The CMOS Inverter

Lecture 3
Static properties
(VTC and noise margins)
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MOSFET I/V Characteristics

IDS
ON__ Saturation: |ysn=Ipsary
Ipsn=GonVps
> Vis
OFF: Is=0 OFF: Ips=0

Ipsp=GonVps

Saturation: lpep=lpsarp ON
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MOSFET I/V Characteristics

los
ON__ Saturation: I en=Ipsar
Saturation: lspp=lpsarp ON
lspp=GonVsp Ipsn=GonVps
> Vis
OFF: I,:=0 OFF: 1,:=0
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MOSFET I/V Characteristics

Voo

IDS
‘I’Idsp ON __ Saturation: I,en=Ipsarn
Vn out
loso Saturation: | ,sp=lpsarp
FIGURE 2.25 osn=GonVos
A CMOS inverter
> Vos

OFF: 1,:=0
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V\\/Vour Voltage plane

Voo Vour

_4 T |dsp Voo

V'n out

_| lldsn

FIGURE 2.25
A CMOS inverter

VDD’ VDD
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V\\/Vour Voltage plane

Voo ouT

\Y/
T VDD’ VDD
ldsp Voo
V'n ] ' ' Vou!
l ldsn
FIGURE 2.25
A CMOS inverter
VDD VlN
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Voltage Transfer Characteristic - VTC

VOUT
Inverter ; Vior Vob
( ,,> IDS,P=O
0— —1
IDs,N=O
IDs N

y 3 V
VDD IN

The ON p-switch pulls the output high

V

< DS
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Voltage Transfer Characteristic - VTC

VOUT
Inverter Voo Vop

]

DS

\'}
VDD IN

The ON n-switch pulls the output low

V

\\ > VDS
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Voltage Transfer Characteristic - VTC

VOUT

Inverter Voo Vop

VDD

( k 2
,,> | psar :?P(VDD —Viy +VTP)

Vsw ™ IDS¢ Vsw

( Kk
w> IDSAT,N :7N(VIN _VTN )2

A VD VlN
Switching occurs in the green region
where both MOSFETs are saturated!
Saturation: lyepn=lpcsrp And saturation currents are equal:

k Kk
TN(VIN _VTN )2 :7P(VDD _VIN +VTP )2

VSW

Solving for V,, using x=k,/k, yields

DS v - Vo +Vop + \/;VTN

SwW 1+\/;
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Voltage Transfer Characteristic - VTC

Inverter

//

a0

Vew| los| —

k 2
{D IDSAT,N :7N(VIN _VTN)

IDSAT,P :7P(VDD _VIN +VTP)

VSW

k

VOUT

VSW

VDD

2

VvV 5 VIN

D
The switching voltage equation

V. = VDD +VTP + \/;VTN

Saturation: lpepn=lpsarp o 1+/%

can be rewritten on a form easier to
grasp if we introduce av =v,, +Vv,, -V,

2017-09-05

> Vos Vo, =Vo + Av
1++/x
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Voltage Transfer Characteristic - VTC

VOUT

Inverter Voo Vop

VDD

‘ :I ISD,P =
kP (VDD _VIN +VTP )(VDD _VOUT )

Vsw ™ IDS¢ Vsw

( Kk
w> IDSAT,N :7N(VIN _VTN )2

y 3 VDD
Equal currents in top blue region

k
7N(VIN —Viy )2 =Kp (VDD —Viy +Vip )(VDD ~Vour )

VSW

VIN

yields V  r vs. V),

v A,
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Voltage Transfer Characteristic - VTC

VOUT

Inverter Voor Voo

VDD

( k 2
,,> | psar :?P(VDD —Viy +VTP)

Vsw ™ IDS¢ Vsw

‘ \ IDs,N = kN (VIN _VTN )VOUT
IDS

VSW

y 3 — V
VDD IN
Equal currents in bottom blue region
kP

kN (VIN _VTN )VOUT = ?(VDD _VIN +VTP )2

yields V7 vs. V),

/ AN
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The voltage characteristic (VTC)

For x=k,/k,=1 we have Vour
AV AV
V,, =V +——==Vy +—
S TN 1+\/; TN 2 VDD

What if we make n-channel
MOSFET wider, i.e. for x>17

What happens to VTC?
Will switching voltage Vi,
increase or decrease?

Assume x=4 and we have
V,, =V +%AV <Vi +%
Assume x=1/4 and we have

V,, =Vi, +§AV >V +% 0

0 Vin Vsw VootVre  Vip
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The voltage characteristic (VTC)

Which VTC is NAND and  Vourt
which VTC is NOR?

Voo
A q
B q
4 Y
[, 574
AL
A
B
C
0
0 Vin Vsw VootV Vpp VIN
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The voltage characteristic (VTC)

How about current VOUT
flow?

No current flow inred Vp,
regions!

”short-circuit” current
ls- flows in blue/green
regions

n-channel MOSFET saturated for V<V,

D _VIN +VTP )2

Va I—‘"?'-T o Vou

|_1 l - MOSFET saturated
FIGURE 2.25 0 :
A CMOS inverter 0 Voy Vo VootV Vop V|N
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VOUT
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Vv

IL,max

R
©
>
)
o
c
Z
>

Noise Margins- NML
> o

Qutput Characteristics Input Charactenstics

IH,min
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Butterfly Diagram

OH,min
Memory cell

characterization

VOUT

1

L,max

Valid ”0”

VIN
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Noise Margins — skewed inverters

FIGURE 2.28 Transfer characteristics of
skewed inverters
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Noise Margins — an example

Let’s define valid regions NMH=Vy Vi i
fAr\?Ln. {)!omts where slope Vg7 NML=V, e
These points yields

numbers for Ul
(VOH,minr VIL,max) and VoH,min

(VOL,max, VIH,min)
so that NMH and NML can

be calculated!

Valid ”0”
0 Vv
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Noise Margins — an example

Let’s define valid regions NMH=Vy, min~ViH min1-12-0.68=0.44 V
from points where slope VOUT NML=V V =0.52-0.08=0.44 V
AV= _1!

These points yields
numbers for

(VOH,min' VIL,max) and VOH,min

IL,max_ Y OL,max

028V AV=0.64V 0.28YV
Valid “1” WNYE:

(VOL,max, VIH,min)
so that NMH and NML can

be calculated!

For x=1, V;,=0.28 V and V,,=-0.28 V
we have V,,=0.28+0.64/2=0.60 V
and AV=0.64 V

Formulas can be derived (for x=1):
Vou min=Vop-AV/8=1.12 V

VoL max = AV/8=80 mV v

ViLmax=Vew AV/8=0.52 V b \alid 70" AV/8

V., . =V, +AV/8=0.68 V

min - SW 0 VIL,max VIH,min VDD VIN
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Summary

CMOS inverter — schematic

Voltage transfer characteristics (VTC)
How to calculate switching voltage V.,
Understand V,, dependence on k,/k,
Understand switching current (/) flow
Noise margins NMH and NML
Butterfly diagram

Match current curves



Why not n-switches in pull-up networks?

Initial value before switch is
turned ON: V, ;=0

VDD
Register | Logic “one” Vin | — | Vour Adder
cell cell
p-SWitCh I
| L
. . Voo Y B
Equivalent circuit:
VDD ‘
VOUT
Ly V
GND 0 =1 ouT
VDD

VOUT=VDD'VTN

2017-09-05 MCCO092 IC Design - Lecture 3: The Inverter 27



Why not p-switches in pull-down networks?

Initial value before switch is
turned ON: Vg ,:=Vpp

VPD
Register LOgiC “zero” VIN vOUT Adder
cell cell
p-SWitCh I
V Ips _
. .. DD A
Equivalent circuit:
| Vour
Vss _O’ [‘
> V
GND — - > ouT
Vob
VOUT='VTP
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