EE 330
Lecture 39

Digital Circuits

Sizing of Devices for Logic Circuits (preliminary)
Ratio Logic

Other MOS Logic Families

Propagation Delay — basic characterization
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EE 330
Lecture 40

Digital Circuits

 The Reference Inverter
* Propagation Delay — basic characterization
 Device Sizing (Inverter and multiple-input gates)

Due to unanticipated snow event when returning from Thanksgiving Break:

Please view the stream for Lecture 40 (from Fall 2024) prior to class on
Friday which is reposted on the class WEB site. Lecture 41 will be given
on Friday



Fall 2025 Exam Schedule

Exam 1 Friday Sept 26
Exam 2 Friday October 24
Exam 3 Friday Nov 21

Final Exam Monday Dec 15 12:00 - 2:00
PM
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Review from last lecture

Inverter Transfer Characteristics of Inverter
Pair for THIS Logic Family

T VDD
/ .
ouT ™
Vv Vour
14 VDDY/’]LT‘]
V e »/// ‘ ‘ VN
[ v Vi vTR.pVDDD/DD

V,=Vpp and V =0

Note this is independent of device . . . L >
sizing for THIS logic family !! o S fvm

Voot V1,
Device sizing does not affect V,, and V_!!! Vi Ve Vi 6 of 64




Review from last lecture

Transfer characteristics of the static CMOS inverter
(Neglect A effects) ‘VOUT

VDD

From Case 3 analysis:

IJp Wz L1
. (VTn)+(VDD+VTp)\/“n WL

1+ “p Wz L1
IJn W1 L2
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Sizing of the Basic CMOS Inverter

VDD

~— o
VIN ouT

Most logic families require using?he device sizing variables to
determine acceptable V, and V| values

The characteristic that device sizes do not need to be used to
establish V,, and V, logic levels is a major advantage of this type of

logic !!
How should M, and M, be sized?

How many degrees of freedom are there in the design of the
inverter?
8 of 64



How should M, and M, be sized?

—— o \/
VIN ouT

How many degrees of freedom are there in the design of the

inverter?
{ W1 ,W2, L1 y L2 } 4 degrees of freedom

But in basic device model and in most performance metrics, W,/L,
and W,/L, appear as ratios

effectively 2 degrees of freedom

{ W,/L,,W,/L, } 9 of 64



How should M, and M, be sized?

BN

Ve & | Vour
o

N

{ W1 !WZJ I—1 al—z } 4 degrees of freedom Usually pick L,=L,=L .,

That leaves {W,,W,} effectively 2 degrees of freedom

How are W, and W, chosen?

Depends upon what performance parameters are most important for a

iven application!
9 PP 10 of 64



How should M, and M, be sized?

\Y
Pick L,=L,=L,_; >
One popular sizing strategy: { M
1. Pick W,=W,,\ to minimize area of M,
2. Pick W, to set trip-point at V,/2 Vin * * Vour
Observe Case 3 provides expression for Vigp {D\/h
Thus, at the trip point,

Ve w
$Vour (V) + (Vo Vo)
VOUT =\/lN - V - : :

Voo ] / TRIP “p W2
/LT 1 a o, W
, / 1 If VTn='VTp " 1
/
/ W
/ P 2
V1o / (VT ) + (VDD _VTn) 7 W
, / l/IN DD _ n 1
VITn V1reip T Vb 1+ & W2
VootV M 1
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How should M, and M, be sized?

Vv
Pick L,=L,=L. H >
ki

One popular sizing strategy:
1. Pick W,=W,,,, to minimize area of M, Vi ® M * Vour
m

2, Pick W, to set trip-point at V,/2
Observe Case 3 provides expression for V p

(solution continued) (V)4 (V) M, W, <
o Tn DD Tn IJn W1
AVourt 1+ A
o y b, W,
DD . .
1 solving for/*2%.  we obtain
7 Hy W,
s 1 v Ve
/ MW, "o This is independent
/ aw |
/ “n W1 oD —|—VTn Of VTn and VDD'
T / . th
s | Y'N us W y
VeV Vi : =B W, ==W,, =3W,,
Tn TRIP DD W1 lJp IJ,]
VootV



How should M, and M, be sized?

v
Pick L,=L,=L;, H DD
One popular sizing strategy: |{ M,

1. Pick W,=W,,,, to minimize area of M, Vi o . Vour
2. Pick W, to set trip-point at V/2 " ME
M;
Observe Case 3 provides expression for V p
N
AVour
Summary: V. = Voo sizing
Vo - 7 strategy
\ /|1
e L,=L>=Lmin
y i Wi=Wuin
/ M
-VTp + / Wz — _HWMIN = 3WMIN
) / Vi M,
; —>
Vi Vire T Voo (dependent upon assumption V;,= -V, )
Vop+V1p

Other sizing strategies will be discussed later ! 13 of 64



Extension of Basic CMOS Inverter to
Multiple-Input Gates

O -0 |

A
M 0
0
1
1

O lo0o|o |~ <

B—%M1HM2

Truth Table

A
Y
Performs as a 2-input NOR Gate B

analysis not shown here but

Can be easily extended to an n-input NOR Gate straightforward and consistent with

claim that performance of gates in

— — H H i H logic family determined by those of
V,=Vpp and V =0 |(inherited from inverter analysm)‘basic amty < o6




Extension of Basic CMOS Inverter to
Multiple-Input Gates

Vb
A|lB|Y
% My # M, 0 0 1
Y 0! 1 )
A—| My 110"
B M, 1 110
1 Truth Table

Performs as a 2-input NAND Gate A } Y
B

Can be easily extended to an n-input NAND Gate

Vy=Vpp and V, =0 (inherited from inverter analysis) 15 of 64



Static CMOS Logic Family

| Vb

VDD

o

ViN =] _

I

A4

VOUT

M

ViN ™

| M

o

Pull-up

/etwork PUN

— VOUT

o

Pull-down

\Network PDN

%

 Observe PUN is p-channel, PDN is n-channel

« Claim: If PUN comprised of p-channel, PDN comprised of n-channels
and one and only one is conducting , then V=V, and V,=0

 inherited from inverter analysis

16 of 64



Static CMOS Logic Family

n-channel PDN and p-channel PUN
V=Vpp, V=0V (same as for inverter!)




Digital Circuit Design

* Hierarchical Design
» Basic Logic Gates
Properties of Logic Families

Characterization of CMOS
Inverter

« Static CMOS Logic Gates
mmm) Ratio Logic
* Propagation Delay

m Simple analytical models
- FI/OD
» Logical Effort

— Elmore Delay
- Sizing of Gates

— The Reference Inverter

Propagation Delay with
Multiple Levels of Logic

Optimal driving of Large
Capacitive Loads

Power Dissipation in Logic
Circuits

Other Logic Styles
Array Logic
Ring Oscillators

done

partial

18 of 64



General Logic Family
| |

PUN PUN
i VouT Vi— Vour
PDN PDN
< v
Compound Gate in CMOS Process Arbitrary PUN

p-channel PUN and PDN

n-channel PDN
V,=Vpp, V=0V (same as for inverter!)

19 of 64



Other MOS Logic Families

(Arbitrary PUN and PDN)

VDD VDD VDD
[ {KMZ [th I:MZ
VOUT VOUT VOUT
V|N 4‘KM1 VINgiKNh V|N 4‘& M1
A\ A\ A\
Enhancement Load Enhancement Load Depletion Load
NMOS Pseudo-NMOS NMOS

These are termed “ratio logic” gates
20 of 64



Other CMOS/MOS Logic Families

A Vour
[;L:Nb \/DD
Vour Vpp-V1n
V|N 4‘ I_:M1
N
Enhancemen t \/wq
I
Load NMOS —

21 of 64



NMOS example

Voo VTH
W1/L1
W2/L2
VDD
Mo
Vour

Vi 4|D/l1

A\

Enhancement
Load NMOS

Vout

Vout

4.5

3.5

25

1.5

0.5

1= b

o

Inverter
File: Inv Char.xls
2 4 5
Vin
Inverter Pair
2 5
Vin 22 of 64



NMOS example

Voo VTH 1
W1/L1 4
W2/L2 1
VDD 5
Mo
Vour
Inverter Pair
V|N 4‘ I_:M‘I 5 V
45 H
4 (
35
N L 3 Vv
=0
Enhancement S 2'2 TRIP
Load NMOS 15 V
: A
Yo ==
0 1 2 Vin 3 4 5
\/H==4\/
V,=0.55V
Virip=2V

23 of 64



Other CMOS/MOS Logic Families

A Vour
DI:Mz Voo T
Vour Vbp-V
V|N —| ENH
A4 VIN
Enhancement —p
Load NMOS VDD

* High and low swings are reduced

* Response time is slow on LH output transitions |
 Static Power Dissipation Large when Vg is low (W|II sl

* Very economical process

« Termed “ratio |OgIC (because logic values dependent on device W/L ratios — USE UP DOF!)

« May not work for some device sizes (=~

- Compact layout (no wells !) o

« Can use very low cost process

+ Available to use in standard CMOS process 24 of 64




Other CMOS/MOS Logic Families

VDD
Vbp [;__
Voo I:Mz
M, Vour
Vour LTI:MZ A I;Mﬂ(
VOUT —I
\AN_+L:NH :
A1—||I/|11 AZ—IIE/IQ Y Ak—”:'\/hk J
AT M2
V4 5 g
Enhancement N
Load NMOS k-input NOR A My
_>
* Multiple-input gates require single ~
transistor for each additional input k-input NAND

 Still useful if many inputs are required @

(will be shown that static power does not increase with k)

25 of 64



Other CMOS/MOS Logic Families

VDD

[j\/lz A Vour
Vour Voo T
Vin ‘| I_:'VH

A4 Vin

Enhancement Load '
Pseudo-NMOS VDD

High and low swings are reduced —
Response time is slow on LH output tranS|t|ons
Static Power Dissipation Large when Vg is Iow

Multiple-input gates require single transistor for each addltlonal input @

Termed “ratio” logic
Available to use in standard CMOS process

26 of 64



Other CMOS/MOS Logic Families

Vb
A Vour
Voo
—| I:Mz V1p<0 )
Vour
ViN —| R M | >V|N
Vbp

V4  Low swingis degraded (=)
~+ Static Power Dissipation Large when Vour is low
LOD:dpﬁ:\'/lOO”S - Very economical process )
* Better than Enhancement Load NMOS
 Termed “ratio” logic
« Compact layout (no wells !)
 Slow on L-H output transitions (but not as slow as previous logic) f—
« Dominant MOS logic until about 1985 )
+ Depletion device not available in most processes today =27 of 64



Other CMOS/MOS Logic Families

A Vour
Vb Vb Voo T
VDD'VTn ‘
QI:MQ Dl:M
VOUT VOUT
VIN
—
VDD
V|N 4‘ I:M1 V|N l:M1
AVWour
Voo |
A4 A4
Enhancement Enhancement
Load NMOS Load NMOS
T
VIN
i Reduced VH'VL A VI I 1 I\/ >
V1, Voo T DD

* Device sizing critical for eve
basic operation
« Shallow slope at Vg,p 28 of 64



Other CMOS/MOS Logic Families

Vop Vb A Vourt

Voo T
ltMZ lth
VOUT VOUT

Voo+V1p |

. >V|N
VINAi M ViN I:M1 VI;D

AVour AVout
% A4
Enhancement Load Enhancement Load” | Yoo |
Pseudo-NMOS Pseudo-NMOS
Vr, Vr, 4
A V,'N A Y
* Reduced V-V, Vi Voo e Voo
* Device sizing critical for even
basic operation (DOF)
29 of 64

« Shallow slope at V;gp



Other CMOS/MOS Logic Families

V V
DD DD A VOUT
VTD<0 VDD-

[mZ [mZ
Vour Vour

VIN ‘”_: M1 VIN I: M1 V|N
—>

A4 A4 AV our
Depletion Depletion
Load NMOS Load NMOS Voo T

* Reduced V-V, _
* Device sizing critical for even

basic operation
« Shallow slope at V;gp




Digital Circuit Design

* Hierarchical Design  Propagation Delay with
. Basic Logic Gates Multiple Levels of Logic

Properties of Logic Families * Optimal driving of Large

Characterization of CMOS Capacitive Loads

Inverter =P Power Dissipation in Logic
« Static CMOS Logic Gates Circuits

. Ratio Logic « Other Logic Styles
Propagation Delay * Array Logic
— Simple analytical models * Ring Oscillators
- FI/OD

» Logical Effort
— Elmore Delay

< Sizing of Gates

— The Reference Inverter

done
partial 31 of 64



Static Power Dissipation in Static CMOS Family

Veo When V,, is Low and V; is High, M, is off and I,,=0
# Ma When V|, is High and V1 is Low, M, is off and 1,,=0
Vi & Vour Thus, Pgraric=0
ARt
< This is a key property of the static CMOS Logic
Family =»the major reason Static CMOS Logic is
so dominant
|
_|PUN It can be shown that this zero static power dissipation
property can be preserved if the PUN is comprised of
Vin | Vour p-channel devices, the PDN is comprised of n-channel
PDN devices and they are never both driven into the
N conducting states at the same time
y 32 of 64

Compound Gate in CMOS Process



Static Power Dissipation in Ratio Logic

Example:

.

Vin *{I_:M1

A4

Enhancement
Load NMOS

Families

Assume V=5V

V=1V, HCox =104A/V2, W,/L,=1 and M, sized

so that V, is close to V,

Observe:
Vi=Vop-V1n

If Vin=Vis Vour=V, so

v
(V(m 'VTn - %Slj VDS]

ID1:10'4(5-1—1—%jo1:0.25mA

1

P, =(5V)(0.25mA)=1.25mW

33 of 64



Static Power Dissipation in Ratio Logic

Example:

.

Vin *{I_:M1

A4

Enhancement
Load NMOS

Families

Assume V=5V
V=1V, uCyy =104A/V2, W,/L,=1 and M, sized
so that V, is close to V,

P, =(5V)(0.25mA)=1.25mW

If a circuit has 100,000 gates and
half of them are in the V5=V, state,
the static power dissipation will be

34 of 64



Static Power Dissipation in Ratio Logic

Example:

.

Vin ~”_:M1

A4

Enhancement
Load NMOS

Families

Assume V=5V
V=1V, uCyy =104A/V2, W,/L,=1 and M, sized
so that V, is close to V,,

P, =(5V)(0.25mA)=1.25mW

If a circuit has 100,000 gates and
half of them are in the V5=V, state,
the static power dissipation will be

1
P = 5105 e1.25mW =62.5W

This power dissipation is way too high and

would be even larger in circuits with 100

million or more gates — the level of integration
common in SoC circuits today 35 of 64



Digital Circuit Design

* Hierarchical Design * Propagation Delay with
. Basic Logic Gates Multiple Levels of Logic
Properties of Logic Families * Optimal driving of Large
Characterization of CMOS Capacitive Loads
Inverter » Power Dissipation in Logic
« Static CMOS Logic Gates Circuits
. Ratio Logic « Other Logic Styles
Propagation Delay * Array Logic
m) Simple analytical models * Ring Oscillators
- FI/OD

» Logical Effort
— Elmore Delay

Sizing of Gates

— The Reference Inverter

done
partial 36 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

° \/DE) S
RSWp
Cosp A
{ EMz Ve

G 1 D
* Vour Vin Vour
G
D
{ M1 Rswn
Casn ;:
Ve
T
J; S

Switch-level model of Static CMOS
inverter (neglecting diffusion parasitics)

37 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

2
\|
7l
a UJ)U
sl g
<
O
O

L
o
S <
O
O
—O/—\/VV\I_
< 2
C

VOUT VOUT

Switch-level model of Static

CMOS inverter (neglecting diffusion
parasitics) 38 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

Vb Voo
4 M, Rru
VIN VOUT Ve
- {
Vour
- D\m Vie — —
Rrp
Cn 1~
N Ve
Since conducting transistor operating in triode through most of transition: 7
ID = “COXW (VGS _VT _h VDS = M(VGS _VT )VDS Y
L 2 L
RPD — VDS — L1
ID “nCoxW1 (VDD o VTn)
Ry = Vbs L,

ID ) ppCOXWZ (VDD + VTp)
Cin =Cox (W1L1 + Wzl-z) 39 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

|\/DD
Rpu R - L,
VouT Ve o M,.CoxW, (VDD - Vn, )
! Vour

L,

Vin Rpy =
1 %PD l"lpCOXWZ (VDD + VTp )

Cin =Cox (W1L1 +W,L, )

Example: Minimum-sized M, and M,

L2=W2= LMIN LM|N=0'5” and VDD=5V (Note: This Cyy is somewhat larger than that in the 0.5u ON process)

1
Rep :mzz'SKQ ClN = 4.10_15 .2L2M|N — ZfF

R,, = 1 =7.5KQ

4 1
10" <0.8V,, 40 of 64




Propagation Delay in Static CMOS Family

(Review from earlier discussions)

VOUT

In typical process with Minimum-sized M, and M, :

RPD ~ 2.5KQ
RPU = BRPD =7.5KQ

CIN ~ 2fF

41 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

¢ D

In typical process with Minimum-sized M, and M, :

Voo Voo
Rpp = 2.5KO | i
RPU = BRPD =7.5KQ RVPU 7
i 7
ClN ~ 2fF T Z

1 &1

How long does it take for a signal to propagate from x to y?

42 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

Consider: For HL output transition, C, charged to V,,
Vin Dc Vout
| Ideally:
A Vin
A4
VDD 1
t
s
t=0
A Vour
VDD
t
_
t=0 43 of 64




Propagation Delay in Static CMOS Family

(Review from earlier discussions)

For HL output transition, C, charged to V,

VN {>~= Vout Actually:

A Vin
~ C,
Voo 1
<
t
>
t=0
A Vour
Vb
\ t
>
t=0

What is the transition time t,; ? 44 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

VIN

Vourt

>

\|

7

@,
AS

Vour

AY

45 of 64



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

For HL output transition, C, charged to V,,

Vour

L.
1 Vour

Voo - T~ C.

Vin — >

4 Vi

t=0

t
Voo ey > t,=RpC,

: : 46 of 64
If Virp is close to V5/2, t,, is close to t,



Propagation Delay in Static CMOS Family

(Review from earlier discussions)

For HL output transition, C, charged to V
Vi {>c J_ Vour P L J DD
(i
VOUT
A V|N
Voo Rpy 1
- 7™ CL
t‘ VDD_ Ve
t=0 ] v

4 Vour

A\

Summary: t, =R, ,C,
ti = RppCy

For Vigp close to Vp/2 47 of 64




Propagation Delay in Static CMOS Family

(Review from earlier discussions)

X DY
TS

In typical process with Minimum-sized M, and M, :

t HL = RPDCL = 25K‘2ﬂ:=5p$

t LH = RpUcL ~ [ .5K2fF=15ps
(Note: This C,y is somewhat larger than that in the 0.5u ON process)

Note: LH transition is much slower than HL transition

48 of 64



Propagation Delay in Static CMOS Family

Defn: The Propagation Delay of a gate is defined to be the sum of t;|
and t, ,, that is, tprop=t, *+t 4

t proP =t L+t LH = CL (Rpu +Rpp)

Propagation delay represents a fundamental limit on the speed a
gate can be clocked at

For basic two-inverter cascade with minimum-sized devices in
static 0.5um CMOS logic driving an identical device

Y
X tprOP =t HL*t 4 =20psec

49 of 64




Propagation Delay in Static CMOS Family
for Arbitrarily Sized Devices

t proP =t HL+t LH = CL (Rpu +Rpp)

L, L
R, = 2 _
M, CoxW,(Vop — Vi, ) U p,Cox W, (Voo + Vi, ) Cin =Cox (W1L1 +W,L, )

IQPD =

tPROP

—C, (WL +WL) = P—
uC ww, -v,) wC Wy, -V)

n (0),4 1 (0),4 2 DD T

fL=L=L ,u = 3u,

tPROP = Lmin (VV1 + I/Vz) 1 + 3 = Lmi” (4_|_ VV2 +3
wV, =V.) w, w,) wl,=-V) W

2

)

SIS

Note speed is a function of device sizing !

Can device sizing be used to minimize tprpp 7

50 of 64



Propagation Delay in Static CMOS Family

for Arbitrarily Sized Devices
For L =L=L,, u=3u,
L woW

o = mi (4+—=2+3-1)
wlV,-v,) w. W,

t

Can device sizing be used to minimize tprop ?

Assume W.=W,\

atPROP _ { Lzmin }{ 1 _3 WMIN } ~-0
2
8VVz M, (VDD - VTH) WMIN Wz

1 _3 VVMIN ~0
WMIN \Nz2
W2 = \/§WM|N
L L

by =—— 20— (44 23/3) = — = (7.5)
,Un(VDD - VT) ﬂn(VDD — VT) 51 of 64



Propagation Delay in Static CMOS Family
for Arbitrarily Sized Devices

t proP =t HL+t LH = CL (Rpu +Rpp)
If Vi,=-V1,=V; and C =C

For min size observe:

tPROP =COX (W1L1 +W2L2 ) L1 + L2
uC, W (V -V,) uC W,(V, -V,)

OX 1

OoX 2 D

If L2=L1=Lmin’ W1=W2=Wmin’ /un = 3/up’

tPROP= Lmin (W1+W2)( 1 i 3 j: Lmin (2Wm”)( 1 ! 3 )
M, (Vo,=V2) . ( W,

W1 W2 VDD _VT ) Wmin
For min size:
W2 =W1 = Wmin
8L°

tPROP = i
M, (V,-V,) 52 of 64



Propagation Delay in Static CMOS Family
for Arbitrarily Sized Devices

t proP =t HL+t LH = CL (Rpu +Rpp)
If Vi,=-V:,=V; and C =C

For equal rise/fall (with W,=W_...):

tPROP =COX (W1L1+W2L2) L1 + L2
“nCOXW1 (VDD -VT ) I~JpCOXW2 (VDD -VT)
If L2=L1=Lmin’ W1=Wmin’ ’Lln = 3’Llp,

L 1 3
+

tPROP = “n (VDn:n'VT ) (W1 +W2 )(W1 VV2 j |:> W2=3W1

For equal rise/fall:
W =3W.

_ 8L,
tPROP—“ V) 53 of 64

T




Propagation Delay in Static CMOS Family
for Arbitrarily Sized Devices

t proP =t HL+t LH = CL (Rpu +Rpp)
If Vi,=-V:,=V; and C =C

For Vogp=Vpp/2 (With W,=W_. ):

OX 1 OX 2 D

tPROP =COX (W1L1 +W2L2 ) L1 + L2
uC, W,(V,-V.) uC_ W,(V, -V.)

If L2=L1=Lmin’ W1=Wmin’ lun = 3lup’

oo WA b
“n (VDD -VT ) W1 W2

Recall: Virp=Vpy/2 (With W,=W__):
W =3W.
8L

— min

boroe = u (V.. -V.) 54 of 64
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Propagation Delay in Static CMOS Family

t proP =t L+t LH = CL (Rpu +Rpp)
Summary:

If Vi=-Vi,=Vr and C =Cyand L, =L =L, u =3u,

For min size: For equal riseffall:  ForV__=V_/2: For min delay:

W =W =W _ W =3W. W =3W. W =\/3W,

(o 8L, .- 8L, .o 8L, t _(4+243 )1
VeV T (V) (Ve Vo) (VYY)

* Propagation Delay About the Same for 4 Sizing Strategies

(4+2J§);75

« And for these sizing strategies all are near that of minimum delay !

 Have now introduced 4 device sizing strategies (3 based upon

propagation delay and one to set V,5,p=Vp/2)

Will return to the issue of device sizing later

55 of 64



Propagation Delay in Static CMOS Family

A | o— ) >—F

The propagation delay through k levels of logic is approximately the
sum of the individual propagation delays in the same path

61 of 64



Propagation Delay in Static CMOS Family

Example:

|

|
i — F
Stage1 | Stage2 Stage3 ! Stage4 !

[T T TIPS Y

t =t st st oL
terop=tLnHtu = (t paHtu s ot ) (b gt sty o+t )

terop=tLnFtu =(t pattuLa) F(t pa )+ (tLpa ) H(t p )

toror=trroPattprROP3 tPROP2 Tt PROP

62 of 64



Propagation Delay in Static CMOS Family

Dfooo F

Propagation through k levels of logic
HL =t Hk F ULHE-1) T UHL(k2) + o Ty
UH =tk * PHL1) P TLHK2) * o+ Ty

where X=H and Y=L if k odd and X=L and Y=h if k even

k

t prOP = 2 t PROPK
i=1

Will return to propagation delay after we discuss device sizing in more detail
63 of 64
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Stay Safe and Stay Healthy !
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