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Introduction
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« Positive logic convention

— “1” represents high voltage of
VDD
— “0" represents low voltage of O

 The inverter threshold voltage,
Vin
— The input voltage,
O<V, <V ,=output V,

— The input voltage,
V<V, <Vp=>output O



General circuit structure of an nMOS Inverter

e The driver transistor

— The input voltage Voo
Vin:VGS .

— The output voltage oo | v,
Vout:VDS lh -

— The source and the -
substrate are ground, o | Vou = Vos
VSB:O + o |_,. T C.,

llﬂr“ = VGS

e The load device

— Terminal current |, = = ==
terminal VOltage VL Figure 5.3 General circuit structure of an

NS Imvarter,




Voltage transfer characteristic (VTC)

The VTC describing V, as a function of V,, under DC condition

Very low voltage level
— Vou=Von

out™
— nMOS off, no conducting current, voltage drop across the load is very

small, the output voltage is high
As V,, increases v

— The driver transistor starts conducting, A
the output voltage starts to decrease

— The critical voltage point, dV, /dV, =-1 Yori -
e The input low voltage VIL
e The input high voltage VIH
» Determining the noise margins
Further increase V,,

— Output low voltage V , when the input
voltage is equal to Vg,

— The inverter threshold voltage V,,
» Define as the point where V; =V,

out

1I|r|:|l|_ — "-.. - -

IIIIIIIL 1"'r1h lI"'I.IH 1"'r-EIH

Figure 5.4 Typical voltage ransfer characterdstc (VTS of a
realistic: A0S Invarter.



Noise immunity and noise margin

Figura 5.5 FPropagation of digital signals under the influence of noise.
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Power and area consideration

 The DC power dissipation

— The product of its power supply voltage and the
amount of current down from the power supply during
steady state or in standby mode

— Poc=Voploc=(Vop/2)[Ipc(Vin=low) +p(Vi,=high)]

— In deep submicron technologies

« Subthreshold current =>more power consumption

 The chip area

— To reduce the area of the MOS transistor

* The gate area of the MOS transistor
 The product of W and L



Resistive-load inverter *

e Operation mode i
— O 4
— V<V, cut off Vo= Vo
* No current, no voltage drop
across the load resistor
* VoutszD
— Vo2V, <V V1o Saturation L )
« Initially, Vps>V;-Vyq hria
. k. J
Iz = E(Vm _VTO)2 o oo
g L\ ¥pp=5Y
d Wlth VlnT E> VOUtl :E-F 4 \ r::l.u:-:m-! A
. y : Ry = 10 kil
— V2V, +V+o, linear £ s \
« The output voltage S .| \
continues to decrease ; H\\\
° k ! ¥y Vi
| R — En [2 ) (Vln _VTO)'Vout _Voit] Vou \ N e ——
{ 1 2 3 4 I:u
’ Input Veltage 14 o

Figura 5.8 [yoioal VI |
i rarcEEstaT f



Calculation of Vo, Vo,

Calculation of Vg,
— V,u=Vop-R g

out

— When V,, is low =I,=1,=0 =V,,=Vp

Calculation of V5,

— Assume the input voltage is equal to V,
= linear region

- Vin'VTOZVout
- — \/E)D ___\/;ut
R
R

Using KCL for the output node, 1.e.I; =1

Vo V.
R
1

K
s 7”,[2.(VDD _VTO)'VOL _VOZ'-]

VozL _2'[VDD _VTO +—] ’VOL +L'VDD =0

n

1
V,, =Vop —Voy+———
oL DD TO kRL

n

KR,

K\R.

n

L
¥ = Yoo
.,
o
. Miy =5V
= .
Vg = 1%
4 ! k, = 40 M0 AN
A = 10 ki2

Crutpus Valtage [V}
fai

L L R :
4} 1 2 3 4 35
Vi Vou
Il VeRage (W)
Figure B.B Typkcal VTG of a mesisihe-load mvertar circut, brportant
desgn parsmetars of he croult ane shown I e insst

Vo

\/[VDD_VTO+ : ]_
KR

K\R.



Calculation of V, , and V4,

By definition, V,, is the smaller of the two input voltage at which theslope of the

VTC becomes equal to -1.i.e.dV, /dV, =-1 &
V... > Vi, - Vyy, saturation region You =Yoo
VDD -V, t kn ( 2 5
o — (V. ) Wiy = B Y
RL 2 : ".I'm 1%
1 dv 1 = e
R d\;UI :kn'(\/in_VTO)j_i'(_l)zkn'(\/in_VTO) < 4 ko= 20w 1005 A2
R av, 1 R gn Ay = 10 k2
V, =V, +—— 2
IL TO knRL ; a
kR 1 ’ 1 3
V. V., =V, )=Vyp ———+| V;, +———V. =VDD - o
ot Vin i) DD ) [ To kR To] 2k R, a
V,, is the larger of the two voltage points on the VTC at which the slope is equal to -1 1 Ve
Vom < Vin - VTO , linear region I"rl'_'lL e ‘5{ ............. \)‘J: ...................... ——
VDD_VOLI'(_kn [2 V V )V V2] e O i PR
RL _?' '(in_ 70/ Vout — Vout 0 1 o q 4 5
Y1 Vi
1 dv, Kk, av, av, -
_EW‘ = 2.{2.(\/in _VTo)‘ dV.Ut AV d\/.m} Input Voltage (V)
" " " Figure 5.8 [ypical VTG of @ resistive-kaad rearss ok, Impoetant
_L.(_ 1): k [(V _VTo)'(_ 1)+ Y t] clasign paramsslesns of s Grouit are shown i the insst
RL n n oul
1
Vin =V + 2V, _ﬁ

To determine the unknown variables

7VDDR- V"“‘ =k2n-|:2 '[VTO + 2V0L,t _‘k IRL _VTo]'Vout - oit:|
L n

VDD

KR

vV =V 4+ m_;

2
Vout(vin :VIH): g



VTC for different k R,

The term kR, plays an important role in determining the shape of
the voltage transfer characteristic

k,R_appears as a critical parameter in expressions for V,,, V,, and

IH
k,R, can be adjusted by circuit designer

Vy IS determine primarily by the power supply voltage, V,,
The adjustment of V, receives primarily attention than VvV, V,,
Larger k,RL =V, becomes smaller, larger transition slope

Cutpet Volage (V)

Input Walnge (W)

Flgure 5.9 ‘Witags trarsfer charactanstios of tha rassa-iaad
ariar, for difeerent valaes of The paramster ik 10



Example 5.1

Consider the following inverter design problem: Given Vpp =5V, k; = 30 uAIV?,
and Vyo = 1V, design a resistive-load inverter circuit with Vg, = 0.2'V. Specifi-
cally, determine the (W/L) ratio of the driver transistor and the value of the load
resistor Ry that achieve the required Vy, .

In order to satisfy the design specification on the output low voltage Vp, we
start our design by writing the relevant current equation. Note that the driver transis-
tor is operating in the linear region when the output voltage is equal to V¢, and the
input voltage is equal to Voy = Vpp.

Vop-Vor Kk, W
T“ = “2'[ e [E'me = Vo) VoL - me

Assuming Vo, = 0.2 V and using the given values for the power supply voltage, the
driver threshold voltage and the driver transconductance k;, we obtain the following

equation:

5020 30x10°0 W R g
0 2! & oW PO s

This equation can be rewritten as:
W 5
T Ry =205x10"Q

At this point, we recognize that the designer has a choice of different (W/L) and Ry
values, all of which satisfy the given design specification, Vo, = 0.2V. The selec-
tion of the pair of values to use for (W/L) and R}, in the final design ultimately
depends on other considerations, such as the power consumption of the circuit and
the silicon area. The next table lists some of the design possibilities, along with the
average DC power consumption estimated for each design.

(E) Rt Loadresistor  DC power consumption

J R K€) Poc e [1W]
| 205.0 585
2 102.5 117.1
3 68.4 175.4
4 5.3 2339
5 41.0 2927
6 342 350.8

Itis seen that the power consumption increases significantly as the value of the |
resistor Ry, is decreased, and the (W/L) ratio is increased. If lowering the DC po
consumption is the overriding concern, we may choose a small (W/L) ratio ar
large load resistor. On the other hand, if the fabrication of the large load resistor
uires a large silicon area, a clear trade-off exists between the DC power dissipa
and the area occupied by the inverter circuit,

11



Power consumption

 The average power consumption

— When input low, V5,

* The driver cut-off, no steady-state current flow, DC
power consumption is zero

— When input high, Vg4
e Both driver MOSFET and the load resistor conduct
a nonzero current
« The output voltage V,, so the current |;=Ix=(Vpp-
Vol/R,
- P _ VDD .VDD _VOL
DC(average) 7 RL

12



Chip area

e The chip area depend on two
parameters

— The WI/L ratio of the driver
transistor

e Gate area WxL

— The value of the resistor R,

» Diffused resistor
— Sheet resistance 20 to 100Q /O

— Very large length-to-width rations
to achieve resistor values on the
order if tens to hundreds of kQ

» Ploysilicon resistor

— Doped polysilicon (for gate of the
transistor), Rs~20 to 40 Q /O

— Undoped polysilicon, Rs Rs~10M
Q0
— The resistance value can not be

controlled very accurately = large
variation of the VTC

— Low power static random access
memory (SRAM)

Voo

Dilhzaid
Rnnlatir

i IR

| =T Diwar
Rpp———

]l

YRR .l
Undoped ——a=
F'I.'I|!|' | |
Pl I H
Il 1 -|T n’:rﬂ?
G ‘ .
(b)

Flgur& 5.10 S.EII'I'I|:‘|E Ey'llll.ﬂ of realstiva-load Invartar circuits with
() cliffusad rasistor and ) undopad potysiicon rasistor,
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Example 5.2

onsider a resistive-load inverter circuit with Vpp = 5V, &, = 20 AV, Vg =
8V, R, =200k, and W/L =2, Caloulate the critical voltages (Vor, Vo, Vi,
/7) on the VTC and find the noise margins of the circuit,

When the input voltage is low, i.e., when the driver nMOS transistor 18 cut-off,

he output high voltage can be found as
Vou = Vpp =3V
\ote that in this resistive-load inverter example, the transconductance of the driver

ansistor is ky =k (W/L) = -’-l(};,uf%f‘«?2 and, hence, (k. R;) =8V,
The output low voltage Vi is calculated by using (5.18):

bl nnlh v (v - Voot 1)2_21/””
oL="YDD~ "T0 kR, A k. Ry kuRL

A

o N 25
=5—0.8+§-Vf(5—ﬂ.8+§) =

=(.147V

The critical voltage V;, is found using (5.22), as follows,

l l
Vip = Vo4 — =084 - =0925V
il Tn+kﬂRL +8

Finally, the critical voltage V;; can be calculated by using (5.30).

0 Vg 0] TR
Vi e e 1 4 fad b 197V
=3 T "33

Now, the noise margins can be found, according to (3.3) and (3.4).
NMy =V =V =093-0.15=0.78V
NMy = Vo = Vig =50-197=303V

At this point, we can comment on the quality of this particular inverter design for DC
operation. Notice that the noise margin NM; found here is quite low, and it may
eventually lead to misinterpretation of input signal levels. For better noise immunity,
the noise margin for “low” signals should be at least about 25% of the power supply
voltage Vpp, i.e., about 1.25 V for 3.0 V power supply.

14



Inverters with n-type MOSFET load

« The resistive-load inverter VeV 1
— The large area occupied by the load resistor ' -

« The main advantage of using a MOSFET as .. “:J"" -

the load device Vo= Vas e

— Smaller silicon area occupied by the transistor L

— Better overall performance )

 Enhancement-load nMOS inverter

— The saturated enhancement-load inverter [ H
« A single voltage supply ]
» A relative simple fabrication process Vo [P

* Von=VopV1 j0ad i Y,y = Vo
— The linear enhancement-type load co |
* Vou=Vop ™ Vosaw
» Higher noise margins
» Two separate power supply voltage (drawback)
— Both type suffer from relatively high stand-by (b)
(DC) power dissipation
* Not used in any large-scale digital applications

Flgure 3.11 |5) Nyered drcul wai safuraled enhensament-Type nRiLSE oad. 15
|b0] Irfearter with inear anhencament-type loed



Depletion-load nMOS inverter

Slightly more complicated

— Channel implant to adjust the
threshold voltage

Advantages

— Sharp VTC transition better
noise margins

— Single power supply
— Smaller overall layout area
— Reduce standby (leakage)
current
The circuit diagram
— Consisting

* A nonlinear load resistor,
depletion MOSFET, Vg 044<0

* A nonideal switch (driver) ,
enhancement MOSFET,
VTO,Ioad>0

— The load transistor
* Vgs=0, always on

Output Voltage (V)

&
- Yom
5 [
: "-l'l:{-__ —- R
4 l'I'I":I (i ™ 1V
Y7o joaa == 3V
3 K n' = A0 u AN
K= s ' & panl =2
2
""II.“"l L
1]
0 2 3 4 5

Input Voltage (V)

VT,Ioad =VTO,Ioad + r(\/|2¢F | +Vout - \/|2¢F |)
When the output voltage is small,V

out

<Vpp +V;

Jload
The load transistor is in saturation region
kn load kn load 2
é ) [_VT,Ioad (Vout )]2 = 2 ) ’VT,Ioad (Vout X

For larger output voltage level,V,, >V, +V;

I D,load =

Jload

The load transistor operates in the linear region

Kk
I D,load — % ' I:zva,load (VoutX ’ (VDD _Vout )_ (VDD _Vout )2] 16



Calculation of Vg, Vo, Vi, Viy

WhenV, is smaller than V;, = driver — off, load — linear region
zero drain current,V,,, =V,

kn oal
| D,load — % ) [2’\/T,Ioad (VOH )('(VDD Vo )_ (VDD —Vou )2]: 0
To calculate the output low V.

assume, V,, =V, =V, = driver — linear region, load — saturation region

2

VOL :VOH _VTO _\/(VOH _VT0)2 _(Il:load j"\/T,Ioad (VOL)(z

kdr%'[z'(VOH _VTO)'VOL _V02L:|: o '[_VT,load (VOL )]2 : =

driver

Output Viahage (V)
]
=
>
5

Inpul vahags V)

17




Calculation of Vo, Vo, Vi, Viy

Calculation of V|

The driver = saturation region, the load = linear region

VT VAW VR AR S VA

2
Differential both sides with respect toV,,

out

kdriver (V V ) kload '

n

sbustitute dV,,/dV,, =-1

Vi =Vro +[li<|oad J ot ~Vop + T load (Voutﬂ

driver

Calculation of V

The driver = linear region, the load = saturation region

drlver [2 V V )V VZ] I(Ioad

[_ T Ioad

leferentlal both sides with respect toV

av av
kdriver '|:Vout + (\/ln +VT0{ d\;Ut J -V, ut( d\;ut j:| = kioad : [_VT,Ioad (Vout )](

sbustitute dV_, /dV,, =

out

dV; 1oa
V V + 2\/out + ( :1 J ) [_VT,Ioad (Vout )] (ﬂ

av.

driver

dVT,Ioad _ 7

Ny 2,20, [+V,,

-V,

out

o]

S

v, .
2’VT,Ioad (Vout X(_ #Iadj + 2(VDD _Vout {_

dVT Jload

av.

out

dVT ,load

J'

Cutput Weliage (V]

)

"
L
1 Y
"IH] e iy
E II".II V1o ow = =3V
II PR LTS
|
II %= M e K gl = 5
S
l.Il .-IH
, o —
A I % I L =
1 2 3 4 &

Inpud Vesage (V)




VTC of depletion load inverters

 The general shape of the

inverter VTC, and ultimately, 5
the noise margins, are !
determined by
— The threshold voltage of the
driver and the load

» Set by the fabrication process
— The driver-to-load ratio
kR:(kdriver/ kIoad)
* Determined by the (WI/L)

ratios of the driver and the 2
load transistor

 One important observation ’

— A sharp VTC transition and
larger noise margins can be

Output Voltage (V)

obtained with relative small
driver-to-load ratios

« Much small area occupation Input Voltage (V)

19



Design of depletion-load inverters

The designable parameters in the inverter circuit are

— The power supply voltage Vpp
» Being determined by other external constrains
« Determining the output level high Vo=V,

— The threshold voltages of the driver and the load
* Being determined by the fabrication process

— The (WI/L) ratios of the driver and the load transistor

. ) K (W) (Wj
kdriver ’VT,Ioad (VOL X e L driver L driver
kload 2(VOH _VTO )\/OL _VOL k'I § () (j
n,loa L
load load

L
» Since the channel doping densities are not equal
— The channel electron mobilities are not equal

- K’n,load;'('- k’n,driver
The actual sizes of the driver and the load transistor are
usually determined by other constrains
— The current-drive capability
— The steady state power dissipation
— The transient switching speed

20



Power consideration

 The steady-state DC power consumption

— Input voltage low
e The driver off, V ,=Vou=Vpp
* No DC power dissipation
— Input voltage high, V, =V, and V =V,

* K
IDC(\/in :VDD):% [_ Tloaol(VOL)]2

K..
— %'[2'(\/% _VTO)'VOL _VgL]

Assume the input voltage level low 50% operation
time and high during the other 50%

V., K
I:)DC - ;D ) I;ad [_ Tload (V )]2

21



Area consideration

* Figure (a)
— Sharing a common n+
diffusion region
» Saving silicon area

— Depletion mode

» Threshold voltage adjusted by

a donor implant into the
channel

(W/L)OI ver (WIL), g ratio
about 4

* Figure (b)
— Buried contact

* Reducing area

* For connecting the gate and
the source of the load
transistor

— The polysilicon gate of the
depletion mode transistor
makes a direct ohmic with
the n+ source diffusion

— The contact window on the
intermediate diffusion area
can be omitted

Diriver i Load {depleton-typa)
GHND g Irmgeliart WD
-! J
T L ]
L H
(al | .
i . | Iw . Ll .

/ ' —
F'l:ll].'
-at—— Keisl
tahu Inpul Buried contact Voo
p—
SECRIRTE N —
(k) 1 B
Foly Cutpt

Figure 5.16 Sample layout of depletion-kead mvarter
circuits fa) wath output contact on diffusken and (b) with
bBuriad contact.
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Example 5.3 (1)

the following d::p]tlit:ln-lu.u;l inverer circuil:

W

i

Vpp=5V

—iEi 1"Il'i"l'.'l.-u:l'r'n'wl'r' =10V

i Vittoad =— 30V
a4 (WIL) ., =2, (WIL),_ =113

Vioiias =0 7 TR kmd"_“" = kﬂ-.'-unn'l =75 HMW

alr. = ﬂ_q. 1..'1."2
g :_“‘Zi $.=-03V
Pl T F e

First, the output high voltage is simply found according to (3.36) as Vop =
v.ljr:l = V.

To calculate the output low voltage Vi, we must solve (5.33) and (5.38) simul-
taneously, using numerical iterations. We start the iterations by assuming that the
output voltage is equal to zero, thus letting Vi = Vrogee = =3 V. Solv-
ing (5.38) with this assumption vields a first-order estimate for Vg, .

krﬂd.llll

) - | Vr toadl Var )

driier

|
L'rl'..ll'. — IIII-I-I'.i'l'-.l' L lI"'I'n"-ll EE .llllll:: i"I-I".IH WL ""I-ZI'III.:lj T (

II |
SN TPk I o e E
=5 1“.{5 Iy (ﬁ) 132 =0.192V

Mow, the threshold voltage of the depletion-load device can be updated by substitut-

ing this output voltage into (3.33).
V¥rioad = Vrogead + ¥ |z1.-"'l|2¢ri + ¥or — xf'r.:';f?'.r-'-[]'
= =3+ 04(/0.6 + 0.2 = VD.6) = -2.95V
Using this new value for Vi j,.0, we now recalculate Vg, again according to (5.38).
Vor = 01836V
Vrioad = —2.93 Y

23



Example 5.3 (2)

this point, we can stop the iteration process since the threshold voltage of the load
vice: has not changed in the two significant digits after the decimal point. Continu-
the iteration would not produce a perceptible improvement of Vi, .

The caleulation of V. involves simultaneous solution of (5.33), (5.39), and
41). using numerical iterations. When the input voltage is equal to V., we expect
t the output voltage is slightly lower than the output high voltage, Vo . As a first-
ler approximation, assume that V,,, = Vo = 5 Vior Vi, = V. Then, the thresh-
| voltage of the load device can be estimated as Vi (Vo =3 V) = =236V,
hstituting this value into (3.41) gives Vy; as a function of the output voltage V..

ki'l’”
Vi (Vo) I 2

 [Vaur = Yo + | Vr toad Viur) ]
k.'.fl [l

=]+ (%) (Viar = 5+ 2.36) m 0,167V +0.56

15 expression can be rearranged as
Vour = 6Vp — 3.35

w, substitute this into the KCL equation (5,39) 1o obtan the following quadratic
sation for Vg :

kl W 1 l"Im'.l
T (Vi = Viol = =22 - 12 Vrjaga( Vous)] - (Vop = 6V + 3.35)
— (Vpp — 6Vj, +3.357|
l 1
2 (Vy = 1) = 77 [2:2.36(5 - 6Vyy +3.35) — (5 - 6V, +3.35)°]

The solution of this second-order equation yields two possible values for Vy; .

098 Y

Vie=1 3y

Note that Vi, must be larger than the threshold voltage Vry of the driver transi:
hence, Vip = 136V is the physically correct solution, The output voltage levi
this point can also be found as

1":&.' =613 -335=481V

which sigmificantly improves our imtial assumption of V,,, = 5 V. At this point,
threshold voltage of the load transistor must be recalculated, in order to updats
value. Substituting Vo, = 4,81V into (3,33) yields Vr s = =238V, We obs
that this value is only slightly higher (by 20 mV) than the threshold voltage v;
used in the previous calculations. For practical purposes, we can terminate the
merical iteration at this stage and accept Vy; = 1.36 'V as a fairly accurate estim

To calculate Vg, we first have o find the numercal value of (dV jpq/ ¥
using (3.43), When the input voltage is equal o Vg, the output voltage is expe
to be relatively low. As a first-order approximation, assume that the output vol

24



Example 5.3 (3)

vice can also be estimated as Vi gl Vo = 0.2 ¥) = —2.95 V_ Thus,
e Vi toad o Iy B .4
dVosr 220+ Vour 2/06+02

This value can now be used in (3.44) to find V; 5 as a function of the cutput voliage.

A VT o
-[ VT_fnnl:-'l:H"l’r}] I( ﬂ'v,-mr )

= (.22

k] endid

Vi (Vow) = Vo + 2V +

Kiriver
=142V + (é) +2.95-0.22 = 2V, + 1.1
This expression is rearranged as:
Vour = 0.3 Vi — 0,535

Next, substitute V., in the KCL equation (5.42), to obtain
e, -
2-[2-(Vig — 1} - (0.5Vimg —0.55) — (0.5V;5 —0.55)°] = 3" (2.95)°

The solution of this simple quadratic equation vields two values for Vig.

035V

Vin =1 a43v

where Vg = 2,43V is the physically correct solution. The output voltage level at
this point is calculated as

Vor =05 243 — 05353 = 04TV

With this updated output voltage value, we can now reevaluate the load threshold
voltage a8 Vi joed( Vous =067 V) = =29V, and the (d Vr toad f Vows) value as

aVr toad
f: L':'wr

Note both of these values are fairly close to those used at the beginning of this itera-
tion process. Repeating the iterative calculation will provide only a marginal
improvement of accuracy, thus, we may accept Vyy = 243V as a good estimate.

In conclusion, the noise marging for high signal levels and for low signal levels
can be found as follows:

=0.18

NMy=Vog = Vig=25TV

25



CMOS inverter

e Complementary push-pull
— High input ®=nMOS driver, pMOS load
— Low input =pMOS driver, nMOS load

 Two important advantages

— Virtually negligible steady state power dissipation

— VTC exhibits a full output voltage swing between 0V and V,, transition is very

sharp
o Latch up problem

— Formation of two parasitic bipolar transistors

— Preventing
e Guard rings

= ] _ D=
l-.-.'.IE-\.:
» s " O nonideal
H - pEm g - srwihch
'lL'D-ﬂ =
s — = T - =
) l'.r
-"rn=..'rE-E.n ‘LID_.-. '-”= "
- — SOl
| e i
— (288 e =
{a) {b}
Figuwre S.16 (2] CMOS mmwarter circut. (b)) Simplitfied view of e ChACS

OfF bt complermantary monideal switchas.,



Circuit operation

° Reglon A Vin<VTO,n 1IIIr:||41=|""|I|'."'IT1J|.'
— nMOS off, pMOS on = Iy, =l ,=0, . Vo
\_/out:VOH:VDD —-:—q'n—— e
* Region B: V>V, '

i iy
— nMOS saturation, the output == =
voltagedecreases = A ;,f \
— The critical voltage V, , (dV,/dV;,)=-1 E——" =
is located within this region 7 Vou=Vn Vo
— As the output further decreases

=>pMOS enter saturation, boundary
of region C

° Region C: : | | [H]]Il] pMOS in saluratan
— [ nMOS saturation = Vpg Vg -

VTO,n < Vour ZVin'VTO,n il e both in safuration
— If pMOS saturation = Vpg <Vgg - 111 ‘r l @
VTO,p < Vour SVin'VTO,p (LTI T ]

— Both of these conditions for device Vg 0 Vg Voo Vi VaotVegp Ve
saturation are illustrated graphically as
shaded areas Input Voltage (V)

* Region D: Vg <Vip-Virg Figure BT  Oparating reghons ofhe 1O and the pAIDS bansitors
— The criical point V4
* Region E: V; >V, +Vqq
Vout:VOL:0

=
=

= S =] MOS n saraton

Crubpud Waltage (W)
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Circuit operation

« The nMOS and the pMOS transistors an be
seen as nearly ideal switches

— The current drawn from the power supply in both
these steady state points region A and region E

* Nearly equal to zero
 The only current =reverse biased S, D leakage current

— The CMOS inverter can drive any load
 Interconnect capacitance
« Fan-out logic gates

 Either by supplying current to the load, or by sinking current
from the load
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The steady-state input-out voltage characteristics

Orair Curend | 0.1 mu)

Figure 5,18 Cuman-velags surlecs repnssa ming ha nk0E ranskio
characiersios.

Drain Curmanm | x 0.1 mé}

Figurs B30 |nasection o e coment-wnlegs safaces shown
n Fgs. 515 and 5.19.

Drain Cument { % 0.1 mA)

mp'-"l"l.-’n,rqhm § 10 Dﬁ}

Fgurs 519 Comentwioliags sutans represanting 1 pRADE fransision
heradeisics

DrainCgmerd (8000 mij

Plare B34 The Slemecting CLemen-woilages sifacds chiwn rom a oiferen
wharning angia Mokoa T peogeorion of the inkssecion o on e voRigs plong
gk tha TS



Calculation of V, Vi,

nMOS saturation, pMOS linear

K k
?n'(VGSn — Vi, n)Z :_p' [2'(Ves,p _VTo,p)'VDS P Vo

Ds, p]

k2 (\/In VTon)z_?ID [ '(Vin_VDD VTOD) (V —Vp ) (Vout_VDD)Z]

kn'(Vm—VTo,n)=kp-{(Vm—VDD —VTo,p)-(z\\/;“‘}(vom ~Voo )~ Vo =Vo )(dv ﬂ

in dV
substitutingV,, =V, and (dV,,/dV, ) =-1

k (VIL VTO.n) k (zvout V +VTO N VDD)
L= 2\/out +VT0,p DD + kR\/TO,n where kR _

1+Kx

nMOS linear, pMOS saturation
Kk Kk
7n ) [2 ) (\/GS,n _VTO,n )'VDs,n _VDzS,n]: 7[) ) (\/GS,p _VTO,p)2

K,
k2 [2 (\/ VTO n) Vout Voit]_ 9 '(\/in _VDD _VTO,p)z

av dav
kn |:(V|n _VTO,n)'[ d\;Ut j+vout _Vout [dth]:| = kp ) (Vin _VDD _VTO,D)

substiting V., =V,,, and (dV,/dV, ) =-1

out
kn ( VIH +VT0n+2Vout) k (\/IH VDD_VTO,p)
_VDD+VT0’p+k (av +vT0n)

out
IH —




Calculation of V,,
The inveter th reshold voltage is defined asV,, =V, =V,

Since the CMOS inverter exhibits large noise margins and very sharp VTC transitio n
the inverter t hreshold voltage emerges as an imporant parameter characteri zing the DC
performanc e of the inverter

ForV,, =V,_,, both trans istor are in saturation mode

k
TH'(VGS,n _VTO,n)2 = _p'(VGS,p _VTO,F’)Z

K
. '(Vin _VTO,n)z (V ~Voo _VTO’p)Z

If V,, =V,,, the output vol tage can actually attain any
value between (Vth-VT on )and (V -V:, p)
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Threshold voltage

« The Region C of VTC

— Completely vertical

« |If the channel length modulation effect is neglected, i.e. if A=0
— Exhibits a finite slope

e IfA>0

* Fig 5.22 shows the variation of the inversion (switching) threshold
voltage V,, as function of the transconductance ratio kg

2.0

1.9

1.8

1.7

1.6

_-.._\_ R Vop=3.3V
I'I'T:|"=|:'E"|"

. _ -
"-\-\_\____ l"IT-rJ.III = -|:|.|' Ly

1.5

Switching Threshald Vy (V)

1.3

..-_.\_.___.___I___I__!_.:.__-.._-._l___

1.2

o

(U 1 1.5 2 2.5 3 358 4

Transconductance Ratio kg = {k, / k)
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VTC and power supply current

 If input voltage is either
smaller than V., ,, or
larger than Vpp+Vqg

— Does not draw any 6
significant current from the
power supply

— Except for small leakage
current and subthreshold
currents

e During low-to-high and
high-to-low transitions b
— Regions B, C, and D L

— The current being drawn T
from the power source nput Vatiage (V)

Figure 8.23 Typical VTG and tha power supphy cument of a CRACES

— Reaching its peak value
when V, =V, (both

saturation mode)

Cusput Voltage (W)
L

B0

6.0

4.0

.l

0

g 0L M) | LSUTET) RITRIG)
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Design of CMOS inverters

2
1 Vo =Vron ok = Ky _ [VDD +Viop +Vthj
kR VDD +VT0,p _\/th kp Vth _VTO,n
The switching threshold voltage of an ideal inverter is defined as V jqey = % “Vpp S
2
0.5pp +V-
substituting 5.741in 5.73 = L = [ ob  To.p J
K, e \0-5Vop V4,
. . oy : K.,
we can achieve complely symmetric input - output characteristics by setting V; =V, = ’VTO’p ‘ = Pl =1
symmertric
P inverter
w w B
c. | S
K _ OX(LJH_”“(LJH 5 -ty
k w) W Vaga= 10V
assumet,,, C_, have the same value for TMOS and pMOS E |
W 3__5.1 4 |_,,_ k=035
— = o kp=1@
L), Hp 230cm’/V-s (Wj ~25(Wj S 2| =
(w) 4, 580cm’/V-s L), “\L)J, -1
e 1
L/
For a symmetric CMOS inverter with V; , = ’VTO p‘ and k; =1 a
’ ’ @ 1 2 3 a B
1 1
ViL=¢- (3VDD +2Vron )9VIH o (SVDD - 2VT0,n) ot Valiage
8 ' 8 Figura 5.24 '~1-' ransfer characharistos of fres SHIOS imverars,

VIL +VIH :VDD‘) NML :VIL _VOL :VIL‘) NM H :VOH _VIH :VDD _VIH ) .

NM, =N,,, =V, 34



Example 5.4

Consider i CMOS inverter circuit with the following paramelers,

V.l_;l{:l = 33 '\'r
i =06 W
II"I.T‘[I.p [} —ﬂ.T ."lr
= 1 0 - v . 1 a
i" :?}ﬁf Next, substitute this expression into the KCL equation (5.64) to obtain a sece
£ et ] .  order polynomial in V..
Calculate the noise margins of the circuit. MNotice that the CMOS inverter being : i
considered herehaskg = 2.5and Vrg, # | Vro pl: hence, itis not a symmetric inverter. 1.5[1“ A3V, + 117 = 0.6V, — Fe;.r] =(1.43V,,; — 1.43)°
First, the cutput low veltage Vo and the output high voltage Vo are found, y
using (5.54) and (5.55), as Voy = 0 and Vou = 3.3 V. To calculate Vyy in terms of 261V, +694V,, -2M=0
YRR LTIV TE R Again, only one roof of this quadratic equation corresponds to the physically cor
vy = Y+ ¥rop = Voo + kx Vo solution for V,,, at this operating point, i.c., when V, = V.
l < kp
Wy =0T =33415 _ Viur = 02TV
vy 1+2.5 s iy From this value, we can calculate the critical voltage Vyy as:

Mow substituie this expression into the KCL equation (3,59, Vig = 143037+ 1,17 = 1.55V

Finally, we find the noise margins for low voltage levels and for high voltage le
using (5.3) and (5.4).
This expression yields a second-order polynomial in Ve, as folkows: NM, =V, = Vg = 1.0BY

066V +0.05V,, —6.65 =0

2.5(0.57T Ve — 0.71 — 0.6)% = 2(0.5TWoe = 071 = 33 + 0.7 Vi — 3.3
= (Ve — 3.3

. , NMy = Vo = Viy = 175V
Only one root of this quadratic equation cormesponds 1o a physically correct solution

ﬁ:lr vl.u'.l '.i-l':ll .I"I:'All' B 'D_:I.
Vir =314V

From this value, we can calculate the critical voltage Vip as:
V. =0.57-3.14 —0.71 = LOB
T cabeulate ¥y in terms of the output voltage, use (3.67):

Voo + Vo + ke + {2V + Vrua)
I+ kg

_ 3.3 =07 + 2.5(2Vom + 116}

Vi =

35
= l.43""lmf -+ 1.17




Supply voltage scaling in CMOS inverters

« The static characteristics of the CMOS S
inverter allow significant variation of supply
voltage without affecting the functionality of
the basic inverter

 The CMOS inverter will continue to operate

Cuputvoliage
A

correctly with a supply voltage limit value ‘ g T et
— min __ 2
VDD _VTO,n + TO,p‘ ] 1 .'-'I- ) .d"h. W.-I n B
— Correct inverter operation will be sustained if =~ Foureses v cus oy

at least one of the transistors remains in
conduction, for any given voltage

— The exact shape of the VTC near e limit v
value is essentially determined by - -
subthreshold conduction properties

» |f the power supply voltage is reduced
below the sum of the two threshold

— The VTC will contain a region in which none
of the transistors is conducting

— The output voltage level is determine by the
previous state of the output A -

— The VTC exhibits a hysteresis behavior L S . Yy Vao

Figure .28 ‘/oHage transfer charactesistic of 5 CMOS
irpeartes, opsrated Wt a supply witags which is koeser than
thea limit grven in [5,85)

n



Power and area consideration

 Power consideration
— DC power dissipation of the circuit is almost negligible
— The drain current
e Source and drain pn junction reverse leakage current
* In short channel leakage current
» Subthreshold current

— However, that the CMOS inverter does conduct a significant amount of current
during a switching event

e Area consideration

? Voo
H H WIS
! - ! WOD Edn.lulll'll - i 1
0 I I - I I 1 i
| =] =
¥m| ‘ 'l."lr E“‘* o
| m|
= '
1 . n-wey [ N
gt |- SO Enatput |
Irzugt Chatpun
|
. |
] | \'
LE ST l_ 'l'l,
T A n-dfumon
MR R e
I | e EHD

Figure 5.2T Two sampls layouts of CMOS invertar circuits [for p-type substrata),
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