Lecturel2

Digital Circuits(l1)
MOSINVERTER CIRCUITS

Outline
NMOS inverter with resistor pull-up

—The inverter

NMOS inverter with current-source pull-up
Complementary MOS (CMOYS) inverter
Static analysis of CMOS inverter

Reading Assignment:
Howe and Sodini; Chapter 5, Section 5.4

6.012 Spring 2007 Lecture 12



1. NMOSinverter with resistor pull-up:

Dynamics

e C, pull-down limited by current through transistor
— [shall study this issue in detail with CMOS]

« C, pull-up limited by resistor (t,; ;; ® RC,)

* Pull-up slowest

VDD

., VourT:

VIN: b—{[n__ . >

pull-down
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1. NMOSinverter with resistor pull-up:
Inverter design issues

Noise margins T = A, T=

« RT=|RC,| T= slow switching

c g T = |[W| T= big transistor
— (slow switching at input)

Trade-off between speed and noise margin.

During pull-up we need:

* High current for fast switching

« But also high incremental resistance for high noise
margin.

—> use current source as pull-up
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2. NMOS inverter with current-source pull-up

I—V characteristics of current source:

.—
+
laJP /Arl/
VSJP G ISJP oc
.—

Y

Equivalent circuit models :

@ o—
+
l lsup r r
Vaup § oc § oc
o PR
large-signal model small-signal model

* High current throughout voltage range vgp > 0
* Igp=0forvg,p=< 0
* dgup = Igup T Vgup/ To fOr Vgyp > 0

* High small-signal resistance r
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NMOS inverter with current-source pull-up
Static Characteristics VoD

<
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| nverter characteristics:

DA

A
oo D 4(/ Vin=\Ves
uP roc% 2
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Vout = Vbs

A
\V/
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R

s,

>
>

Vin

(b)
High r_, = high noise margins
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PMOS as current-sour ce pull-up

[—V characteristics of PMOS:

Vgz =35V

300+

250 Voo =Vgs+ Vp=Vs ~ 1V

(triode
region)

/

200 V=3V
—Ipp . .
(UA) 150 |- (saturation region)
V=25
100 Vgs=0,0.5,1V
. (cutoff region) Vgg=2V
Vgs=15V
W

(b)

Note: enhancement-mode PMOS has Vi <0.

In saturation:

—lpp oc(VSG + VTp)2
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PMOS as current-sour ce pull-up:

Circuit and load-line diagram of inverter with PMOS
current source pull-up:

PMOS load line for Vgg=Vpp-Vpg

7

. 'lelen/

<
=z
[ ]
II(_.I)

Vourt

| nverter characteristics:

NMQOS cutoff
PMQOS triode

Vout 4
NMOS saturation

/ PMOS triode

NMOS saturation

/ PMOS saturation

NMOS triode
PMQOS saturation

Vbp
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PMOS as cur rent-sour ce pull-up:

NMOS inverter with current-source pull-up allows high
noise margin with fast switching

* High Incremental resistance

 Constant charging current of load capacitance

But...

When V| = Vp, there is a direct current path between
supply and ground

— power 1s consumed even if the inverter is 1dle.

Vbb PMOS load line for Vsg=Vpp-Va
I 'IDp:IDn T
Vbp
VB <>—O(|:
TVIN
ViNHI o_{[

Ideally, we would like to have a current source that is
itself switchable, i.e it shuts off when input is high
— CMOSI
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3. Complementary MOS (CMQYS) Inverter

Circuit schematic:

VDD

-

VIN —— - VouT

4‘ — CL

AV 4
Basic Operation:
* V=0 = Vgour=Vpp
Vag,=0<Vy = NMOS OFF
Vsap=Vip > - Vi, = PMOS ON
* Vn=Vpp = Vour=0
Vs, = Vpp > Vg = NMOS ON
Veg,=0<-Vp = = PMOS OFF

No power consumption whileidlein any logic state!
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CMOSInverter (Contd.):

Output characteristics of both transistors:

Alon="lpp . ~Ipp=on

e ———————————
-
4

n-channel

@

Note:

Vin="Vasn = Vop “Vsep = Vsap—Vop - Vin
Vour = Vbsa = Vob -Vspp = Vspp=Vop - Your
Ipn = 'IDp

Combine into single diagram of I; vs. V,r with V as
parameter
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CMOSInverter (Contd.):

b A4

« No current while idle in any logic state

| nverter Characteristics:

NMOS cutoff
PMOS triode

VOUT / / NMOS saturation

/ PMOS triode

NMOS saturation
PMOS saturation

Vbp 1

NMOS triode
PMOS saturation

/ NMOS triode
/ PMOS cutoff
0 ' >
0 Vin  Vop*tVrp Vpp VIN

« ““rail-to-rail”” logic: logic levels are 0 and Vg
 High |A,| around logic threshold
= good noise margins
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2. CMOSinverter: noise margins

VOUT A~ NM_
A —

« Calculate V,
» Calculate A (V)
* Calculate NM; and NMy

CalculateVy, (Vyy =V n=Vour)

At V,, both transistors are saturated:

W 2
| Dn — - /JnCox(VM _VTn)
2Ln

W
—lpp = oL /upCOX(VDD —Vy + VTp)2
p
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CMOSinverter: noise margins (contd.)

Define:
W W
Ky = L - Hn Cox kp - TBIUPCOX

n p
Since :

| Dn — —I Dp
Then:

5 k "V VTn)2 (VDD v+ V1p

Solve for V,,:
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CMOSinverter: noise margins (contd..)

* Symmetric case: k, =Kk,

V
V., — DD
M2
This implies:

W W

p p
_:upCox — My

K — 1,Cox 2 Ly ba

Ln n

Since usually L, =L, =L ;, => W ~=2W_

wW W

* Asymmetric case: kn >>Kp, or == >>

p

n

Vu = V1,

p

NMOS turns on as soon as Vi goes above V..

n p

<<

» Asymmetric case: kn <<k, or—
n p

Vi = Vpp + Vrp
PMOS turns on as soon as Vg goes below Vpp + Vi,
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CMOSinverter: noise margins (contd...)
Calculate A, (V)

* Small signal model:

S2
+
Vsg2=-Vin () ImpVsg2 % fop
- G2 D2
D1 .
+ + Gl +
Vin Vgs1 © gmnvgs1 é lon Vout
S1
G1=G2 D1=D2
* “+
Vin O gmnvin -~ Q) ImpVin %ron//rop Vout
S1=52

Ay :_(gmn + Gmp Xron I rop)

This can be rather large.
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CMOSinverter: calculate noise margins
(contd.)

VOUT A NML
K<—>

0 ViLtVm Vi

Vpp VIN
NM
>
* Noise-margin low, NM; :
Vpp =V
ViL =Vu - D[|)A | a
\
Vop — Vi
NM | =V =VoL =ViL =V |A|
\'

* Noise-margin high, NMy;:

1
A ZVM(I-I—WJ
1
NMy = Vor = Vin =Vop =V 1+m
\%
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What did we learn today?
Summary of Key Concepts

* In NMOS inverter with resistor pull-up, there 1s a
trade-off between noise margin and speed

e Trade-off resolved using current source pull-up

— Use PMOSascurrent source.

e In NMOS iverter with current-source pull-up: 1f
Vv = High, there 1s power consumption even if
inverter is idling.

e Complementary MOS: NMOS and PM OS switch-
on alternatively.

— No current path between power supply and ground
— No power consumption while idling
« Calculation of CMOS
— VM
— Noise Margin
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