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MOS Inverter: Dynamic Characteristics

& Penn
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Lecture Outline

oelsiese’s

0 Review: Symmetric CMOS Inverter Design
0 Inverter Power
a Dynamic Characteristics

= Delay
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Review: CMOS Inverter: Visual VIC

Voo

seseees

VDD
-V TOp
V-V =Vin = Vg,
Vm
LIN
V/h’ v Ton
- VTO;
-1
A% Vo +V_V Vi
B K DDV Top PP
Vron Ton Vi v
I
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Review: CMOS Inverter: Design/Sizing

eelsieeels

1 .
Viow+ [— (Voo + Vro,) , Important design
Vv, = O Nk 7T k= Voo + Vo, =V Eq. for CMOS
1+ s Vi =Vron inverter VTC.
k

3

. . 1
If V,, is set to ideal case: V., =5 Voo

>
_ (Yoo +Vro, =2V
B 1/2V,, -V,

TOn

>
(I/ZVDD+ 1)

1/2V,, -V,

TOn

If V= Vo= Vo (symmetric CMOS)

. :
_(Vunv,o,,—l/zm] _(1/2v,,,)+vn.) -1 AL
- - 1 —
12V =Vion Y2V +Vio W,
Penn ESE 570 Spring 2017 — Khanna 5

Review: CMOS Inverter: Visual VI'C

Voo

{ﬁ ®Li, ®

E! $?7 fout

seseees

%
0,
¥
Vu® ®@ O ® ®" @
v h
e i Vou = Vin = Viop Ve it
g ®L ©F
Vi Vi AT%A Vo= Vi~ Voo ® @l © ®vh
" YLIN &
Vr/r an
Vio
B VTO} o :rri
=il ' . v, 1_,&3 T\
vt Voo | Ve v Yoo Vo g

P 1
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Review: Noise Margin Example

eelsieeels

Compute the noise margins for a symmetric CMOS inverter has been designed to

achieve V,, =V,/2, where V) =5 Vand V =- VTUp =1V

1
NM =V_ -V Vg ==(3Vppt+2V-
H oH” VI T 8( DD o)

1
NM, =V, -V, Vi = 5(5 Vop—2 Vi)

NM,,=NM, =2.125

RECALL (with V) =5V)
1.Preferred Design => NMH, NML > VDD/4 125V
2. Ideal NM => NM, =NM, =2.5V >V /2
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Inverter Power
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& Penn

Power

oelsiese’s

a P=IxlV

o Tricky part:
= Understanding |
= (pairing with correct )

Penn ESE 570 Spring 2017 — Khanna

Static Current

seseees

1 = Iflﬂfi[

L/DD

Penn ESE 570 Spring 2017 — Khanna

seseees

Switching Currents

0 Dynamic current flow:

o If both transistor on:

= Current path from Vg,
to Gnd

= Short circuit current

Penn ESE 570 Spring 2017 — Khanna
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eelsieeels

Currents Summary

0 I changes over time

0 At least two components
= I, — no switching
[

— when switching

switch

= Iy and I

Penn ESE 570 Spring 2017 — Khanna

eelsieeels

Currents Summary

0 I changes over time

0 At least two components

= I — no switching
(|

when switching
and I

switch —

w I

dyn

CLK

wﬂ I

ramp_enable

AVRR AVATAVAL AYATAVAL
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Switching

Dynamic Power

8
#Penn
Penn ESE 570 Spring 2017 - Khanna & 3

oelsiese’s

Switching Currents

O Lya®) = L) Lsia?)

Q L@ =10 +1,,)

seseees

Charging

o 1,;,(?) — why is it changing? P
. L=AV,V,) ( t
= and V , V changing

g8

V. -+
Iy = vsatCOXW(VGS -V, -2 )
W vl
Ips = w,Cox| — (VGS -Vr )VDS Y
L 2
Penn ESE 570 Spring 2017 - Khanna 15
Switching Energy — focus on I,(2)
h ‘ Ly
E-= f P(t)dt o
= f I(1)V,, dt
=V, [1)dt

Penn ESE 570 Spring 2017 - Khanna 17
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Switching Energy — focus on I,(7)
= JIS[’AUC
i \
ISC
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¢ Switching Energy
a Do we know what this is? .
[ 1, ]
) Lin
e
1
E-= f P(t)dt -
= f 1(t)V,, dt =
=V, [1(0ydr
Penn ESE 570 Spring 2017 - Khanna 18




Switching Energy

oelsiese’s

o Do we know what this is?

Q= [1,,(d

E= [Pt
= [1wV, dt —
=V, [ 1w

Penn ESE 570 Spring 2017 - Khanna

Switching Energy

seseees

o Do we know what this is?

Q=fldyn(t)dt "jl
a What is Q7
E-froa  Q=CV = [I(t)dt
= [10)V,,di —
=V, [1(t)dr

Penn ESE 570 Spring 2017 - Khanna

Lign

oelsiese’s

Switching Energy

0 Do we know what this is?

o What is Q? ]

E=fP(t)dt i

= [ 1@y, di
=V, [ 1)t

Penn ESE 570 Spring 2017 - Khanna
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seseees

Switching Energy

o Do we know what this is?

Q= [1,,)adt [
‘ ’7 Idm
o What is Q? “-
E=[Poyar  Q=CV = fl(t)dt ‘
= [V, dt £ CVdi 1
= Vzldfl(t)dt

Capacitor charging energy

Penn ESE 570 Spring 2017 - Khanna

Switching Power

eelsieeels

o Every time output switches 0>1 pay:
= E=CV2

a Py, = # 0>1 trans) X CV? / time
0 # 01 trans = 2 # of transitions

a Py, = (# trans) X Y2CV? / time

dyn

Penn ESE 570 Spring 2017 - Khanna
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Switching

Short Circuit Power

Penn ESE 570 Spring 2017 - Khanna

&Penn.




Short Circuit Power

oelsiese’s

0 Between Vi and V- Vip
= Both N and P devices conducting

vin
Isc

_ /Vin Vout

I

time

Short Circuit Power

oelsiese’s

a Between Vi and Vyg- Vip
= Both N and P devices conducting

o Roughly:

Penn ESE 570 Spring 2017 - Khanna 25
¢ Peak Current
0 I, around 17,/2
= If | V| =| Vip| and sized equal rise/Spring
Vv,
Ips "’ercoxw(vus -V - %)
T t vdd
time
Penn ESE 570 Spring 2017 - Khanna time 27
¢ Peak Current
a 1, around 1,/2
= If | Vi | =| Vip| and sized equal rise/Spring
Vosar
Ips “Vm«coxw(vos -V - %)
1
fl(t)dtsl/wk Xt x|=
2
Penn ESE 570 Spring 2017 - Khanna 29

| L
Penn ESE 570 Spring 2017 - Khanna tsc e Ume 26
¢ Peak Current
a I, around 17,,/2
s If |V | =| Vip| and sized equal rise/Spring
VnSAT
Ips =V, CoxW|Ves = Vi _T
1
fl(t)dt:]lwk Xt x 5
Penn ESE 570 Spring 2017 - Khanna 28
¢ Short Circuit Energy
0 Make it look like a capacitance, Cy-
L] Q:IXf
. O=CV
E 1 !
= ‘/dd X peak th( X E
E =V, %0
2
E=V;; x(CscVu)=CscVy
Penn ESE 570 Spring 2017 - Khanna 30




oelsiese’s

Short Circuit Energy

0 Every time switch (021 and 1>0)
= Also dissipate short-circuit energy: E = CV?
= Different C = C

= C “fake” capacitance (for accounting)

Penn ESE 570 Spring 2017 - Khanna 31

Dynamic Characteristics

Penn ESE 570 Spring 2017 — Khanna

& Penn

seseees

Inverter Delay

0 Caused by charging and discharging the capacitive
load
= What is the load?

Penn ESE 570 Spring 2017 — Khanna 33

seseees

Inverter Delay

Inverter Delay

eelsieeels

Penn ESE 570 Spring 2017 — Khanna 35
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¢ Inverter Delay
.
VDD
C:‘\i
Cioad = Clgpn T C abp + C e T C wp T Cin Cy
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oelsiese’s

Inverter Delay

Penn ESE 570 Spring 2017 — Khanna
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oelsiese’s

Inverter Delay

seseees

Propogation Delay Definitions

in ideal input
Voo L ASSUME: Initially the
input is ideal.

VRU%

01 2t

T =t -t Tan=6-t,
_y

oul I
VDD

Y, \ Avg Prop Delay
0% / T, = T+ Torn

0] >
Tt rt t

0 1 2 3

Ve, = Vpp/2
Penn ESE 570 Spring 2017 — khann
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eelsieeels

Propogation Delay Definitions

in non-ideal input

Avg Prop Delay

\%
on = Teu T oy

Te

or——

out  «——» «—

<
g

50%

oL

V., =V, +05[V -V =05V, +V ]

Penn ESE 570 Spring 2017 — Khanna

OL]

41

vl D
E B
i(= I"K' i!m
Dl wiy,
: v,
o [¥ion ic)
N B
Clu.nl
3’ l
Y4
Cioaa = Cpy T Cypy T €, F0C,
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¢ Propogation Delay Definitions
in ideal input
Vou e ASSUME: Initially the
input is ideal.
50%
V( 17 t
\% Tor = & - Tan= -t
V oul <+ —> -
OH
v N\ ﬂvg Prop Delay
50% / T +T
1, =" tein
v b
or) >t
tO t| tZ t3
T 57“LVW mi YQI. +0.5 [VOH - Vor,] =05 [VO]. +V()H] | w©
¢ Rise/Spring Times
=t,-t T.=t -t
V Avout fall B A A;isu J C
V OH \ ~
90% /
Vm% \
~
Vo — .t
tA tB t(j’ tD
Vi = Vo 101 [Vou - Vol
Vg, = Vor, 109 Vo= Vo
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oelsiese’s

MOS Inverter Dynamic Performance

o ANALYSIS (OR SIMULATION): For a given MOS inverter schematic
and C,,, estimate (or measure) the propagation delays

o DESIGN: For given specs for the propagation delays and C,,,4’,
determine the MOS inverter schematic

METHODS:
1. Average Current Model

Tre = Cloaa AV . Cioua You =Van "
Loen. Loen. /‘
AV, Vipe = Vo
Tpin = Ca 7 U =C,,y 22— Assume
aveLH gLt V. ideal

MOS Inverter Dynamic Performance

oelsiese’s

0 ANALYSIS (OR SIMULATION): For a given MOS inverter schematic
and C,,, estimate (or measure) the propagation delays

o DESIGN: For given specs for the propagation delays and C, 4",
determine the MOS inverter schematic

METHODS:
2. Differential Equation Model

av,

o= Cppy Now » [, [ Dow
dt i _[/‘—L

di =Ty, or Ty,

Assume
V,, ideal

Penn ESE 570 Spring 2017 — Khanna 44

Method 1

Average Current Model

&Penn

Penn ESE 570 Spring 2017 — Khanna
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: MOS Inverter Dynamic Performance
o ANALYSIS (OR SIMULATION): For a given MOS inverter schematic
and C, 4, estimate (or measure) the propagation delays
o DESIGN: For given specs for the propagation delays and C,_,",
determine the MOS inverter schematic
METHODS:
3. 1% Order RC delay Model
'
Ty, =0.69-Cpppy * R, 7L
Ty =0.69:Cppy’ R/) [
Assume
V,, ideal
Penn ESE 570 Spring 2017 — Khanna 45
¢ Calculation of Propagation Delays
T = Cpa Tt = € L=V
Loy gL
Tput = Cloua AV = CM.JM
avg.LH Im‘K.LIl
Penn ESE 570 Spring 2017 — Khanna 47

eelsieeels

Calculation of Propagation Delays

\7‘:\
\roﬂ

AV, Vo =V
Tprar, = Clogg 5= Clpg =22 ;

Logn Loe s + t

AV, V, v > <
rl’lﬂ = C/uml —H = C/uml —f& 0oL

avg.LH Iil\LHLII

Gt 6t
I, . ~> approximate average C, , current during
igh-to-low V_ | transition
1. < .
Lygm = E[l(‘(\/m = Vo Vou = Von) +1(‘(Vu| = Vo Vou = Vson )]

ou
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Calculation of Rise/Spring Times

oelsiese’s

\4 Ta=bot T = b - b

AVyggi00 Vaos = Vias S I — ‘

Tt = Croaa A = C, \Y, Vo \ = :L
Inw“)lr%—\(l‘ﬁ Iuwvw ~10% €%

. nC DVosows ¢ Vo=V v, |

e ™ Cloaa 7 i vl ~
avg 10%-90% avg 10%-90% L| >t
t, ty tooty
Penn ESE 570 Spring 2017 — Khanna 50

¢ Calculation of Propagation Delays
Tpn = Clnu(l AV”L = Clou(l M
[wu HL avg HL
R
et et
. L &
Iﬂyg'”] -> approximate average C,..q current during
hlgh—t(])—low V., transition
Lucermn. = 5 [ie(Vis = Vorrs Vou = Vor) +ic(Var = Vores Vou = Vare )]
Lon = approximate average C,..q Current during
low-to-high V_  transition
I )
Ty = 3 lie(Va = Vou Voo = Vou) +ie(Vi = VoV = Vi )]
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: Calculation of Rise/Spring Times
\Y Toy=t -t T =t -t
— out 4““ "» A rise s
T = Cpg et ¢, Vo ViV \ =
s 0510 ; ‘ \\ /
AV o Voo = Vi /
T = g 52 = G 2 va | ~ /
avg 105905 g 0%-905% I > ¢
tr\ tﬁ ‘( th
L gs0to10% > approximate average C, , current during 90%-to-10%
V. transition
1. .
Lavg,00-to-102 = E[IC(Vm = Vorts Vout = Veoss) +ic(Vin = Vorr, Vour = Vies,)]
Penn ESE 570 Spring 2017 — Khanna 51

seseees

Calculation of Rise/Spring Times

M o VouVos VoA e
T = Co 7 €, 8 Vo -

toad \
avg 90%-10% 1 avg 90%-10% 0%
1~ Cpy Do _ ¢ Vo=V V. ‘ i
|

rise load
avg 10%-905% avg 10%-90% i

1 ->approximate average C,__, current during 90%-to-10%

avg 90-to-10%

V.. transition
1r. .
Tavg,90-to-10% = E[IC(Vm = Vo, Vout = Vooz,) +ic(Vin = Vorr Vout = Vi )]

L vg 010907 > approximate average C,
V.. transition

loag CUITCNE during 10%-t0-90%

1. .
Iavg,lU—to—QO‘/’g - E[lC(Vm =Vor Vout = Vm%) +1C(Vm =Vor Vout = Vsu%)]

Penn ESE 570 Spring 2017 — Khanna 52

Method 2

Differential Equation Model

& Penn

Penn ESE 570 Spring 2017 — Khanna

eelsieeels

Calculating Propagation Delays

Assume V, is an ideal step-input

Two Cases
1.V, abruptly rises =>V_ Springs s,
= Trn
2.V, abruptly Springs =>V_ rises
=
out
o= Cppy Dew
€~ Mo ™ = DP” Dn
Penn ESE 570 Spring 2017 — Khanna 54




oelsiese’s

Case 1: V,, Abruptly Rises - T pyy;.

Penn ESE 570 Spring 2017 — Khanna 55

.
.
.
.

Case 1: V., Abruptly Rises - T py;.

seseees

Case 1: V,, Abruptly Rises - T pyy;.

IC:V,, =V,

t DD/

V,=0->V,,

nMOS - ON
p-MOS OFF
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: Case 1: V,, Abruptly Rises - T pyy;.
IC:V, =V, V =0->V Vin
“Vou ™ Voo Vin T DD Voru= VYop
nMOS-ON = SAT'V >V, -Vp,
p-hd()s OFF LINo < ‘]mu < VDD >‘]T0n
*ipp ~0 Voo
. Vo =0
n G B
J_ > VOH DD
D V\mw
dav., . V..
C out 50%
toad g Dn
|2 X T 1
o t t/ b0
Penn ESE 570 Spring 2017 — Khanna 59
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i Case 1: Vi, Abruptly Rises - T ppyp.
IC:V,, = Vo, V, = 0>V
nMOS-ON  SAT Vou\ > VDD _Vlﬂru
p-MOSOFF LIN0 < vom < VDD ’V'mn
Penn ESE 570 Spring 2017 — Khanna 58
¢ Recall: CMOS Inverter: Visual VIC
Vor
v
VDD
Vr/‘
Vr/r 7
-V
/ = V=0 t
in o=V —
-Vion Vion v, Y ‘”/VLm*VmFV oo o 1, b
Penn ESE 570 Spring 2017 — Khanna 60
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Case 1: V,, Abruptly Rises - T pyy;.
i w0 v v
— o Vou= Vl‘mf
\/m G
V=0 L
v, . Ty = L, - &
Cloaa & ==ip, v ‘Vom PHL™ "50% ~ 0

drac, e

load
on

=t Vou=Vonl2
T = di=C [, [
o oo

S
Ipn

S Voo~ Vi

Voo=Vron Voo/2 =U4+—— —
el e ol
Ip, 1
>t tDt5ge

Penn ESE 570 Spring 2017 - Khanna 1% 61

i Case 1: 'Vy, Abruptly Rises - T ppy;.

vV Torn= b, ~ b
oul
saturation linear Vou=Vop
>t £ >tsge, Vnn - vmn l

VooVio. Voot [ V..
Tri =Croua f v (’ ]l/VZM +Cly f . ( ],1 ” 50%
on

|
|
|

¢ Case 1: V,, Abruptly Rises - T pyy;.
Vv Tor = boe, b
out
saturation linear Vou =Vt «
9 - 1 ,
o e e N
L no(-1 V.. |
Toit. =Coa [, ( )dvm,,w,w NS (—)dv |
w iy, w7, :
X V=0 7t47t4' t
saturation: 1,,,,:7"(\/,,,—Vm,,)2 £ Lox
ot = Croas \V
A (an) Vron)
-G, Voo—Vron
TrLsa = kiwz f v Vo
7"(V Vrow)
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¢ Case 1: V,;, Abruptly Rises - T pyy;.
Vou=Yop/2
o 2 L
T (A
e Cu (2< Vm,,>—v,m/2)
s i
K, (Vop = Vro,) Voo /2

. V=07 Tt " t
linear: i, = ((V.,, VioWVou=Viun) 0t tsor
Vo/2 -1
Trrtiin = Cload f Vool K e, [ew
2«’ (200 =Vie Vo = Vi)
2C,0 (Vo0 -1
e 2Cu v
g, I wa"w[(zw,m—vm,,w,,,,, )}1
Vo=V /2
2, - ( Vo, )
Penn ESE. 5/05prmg21)17 hanna?Von = Vo) \(2Von = Vra)=Vau) ), 6
¢ Case 1: V,, Abruptly Rises - T ppy;.
v Torn = tor =
out
saturation linear Vo=V “—
>t t Dt V.-V I -
>t 172500 ) Ton \L" =V oo Voo

VooYro =1 vl (=1 Vo,
T =Coua f Voo ( }’V:un +Cloaa f Voo=Vron (j]d‘/:w 0%

,Dv
' I
Vo= 00—t
Gtr [
b
Ty = —Cd¥i0e L Cus (20 = Vie) =V 2
"k Viop = Vio,) A m,) DD/z
2, = 2CuaaVros Cuns 1n(z%b—Vm,.>—vm/2)
koo =Vio) K, (Vop = Vi) Voo /2
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i Case 1: Vy, Abruptly Rises - T pyy;.
t(]
. " A
saturation linear Von = VDD
>t b Stsgn, Voo - Vios v,
Vo= Ofiﬁﬁﬁ t
o £ “s0%
1
o o 2CuiVro o Cuw 2V Vi) =Vin/2
PHL sat t."lILJm =
£, Von = Vr,)’ KoV V)" Von/2
26V G Vo = Vo) =Von/2
L n
£, Vop =Vio)® &,V = Vo) Vin/2 |_« R,
B N N PR (2( o0 =Vrow) _
Voo = Vro) | Voo = Vo) Voo /2
Penn ESE 570 Spring 2017 — Khanna 66
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Case 1: V,, Abruptly Rises - T pyy;.

oelsiese’s

1 2V, 2(Vop = Viow)
o <o Hn( _]H
Vo =Veo) | Vo = Vi) Vin/2

Recall from static CMOS Inverter:

1
Vieon+ |— (Vop + Vo, 2
v ka( oo+ Vror) _(vam,,—vm)
— k= ———

1+ |— Ve =Vron
k,

R

DESIGN: I(l) Vo = ks @) T, = ki Q) kg &k — kpl

Case 1: V., Abruptly Rises - T py;.

oelsiese’s

U B 78 *]n(zwm,—vmn 1)]
kYoo =Vea) [ (Voo = Vi) Von/2

Recall from static CMOS Inverter:

1
Vion * |7 Voo + Vrop 2
_ ka( ’ /) _( Yoo+ Vo, =Va
1% — k= | 2202
1 V,=V;

1+ |- = Vron

R

DESIGN: I(l) Vi = Ky @) Ty, = ki B kg &k — kpl

(1) Vg = kg QT > kB ky &k — K,
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: Idea
p =P p D
al ot 1 static +1 4yn+ 1 s
= Can’tignore Static Power (aka. Leakage power)
0 Propogation Delay
= Average Current Model
= Differential Equation Model
= 15t Order Model
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Admin

seseees

0 HW 4 due Thursday, 2/16
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