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ACTUAL INVERTER VOLTAGE TRANSFER 3
v CHARTERISTIC (VTC)

T V,, -> max output voltage when
LOAD| V, outputis “1”
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V., -> max input voltage which
can be interpreted as "0~

V,,; -> min input voltage which

can be interpreted as "1~
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NOISE IMMUNITY AND NOISE MARGINS

V,; -> max output voltage when outputis “1°

V, -> min output voltage when output is "0”

V., -> max input voltage which can be interpreted as "0~

V., -> min input voltage which can be interpreted as "1~
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NOISE IMMUNITY AND NOISE MARGINS

V, -> max output voltage when outputis "1”

V., -> min output voltage when output is "0”

V., -> max input voltage which can be interpreted as "0"

V., -> min input voltage which can be interpreted as "1~
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JUSTIFICATION FOR V , V
LET Vout - f(vin)’ ’orut — f(vin + Avnoise) Using first-order

II'DISE

B de“ Q/ Taylor s.eries
Vo =1V )+ -+ av, AV HM expansion

Perturbed Output = Nominal Output + Gain x Ext. Perturbation



FIVE CRITICAL VOLTAGES: V_ ,V_ V.,V 'V _determine:

--> DC Output Voltage Behavior
--> Noise Margins

--> Width and Location of Transition Region

POWER DISSIPATION AND DIE AREA
Power Dissipation -> HEAT T ->junction Temp

TJ -> ambient Tem
T- = T @P a p
J Y ® -> Thermal Resistance
P->P,. P, P -> Power Dissipated
PDC = VDD IDC
ASSUME: V =

“17 30% of Op Time, "0” 50% of Op Time
PDC

mh‘

[ e (V "0")+IDC (Vm =r|1n)]

DIE AREA --> MIN W x L and routing --> limited by design rules
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CMOS Inverter Circuit
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Vout=Vin - VTO,p
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CMOS Inverter Circuit
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CALCULATEV,_

Voo
® Lo Tpmh=0
T V. VOH = VDD
v k. W 0 02
—ZB(T) [2(Vin - VDD - V10p [ Voue—¥DD ) - (W ]= 0
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CALCULATE V.,
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CALCULATEV,_

VDD

@ £y 1o, =0 fop = on =0 : Emgg :2 g:cand in linear region
T Vo Voo
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CALCULATE V,__

Voo
@ I =0 IDp =1, =0 - nMOS is off
%+ op - pMOS is on and in linear region
T v Vou= Vop
v ' 0
ko /W 2
7}(?) IZ(Vin - VDD - V10p [ Voue—¥DD ) - (W) ]= 0
B
CALCULATE VOL
Voo I, =1,,=0 | . |
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@ VOL: 0 - pMOS is off
0 0
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CALCULATE V
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VDSp:V -V

DD’ out DD
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CALCULATE V,

éﬂm - nMOS is in saturation region

- pMOSisin linear region
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SOLVE Eqs (5.59) and (5.62) for V_ and V



CALCULATE V__
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CALCULATE V__

Vo Vi - nMOS s in linear region

5 @ pMOS is in saturation region
_'i({ EB_ G) + IDp
D +IDp
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2\ L
DIFFERENTIATING wrt V_

, 1) YW
kn[ L 111 TO n llt + Vout Vout \; == kp(_
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SOLVING FOR V|
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k (W/L),

SOLVE Egs. (5.64) and (5.67) for V. _and V__
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CALCULATE V.
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CALCULATE V.
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POWER SUPPLY CURRENT VS V_




POWER SUPPLY CURRENT VS V_

Almost all power is
dissipated during the
switching!
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DESIGN OF CMOS INVERTERS

Viout | ——(Vop+ Vio.)

TOn TOp

FOR IDEAL INVERTER V,, = %VDD

2
(k). = 0.5V,p+ Vi,
e 0.5Vop= Vo4

IF V — V — - VTUP == (kR )synunetric =1

TO TOn
mmverter



_ kln(W/L)n Ky CDX(W/L)H M, (W/L)n 39
R — = =
k (WL), u,C_(W/L) u (W/L)

P

FOR SYMMETRIC INVERTER V=V, = -V, (kg )gmmesc =1

mverter

(W/L),_ e kr=1 (W/L),  up
(W/L), Un (W/L), un
2
(W/L), _ My 230 cmﬁNs » | (WIL), =2.5(W/L),
(W/L), un, 580cm™/Vs
V, = %(3 Vopt ZVTU) solve eqs. (5.59) and (5.62)
1 solve eqs. (5.64) and (5.67)
Vg = g(S Vop— 2VT0)
NOTE:V, +V_ =V__
NM,=V,,-V,=V,,-Vy,=0/8V,+ (2/8)V,

NM, =V, -V, =V, =(3/8)V, + (2/8)V,,



VTC for three CMOS inverters with different nMOS-pMOS ratios
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POWER DISSIPATION CONSIDERATIONS

Voo Vs
®%,., ®©
:T Vout for +i T Vot

\

v
Ppe = %[IDC (Vi ="0") + Ipc(Vy, ="1")] =

WHENV =V_: I =1, =0 =>P(V, =0)=0

P(V, =0)+P(V, =1)
2

WHENV, =V [ =1 =0 => P(V_=1)=0

P..=0

DC



Minimum Area MOS Transistor Layouts

B - ACTIVE RULES
COLOR LEGEND Minimum pMOS Layout -2
B »wel 24 !
B - Well F
I
Palvsili C - POLY RULES
Bl Polysilicon 13 A Cl=zh C3=0k “ "
' T4 = 2%
B Gate Oxide - + F
w
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- i [
B Metal . Minimum nMOS Lavout
1 16 A B =2 :
i . F2=3L
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2A
Area=16-TA*=112A" Relevant Design Rules




DIE AREA CONSIDERATIONS
V.
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RESISTIVE-LOAD INVERTER

Vv
2 CUTOFF:V, =V <V, 1 =0
Rig v, LINEAR:V, =V >V, |
o, L=l V =V, <V -V
V _V El *I t _[2( ID 11) lel Vﬂul
T Vﬂul: VDS
v SATURATION:
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Let (for hand calculations) A =0 out — kDS 7 Vin™ Vron
ID = E"I(‘v‘]rin_"'}rTIII',n)E:I
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1“"IDD V-;:>1.1’f
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[ =1,
Vm — VGS D *ID
G \
Vv T E—B‘ Vou= Vs
V
CALCULATION OF V

Vou = Vop— Ry I

out

V. < an => nMOS Cut-off




-V -V :
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| VIL VIH VOH - A Vout dV Vout - Vin ) VTO;H
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VOL . i > V
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X@ CALCULATION OF V © v
1+ _ _bb
RETY, oY © -
[ - I I 1{L RLE* I
vl i
V. =V _K 2(V. - V. V:
in GGS D *I : 2 [ ( 1n TO 11) out out] % + IDT
V. SET v
YV
[ =1
VDD_ VOL _ kn 2 where Vin = VOH = VDD
RL ” [2(VDD_ VTO,n) VOL — VOL] where Vout — VOL
V. 2(\/ -V, + ! ]V +LV =0
OL DD TO,n knRL OL knRL DD 0 < VOL _ an
1 1Y 2
Vor = Vop— Voot n E T .| Vop— VTO,n+ ﬁ - EVDD
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M CALCULATION OF V; : .
. ,
R'_f Vi = Vop=VaalVs) k
3 L B . .
+II_ [L — [D DD R;ut( m) _ ;1 (Vin B VTU',H)
n=Vas O HD 4 Differentiate wrtto V., i.e.
J‘”ij V.=V 1 dV
ViﬂT S ™ . - o= k“(vin_ 1‘UFTEI'J:L)
RL d'vin
1
Qw1 @V =V > -~z (-0 =ka(VIL - V10,0)
dvm n IL L
out OH 1
V., =V,, +—
VDD IL Tﬂ.!’l k“RL
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V.-V (V. =V k ,
1, 1 DD ml]t{( m IL) — 2|1 (VIL_ VT[LI.)_
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1
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Vou (Vin = Vi) = V-
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Vm = VGS D *ID 4
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VIH — VT{]'.II T 2 V:::rut —
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CALCULATION OF V.

© Vu Y
RLH;* IL DDRL oS 2“ |:2(\71}1 _ VT 0,n ) Vom - Vozm
— where
%*IDT Vout VIH = VT O.n +2 VO‘“ - :
v knRL
VDD _ Vom = kn 2(\/011 +2 Vout — L - n ) Vout — Vozut
RL 2 1 1{nI{L ,
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k3 vy Ve
—RL = 2kﬂVOL1t —> Vout (Vin _ VIH) o 3 knRL
VIH _\]Tli)n_l_2 g VDD B 1
’ 3 knRL knl{L

]

|



CALCULATION OF V.
Vin = Vout = V == VDS - Vc;s = VGS B VTO,n —>

k th
IL:ID —> Voo )4 n(\f Vio n)2

2
= 11 ( th T(}n)

2V,
kR,

n

=0

Vth 2(VT0n_k}V VTO 0

n L

3
1 1 2V,
Vi = Voo n k— T \/[VTO,H_ k—RL} + K 1?: — VT20,11
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SUMMARY - RESISTIVE LOAD INVERTER

1 1 Y 2v .,.
—» Vlh = 1ﬂlr‘\"'.l" + \/[VT[},JI _ _] + 2 — V’l?ﬂ,n

1
- V]L - VTDJl-l_ let (Vin =VIL) =VDD_@
Vo=V, 42|52 ] V.o (V. =V )= |Z2on
TH TOn 3 out % " in IH 3 "RL

— Vor = Voo~ Vroa + + \/(VDD_ Vion +Jh _ Voo

> Vou= Vo 5V -
VDD =5V
Units VTD,n =1V
N AT
KaRT ( ﬂ]@ v




POWER DISSIPATION - RESISTIVE LOAD INVERTER 16

V
PDC — DD [IDC (Vin —" OH) + IDC (an =" )]
2 \%
® 7
WHEN V_ =V _ : DRIVER nMOS in CUT-OFF L%ir [ =
[ =1,=0 =>P(V_=0)=0 T'V
: V
WHEN YV =V_ . © _ DD
Vpp - Vi -,
e Vi, PP Ty DDRL OL RLQ L
e VDD VDD - V
P(Vin ="17) = [;?D DDRL = 3IDT Vo
P,.(average) = Voo Yop= Vor

RL



Two examples of resistive load inverter layout
are shown below:

VoD m
.I .
7
Ditfused ]
Resistor :
' VDD »
— . Undoped -——--;n:f;ﬁ
l Regisior
[ S L gt
o i :b‘ i ,. ‘ :i Driver Input v.:.e Hd : Driver
GND " GND L]
() | (b)

Figure 5.10. Sample layout of resistive-load inverter circuits with (a) diffused resistor and (b)
undoped polysilicon resistor.
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SATURATED ENHANCEMENT-LOAD INVERTER “

Vip
D [ =1
G_lE - %Lv Do \%
S * IL sb 7
Vin — VGS,d D *ID A
G \
V. W = i Vou= Visa
4 Y
VBS,d =0 => VT,d = VTO,n
VBS,L — Vout <0 => VT,L = VT{},n
LOAD:
VGS’L — VDS’L => VDS’L> VGS’L - VT’L SAT cond. is ALWAYS SATISFIED

k (W » k(W
I, = _n[_) (VGS,L_ VT.L) = _n[_) (VDD_Vout_ VT.L)2
L L

2\ L 2\ L



Load -> Sat, Driver -> Cutoff @ Vo

E(E) (V VOUI V ) — O
2 \L J
Load -> Sat, Driver -> Sat ‘ VIL

kK (W W ) -
—bl —i| (Vg -V, -
2 ( L )L( out L) ( L )d(vm VTO,n)

Load -> Sat, Driver -> Lin @ VIH,

k (W VY,
—& — | ['Vy — Vi 9) V 2
2 ( L ) L( Vo I) ( L )d( Via= Vro.alVou= 01“)




Saturated Enhancement Load Inverters

require relatively high stand-by DC power
dissipation

Because of this high stand-by DC power
dissipation the Enhancement-load nMOS
inverters are not used in any large-scale
digital applications



Textbook examples to be reviewed:
Examples 5.1 and 5.2 — Resistive Load Inverter

Example 5.4 — nMOS with pMOS Load Inverter



