EE 330
Lecture 40

Digital Circuits

Propagation Delay — basic characterization
Device Sizing (Inverter and multiple-input gates)
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Device Sizing
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Strategies?

Degrees of Freedom?

Will consider the inverter first



Device Sizing
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Degrees of Freedom?

Strategies?



Device Sizing

« Since not ratio logic, V,, and V, are
iIndependent of device sizes for this inverter

. With L,=L,=L ., there are 2 degrees of
freedom (W, and W,)

Sizing Strategies

e Minimum Size

Fixed Vigp

Equal rise-fall times
(equal worst-case rise and fall times)

Minimum power dissipation

Minimum time required to drive a given load

Minimum input capacitance



L,

R —
o unCOXW1(VDD_VTn)

L,
Rpy =
M, Cox W, (VDD + Vi, )

CIN = Co>< (WlLl + W2L2)

Device Sizing
Assume V;,=0.2Vpp, V1,=-0.2Vpp, M, /H,=3, Li=L=L i,

Sizing Strategy: minimum sized

W,=2, W=?, Vyin=2,ty =2,t =2



Device Sizing
Assume V;,=0.2Vpp, V1,=-0.2Vpp, B/H,=3, Li=L,=L g
Sizing Strategy: minimum sized

W,=2, Wo=?, Viip =2t =2, =7

trip
] VDD
Wi =Wo=Wyy
™
VN Vour also provides minimum input capacitance
. th =RppCy
CL
# M1 I tLh=3 RppCy
t yis longer than t,
tprop=4RppCL
1
(VTn)+(VDD+VTp) . \\;sz I_l (O.ZVDD)+ (VDD -O.2VDD)\/;
V., = b V., = = 42V,

14 BW.L 1+\/I
b, WL, 3



Device Sizing
Assume V;,=0.2Vpp, V1,=-0.2Vpp, M, /H,=3, Li=L=L i,

Sizing strategy: Equal (worst case) rise and fall times
W,=?, Wp=?, Viip=?ty =2t =7

R —
" H,Cox W, (O'8VDD )

RPU — I-min
3U,Cox W, (O'8VDD)




Device Sizing

Sizing strategy: Equal (worst case) rise and fall times

® VDD
t. R.,C
—LH —_PUZIN RPU=RPD
#EMZ tw  RepCiy
V”!— Vour Thus L, _ L,
c U Cox W, (Vop Vo ) upCOXWZ(VDD+VTp)
L .
{ D\Al I with L,=L, and Vq,=-V1, we must
hale
W, _ a4y
W,
N P

What about the second degree of freedom?
Wi=Wyn

Virip="?



Device Sizing

Assume V1,=0.2Vpp, V1,=-0.2Vpp, Wp/H,=3, Li=Ly=L i,

Voo Sizing strategy: Equal (worst-case) rise and fall times

# M2 Wn:WMlN’Wp :BWMIN’ V tHL_f) tLH_’>

trlp

W, L2 0.2V, _+0.8V. _V_

<7 V. = — —
TRIP 2 2
14 &ﬂh
M W L
t, =t , =R _C, = L min C
i pa™t “nCOXWmin(O'8VDD) -

torop = 2 RpgCy

For a fixed C , how does t
equal rise/fall sizing?

orop COMpare for the minimum-sizing compared to



Device Sizing

Assume V1,=0.2Vpp, V1,=-0.2Vpp, Wp/H,=3, Li=Ly=L i,

Sizing strategy: Fixed V;gp= Vpp/2

W,=2, W=?, Vyin=2,ty =2,t =2



Device Sizing

Sizing strategy: Fixed Vizp=Vpp/2

VSN W,=?, Wp=?, V=2t =2t =7
Set
# Me Virip=Vop/2

Solving, obtain

rise and fall times so ty =t =R;,C,

 Thisis no coincidence !l Why?
These properties guide the definition of the process parameters

provided by the foundry

TVOUT (2V )+ (V- 2v,) [P Wb
V _ “n Wl L2 :VDD
#[:Ml 1C|_ TRIP 1+ &ﬂh 2
lJn W1 Lz

Wo _

Wl /'lp

W =Wyine W, =3Wyyy

This is the same sizing as was obtained for equal worst-case



Device Sizing

Assume V1,=0.2Vpp, V1,=-0.2Vpp, Wp/H,=3, Li=Ly=L i,

Sizing Strategies

VDD
{ M- e Minimum Size
Jour e Fixed Vigp
C.
45\41 I « Equal rise-fall times
(equal worst-case rise and fall times)
~

e Minimum power dissipation
e« Minimum time required to drive a given load

 Minimum input capacitance



Device Sizing

Assume V1,=0.2Vpp, V1,=-0.2Vpp, Wp/H,=3, Li=Ly=L i,

Sizing Strategy Summary

Minimum Size Virp=Vpp/2 | Equal
Rise/Fall
Size Wn:Wp:Wmln Wn:Wmin Wn:Wmin
VDD I—p: n—Lmin Wp=3Wmin Wp=3Wmin
# I—p:Ln:Lmin I—p:Ln:Lmin
M
t
VIN._ Vour " deCL deCL deCL
I C
L t
T z 3R,.C. |RyCL |R,C,
t
N PROP 4deCL 2deCL 2deCL
Virip Virip=0.42Vpp Virip=0.9Vpp | Vrip=0.5Vpp

 For afixed load C, the minimum-sized structure has a higher tprop but if the load is
another inverter, C_ will also change so the speed improvements become less apparent

» This will be investigated later




The reference inverter Assume p,/p,=3

Reference Inverter

=
|

n=Wywine Wp=3W
L =Lo=Lmin

CREF = C:INREF: 4C:OXWMINLMIN

def

Vo =2V
LMIN e LMIN

R = =
TR H.Cox W (VDD -Vo, ) H.Cox Wi (O'8VDD )
Vour
L Vip=-2Vpp
AN R = MIN = R
C. PUREF UpCox 3W,,,, (VDD +VTp ) PDREF
v

* Have sized the reference inverter with W, /W, =p,/p,

* In standard processes, provides Vzp= Vpp/2 and t, =

iy

 Any other sizing strategy could have been used for the
reference inverter but this is most convenient



Reference Inverter

The reference inverter pair  aAssyme M,/M,=3 W, =Wy W,=3W,
L =Lo=Lmin
VDD VDD
N R
VOUT V’OUT

|
|
|
CI:LJ_ é

CL1: CREF :4COXWMINLMIN

tREF .

def 1:PROPREF = tHLREF +tLHREF :2 I:QPDREF(:REF



Reference Inverter

The reference inverter pair  aAssyme M,/M,=3 W, =Wy W,=3W,
L =Lp=Lmin

" P Voo Voo
e s

1
Vourt Vourt

ViN . J_
Vin ™ Vour i
—||:M1 T CL —”:'vll (i:Ll —”:I\/Il 1\ .

g ~ ~

\vg
Summary: parameters defined from reference inverter:

C:REF: 4C:OXWMINLMIN

I_MIN

R =
TORE “nCOXWMIN (VDD 'VTn)

tREF :ZRPDREFCREF

CREF :4COXWMINLMIN




The Reference Inverter

Reference Inverter Reorer =Reurer
\% — —
o C:REF_CIN_ 4COXWMINLMIN
_IliMz — Lyvin Voo™ PVoo L i
oo oWy (Vor Vo) 1.Co Wi (0-8Y
Vv Vour I“In OX MIN( DD~ Tn) I“In OX MIN( ' DD)
—||:M1 thirer = tinrer = RpprerCrer
< trer= turer ¥ Liirer = 2RpprerCrer

Assume M,/p,=3
W =Wuins Wp=3Wpuin
L, =Lo=Lmin

In 0.5u proc tgee=20ps,
Crer=4fF, Rpprer=Rpyrer=2.5K

(Note: This Cpx is somewnhat larger than that in the 0.5u ON process)



Propagation Delay

How does the propagation delay compare for a minimum-sized strategy
to that of an equal rise/fall sizing strategy?

VDD VDD VDD VDD

A A

) 1
VOUT \ ouT VOUT \ ouT

ol Tl e ol Tl e

(-I:Ll é (.I:Ll é
A4 A4 A4 A4
Minimum Sized Reference Inverter
Wo=W1=Wyin Wo=(Hn/Hp) W1, Wi=Wiyy

tPROP = tREF



Device Sizing

The minimum-sized inverter pair

Assume p,/p,=3 W, =Wyn» Wp=W,
L =L =L
Voo Voo "
~”il\/|2 {EMZ CREF: 4COXWMINLMIN
VOUT V’OUT _ _
Vin CLl_ O'5CREF _ZCOXWMINLMIN
i = Hw T
i S
v : CLl v
Rooner = L VT”:'ZZVDD L

/unCOXWMIN (VDD _VTn) lunCOXWMIN (0'8\/DD)

tPROP :tHLREF +tLHREF :RPDREF (O'SCREF ) + 3RPDREF (O'SCREF ) = 2RPDREFC:REF

tPROP =t REFF



Propagation Delay

How does the propagation delay compare for a minimum-sized strategy
to that of an equal rise/fall sizing strategy?

Vbp Vb Vbp Vbp
e e el
v Vour J_ Vour Vin _V_O_UT, J_ Vour
H o C H o ICL . L H ICL
A4 A4

Minimum Sized Reference Inverter

Wo=(Ha/Hp )Wy, Wi=Wiyy
_ They are the same!
tPROP — tREF —ie——

W,=W =W\

tPROP = tREF

Even though the t ,, rise time has been reduced with the equal rise/fall sizing
strategy, this was done at the expense of an increase in the total load
capacitance that resulted in no net change in propagation delay!



Device Sizing

Vb v Vop
H i [ LRI
Ax —| Mok | M2y M2z 2K
N
. | Vout
Viy — L Vour N _|<JM22 Ak_{ _’I\I/Ilk
Ay —| :|M21 :
—| EMl ] Vour T
Az—{ Mz
AL Hdﬂ °°Ak—|d Q
A4 Al—{ Ma

Will consider now the multiple-input gates

Will consider both minimum sizing and equal worst-case rise/fall

Will assume C, (not shown)=Cgge

Will initially size so gate drive capability is same as that of ref inverter

Note: worst-case has been added since fall time in NOR gates or rise
time in NAND gates depends upon how many transistors are conducting



Fan In

« The Fan In (FI) to an input of a gate device, circuit or interconnect
that is capacitive is the input capacitance

« Often this is normalized to some capacitance (typically Crgr of ref inverter).

Device, Circuit,
or Interconnect

CIN

FI =C,, alternately FI ~ S

REF



Sizing of Multiple-Input Gates

Analysis strategy : Express delays in terms of those of reference inverter

Reference Inverter

VIN

VDD

It

Vour

It

A

Assume M,/p,=3
W =Wuine Wp=3Wpyin
L =Lo=Lmin

In 0.5u proc tgee=20ps,

CIN :CREF = 4'(:OXWMINLMIN

C
Floer =Crer alternately Fl _ _~ZIN —

REF —
CREF

I_MIN

R R -
PDREF PUREF MnCOXWMlN (0-8VDD)

tHLREF tLHREF:RPDREFCREF

+ 1

tREF: tHLREF LHREF: 2RPDREFCREF



- ~ Device Sizing
ultiple Input Gates:

2-input NOR 2-input NAND K-input NOR k-input NAND

mmmm)) Equal Worst Case Rise/Fall (and equal to that of ref inverter when driving Crer)
W, =2
W=7
Fastest response (t, ort, ) ="7
Worst case response (tpgop, Usually of most interest)?

R

Input capacitance (FI) =?
Minimum Sized (assume driving aload of Cggp)
Wn:Wmin
Wp:Wmin
Fastest response (ty ort, ) =7
Slowest response (t, ort ) =7

Worst case response (tprop, Usually of most interest)?
Input capacitance (FI) =7



Device Sizing

Equal Worst Case Rise/Fall (and equal to that of ref inverter when driving Crep)

Multiple Input Gates: 2-input NOR Vos
(n-channel devices sized same, p-channel devices sized the same) H
Assume L,=L,=Lmin and driving a load of Crg |
W= :
DERIVATIONS
_ A—S C
o= 1
Input capacitance = ? B — 1\ Crer
FI=?

torop="7 (worst case)
Wi=Wyin

Wp:6WMIN
7 7
CiNA :CINB:COXWMINLMIN+6COXWMINLMIN:7COXWMIN|—MIN:(Zj 4COXWMINLMIN:(Z] CrEF

7 7
FI=| —|C or Fl=—
(4} REF 2

lorop = lrer  (worst case)



Device Sizing

Equal Worst Case Rise/Fall | | (and equal to that of ref inverter when driving Cger)

Multiple Input Gates: 2-input/NOR

(n-channel devices sized same, p-¢hannel devices sized the same)
Assume L,=L,=Lmin and/driving a load of Crg

Vop

W, =? 4

e e T

DERIVATIONS

W,=?

Input capacitance = ?

FI=?

One degree of freedom was used to

t =7 (worst case) . .
PROP satisfy the constraint indicated

W =Wy

Other degree of freedom was used to
Wp=6Win achieve equal rise and fall times
.

.
CiNA :ClNB:CoxWNnN'—MlN+6CoxW|v||N|—M|N:7CoxWM|NLM|N:(Zj 4COXWMINLMIN:[ZJ CrEF

7 7
FI=| — |C or Fl=—
(4} REF 2

lprop = trer  (worst case)



Device Sizing

Equal Worst Case Rise/Fall (and equal to that of ref inverter when driving Crep)

Multiple Input Gates: kK-input NOR Voo
Wineo DERIVATIONS Ak_HMZK
Wp=? i

A, —| M2
Al —‘ M21

Input capacitance = ?

FI:? Vour
Crer
tPROP:? A —”:Mu Az—‘II/Ilz L) oAk—”:Mlkl
Wi=Wuin <
W =3KWiyn

_ _( 3k+1 _( 3k+1
Cinx=Cox WmiNLMINF3KCox WiviinEmin=(3K+1) Cox WiinEMIN= e 4Cox WmiNLMIN= 2

3k+1 3k+1
Fl= C or Fl=
[ 2 ] REF P

jCREF

lorop= tRer



Device Sizing

Equal Worst Case Rise/Fall (and equal to that of ref inverter when driving Crep)

Multiple Input Gates: 2-input NAND Yoo

Wn=? DERIVATIONS -y

Wp=? e —

Input capacitance = ? Nl 4 I Cree

Fl=? 1

=7

lproP
W =2W

W =3Wyy
5 5
CINA:CINB:2COXWMINLMIN+3COXWMINLMIN:(5)COXWMINLMIN:(Zj 4COXWMINLMIN:(Z] CrREF

5 5
FI=| — |C or Fl=—
(4j REF 4

lproP= ReF



Device Sizing

Equal Worst Case Rise/Fall (and equal to that of ref inverter when driving Crep)

Multiple Input Gates: ~ K-Input NAND Voo

DERIVATIONS H[Mﬂ HEAH. o ]
Wn:’) VOUT

1
Wp="? H[;Alk lc

Input capacitance = ?

FI=? s Mo

? Al ‘1 Mlk
tprOP™

W =kWyy

Wp:3WM|N
B B [ 3+k _( 3+k
Cinx =KCox WmiNLMINF3Cox WiinEmin=(3+K) Cox WiNLMIN= I ACox WmMmINLMIN= I CrEF

3+k 3+k
FI=| — |C or Fl=——
( 2 j REF 2

lorop= trer



Device Sizing

Comparison of NAND and NOR Gates

Vb VDD
Ax —‘HMzk Al_‘ [tMﬂ AZ_‘ [I/lzz. ° oAk—‘ Moy
: Vour

A —EMH N _‘[;A § iCREF

Ay —‘ M2y
Vour

1 N
Al —”_:M A_‘#ﬂ .o A—‘#l Crer Az::

A4

W =Wuin W,=kW

W,=3kW W,=3Wyn
Cle:(?’k:lJ Crer Cle:(%jCREF
F|:[3k4+1]CREF or Fl= 3k4+1 Fl:[%k]CREF o FIZ%

terop™ tREF torop= ReF



Equal Worse-Case Rise/Fall Device Sizing Strategyg
-- (same as Vigp=Vpp/2 for worst case delay in typical process considered in example)

Assume p,/H,=3

Ln:Lp:LMIN Voo "
E J_ ouT
—|ltM2 <J IN Crer
Az Mz A M
Vour ‘{] —‘ﬂ. J:
VIN J_ Al‘{_l\/lu :
Crer Vour
—||:M1 l | I Ao—[ M
A1~LM11 A;{ Mz "'Ak“ Mlkl Al—‘ .
A4
INV k-input NOR k-input NAND
Wr=Wyin: Wp=3Win Wn=Wyin, Wp=3kWyy W, =kWyin, Wp=3Wyy
C —(3“1)(: C.= ﬂjc
— INT| T 4 |“REF IN REF
CIN_CREF 4 4
_( 3k+1 34k
Fl=1 F|—( 2 j Fl= T)



- ~ Device Sizing
ultiple Input Gates:

2-input NOR 2-input NAND K-input NOR k-input NAND

Equal Worst Case Rise/Fall (and equal to that of ref inverter when driving Crep)
Wn=?
Wp=?
Fastest response (t, ort, ) ="7
Worst case response (tpgop, Usually of most interest)?

R

Input capacitance (FI) =?
mmmm)> Minimum Sized (assume driving a load of Cger)
Wn=Wmin
Wp=Wmin

Fastest response (ty ort, ) =7

Slowest response (t, ort ) =7

Worst case response (tprop, Usually of most interest)?
Input capacitance (FI) = ?



Device Sizing
-

Vb Ak—| Ma DU A
Voo T: Vo Al—l_l\/l21 2—|E#/I22... "—|[:Mzk
th —‘1 4] rq _4 J_VOUT
TVOUT "1 Az —|:|Mzz ) I:: E LC Ak_|_M1k lCREF
_M Crer A c A —| | M o _| I Crer -ﬂ:
N 1 l B—"“I _| ICREF J_VOUT 4' Jo
A4 A1—|:M11 A2—|E:/I12 ...Ak—|E\:ﬂlkl - A2—|j 2
A1—| Mk
Minimum Sized (assume driving a load of Cgeg) W =W i Wp=Wi,
Input capacitance (FI) = ?
_ _ _ _CREF
CIN = CoxWnLn*+CoxWplp = CoxWminkmin * CoxWminkmin = 2CoxWminkmin= 5
FI -1
2

Fastest response (t,,, ort,)="7

Slowest response (t, ort,)="7

Worst case response (tpgop, Usually of most interest)?




Device Sizing — minimum size driving Crer

VDD

e
Vi _\|/_OUT

—”:Ml l Crer

VDD
Ax —|[!M2k

VOUT

J_ Crer
Pgrames

K-input NOR

torop =7

3k
torop = 0-Slger +7tREF

3k +1
Lorop = (Tj Lper

Fl| = CREF

2
Rep =Rporer Rpy = KRpprer

VDD

A [« A A
l—l _M21 Z—I My® ® @ “_I Moy
VOUT

N Crer
Ak—l _ﬂMlk

K-input NAND

torop =7

3

Lorop = EtREF +§tREF

3+k

tongy = ——t
PROP 2 REF

F|:£
2

Rep =3Rpprer  Rpy = 3Rpprer



Device Sizing Summary

VDD

LG
Tvom

—||:M1 l Crer

NV

INV

VDD
Ax %HMZK

Al ~|I_:Mn AZ—{E{AQ oo .Ak‘ﬁhk
K-input NOR

Vour
1
l Crer

Ay —‘[tMZl Az_‘lI,lzz. . .A"—‘[thk

Vour

J_ Crer
ol 1

A2 —| M2k
A1 —| Mlk

k-input NAND

C for N, pgates is considerably smaller than for NOR gates for

equal worst-case rise and fall times

C,y for minimuim-sized structures is independent of number of
iInputs and much smaller than C, for the equal rise/fall time case

Ry, gets very large for minimum-sized NOR gate
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