Lecture 16

Introduction to Integrated Circuit Design

Course summary



Designing gates with switches

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

O—Y

P-switch
VDD I
A Al
OFF Inputs: + ;Lmzi
oMOSFET ABCD network
——/
Y
N-switch ( )
Inputs: nMOS Y=AB+ CD
' + pull-down
A AA{[ A B, C D network A — 2
ON ——/ B —
NMOSFET Vss V >1
¢ &
input A is HIGH D —
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Designing gates with switches

Already the first lecture we learnt how to design gates with switches

and in CMOS there are two complementary switches
P-switch
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Morgan’s theorem
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Designing gates with switches

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

vDD According to de
Morgan’s theorem
A C Al | -
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N-switch
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Designing gates with switches

Already the first lecture we learnt how to design gates with switches

P-switch

A il

pMOSFET

N-switch

a1\ AL

NMOSFET

2018

VDD I

and in CMOS there are two complementary switches

According to de
Morgan’s theorem
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Fabrication

* Chips are built in huge factories called fabs
e Contain clean rooms as large as football fields

Se ﬁ rmitted.
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Inverter mask set and fabrication

P-type silicon substrate

B rPoly gate
B Contact cuts B Active areas

2018 - Metal wires Integrated Circuit Design N-well
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MOSFET — a square-law device

MOSFET transfer characteristic

DRAIN CURRENT IDS [uA]
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MOSFET models

Models can predict /s for any Vo/V

los OFF ON
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CMOS Inverter

. VOUT
Equal saturation currents N AV
yields the switching voltage
k > Vopp | .
Idsp :7P(VDD _VIN +VTP) E -
K ) i '
| 4sn = 7N(VIN —Viy ) '
sz :VTN +i' X:k_N
1+x Ko
Voo Vow [ 17 7N T
T I-:|5
p
III"rn |j 1""I:-Ln
J; lesn E
FIGURE 2.25 o L |
A CMOS inverte
VR 0 VTN VSW VDD-l-VTP VDD
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PR DE L T S
4 2 2

Voo

t

Vi, E = Vo
lIE‘E-I'I

FIGURE 2.25

A CMOS inverter
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CMOS Inverter

Simplify and assume V;=-V,=Vp/4

VOUT
a 1/2
Voo | z
Vow B A
o L :
0 1/4 1/2 3/ 1 Vin
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NAND/NOR VTC

VOUT Which VTC is NAND and which VTC is NOR?

Voo | |
NOR3 NN
A d '\l
B 4 :
C gl _________________ 4 e
Y INAN
L0 L
v
___________ NOR
v, =14 M2 3,9 |
4 1+\/§ 8 : :
0 _{/' | \
0 1/4 3/8 5/8
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CMOQOS Inverter — Noise margins

Simplify and assume V;=-V,=Vp/4

VOUT
1 1/2 Valid output
e regions
Voo | 1/16
-\ 12 s | K116
0 11_ 8
vo bl 2 L 4 D Non-valid___
Voo SW input region
114 : |
Vin = Vout i NV -1 2 3
lIE‘E.I'I N I "2 16 8 %-1/16
FIGURE 2.25 . | N | 1/16
A CMOS inverter 0 1/4 1/2 ‘ 3/4 1 VIN
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Switching the inverter

Vin Propagation delay definitions: rise and fall delays
100% |

! ! ropagation delays are defined at the 50% level!

50%

0 » Time, t
oo V=LOW —
50%

0 > Time, t
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IDS
'y

Defining the effective resistance. ..

N-channel device - Ipgarmax= 600 A/um Voo
7 § R,
L7 —_—
Qse‘,{\/ 1
/'\/\ 7 CGT
G&
<, 7
CD\S/ IDSAT,max
’, Defining the ideal, non-parasitic delay
tau = 0.7R 4Cc= 5 ps in 65 nm CMOS
Ret=Vpo/ DSAT,max

<

2018

> VDS
w12V Ve . and reference delay
tau
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FO4 delay

CG
I
» 1 X1
! e
— X1 T {GJ—
TG Y
oL
X T

The FO4 propagation delay becomes t,, =0.7R; (C, +4C;)=0.7RC; (P, +4)=5psx5=25ps

%K_J

Tau
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Defining logical effort

(ReffCIN )gate (Reff CD )gate (Reff CD )gate

) (REﬁCG )inv ) (ReﬁCG )inv o (ReﬁCD )inv —

NAND3 NORS3 —
A |6

—O| 2 —d 2 —d 2 —
B | 6
A 3 c—O _6

B 3 | |
] — L[
C 3
Ra5C_5  Ru9C, T Ry7C _7 _Ru%o
9%Rr,ac 3 PTR,ac Pm 9R,3c 3 P R,ac P
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Wire delay

R,

N
7 7l

C, =

n

Each resistance is multiplied by its downstream capacitance!
T. =R, (C,+C,)+R,C,

R R
<1/L ﬁv 1 2 < V2
v 3 A |
Vin Cl CZ

Or: Each capacitance is multiplied by its upstream capacitance!
T. =RC, +(R +R,)C,
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Elmore delay model

R,

=\
I_‘/

Ry

=D\
I_‘/

R,

-

=\
I_‘/

=D\
I_‘/

Ik
-

}
C, — C —

e C, = C, —

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

_ —t/z, —t/z ~t/t -t/ ~t/z
V.=V, +V e +V.e 2 +V e +V e Ve

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 T, (after W. C. EImore) can be obtained by multiplying each of the
resistances with its downstream capacitance!

T. =R (C,+C,+C,+C,+C,)+R,(C,+C,+C,+C,)+R,(C,+C, +C,)+R,(C, +C; )+ R,
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Sizing the driver

driver inverter receiver inverter
R Ry
O X
p,,C—— Cyl2 —=— Cpf2 —— C——
L -~  Wire m-model -+ -

1. Start by defining wire effort W, = RuCy

RC.

nv

2. Elmore T =RC(p,, +1)+RC, +R,C+ RWZC\N

3. Normalize d = p,,, +1+W_ R + Ry +WE
R 2

, - od W, R, _ _ R

4. Find minimum R R, R =0 > R \/WE
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Repeater insertion

driver inverter receiver inverter
R/m, C/m R/m, C/m
@ X120 O
I “driver model " T77 receiver model | !~ drivermodel” ~ ~ ~ ~ ~ T T T 7 7 Tréceiver model
: R Ry /m R Ry /m
i —O | I

PinvCT CW/ZT Cw/er C_T_

Wire n-model

| C :
: — 0 | — :
1 —— —e

:@ T am T
: |

Wire n-model

W. mR W
Normalized delay m segments d =m| 1+ p,,, +— LA Ry +—5

m® R, MR 2m
Find minimum, i.e. dd/ dm=0, i.e. for m=1 W,

Minimum normalized delay is d=4VW/..
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Divide and conquer

Case 1

. receiver
transmitter Long metal wire, R, C

R, C/8 R, C/8
Short metal wire

R/4, C/4 >
Case 2

transmitter receiver

[: Long metal wire, R, C :

If they ask for the difference between x+a and x+b, i.e. a-b, we do not need to calculate x!
Branch contribution to delay is branch capacitance times upstream resistance

TE,branch = (E_{_EJKR +Ej - 3 RC
4 8 2) 16

Total Elmore time constant is then 39RC/16=2.5RC
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Divide and conquer

Case 1

. receiver
transmitter Long metal wire, R, C

R, C/8 R, C/8
Short metal wire

R/4, C/4 >
Case 2

transmitter receiver

D Long metal wire, R, C :

The wire to the other receiver is shorter, only % 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

TE branch :(9+EJKR+EJZERC
’ 2 8 2) 16

Total EImore time constant is then 37RC/16=2.3RC
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The dot operator

The “dot operator” is associative and idempotent

ik

® — Gi:j =Gy + Pi:ka—]_'j
k T Pi:j =P, Pk—l:j

k—1j —‘

—1-J

U O

~U

G8 P8 G7P7 G6P6 G5P5 G4 P4 G3P3 G2P2 G1P1

o o (o [of]

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

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

ce:1l Ips:1

Show that (G4:3’ P4:3).(GZ:1’ P2:1) =G, +P, (Gs + P (Gz + PZGl))’ P,RRR
Show that (G4:2’ I34:2)'(63:1’ P3:1) =G, +P, (G3 + P (Gz + PZGl))’ P,RRR
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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 5 p :(G. P.)o(G_ P )G,- becomes the carry-out signal at
stage i of an adder -1 il i h L]

* The operation is idempotent

(Gi:i—l’ Pi:i—l) * (Gi:i—l’ Pi:i—l) = (Gi:i—l + Pi;i—lGi:i—l’ Pi;i—lpi;i—l) = (Gi:i—l' Pi:i—l)
e which implies

G,..P.,=(G,.P ).(G P )where izj and mzn

ijrlig i:n? ' in m:j? " m:j
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32-bit carry skip adder

* |dentify worst-case propagation delay for 32-bit adder!
* For N-bit adder built with k n-bit blocks!

d33.25 b3y.25 d24:17 b,4.17 d16:9 b16. dg.q bg.4
| | | | | | | |
ADD/SUB logic ADD/SUB logic ADD/SUB logic ADD/SUB logic
Bit P, G Bit P, G Bit P, G BitP, G
| | | | | | | —— t
pg
P32:25 P24:17 P8:1
// // // // // // //
1 _
V } V V V
0 A A A —Cin
+ + + +
Sums; s Sum,,.45 Sumyg.q Sumg,
(n _1) tAO tmux tmux 1:mux (n _1) tAo
Determine the worst case delay!
tyip = Loy +2(N=1)t,0 + (K =1)t  +tyon
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32-bit carry-lookahead adder

L tosm =to -log, n

d3.25 D325 33417 D247 a169 DPigg dg.1 bg.q
| | | | | | | |
¢ ADD/SUB logic t ADD/SUB logic t ADD/SUB logic ADD/SUB logic
pa(n) Bit P, G pg(n) Bit P, G pa(n Bit P, G Bit P, G !
| | l | | l | | | ="t
—1>1 G355 1>1 G417 1 >1 Gig: 1 >1 ~—Gg.
Cout & P25 & TP24:17 & ___P16:9 & :_ Pg.1
;‘ A A A A A A ‘ A pd
Cin
V /L v/ V \/
A
+ < > + + +
| tAO tAO tAO
Sums;.os SuMy,.45 Sumyg 4 Sumg,,
(n-1)t,,

toa =tog oo +(n ~1+k —1)tAO +1,0n
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Sklansky adder

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

o

{ n | Logic levels L=4
Extra levels I1=0
‘N

Fanout 2+1=9

N =3

LELLLL T

[+f+t=L-1=3
16:0 15:0 14:0 13:0 12:011:010:0 9:0 80 7.0 6:0 5:0 4:0 3:0 2:0 1:0 0:0 (O 3 O)
FIGURE 11.29 Tree adder PG netwarks P

Determine the worst case delay!

Liree = Tog T Tog(n T+ txor

Cog(n) :[IOQZ N]tAO
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synthesized 32-bit ALU layout

Example




2018

End of course wrap-up lecture!

Q&A?
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