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MOS Field-Effect Transistors (MOSFETS)

Compared to BJTs, MOSFETs can be made quite small (i.e., requiring
a small area on the silicon IC chip).

Their manufacturing process is relatively simple.
Their operation requires comparatively little power.

Ways to implement digital and analog functions utilizing MOSFETs
almost exclusively (i.e., with very few or no resistors).
Click to edit Master subtitle style
Possible to pack large numbers of MOSFETs (>200 million!) on a
single IC chip to implement very sophisticated, very-large-scale-
integrated (VLSI) circuits such as those for memory and micro-
processors.

Analog circuits such as amplifiers and filters are also implemented in
MOS Technology.
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Physical structure of the enhancement-type NMOS transistor
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Typically, W = 0.2 to 1000m, and the
thickness of the oxide layer (tox) is In
the range of 2 to 50 nm.



Creating a Channel for Current Flow

] i : Gate electrode —
2 vGs I i
= Induced
S o 0o G n-type @ D
Oxide (S10,) channel
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p-type substrate

Depletion region

N-channel MOSFET is formed in a p-type Gate voltage at which a sufficient
substrate: Channel created by inverting the  umber of mobile electrons

substrate surface from p type to n type. zccymulate---- Threshold voltage Vit
Hence the induced channel is also called

an inversion layer.



Applying a Small VDS
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Induced n-channel

p-type substrate

VDS causes a current ID to flow through source and drain.Conductance
of the channel is proportional to the excess gate voltage VGS above Vt
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The iD-vDS characteristics of the MOSFET when the

voltage applied between drain and source, vDS, is kept

small. The device operates as a linear resistor whose
V,

value is controlled by vGS.

UGs

Ugs — V: + 1V

VGSs — ‘/, 035V
vgs =V,
T
200 Ups (mV)



Operation as VDS Is
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.Channel depth depends on this voltage
.Channel is no longer of uniform dep hB
-.Channel will take the tapered form shown:
.Deepest at the source end and shal®west at the drain end.
.As VDS is increased, the channel becomes more tapered
and its resistance increases correspondingly
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Derivation of the ID-VDS Relationship .
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10X étope =3.9 x 8.854 x 10-12 = 3.45
x 10-11F/ m

dg = -Cox(W dx)[vGS —v(x) -V 1]

" Electriyic field E(x) causes the
electroN charge dq to drift toward
with a velocity dx/dt

i dx_ E(x) = dux)
i dt - ( ) /dx

i _ _ dg dx

| . | =dq/dt ax di

| =-nCox W[ VGS - v(x) =Vt ]

dv(x) dx

#



iDdx = [InCoxW [VGS- Vt- v(x)] dv(x)

Integrating both sides of this equation from x=0to x=L
and, correspondingly, for v(0) =0 and v(L)=vDS

L Vbs
J. IDdX —I ONnCoxW [VGS- Vit- v(X)]
Odv(x) 0

W

iD= (DnCOX)r [ (vGs- vt)vDs - 1/2 v2Ds

At the beginni f the saturgH ' bstituting VDS =VGS - V' t
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_InCox is a constant determined by the process
technology used to fabricate the n-channel MOSFET. It is
known as the process transconductance parameter.

Denoted k'n and has the dimensions of A/\/2
k'n =
Dnco)/S\spect Ratio of the MOSFET

1 2
Vt) Ups — EvDS (Triode region)

c 1
D2L

Different notations: Kn, K'n [n; C"'ox Tox ; VTO,VTN,VTP;:

(Vgs—

( GS == Vr) (Saturation region)



Consider a process technology for which Lmin =0.4 [_m, tox =8 nm,
n=450cm2/V-s,and Vt =0.7 V.

(a) Find Cox and k'n .

(b) For a MOSFET with W /L =8 [1m/0.8 [Um, calculate the values of VGS
and VDSmin needed to operate the transistor in the saturation region
with adc current ID = 100 [A.

(c) For the device in (b), find the value of VGS reguired to cause the
device to operate as a l000-L resistor for very small VDS .

E SO | | -
C, =2 :|3.45><109 X0 F
Lox © 8x107

= 432 fF/ umz

k! = U, C,x . =450 (cm’/V-s) x 4.32 (fFF/um’)

_ 450 % 10° (Um*/V-s) x 4.32 x 10™"° (F/pm”)
2
— 194 % 10 ¢ (F/v-s) = 194 uA/V
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(b) For operation in the saturation region, o %
T s < Ugs — V3 \_'vv..\i"w,r\:
I == ol
D 2 k qT (UGS Vr) g |
1 8 0 Upssa = Vs — V,

100 = = x L — 0.7
> 194 % O.S(VGS 0.7)

Ves — 07 = 032V Vos = 1.02V

VDSmin = VGS -V, =032V
(c) For the MOSFET in the triode region with VDS very

sm
“ps W
Fps = - = l/[k”Z(VGS_ Vr)]

D |small Ung
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194 x 107 x 10(V og— 0.7)

1000 =

Ves—07 =052 v

Ves = 122V
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The p-Channel MOSFET

.Fabricated on an n-type substrate

.p +regions for the drain and source

. Has holes as charge carriers

.VGS and VDS are negative and the threshold voltage
Vt Is negative

It is important to be familiar with the PMOS transistor
for two reasons:

1.PMOS devices are still available for discrete-circuit design
2. Both PMOS and NMOS transistors are utilized in complementary

MOS or CMOS circuits, which is currently the dominant MOS .
......... technology.



Circuit symbol for the n-channel enhancement-type MOSFET
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Finite Output Resistance in Saturation

G
+5V

oV é‘% (%}g SV

Vit =
0.5V

Ideal : Once the channel is pinched off at the drain

end, further increases in VDS have no effect on the
channel's shape.



6.0V

Vt =

-Practice Q'5Mcreasing VDS beyond VDSsat does affect the
channel. Channel pinch-off point is moved slightly away from the
drain, toward the source. The voltage across the channel remains
constant at VGS - Vt = VDSsat. Additional voltage applied to the
drain appears as a voltage drop across the narrow depletion
region between the end of the channel and the drain region. This
voltage accelerates the electrons that reach the drain end of the
channel. The channel length is in effect reduced, from L to L — AL.

Phenomenon known as channel-length modulation .iDis
iInversely proportional to the channel length. ID increases with

w
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AL = [
vDS

['Is a process-technology parameter with the dimensions of

m/V 1 ﬂ,’
: 2
Ip = ik L(l + — 7 'UDS)(UGS V)

A 1., 2
Ip =§an(UGS_ V) (1 + Avupg)
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The Role of the Substrate - The Body Effect
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.Source terminal connected to the substrate (or body) terminal B,

.In ICs, the substrate is usually com“ Qﬁc&%@&any MOS transistors.
W NG
.Substrate connected to the Qggi%tlve power supply

in an NMOS circuit (mosUsﬂ} |t3v@ In a PMOS circuit).

.Resulting reverse- b\aﬁ/q&é‘&e between source and body
. (VSB) wlll haveaaﬁegé‘& on device operation.

o
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The reverse bias voltage will widen the depletion region .This
In turn reduces the channel depth. To return the channel to its
former state, VGS has to be increased. The effect of VSB on the
channel can be represented as a change in the threshold
voltage Vt . Increasing the reverse substrate bias voltage VSB
results in an increase in Vt .

V= Vt0+7[e\/2¢f+VSB — Jz—Q-f]

Vto Threshold voltage for VSB =0

If  Physical parameter with (2 Jf ) typically 0.6 V

| Fabrication-process parameter




Y = I\[ZQNASS
Cox
g Electron charge (1.6 x 10-19 C)

NA Doping concentration of the p-type substrate

('S Permittivity of silicon (11.7[]J0 =11.7 x 8.854 x 10-14 =1.04 X 10-12

F/cm —
Thg parameter LI has the dimension of LI V and is typically 0.4 V%

hannel Devices

VSB by  |1VSBI

NA by ND ,
20f is typically 0.75 V

] is typically -0.5 V¥ (Negative)
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Review

Transistor Structure
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Review......
N Transistor Operation - Cutoff

. Vgs <<Vt : Transistor OFF
- Majority carrier in channel (holes)
- No current from source to drain

Veg=0 Ves=D Vps=0
L

Some Values for
Vin:

Book (0.5um) : 0.7V
AMI (1.5um): 0.61V




N Transistor Operation - Subthreshold

X 0<Vgs < Vt: Depletion region
X Electric field repels majority carriers (holes)
/| Depletion region forms - no carriers in channel
X No current flows (except for leakage current)

VS=0 O<VGS<VT VDS =0




N Transistor Operation - ON

X Vgs >Vt, VDS=0: Transistor ON
X Electric field attracts minority carriers (electrons)
X Inversion region forms in channel
X Depletion region insulates channel from substrate
X Current can now flow from drain to source!

Vs=0 VGes>VT VDS=0
L)

o




N Transistor Operation - Linear

X Vgs >Vt, VDS <VGS - Vt: Linear (Active) mode
X Combined electric fields shift channel and depletion region
X Current flow dependent on VGS, VDS

Vs=0 Ves>VT VDs<VesVT
L) L] [ )




N Transistor Operation - Saturation

X Vgs >Vt, VDS >VGS -Vt : Saturated mode

X Channel “pinched off”
X Current still flows due to electron drift
X Current flow dependent on VGS

Vg=0 Ves>VT Vps»VesVT
L) [ ) [ )




Review......

P Transistor Operation
J Opposite of N-Transistor

X Vgs >>Vt: Transistor OFF
e Majority carrier in channel (electrons)
e NoO current from source to drain

X 0>Vgs > Vt: Depletion region
e Electric field repels majority carriers (electrons)
e Depletion region forms - no carriers in channel
e No current flows (except for leakage current)

X Vgs <Vt,VDS=0: Transistor ON
e Electric field attracts minority carriers (holes)
e Inversion region forms in channel
e Depletion layer insulates channel from substrate
e Current can now flow from source to drain!

ﬁ



P Transistor Modes of Operation

Vgs <Vt ,VDS >VGS -VT: Linear (Active) mode
Combined electric fields shift channel and depletion region
Current flow dependent on VGS, VDS

Vgs <Vt , VDS <VGS - VT : Saturation mode
Channel “pinched off”

Current still flows due to hole drift
Current flow dependent on VGS

X XX <kl XK = <]

Some Values for
Vip:

Book (0.5um) : -0.8V
AMI (1.5um): -1.02V




I-V Characteristics of MOS Transistors

A Vps
linear saturation -
I
D Ves=5V
VGs=25V
Ves=1.5V
> - linear ID
UDS saturation v

n transistor p transistor




Latch-up

. CMOS ICs have parasitic silicon-controlled
rectifiers (SCRs).

. When powered up, SCRs can turn on, creating
low-resistance path from power to ground.
Current can destroy chip.

. Early CMOS problem. Can be solved with proper
circuit/layout structures.




Parasitic SCR
)
|N ™~ on
e
?HW off

| i -

Circuit -V behavior
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Parasitic Transistors

Parasitic bipolar transistors form at N/P junctions
Latchup - when parasitic transistors turn on
Preventing latchup:

- Add substrate contacts (“tub ties”) to reduce Rs, Rw
OR

_ Use Silicon-on-Insulator
Gnd
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Controlling Latchup - Substrate Contacts
Purpose: connect well/substrate to power supply
Alternative term: tub tie
Recommendations (source: Weste & Eshraghian)

- Conservative: 1 substrate contact for every supply
connection

- Less conservative: 1 substrate contact for every 5-10
transistors

- High-current circuits: use guard rings
Gnd

Vdd

Substrate [ 1 Substrate

Contact
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Solution to latch-up

Use tub ties to connect tub to power rail. Use
enough to create low-voltage connection.

metal 1 (Vpp)

oxide

‘ n+

n-tub

substrate

ﬁ




Scaling of CMOS

dvances In device manufacturing technology allow for a
steady reduction of the minimum feature size such as the
minimum transistor channel length realizable on a chip.

Minimum Feature Size (micron)

-2
-l{j 1 1 1 1 1
1060 1970 1080 1000 2000 2010

Year

Evolution of (average) minimum channel length of MOS transistors over time.
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Scaling of CMOS....

m Scaling refers to the systematic reduction of transistor
dimensions from one generation to the next.

m It reduces the parasitic capacitances and also the
carrier transit times in the devices.

m Improves the circuit speed.

m It narrows the performance gap between CMOS and
logic gates based on bipolar transistors.

m Reduction of the transistor dimensions improves the
packing density of CMOS.

ﬁ



Full Scaling of CMOS

@ “Full Scaling,” involves scaling all dimensions and voltages by
the same factor, 1/s, where s is greater than one.

@ Scaling factor of 1/02 is used (s = 02 ), then the packing

density
In transistors per square centimeter will be doubled.

@ The goal is to keep the electrical field patterns in the scaled
device identical to those in the original device.

@ Keeping the electrical fields constant ensures the physical
Integrity of the device and avoids breakdown or other

secondary effects.

@ This scaling leads to greater device density (Area), higher
performance (Intrinsic Delay), and reduced power consumption (P).



Full Scaling of CMOS

Relationship
L - 1/s
7! - 1/s
t, - 1/s
Vop : 1/s
. e WL
Cox a‘ 1/s
- W ue, <
Lt
t o CL o Cax
» v, K V, K 1/s
P fC, vV, 1/s3
Packing Density E s*
Power Density - 1/s

ﬁ



CMOQOS Inverter
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CMOS INVERTER

~ V - ). R
\.JIDD—_.DV

)
-
4|| Mp
CR |
D
v 0—9 —OUg
D
il: M,
Ly
S
= Vs
A CMOS inverter

uses one NMOS and
one PMOS transistor.

~ IV -8V
O ; DD = 2. V
R(mp
e ol
p— N
1= VDD
O ovp=0
—-
R

onn

A simplified model of the
inverter for a high input level.
The output is forced to zero
through the on-resistance of
the NMOS transistor.

Simplified model of the
inverter for a low input
level. The output is pulled
to VDD through the on-
resistance of the PMOS
transistor.

ﬁ
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CMOQOS Inverter - DC Response

DC Response: Vout vs. Vin for a gate

EXx: Inverter

. WhenVin=0 -> Vout = VDD

- WhenVin=VDD -> Vout=0 V

. In between, Vout depends on °P
transistor size and current —9 ﬁ|dsp

Vln ] ]7 Vout
- By KCL, must settle such that |
dsn

ldsn = |Idsp| gj

. We could solve equations
. But graphical solution gives more insight

47




Transistor Operation

. Current depends on region of transistor behavior
For what Vin and Vout are NMOS and PMOS in

- Cutoff?
_ L|near7 ‘Iinear saturation
ID
- Saturation? ves=v
VGS=2.5V
VEs=1.5V

-

VDps
n transistor




NMQOS Operation

Cutoff

Linear

Saturated

Vgst

Vgslt

Vusr\ s \INcnNn
\/tn

Vgsi

Vdsr\ ~ \/ncn
\/tn

V

DD

A
d
Vin 4ﬁ > Vout

<7




PMOS Operation

Cutoff Linear Saturated
Vgsp < Vip Vgsp < Vip Vgsp < Vip
Vin<VDD + Vtp |Vin<VDD + Vtp |Vin<VDD + Vip
Vdsp > Vgsp — Vdsp < Vgsp —
Vip Vip
Vout > Vin—-Vtp | Vout<Vin - Vtp
VDD
vgsp = Vin - VDD Vtp <0 o ﬁl
dsp
vdsp = Vout - VDD Vio— F—— Vau
I
g7 dsn

R RRRRRRRRAAAiARRRER S,
e | [



I-V Characteristics
Make PMOS is wider than NMOS such that Kn = Kp

VgsnS

T

'Vdsp Vgsn3

V -VDD 4_ Vgsnz

gspl Vgsnl
VgspS




Current vs. Vout, Vin

V.
|Idsp| T inl 3
V

in2 2
Vin3 | 1
Vin4 0)

—> \V/

out




Load Line Analysis

For a given Vin:
- Plot Idsn, Idsp vs. Vout
- Vout must be where |currents| are equal in magnitude

in t

ool 4 Vi : bk
sp
Vv ﬂaﬁldw V
V ’ ( ou

<7




Load Line Analysis

2 Vin =0.8VDD
VBMDD

W
”u:ieari“ Ildspl T ™




CMOS Inverter Load Characteristics

IDn
A, _
Vin=0 Vi = 2.




DC Transfer Curve

Transcribe points onto Vin vs. Vout plot

\V/ VinO Vinl

V. DD in2

in0 \ A B

V

Vinl out T c

in2 Vin3 y
Vin3 D n

W E in5
Vin4 v Ol V] VDDM DD+
—} tn tp
N Wi —> Voo

out V




Operating Regions
Revisit transistor operating regions

- Clickvt tthe.

VDD

Region NMOS PMOS _

A outline te

B fQ}‘ mat

C

D ve E>econ

E TC)utllne k-.evel
V., v | Th|rd Out Ine
v W ’ I_eve\/l o2V =

s | ini? ot

A Vi . FOl"]rth

V., Qutline
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CMOS voltage transfer characteristics

30V | KR =
Kn/Kp
oVpp=25V
Kip =5
S 20V |-
I r .‘1’[[) g‘)
Gl = /
Uyo0—e —CUp ; /
D é- l.O V [T
Gl — =
4| 1 M, O
.
. 0.2
—= Vg oV

Symmetr'cal dCSIgn (Kp B Kn) IR 05V 1.0V 1.5V 20V 25V
Uy

If Kp [ Kn, then the transition shifts away from VDD/2.



CMOS voltage transfer characteristics

O, In saturation

vo A Q,',, in triode regio;l]
On off | A |
Vorn = Vpp ; Slope = =1
|
|
|
V, I
Yoo 4 V,) - ——————]—
| |
| |
I | Opn and QOp
| | in saturation
! |
% | |I c Op in saturation
YDD __ L. i iod i
V‘> e s — QO in triode region
2 i =] u
I ' | '
| | | |
| [ | Qp off |
| | | |
Vor = 0 1 | I I —
0O V; Vi T Vier Vo — V) Voo vy
Vth — VSL)




Vi DD

CMOS voltage transfer characteristics )
Calculate the critical points of the resulting _'_*EQ”.
voltage transfer curve. For this we need the i- v l’DP
relationships of QN and QP . vy o——4 ¢—0 o

F N l
or Q -

inn=kK, (%/) [(v,— V) to— % f,] for vo<v;-V,,

n w——

o gl wh Ot ngn
. 2 Iy off | '
IpNn = Ek': (Z) (U= Vi) for vo2v,-V,, o = : S
n f : :
|
For QP R
|
. sy 2 W 1 2 I : < Ovand Op
ipp = ky (Z) [( Voo =0 = |V, D(Vipp—vp) - 5(Vbp = 10) ] [T R—
p I l Qp in saturation
o (V%_V’) ____lL__jIS_ Slope = —1 Qp in triode region
| o | Cpott |
. l’x, M/ 2 Yo =0, 1'/ v! ! Vi ( !DV) !
l = g w _ _ t /3 H Voo = V)V,
DPp 5 p (L (VDD Uy ,th,) f()r Vo < Uy + [V,pl ) _T@
th = 2

r




CMOS voltage transfer characteristics.....

2 CMOS inverter is usually designed to have Vtn = |th| = Vt and
kn’(WIL)n = k’p(WIL)p

- [Opis 0.3to 0.5 times [On. Kn and Kp should be

equal.
- The width of the p-channel device is made two to three times that

of the n-channel device.

- The two devices are designed to have equal lengths, with widths
related by (Wp/Wn) = (Op / On)

2 This will result in K'n(W / L)n = kK'p(W / L)p (KN = KP) and the
iInverter will have a symmetric transfer characteristic and equal
current-driving capability in both directions (pull-up and pull-down).

w



CMOS voltage transfer characteristics.....

VIL — Maximum permitted logic-0 or "low" level at the input.

VIH — Minimum permitted logic-1or "high" level at the input.

Oy in saturation

vo A le in triode regiorl]
: Oy off | |
Above are formally defined as the two | ve=vw ,A s
points on the transfer curve at which Y
the incremental gain is unity. (i.e. the| ) | |
) _@+Vl _______ ——
slope is =1 V/ V). 2 { | ’
|l | | Ovand Qp
| : in saturation
I
g | I Qp in saturation
‘%_ Vr) ____._Il___jlg_ Slope = —1 Oy in tritodelregion
| | .
Lol | !
[ | Qp off |
Vor =0 L ’L ! : !D ! >
0

[
|
|
|
Vi Vi T Vin) Vpp—=V) Vpp UIV
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CMOS voltage transfer characteristics.....

To determine VIH : QN is in the triode region QP is in salutation (KN =

KP)
Equating iDN and iDP and assume matched devices (KN =
KP) 1 . vi € e
(UI t) IUO P EUO _ _(V.DD il UI f) Vor = Vop i lA I Slope = —1
l |
I |
. . . . L\
Differentiating both sides relative to vl (24 | j
_2'+" ] B
| [
dvu dvu -
O | <« Onand
d I dUI Il : Qp in saturat
(%J.ll_v’)____ll___j:g1 Slope = —1 I Qy in triode region
. ) ' | |
Substitute vl = VIH and dvO/dvl = -1 to obtain | E | | o |
l I Ip |
Vor =0 1 | | | s
0 v, v, T Voo — V) o




CMOS voltage transfer characteristics..... ;...

— QNoffiA |
J 2 Vor = Vop | | Sl
(v -V )ug — 205 = AVpp — V)’ Y
oo V)____‘r_ﬂ:_ 5
|
| |
_ 7 | | | OyandQ
UI — VIH ‘ DD I | in satu
UO = V]H = 2 Il :
S R
| |
|: { F< |} Qp off i
—— | (I
H (SVDD ZVI) Vo =0 v, vI,L T Vo (VDD!—DV) v!D »

VIL can be determined in a manner similar to that used to find ViH.
Alternatively, we can use the symmetry relationship.

Vv Voo

Hence we get,

w



CMOS voltage transfer characteristics.....

The noise margins can now be determined as follows:

NMy = Vog — Vi
= Vpp — %(SVDD_ZVt)
%(3VDD +2V))

NM,

VIL . VOL

1(3Vpp+2V,) -0
= 13Vpp + 2V))

characteristic

The symmetry of the voltage transfer
results in equal

margins. If QN and QP are not matched,
the voltage transfer characteristic will
no longer be symmetric.

Yo A

Vor = Vip

V

V.

Vor =0
oL 0

Oy in saturation
Op in triode region
I

QN off IA

| |

—{ Slope = —1

|
| I Slope = —1
II |
|
|
A
| [

- ———————{B

e _QN and QP
In saturation

Op in saturation
Oy in triode region

|

[ |
' | |
L 3 b |

T Vi Vpp=V) Vop 1y
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	Cox =
	x 10-11F/ m
	iDdx = nCoxW [VGS- Vt- v(x)] dv(x)
	k'n =
	 Fabricated on an n-type substrate
	 Has holes as charge carriers
	Vt . is negative
	Finite Output Resistance in Saturation
	ΔL =

	Review……
	 Vgs << Vt : Transistor OFF
	 Majority carrier in channel (holes)
	🞂 0 < Vgs < Vt : Depletion region
	🞂 Electric field repels majority carriers (holes)
	🞂 No current flows (except for leakage current)


	Review……
	🞂 Vgs > Vt , VDS=0: Transistor ON

	Review…… (1)
	🞂 Vgs > Vt , VDS < VGS - Vt : Linear (Active) mode

	Review…… (2)
	🞂 Vgs > Vt , VDS >VGS -Vt : Saturated mode

	Review…… (3)
	 Opposite of N-Transistor

	Review…… (4)
	🞂 Vgs < Vt , VDS > VGS - VT : Linear (Active) mode
	🞂 Vgs < Vt , VDS < VGS - VT :  Saturation mode

	I-V Characteristics of MOS Transistors
	 CMOS ICs have parasitic silicon-controlled rectifiers (SCRs).
	 Early CMOS problem. Can be solved with proper circuit/layout structures.

	Parasitic SCR
	Parasitic Transistors
	 Parasitic bipolar transistors form at N/P junctions
	 Preventing latchup:
	 Use Silicon-on-Insulator

	Controlling Latchup - Substrate Contacts
	Solution to latch-up
	Use tub ties to connect tub to power rail. Use enough to create low-voltage connection.


	Scaling of CMOS
	Scaling refers to the systematic reduction of transistor dimensions from one generation to the next.
	Improves the circuit speed.
	Reduction of the transistor dimensions improves the packing density of CMOS.
	PMOS
	NMOS


	CMOS INVERTER
	CMOS Inverter - DC Response
	 DC Response: Vout vs. Vin for a gate
	 Current depends on region of transistor behavior
	 Cutoff?
	 Saturation?


	PMOS Operation
	I-V Characteristics
	 Make PMOS is wider than NMOS such that n = p

	Current vs. Vout, Vin
	Load Line Analysis
	 For a given Vin:
	 Plot Idsn, Idsp vs. Vout


	Load Line Analysis (1)
	CMOS Inverter Load Characteristics

	DC Transfer Curve
	 Transcribe points onto Vin vs. Vout plot

	Operating Regions
	 Second
	Outline LC evel
	 Fourth Outline Level

	CMOS voltage transfer characteristics
	Kn/Kp

	CMOS voltage transfer characteristics (1)
	CMOS voltage transfer characteristics
	CMOS voltage transfer characteristics…..
	CMOS voltage transfer characteristics….. (1)
	CMOS voltage transfer characteristics….. (2)
	CMOS voltage transfer characteristics….. (3)
	CMOS voltage transfer characteristics….. (4)
	The noise margins can now be determined as follows:





