( ) ( ) ( ) ( )1 1 2 3 4 5 2 2 3 4 5 3 3 4 5 4 4 5 5 5ET R C C C C C R C C C C R C C C R C C R C= + + + + + + + + + + + + + +

Estimate the propagation delay through the RC ladder knowing that the output voltage is given by

and realizing that we cannot determine any of the parameters involved analytically!
Hence, we use the Elmore delay model based on the assumption that one of the five time 

constants is dominant!
If so, the dominant time constant TE (after W. C. Elmore) can be obtained by multiplying each of the 

resistances with its downstream capacitance!

3 51 2 4/ // / /

5 50 51 52 53 54 55

t tt t t
V V V e V e V e V e V e

   − −− − −
= + + + + +

R1 R2

Vin C2C1

R3 R4

C4C3

R5

C5

V5



Sizing the driver

X

driver inverter receiver inverter 

CW/2

RW

CW/2

Wire p-model

CpinvC

R

1. Start by defining wire effort W W
E

inv

R C
W

RC
=

( )1
2

W W
E inv W W

R C
T RC p RC R C= + + + +2. Elmore

1
2

W E
inv E

W

R WR
d p W

R R
= + + + +3. Normalize

2
0  W WE

W E

R RWd
R

R R R W


= − = → =


4. Find minimum
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Repeater insertion

X120

driver inverter receiver inverter 

X120 X120
R/m, C/m R/m, C/m

Find minimum, i.e. ∂d/ ∂m=0, i.e. for                    

Minimum normalized delay is d=4√WE.

1
2 Em W=

driver model receiver model

CW/2m

RW /m

CW/2m

Wire p-model

CpinvC

R C
driver model receiver model

CW/2m

RW /m

CW/2m

Wire p-model

CpinvC

R C

2 2
1

2

WE E
inv

W

RW WmR
d m p

m R mR m

 
= + + + + 

 
Normalized delay m segments

2018 Integrated Circuit Design 22



Divide and conquer

Branch contribution to delay is branch capacitance times upstream resistance

,

9

4 8 2 16
E branch

C C R
T R RC

  
= + + =  
  

Total Elmore time constant is then 39RC/16≈2.5RC

If they ask for the difference between x+a and x+b, i.e. a-b, we do not need to calculate x!
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Divide and conquer

The wire to the other receiver is shorter, only ¾ of the other wire length
Hence, the main path to the other receiver has resistance 3R/4 and capacitance 3C/4

Main path delay contribution is found to be 22RC/16, and branch contribution is 15RC/16

,

15

2 8 2 16
E branch

C C R
T R RC

  
= + + =  
  

Total Elmore time constant is then 37RC/16≈2.3RC
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The dot operator

: : : 1:

: : 1:

i j i k i k k j

i j i k k j

G G P G

P P P

−

−

= +

=

G7 P7 G5 P5 G4 P4 G3 P3 G2 P2 G1 P1 G8 P8 G6 P6 

G2:1 P2:1 G6:5 P6:5 G4:3 P4:3 G8:7 P8:7 

G4:1 P4:1 G8:5 P8:5 

G8:1 P8:1 

Show that ( ) ( ) ( )( )4:3 4:3 2:1 2:1 4 4 3 3 2 2 1 4 3 2 1, , ,G P G P G P G P G P G P P P P• = + + +

The “dot operator” is associative and idempotent

:

:

i k

i k

G

P

1:

1:

k j

k j

G

P

−

−

Show that ( ) ( ) ( )( )4:2 4:2 3:1 3:1 4 4 3 3 2 2 1 4 3 2 1, , ,G P G P G P G P G P G P P P P• = + + +
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The dot operator

• Properties of the dot operator
• Associativity i.e. parallelization

• Easy to prove since logical OR and AND operations are associative

• With the definition                                                           Gi becomes the carry-out signal at 
stage i of an adder

• The operation is idempotent

• which implies
where i≥j and m≥n

( ) ( ): 1 : 1 1 1, , ,i i i i i i i iG P G P G P− − − −= •

( ) ( ) ( ) ( ): 1 : 1 : 1 : 1 : 1 ; 1 : 1 ; 1 ; 1 : 1 : 1, , , ,i i i i i i i i i i i i i i i i i i i i i iG P G P G P G P P G P− − − − − − − − − − −• = + =

( ) ( ): : : : : :, , ,i j i j i n i n m j m jG P G P G P= •
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32-bit carry skip adder

• Identify worst-case propagation delay for 32-bit adder!

• For N-bit adder built with k n-bit blocks!

cout

+

ADD/SUB logic
Bit P, G

P8:1

cin

+

ADD/SUB logic
Bit P, G

P16:9

+

ADD/SUB logic
Bit P, G

P24:17

+

ADD/SUB logic
Bit P, G

P32:25

a8:1 b8:1a16:9 b16:9a24:17  b24:17a32:25 b32:25

Sum8:1Sum16:9Sum24:17Sum32:25

1

0

1

0

1

0

1

0

( ) ( )2 1 1skip pg AO mux XORt t n t k t t= + − + − +

Determine the worst case delay!

tpg

( )1 AOn t− ( )1 AOn t−muxtmuxt
muxt
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32-bit carry-lookahead adder

&
≥1

&
≥1

&
≥1

cout

+

ADD/SUB logic
Bit P, G

G8:1
P8:1

cin

a8:1 b8:1a16:9 b16:9

Sum8:1

+

ADD/SUB logic
Bit P, G

a24:17 b24:17

Sum24:17

+

ADD/SUB logic
Bit P, G

G32:25
P32:25

a32:25 b32:25

Sum32:25

+

ADD/SUB logic
Bit P, G

G16:9
P16:9

Sum16:9

&
≥1 G24:17

P24:17

tpg

tpg(n)tpg(n)tpg(n)

( ) 2logpg n AOt t n= 

( )1 AOn t−

AOtAOtAOt

( )( ) 1 1CLA pg pg n AO XORt t t n k t t= + + − + − +
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Sklansky adder

16:0  15:0  14:0  13:0  12:0 11:0 10:0  9:0   8:0   7:0    6:0   5:0    4:0   3:0    2:0   1:0    0:0

16     15     14    13     12     11    10      9       8       7       6      5       4       3       2       1←CIN

( )tree pg pg n XORt t t t= + +

 ( ) 2logpg n AOt N t=

Determine the worst case delay!

Logic levels L=4
Extra levels l=0
Fanout 2f+1=9
f=3
Wire tracks 2t=1
t=0
l+f+t=L-1=3

(0, 3, 0)
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Example: synthesized 32-bit ALU layout
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End of course wrap-up lecture!

Q & A?
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