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Last Lectures

Q The CMOS Inverter

» Delay Calculation
» Driving a Load

a CMOS Digital Logic
» Dealing with High Fan-In
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This Lecture

QO So we learned how to drive a large load with a chain of
Inverters.

a But what if there is logic to be calculated along the way?

a How should we distribute the logic in order to optimally
drive the load?

0 Can we develop a methodology for designing a logical
network?
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Design Technique Question

0 We need to implement an 8-input decoder:
F =ABCDEFGH
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%

a Which implementation is best” VLS
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Design Technique Question 2

Q Is it better to drive a big capacitive load directly with
the NAND gate or after some buffering?

P

L C, L C,

a Method to answer both of these questions:

»Logical Effort

— This Is an extension of the buffer sizing problem s
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Reminder: Inverter with Load

a We saw that the delay increases with ratio of load
to inverter size:

t

P

f
Lol 1+—

/4

Delay

a ty, Is the intrinsic delay of an unloaded inverter. ‘oad
Q y IS a technology dependent ratio.
2 fis the Effective Fanout — ratio of load to inverter

size
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Reminder: Inverter with Load

0 For easier equations, we will rewrite this a bit...

tow =10 /7=0.69R,C,.= t, =t (¥+T)

out

Q For a chain of inverters, we get:

N
Delay =t, 2 (v +1)
VLS}
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An Optimal (reference) Inverter
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Now, lets look at a NAND Gate

0 We will take a NAND gate sized for equal
resistance to an optimal inverter.

a We notice that:

Cyn=Cyp=4C, mn ==C

4 *ﬂ*ﬁ

g,min 3 g,INV

A-|_g

Cout,NAND ~ 6C

d,min

Cout,INV ~ 3Cd,min ﬁ:,_| 2

a Let us write the delay of the NAND:

T OUT=A-B

tp,NAND — 0'69RNANDC

=0.69R,,, (Cout,NAND +C o

out

)
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Now, lets look at a NAND Gate

o Cout,NAND - 6Cd,min _ 2 C _ §C
AETC{ B-—ci 2 Cout,INV 3Cd,min 9.INV 4 9.NAND
" OUT=A+B
e[ 2
A2 |t,=069R,,C Loy =20 =t e =C
E R po — Y INV out,INV?  “p,INV — y Cg,min out,INV g.INV

COU 7/Cou C
Lo nanp = 0.69R,, (Cout,NAND +CL) =0.69R,\, e LR ¢ fadl
7/ Cout, INV Cout, Il\\/

t 6Cd,min 7/C|_ CL

4 3Cd,min 7/Cg,|Nv =L | 27F 3
. ZCg,NAND )
4
:tp,INV (27/4‘5 fj
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Now, lets look at a NAND Gate

a We arrived at:

A
Lo nano = Lo i (27/"'5 fj

A Two Conclusions:
» The intrinsic (unloaded) delay is twice that of an inverter.

» The fanout increases the delay at a faster pace than an
Inverter.

Q It I1s better to drive a load with an inverter than a
NAND! ”
VIS
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How about a NOR Gate?

0 We take an optimal NOR:

Cout,NOR - (4+1+1)Cd,min _92 Cg,NOR

~y

Cout , INV 3C

d,min Cg,INV

il
_E B—Olj#
-3 vl 4 our=avB

Qa Using the same steps, we arrive at:

C C
tp,NOR :tp,||\|v( out,NOR 7/+ g,NOR fj

Cout,INV Cg,INV

ﬂ.—” 13—” 1

5
:tp,INV (27/4‘5 f )

0 A NOR gate Is less efficient than a NAND at

driving a load!
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Logical Effort

a We can generalize the delay to be:

tpztp,,NV(p-y+LE-f)

» p — Iintrinsic delay (~proportional to Fan In)
» LE — Logical Effort

» f — Electrical Effort

EF=LEXf - Effective Fanout

>

\Y4

>

v

LE(INV)=1 p(INV)=1
wsi
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Logical Effort

a To summarize:

» The logical effort of a gate describes how much
“effort” we need to perform a logic calculation.

» An Inverter has the smallest logical effort and
Intrinsic delay of all static CMOS gates.

» Logical Effort increases with gate complexity.

VLS}
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Generalization of LE

R' C inv
tpd = 0'69Rgate (Cd,gate + CLoad ) =0.69R Rmv - Z(Cd,gate +CLoad )

gate
inv ~d,inv
O 69Rlnde inv
p,inv o
/4 R R
ate ) ate )
) tp'inV( Rg:nv Cd,inv Cd'gate ’ Rg:nv d,inv CLO&d)
R_.C C, .
0 A I:\)gate Cd,gate | d,inv. _ Cg,mv 0+ Rgate 1 | Cg,gate c
inv inv p inv Load
il ‘ Rinv C:g,inv g,gate
R..C C
LE é gate —g,gate , f é Load ( )
I:\)inv Cg,inv Cg,gate mV p 7/ _I_ LE f
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Generalization of LE

t

pd

tym (P77 +LE-f)

p

o

R

gate

Cd ,gate LE

R.

Iinv

Cq

inv

R

gate

Cg ,gate

R.

nv

C

g,inv
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Logical Effort Methodology

t p - ( p 7/+ LE - f ) A Rgate Cd ,gate A Rgate Cg,gate

P LE =

pd

Rinv Cd ,inv R C

inv g,inv

a We “don’t like” the resistance factor in the
expressions for p and LE.

Q Therefore, first size the gate so the resistance
IS equivalent to an optimal inverter.

a Now just find the ratio of capacitances to an
optimal inverter!
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LE of a NAND Gate

d,gate LE gate g,gate

inv d,inv inv g,inv
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LE of a NOR Gate

d,gate LE gate g,gate

inv d,inv inv g,inv
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Logical Effort of Gates

p:

tp,INV (

p-y+LE- f)

Mormalized delay (d)

p =y Fan-in —
(for top input)

Digital Microelectronic Circuits

LE=4/3

p=2y

d={4/3)f+2y

FpMAND

LE=1
p=v

d=f+y

1 2 3 4 ! £ T
Fan-out (1)
0 A Rgate Cd ,gate LE 2 gate “g,gate
Rinv Cd,inv inv Cg,inv VI.s
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What happens with higher Fan-In?

Q A three-input NAND gate:

= ~(n+2)
NAND 3
Q A three-input NOR gate:
(2n+1)
LE\or = 3
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Last Lecture

a The method of Logical Effort:
ty=t v (P-7+LE-f)

R.. C Riae C,

A ate d,gate ate ate
p = g 0 L E g 9.9

Rinv Cd,inv B Rinv Cg,inv
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Add Branching Effort

a What happens if a node branches off?

CL,on-path T CL,oﬂ:-path . CL,total
b=
C C

L,on-path L,on-path VIS@
|
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Cascading gates into a Path

M=

(pi’7/"‘|—Ei'fi'bi)

tp _tp,INV

1=1

Q Let's give a few things names...

ORI o}

out,i I

» Stage Electrical Effort EF =LE;-f,-b =LE;-

» Path Electrical Fanout F = Cou

» Path Logical Effort TILE = i|n_El -LE, -...-LE,

» Path Branching Effort [IB=Db,-b,-...-b,
VIS

» Path Effort PE — F . HLE - HB
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Cascading gates into a Path

N

t,=t, w2 (P -7 +LE - -b)

1=1

0 Using the same approach as before, we can find the
minimal delay.

Q The solution, again, is that the electrical effort should be
equal between stages, so we get:

EF. =Y/PE =Y/F -TILE-TIB

VIS}
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Optimal Number of Stages

a We now have a delay equation:

t,=N-YPE+> p,

a We can find the optimal number of stages.

a Again we get EF_ =4 (3.6 with y=1)

opt

VLSt
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Summary - Method of Logical Effort

0 Compute the Path Effort:  \PE =F -TILE-TIB

0 Find the optimal number of stages: |N =Llog3_6 PEJ

0 Compute the Effective Fanout: |EF = L\'/ PE

(identical for all stages)

C .. b
0 Find sizes of each stage: EF =LE;-f =LE - —2—
C . -b
out,I |
Cin,i =LE, - = |
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Example

1Z
a Given the following network with ':):'——_.:QC
> Cipi=C N Y r-[i2

» Size of Y and Z equal for all —'?l__ =3 9C
gates at the same stage. - ? o= B
==

QO Size the gates optimally for the red path. 9C
_9/ _ _4,/ .4/ 4/ _64
3 _4_9’ HLE_A A A_ 27 SANITY CHECK!!!
_2 _3 _ _ :
b =2 . b,=3%.b=% = nB=6 CC=LEC-CYEFbC=
_q.64/ .f— _ 3 _ :

PE =9 47 6=128 = EF =3/128 =5.04 _ %1.89C 2 _ 0 9080
C. b oC -1 >04
Cz:LEZ’ L Z:4 ——=2.38C @

EF 3 5.04
C, =LE, -CZ b, — 43 2.38C -3 —1.89C C. —LE .Cout,i 'bi
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