Chapter 16

MOSFET Digital Circuits

Chapter 16.1

NMOS Inverter

MOSFET Digital Circuits

» In the late 70s as the era of LS| and VLSI began, NMOS became
the fabrication technology of choice.

> Later the design flexibility and other advantages of the CMOS were
realized, CMOS technology then replaced NMOS at all level of
integration.

» The small transistor size and low power dissipation of CMOS
circuits, demonstration principal advantages of CMOS over NMOS
circuits.

NMQOS Inverter

* For any IC technology used in digital
circuit design, the basic circuit element
is the logic inverter.

* Once the operation and
characterization of an inverter circuits
are thoroughly understood, the results
can be extended to the design of the
logic gates and other more complex
circuits.

MOSFET Digital Circuits

NMOS logic circuits

CMOS logic circuits

complementary MOS

NMOS INVERTERS
MOS inverter

NOR and NAND gates

The inverter is the basic circuit of most MOS logic circuits,
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n-channel MOSFET

the channel length is the same for all transistors, while the channel width is variable.

Chap.3 n-Channel MOSFET Formulas ¥* %

U Transition points

vps(sat) = vgs — Viyw

Vrx n-channel threshold voltage

O Saturation region Vps > vps(satl Vs > Vopy
TN

. 2
ip=K,(vgs — Vrn)

O Nonsaturation region Vps < Vps(sat)

. 2
ip = K,[2(vgs — Vrn)vps — Vbsl]
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NMQOS Inverter

* For any IC technology used in digital
circuit design, the basic circuit element
is the logic inverter.

* Once the operation and
characterization of an inverter circuits
are thoroughly understood, the results
can be extended to the design of the
logic gates and other more complex
circuits.




NMOS Inverter

> If V, <V,y, the transistor is in cutoff and i, = 0,

there is no voltage drop across R,,, and the vV
output voltage is V,=V,,=V,¢ ml
» If v, >V,,, the transistor is on and initially is biased
in saturation region, since Vg < Vg -Vpy. ;
D Rp

Vl < I/.\ T
Transistor off

Vl > V\"T ]‘{_) = VDD= VDS

Transistor on

Ves= Vi D_l
+

> As the input voltage increases (V ), the drain to source voltage (V) decreases
and the transistor inter into the nonsaturation region.

NMOS Inverter with Resister Load

Vo =Vor=Vos

Voo vps

Cut-off

» If v, <V,,, the transistor is in cutoff and i, = 0, there is no voltage drop across R,
and the output voltage is V,=V,,=V),¢

NMOS Inverter with Resister Load

Saturation region

Vg (sath = vge - Vi
!

Vi =Vs

—

Voo Vg

Saturation Region

> As the input is increased slightly above the ¥, the transistor turns on and is in
the saturation region.

vo = Vpp —ipRp .
vo = Vpp — K, Rp(vy — Vin)®

. - , 2 - , 2
ip = Kylvgs — Von)™ = Kylvp = Vyw )

NMOS Inverter with Resister Load

Saturation region

Vg (sath = vge - Vi
!

Ve =Vs

Voo Vg
Transition Region

> As the input voltage is further increases and voltage drop across the R, become
sufficient to reduce the V,¢such that Vs SV =Voy  tostsat) = 155 = Vi

» The Q-point of the transistor moves up the load line.

At the transition point, X .

Vo — 1 v Vi, drain-to-source voltage

[el} I TNy, eate-to-source voltage

va = Vpp — Ky Rplvy = Ve )®

Ky Rp(Vi = Vi) + (Vi = Viy) = Vpp =0




NMOS Inverter with Resister Load

Nonsaturation region Saturation region

Do o
+

Vg (salh = vgg - Viy
f

Yoo

.:,,J_ R R

.*\:'I'r.uuilinn paint

Vi =V

Voo vps
Nonsaturation Region

> As the input voltage becomes greater than V,,, the @-point continues to move
up the load line, and the transistor becomes biased in the nonsaturation region.

ip = K,[2(vgs — Viyn)vps — "E}.S'KH [20v) = vyw)vo — 1‘5)]

vo = Vpp —ipRp

vo = Vpp — K, Rp[2(v; = Vin)vg "5)]

NMOS Inverter with Resister Load

Input-Output Relationship

i (mA) o (V)
o E iy ¥y iy 2 iy =
T =V ~— =
I Jk - Von=s ver fi
wgion |1 |
|
r g = Vrd PN
/ )
) , P Fuwi] ©
1 fa g = 1y = ¥, | 1 2 Vo=V - Vi
’
/ M
L 1 E [
bl : h
i / I
! Fod
! )
| =42 i !
/ : v
- s = Vi 4 | (7
L L 15 =

L 1 L L L L
I a\u i (V) I

igs 5 V) (eul olf)

The_sharpness of the transition The minimum output voltage, or the logic 0

region increases with
increasing load resistance.

level, for a high input decreases with
increasing load resistance.

Summary of NMOS inverter with Resister Load *

Current-Voltage Relationship

Saturation Region i, = K,(vgs — Vo) = Kuy(vy — Vin P

vo = Vpp — KuRp(vy — Vn )

Transition Region 1, — v, — 1V,

Ky Rp(Vy = Vin ) + (V= Viy) = Vpp =0

Nonsaturation Region
ip = K200 — vv)vo — 1%)]

vo = Vpp — K, Rp[20v, — Vin)vo "5)]

Example

For the NMOS inverter shown in

Fig. ¥V}, = 3V. Assume transistor in
parameters of K', = 60 nA/v?, W/L

=5, and V;,=0.5 V. (a) Find the

value of R, such thatv, =0.1 V

when v, =3 V. (b) Using the results ¥ OT|
of part (a) determine the transition VG
point for the driver transistor

V}' D

Rp

———0 Uy

Ups




EX16.2
(a)
v, =Vp —IpRy

(BN = 2
v, :3—1%'] |-I;|!~2 (3-05)v, -2 | R,

L =0.1

Vs 006 Vop

0.1=3- ' 1)-(0.1y’ ]

0.1:3—0.0?33RD "nl Rp

RD =395K )
+—O0ln

oos \

|— 1(5)(39.5)(V, —0.5) +(V, —0.5)-3=0 "

vy Upg
5.925(V, -0.5) +(V, -0.5)-3=0 n |

- vGs
) . -1 /1+4(5.925)(3) .
(V=05)=Vy =———r

2('; 923) _

, =0632V
V,=1132V

n-Channel MOSFET connected as
saturated load device

* Ann-channel enhancement-mode
MOSFET with the gate connected to
the drain can be used as load device in
an NMOS inverter.
*  Since the gate and drain of the
transistor are connected, we have Voo =vps
Ves=Vos
When Vs=V,s>V7, a non zero drain lib
current is mduced in the transistor and
thus the transistor operates in
saturation only. And following condition +
is satisfied.

Vos>(VesVn) o

Vs (sat)= (Vps-Vpy) because _, Vr Vo vpg
Ves=Vps 0Or Vps (sat)= (Vos-Vy)

@ (®)
In the saturation region the drain current is

Figure 16.7 (a) n-channel MOSFET connected as saturated load device and (b) current-
ip™Kn(Vas-Vrn)? = Ko(Vps-Vi)? )

voltage characteristics of saturated load device

The iy versus vpg characteristics are shown in Figure 16.7(b),
which indicates that this device acts as a nonlinear resistor.

NMOS Inverter with Enhancement Load

» This basic inverter consist of two enhancement-only NMOS transistors

v . . .
2‘9 » Much more practical than the resister loaded inverter, because the
resistors are thousand of times |arger size than a MOSFET.
l‘DL
’ "-!’;
Vps (sat) = vgs - Viy
— +
e Load:
+ DsL Vewe Ky
o —
VGsL .
- l'm)
—oVo
' + .
\ Driver:
y Ve
1 0—|+ DSD Vivos Kp
= —
VGSD : —
Vo= Yine Voo Vs

NMOS Inverter with Enhancement Load

» An n-channel enhancement-mode MOSFET with gate connected to the drain can
be used as a load device.

Device acts as a Nonlinear resistor !!!

Vpp = Vps T A
o vps (s} = veg— Viw

n-channel MOSFET connected .
as salurated lpad device p

I Yes

= -
Yoo vps

l‘.{

For vgg = vpg = Fpy. the drain-current is zero.
Vs = Vps = VFyy. a nonzero drain current is induced in the device.
vps = (Vgs — Viw) = (vpg = Vyn) = vpglsat)
ip = Ky(vgs — Viw)™ = Kylvps I-J.\Q
—— e : :
Nonlinear resistor /!!

A transistor with this connection always operates
in the saturation region when not in cutoff.




NMOS Inverter with Enhancement Load

Wheng’:z} Vinp  driver is cut off and the drain currents are zero.

Vop
o
lfnL
— +
N Load:
+ 5L Vi K
> —
VGSL .
l‘m)
—<V0
 + .
é‘- Driver:
, Ve
w4 bsp Viwp: Kp
> —
VGsD

ipp =0 = Kp(vpsp — Vrvr)

vpst. = Vop —vo

vpst. — Viwe = Vop —vo = Vewe =0
maximum output voltage

Vomax = Vo = Vop — Viwe,

For the enhancement-load NMOS inverter, the maximum output voltage,
which is the logic 1 level, does not reach the full Fpp value,

Voo~ Ve Voo _vng

NMOS Inverter with Enhancement Load

When%y Vinp  driver transistor turns on

Vo and is biased in the saturation region.
o]
l[DL . two drain currents are equal
!pp = DL since the output will be connected
1 to the gates of other MOS transistors.
I+
N Load:
DSL ’ , 2 e - 2
M . Vo K Kplvgsp — Vo) = Kiplvgse — Viwe)
VGSL . N .
- 11 S A S ‘ .
l”n Kp(vy = Vowp) = K (Vpp —vo — Vywe)
—GV0
'+ .
i Driver: —_—
y ? | g.r
1113 AL | Ko . v v [Kp %
sl Vai= Yoo — Vrwve — =Vt — Frap)
VGsD y Ky

As the input voltage increases, the driver
O-point moves up the load curve
and the output voltage decreases linearly with v,

NMOS Inverter with Enhancement Load

At the driver transition point.

vpsp(sat) = vesp — Viwp

Vpp = Vine + 1 r_\'n(

or Vo, =V —Virxp

Vip = e
|Kp

4+ [—
VK,

v, k . .
" op the load curve and the driver becomes biased in
P i v v ,-K;;“_ Vorr) the nonsaturation region.
1 Illi (e} nn TNL 1. K, ] TND l,m ] ) )
VK Since ipp = ipg.
4 2
- Ty C 2 e . 2
. = r. i .. .. . Sre
* Load Kp|2vgsp — Vawp)vpsp — Vosn Ki(vpse = Viwe)
. + "osL Ve Kp
Uil - - . 2 - . . 2
, 2vr — Voo e — 15 | = Lo = Vonr VP
Vpg (sat) = vge — Vv VGsL l Kp[2(v; = Viewp)vo = vo| = KilVpp = vo — Viwe)
| [top
the relationship between vy and vp in this region is not linear)
—0 V0
” + Driver: aspect ratio
3 M K
S ; ] DS, width-to-length parameters
Transition point ;ﬂ}__,_' Vosp Vrup. Kp KD/KL . Lb P . R,
. - of the driver and load transistors.
/ \ VGSD i

Vop=Vine Voo vpg

NMOS Inverter with Enhancement Load

When{v,} Vi, the driver transistor O-point continues to move upj
g




NMOS Inverter with Enhancement Load

As the width-to-length ratio of

high output voltage :
the lpad transistor decreases.

Vow = Vop = Ve

H the effective resistance increases
|
! K
Vop—Vipa f— ,D =16
4 Ky, .
Saturation |
| # Vor =V~ Vrap
| Kp
3} =4 s
: K // Nonsaturation
| e S
|
2 |
|
| .
| \ V | minimum .
1k | [ | output voltage. or the logic 0 level.
I V S | for a high input decreases with an
1, TE—— increasing Ko /K, rati
I ‘“--.._______. | mereasing Ky, /K, ratio.
I 1 | T ——
0 Veypl 2 3 4 8
Vop - Vv,

Voltage transfer characteristics,
NMQOS inverter with saturated load,
for three aspect ratios

c.f.

NMOS Inverter with Resister Load

I (mA}

Input-Output Relationship

NMOS Inverter with Enhancement Load

in the saturation region.

YoM § slope is the inverter gain
Sk | dvgldv, = —\JKp/K,
! K
Voo - Vi b— S
s n.:._ ( When the aspect ratio is greater than unity,
Saturation /J‘ihc inverter gain magnitude is greater than unity.
| 2 s
3= I ﬂ’ =4 s . .
: \ \ LY // restoring logic
| s . .
R I T / logic signals that are degraded
: : \ N in one circuit can be restored
A /\’\ by 'lhc‘ gain of subsequent
i ¥ I logic circuits.
P ™
: P i
v L [ —rd—-q
0 Vil 2 3 V 41 v 5w
Do TNL

Voltage transfer characteristics,
NMQOS inverter with saturated load,
for three aspect ratios
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The_sharpness of the transition The minimum output voltage, or the logic 0
region increases with level, for a high input decreases with
increasing load resistance. increasing load resistance.
P1014
Example Objective: Design the aspect ratio K /K, to produce a

specified low oulpul voltage, and determine the power dissipation in the inverter with
enhancement load for a minimum W/ L ratio for the load transistor. (Neglect the body

effect.)

Consider the inverter shown in Figure 16.8(a) biased at Vpp = 5V. The transistor

parameters are: Vypyp = V-
vg = 0.10V when v; = Logic

ve =08Vand k, = '_’rﬁ;l}\f\"'}. Determine Kp /K, such that
1 =42V, and determine (W/L)p and the power dissipa-

tion in the inverter for (W /L), =0.5and v, =4.2V.

Limitation of Enhancement Load inverter




For vy = 4.2V, the driver transistor is in the nonsaturation region.

Limitation of Enhancement Load inverter

Kﬂ[zh'x Vrvplva

1'?‘;] =Ki(Vpp —va — Veag )

@[2(4.2 —0.8)0.1) — (0.1)*] = (5 - 0.1 — 0.8 =251
K,

Example 16.3 P1014
The power dissipated in the inverter is P = ipVpp = (147)5) = 735uW
from the load transistor,

. C oy . s k(W ; ) s
in=K(Vpp—vo— Ve ) == ( 7 ) (Fpp —vo— Venr )
AL/

35 2
Lood: = (T\)tf}.ﬁ}(ﬁ 0.1 —0.8)" = 147pA

Ve Ky

Driver
V. Kp

Comment: In the NMOS inverter with enhancement load, producing a relatively low
oulpul vollage Vg, requires a large difference in the sizes of the driver and load tran-
sistors. The load transistor size cannot be substantially reduced. so the power consump-
tion also cannot be substantially reduced from the 735pW value. If an IC contained a
modest 100,000 inverters and all inverters were conducting, the tolal required current o
the IC would be 14.7A and the total power dissipated would be 73.5W!

at Vpp =3 V. The transistor
parameters are Viyp = Vg, =

0.4 V,k, = 60 mA/V2, (W/L)p= o P

16 and (W/L), = 2. (a) Find v,
when (i) v, = 0, (ii) v, = 2.6, (b) —oto

Calculate the power dissipated in

the inverter when v,=2.6 V.

v 7
3 Ko _ Wb (), =126 when (W/L), = 0.5
i K, = (W/L),
A}
- Load: T
+ e Ve Kt R o “.‘I-' - 16
Vst |ipp " \m“";'('v-"‘h Vine
1 |
—0 : Nty E:
i ot Driver: r E :
J0T| Vs Vrap. Kp i '\ i :
VEsn | i ,’)\‘, \“"‘H--_E___
1 ,/ ———— = |
= Lef L “Ti=—=
Ve | i ) l'.’l:p I\lir d o
Example
VIJIJ
The enhancement-load NMOS ?
inverter shown in Fig. is biased Jio

— +
Load:
Une
I; DSL Vini: Ky
B J ipp

— +

v Driver:
1 0—| Upsp
+ 2oL Viwp. Kp

= —

EX16.3
(@)
@
Vs =Vop —Vpu =3-04
v, =26V
(i)
I _ £ 1y : l.a’””
=) 20y -04)5, =21 2| [ v, -04] :
wLop- - VL )
. 17 2 U
16[2(2.6-0.4)v, —v} |=2[3-v,-04] l oL
352v, 8. =6.76-5.2v, +1]
Nl —40.4y,+6.76=0 — Load:
- - Upsr. y
404+ f163216-4(9)(6.76) w7 Vrne. K.
Ve = 2(9) VGsL )
/ o i
v, =0174V Jioo
—0 1)
|— +
Driver:
v N,
(b) . 60\' :OTl ___1 :im Vwos Kb
)
T Z = v, 75
ip =| T|{2)[3—0.1.u—o.cl] Gsp
A -

ip =353.1 A
FP=i, -Vpp =1.06 mW




NMOS Inverter with Depletion Load

Depletion mode : Channel exists even with zero gate voltage.

Voo
o A negative voltage must be applied to the gate to turn the device off.
: Threshold voltage is always negative.
, ) DL
(P <=M l
[ * Load: » This is an alternate form of the NMOS inverter
VDsL, Vv Ki, that uses an depletion-mode MOSFET load
™ device with gate and source terminal connected.
—o0 Vo
l;DD » This inverter has the advantage of V,=1/,,, as
well as more abrupt transition region even though
— + : the W/L ratio for the output MOSFET is small.
vy | VpsD ]‘)Inver:K
L TND» %D/
VGsp

= This mverter has been the basis of many
(Vrwp = 0) microprocessor and static memory designs.

/er transistor is an
enhancement-mode device.

N-Channel Depletion-Mode
MOSFET

* Inn- channel
degle’rlon mode
MOSFET, an n-
channel region or
inversion layer exists vzt o
under the gate oxide i
layer even'at zero

ate voltage and
ence term depletion

mode. Fiaure 512 Guasa smction f s rchannel demenon 006 MGSFET for: (a5 Yo = O
fgure 302 Cuss sacton

< A nega‘rive voltage
must be applied fo the
gate to turn the
device off.

+  The threshold ,
voltage is always O z
negative for this e

using a dilferent circuit symbol for the deplstion-mode device compural 1o the

kind of device. i heement-nwds device is ALy Tor ey 10 5 cireut diasarn

NMOS Inverter with Depletion Load

Gate and source are connected, Vggr — 0

::;l k, Since the threshold voltage of load transistor is negative.
Vps£(sa) =ves, = Vine = Ve
Vs =0
Driver:
Vo Kp

i , _ —
DL vpsz(sat) = vgsg — Vv = Vv

vesL =0

Load

VDsL

NMOS Inverter with Depletion Load

driver transistor characteristics and load curve

Ty
)
- Vpg (sat) = vge = "J.f_-\'
/ Transition point for driver
Load. - F vasn = Vob
‘.Lmd' K // Transition point for load
TNL 8L | D
e B e
v LS B ~.
\\ Load curve
Diriver: ‘\
Vene Kp \
\

14

Voo ‘ "m‘)




NMOS Inverter with Depletion Load (cont.)

Case I: when V<V, (drive is Voo
cutoff): No drain current conduct
in either transistor. That means
the load transistor must be in the

Lo
linear region of the operation and i
the output current can be
expressed as fellows
ip(linear)=K [2(Vis, - Vin)Vpst - Driver
Visi® Voo Kp

Since V¢, =0, and ip,

0=-K,[2V Vs + Vosi’] .
Which gives Vg, =0 thus ipL
Vo=V

This is the advantage of the

depletion load inverter over the
enhancement load inverter.

psiAsat) = Vs, ~ Vine = -Viwe,

vgs. =0

Vpst

NMOS Inverter with Depletion Load

driver turns on and in the saturation region;

however, load is in the nonsaturation region
Q-point lies between points 4 and B

two drain currents equal. ipp = ipg

Kplvasp — l";r-_\-DJ: = K;‘[Ehlf;_‘;{i = Vrne)vpse — 1d;!.EJ.‘TL]
VgL =
Kplvr = Vinol = KL [2(-Vin)(Vop — vo) — (Vpp "(J]:E
Diriver:
Vine Kp
There are two transition points
one for the load and one for the driver.

B &
transition point for the load
vost = Vop — Vor = vese — Vive = —Viwe
I .(;; = I'.;J;) + l'.'j"_\';_ Since Fryy is negative, the output voltage at the transition point is less than Fy,,

NMOS Inverter with Depletion Load

transition point for the driver
vpsp = Vgsp — Vrnp  Yps (a0 =ves - Viy

V{J‘f = I.'!r - lr]"_\Ll

When the @-point lies between points B and C
both devices are in the saturation region,

Kp(vgsp — I'-,-_\-,_,): = K (vgs — I"."_\;_)3
'IK!}

V"E("r — Vrnp) = =V

This implies that input voltage is constant
as the Q-point passes this region.

NMOS Inverter with Depletion Load

driver is biased in the nonsaturation region
while the load is in the saturation region.
Q-point is between points C and [

Kp[20vesp — VrnpWosp 1‘5)511] = Ki(vgsr. — Vi)’
K R - R >
T” 20vy = Vewp)vo = vo] = (=Vrwr)

This implies that input and output voltages
are not linear in this region.




NMOS Inverter with Depletion Load

Voltage transfer characteristics,
NMOS inverter with depletion load,

O
o/

Voo

Saturation

|
|
" |
| | 0, Cutoff
. o it 1 uto!

Vop = [Vinl 1_ B : ! . Triode (Nonsaturation)
| | I @, Saturation
| | @, Triode
| | m | @ Sawration
| | . Sawration
: : 0, Triode
|
|
|
|

=
0 Vie ( ";)
-

NMOS Inverter with Depletion Load

Voltage transfer characteristics,
NMOS inverter with depletion load, for three aspect ratios

Example 16.4 P1014

Design Example 16.4 Objective: Design the aspect ratio Ky /K; 1o produce a
specified low output voltage, and determine the power dissipation in the inverter with
depletion load for a minimum W /L ratio for the load transistor.

Consider the inverter in Figure 16.10(a) biased at VFpp =5V, The transistor
parameters are: Vyyp =08V, Vyy, = -2V, and k, = 35 pA/VE_ Determine Kp/K;
such that vgp =0.10V when vy =5V, Determine (W /L), and the power dissipation
in the inverter for (W/L), =0.5.

Vo (V) I
- | R;b_g Var = Vi = Vewp
| K- Locus of transition
| soints for driver
i+ |
o
| i Voo = Vop + Viywg,
Vop- Vevl3F——1—
| | points for load
b
: ! More abrupt transition region
- | l can be achieved even though
| ,/ the W/L ratio for the output
Py MOSFET is small.
Iy
L i
0 [ Vil 2 3 4 5 vV
Example 16.4 P1014

Design Example 16.4 Objective: Design the aspect ratio Ky /K; 1o produce a
specified low output voltage, and determine the power dissipation in the inverter with
depletion load for a minimum W /L ratio for the load transistor.

Consider the inverter in Figure 16.10(a) biased at VFpp =5V, The transistor
parameters are: Vyyp =08V, Vyy, = -2V, and k, = 35 pA/VE_ Determine Kp/K;
such that vgp =0.10V when vy =5V, Determine (W /L), and the power dissipation
in the inverter for (W/L), =0.5.

For vy = 5V._we assume the driver transistor is in the nonsaturation
seeslde3 the load is in the saturation region.

K _ ) o,
Load: A—,DP[V,I = Vovp)vo = vo] = (=Vexel
Vine Kp 'J.
D25 - 0.8)(0.1) — (0.1))] = [(-2)] = 4.82
K.
Kp (W/L)y . i
) - Wiy, =241 he 4 =
Emc':x K. (WD), (W /1)y when (W/L), =0.5
INDr 2D

from the load transistor,
See next slide 1<) s kn (W
L

] 35 )
ip= I\L[— ]'T.W_) = ) (— I.'_‘,}.L}' = ( 5 )(05)1—(—2)]‘ :ﬂ
- L -

The power dissipated in the inverter is P = ipVpp= (35)(5) = 175uW




Example 16.4 P1014
Design Example 16.4 Objective: Design the aspect ratio Ky /K; 1o produce a
specified low output voltage, and determine the power dissipation in the inverter with

depletion load for a minimum W /L ratio for the load transistor.

Consider the inverter in Figure 16.10(a) biased at Fpp = 5V. The transistor
parameters are: Vyyp =08V, Vyy, = -2V, and k, = 35 pA/VE_ Determine Kp/K;
such that vg =010V when v, = 5V, Determine (W /L), and the power dissipation
in the inverter for (W/L), =0.5.

from the load transistor,

See next slide ¥G=0 s k(W L s 35 5
ip=K (= V) = ( L) (=Vyne)y = ( 5 )w.i)l—(—l)l‘ =35uA
2 . 2 e

The power dissipated in the inverter is P = inVpp= (35)5) = 175uW

Summary of NMOS inverter with Resister Load

Current-Voltage Relationship

Saturation Region i, = K,(vgs — Vin)* = Ku(vy — Vin)

vo = Vpp — KuRp(vy — Vn )

Transition Region 1, — 1, — Vyy

- ’ r 2 » - ,
KyRp(Vy = Vyn) + (Vg = Vyy) = Vpp =10

Nonsaturation Region
in = K200 = vey)ve — 1%)]

vo = Vpp — K,Rp[2(v; = Vin)vg "?)]

Example 16.4 P1014
Design Example 16.4 Objective: Design the aspect ratio Kp/K; o produce a
specified low output voltage, and determine the power dissipation in the inverter with

depletion load for a minimum W /L ratio for the load transistor.

Consider the inverter in Figure 16.10(a) biased at VFpp =5V, The transistor
parameters are: Vyyp =08V, Vyy, = -2V, and k, = 35 pA/VE_ Determine Kp/K;
such that vgp =0.10V when vy =5V, Determine (W /L), and the power dissipation
in the inverter for (W/L), =0.5.

Ve K

Driver:

Vine Ko

Vizen

Comment: A relatively low output voltage Vy, can be produced in the NMOS inver-
ter with depletion load, even when the load and driver transistors are not vastly different

in size. The power dissipation_in this inverter is also_substantially less than in_the

enhancement-load inverter since the aspect ratio is smaller.

Design 16.5 P1018
D16.5 Consider the depletion load inverter in Figure 16.10() biased at Vpp = 5V,
The threshold voltages are Vyyp = 0.8V and Vyy, = —2V. Design the inverter such

that the maximum power dissipation is 350 uW and the output voltage is 0L05V when
vy =5V (Ans. (W/L), = | (W/L), =9.58)




Design 16.5 P1018 Design 16.5 P1018
D16.5 Consider the depletion load inverter in Figure 16.10(a) biased at Vpp =5V, D16.5 Consider the depletion load inverter in Figure 16.10(a) biased at Vpp =5V,
The threshold voltages are Vyyp = 0.8V and Vyy, = —2V. Design the inverter such The threshold voltages are Vyyp = 0.8V and Vyy, = —2V. Design the inverter such
that the maximum power dissipation is 350 uW and the output voltage is 0.05 V when that the maximum power dissipation is 350 uW and the output voltage is 0.05 V when
vy =35V (Ans. (W/L), = I (W/L), = 9.38)

vy =5V (Ans. (W/L), = | (W/L), =9.58)

P = ip Vsp
350 =ip 5 = ip= 2 5= o HA

Alsy We lhawng
Vop = Voo i
s Sate b Sourer Teeminal o Mg Jio = Driver ek be 1 e Sadncabioamobe
+ : +
rade Yv ansshy a&vw short '—5 l
= Vi -V
I:"f’- = Vasn mo  wwds 15 yeech gveie e ML !I:‘TL D kDL@'C e~ T"b) PS> DSD]
oYo Load transistor is in Saturation mode 7 ——o"o ID - KDI ACVT - Vi) Ve — v ]
inp . inp ; ")
l Tp = XKul Vasr - V'TN'-)L l Smbs«l-)*aj 5,Mv wes
+ : +
fT' l:\'”"“ Swa VseL o S -)_ fT' I:\ID"” 7o = W/)‘D L - - ]
oo | tp 2 Ru (OG- VINE)T = Ko~ Vi) vaso |~ 7= (W) \:( - ag)uos — (009 ]
- Ip = \K"‘ )tﬂ (- VTNI)L. -

73 (%)

SISNEES) > W)e-

{ W}L)

Example 16.14 P1098
16.14 Calculate the power dissipated in each inverter circuit in Figure P16.14 for the 16.14 Calculate the power dissipated in each inverter circuit in Figure P16.14 for the
following input conditions: (a) Inverter a: (i) vy = 0.5V, (i) vy = 5V; (b) Inverter b: following input conditions: (a) Inverter a: (i) v; = 0.5V, (ii) v; = 5V (h) Inverter b:

(i) vy = 025V, (ii) vy = 4.3V; (¢) Inverter ¢: (i) vy = 0.03V, (ii) vy = 5V. (i) vy =025V, (ii) v, = 4.3 Vi (¢) Inverter ¢: (i) v, = 0.03V, (i) v, =5 V.
Vpp=5V () »y=08V=ip=0=>L2=10
Vpp =5V
VoSV (i) ¥r =35 V, Prom Bquation (16.12),
= Rp=20k0 . .
VDDZS A . VWL_ 2V nonsaturation regon
[, Ki=10uArv? Vo vo = Vpp — K,Rp[2(vy — Van)vo — 1o
. —y ) Vin=13V 2
Rp=20kQ2 : v”KVL:?g:NVg l" " I Ky = 100 ot A/V2 vo = 5 = (0.1)(20)[2(5 = 1.5)wo — vi)
L= D

. L w3 =15 +5=0
a |—]

Vo

. Vigp=1V 'l 2

‘ iy =15V ] S "_| P 2 (@) 15 = 1/(15)° - 4(2)(5)

Vo gz A v _ v?ﬁ:?g{]ﬁm? |, Kp=1000 AV w = 0 = pp = 0.35 v
= = = ip=2=038 _ 0235 mA

P=ip-Vpp =(0.2328)(5) =» P=116 mW




Example 16.14 P1098

16.14 Calculate the power dissipated in each inverter circuit in Figure P16.14 for the
following input conditions: (a) Inverter a: (i) v, = 0.5V, (i) v; = 5V (b) Inverter b:
(i) v, =025V, (i) v, = 4.3V: () Inverter ¢ (i) v, = 003V, (ii) v, = 5V.

Vop=5V ) v=028V=a>ip=0=>L=0
(i) #r = 4.3 V, From Equation (16.23),
Viu =07V P input voltage greater than V),
Ky =10 g AV

Vo

Kp[20v; = Vienphvo — 11}1] =K1 (Vpp —vo — Vrw)’

1 _ T
Vo =01V 100{2(4.3 = 0.T)vo — 13} = 10(5 — we — 0.7]
Kp=100uA/V? §0(7.200 — vg] = 18.48 — 8.6u + 1
= 11v) — 80.60 + 1B.490 =0

®) 80.6 & 1/(80.6)° ~ 4(11)(18.49)
v =

2(11)

ip = 10[S = 0.237 — 0.7)* = 165 wA
P=ip-Vpp = (163)(5) = P = 825 uW

= =0237V|

Example 16.14 P1098

NMOS Inverter

Vpp=3V
Vpp=3V
Vpp=3V Vg =2V
K =10 AVE
Rp=20kQ Vi =07V Vo

K, = 10pAV?

I

Vip=1V
Kp= 1004 ASV?

Vg Vo

; rJ__1
Vinp =0.7V

Kp =100 pArv?

Vin=15V

Kp= 100 AIV? ":o—|

(a) (b) (c)
1160puW 825uW 200pW
Resister Load

Enhancement Load Depletion Load

Example 16.14

P1098
16.14 Calculate the power dissipated in each inverter circuit in Figure P16.14 for the

following input conditions: (a) Inverter a: (i) v, = 0.5V, (i) v; = 5V (b) Inverter b:
(i) vy =025V, (i) v, = 4.3V: () Inverter ¢ (i) v, = 003V, (ii) v, = 5V.

Vpp=35V () vy =003V #ig?ﬁﬁ P=20

Vo =-2V i vw=5YV
K =10pam?
. 3
l;,, ip = K (Ve ]! = (10I—(—2)] =40 ud

P=ip Vpp = (40)(3) = P =200 uW
Vinp=1V
Kp= 1004 ASV?

Yo

o

(c)
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NMOS Logic Circuit




NMOS Logic Circuit Logic Gates

- P

NMOS logic circuits are constructed
by connecting driver transistor in
parallel, series or series-parallel
combinations to produce required

output logic function i_ ®— 'd :mh ' ;
0f o1 | 1

1

1

AND

=
= = = =0

1o
11
A, =] alhb
NOT 0|1
1[0
Logic Gates NMOS Gate
a. ab | ¢ » NMOS NOR gate can be constructed by connecting an additional driver
D C 00 | 0 transistor in parallel with a depletion load inverter.
XOR b 01 |1 v X _
10 |1 DD If A =B = logic 0,
then both M, and My are cut off
110 and vo = V.
B ab | ¢ M
b ’_D)__ C. 00 |1 | Il' 4 =logic | and B = logic 0,
NAND 011 Vo then My is cut _m‘r .
10 |1 and the NMOS inverter with M, and M,
1o -"\°—| Mpa “°—| Mpp if 4 = logic 0 and B = logic 1.
same inverter configuration.
b C 3 —
CL da
b C 00 |1 Two-input NMOS NOR logic gate
NOR 0110 with depletion load
10 |0
11 |0




NMOS Gate

Voo Il 4 = B=logic 1,
then both My, and My, turn on
and the two driver transistors are
effectively in parallel.
M The value of the output voltage changes slightly.

ipr, = Ipatipg

Yo o1 . 2 - . ' . .
Kilvgse — Viwe]” = Kpa[20v6sa — VinaWosa — vbsa)

A o_| Mpy, B o_l Mpg + Kps[2vess — Ving)voss — vbss)
If transistors are identical,

= = Kps = Kpg=Kp Ving = Ving = Vewn

Two-input NMOS NOR logic gate
with depletion load vase = 0, vgsy = vgse = Vpp-Vosa = Vose = Vo

.2 K . , 2
[=Vrn]) = 3( K“)[E{ Voo — Voo — o)
L

when both drivers are conducting. the effective width-to-length ratio of
the composite driver transistor doubles.

the output voltage becomes slightly smaller when both inputs are high.

NMOS Gate

When all Inputs are at logic 1

When A =B = logic 1
Both driver transistors are switched into nonsaturation

Vi =5V ; . o . " -
pp=3V region and load transistor is biased in saturation region.

Ipr = ips +ips

Kilvase = Vel = Kp r[:["r.s.l = VinalVpsa — T}J.\'.rl

+ K.rm[ﬂ vese — Vese)Vosy — ‘7r.\'ul

Suppose two driver transistors are identical,
Kpa=Kpg =Kp  Vyyg = Viyg = Viwn
Vot = 0 Vgsa = Ve = Vope Yosa = Voss = Vor

R Kp . . 2
[=VFrael —(31!\—)[3! Voo = Viwplvo — Vo
[

when both drivers are conducting,
the effective width-to-length ratio of
the composite driver transistor doubles.

This means that the output voltage
becomes slightly smaller when both inputs are high.
higher the aspect ratio lower the output.

Example 16.7
Example 16.7 Objective: Determine the low output voltage of an NMOS NOR
circuit.

Consider the NOR circuit in Figure 16.24 biased at Vyp = 5V, Assume that
ko= 35 ;u;’\,."\-’:. Also assume the width-to-length ratios of the load and driver transistors
are (W/L), =1 and (W /L), = 4. respectively. Let Foyp =08V and Vyyp = -2V,
Neglect the body effect.

Vop=5V

If, A4 = logic 1 = 5V and & = logic0, then My is cut off,
. 2 . 2
_[2‘ vi = Vinolvo "u| =1(=Vrar)
K . - . 5 4 <
;T"[::r; VrvpWo — vl = (—Vyye ) (J—)[z:_w 0.8y 1-3,] =2
L
o = 0121V

If both inputs go high,

Yo

l||—
|

Vi J- A=B=1Vpy =5V
E R K ) . 5
[= Vel = 3(#)'31 oo = Viesphve 1'F:]
Ky

Two-input NMOS NOR logic gate ) N x. _ .
[~ Vine] = 3(Kn)[3” oo — Vrvolvo Tbl
L

5 4 5
{::-:2(?)[&_\ 08}y — )

vp = 0.060V

p1030

P

NMOS Gate

Additional driver transistor connected in Series

Vop
Ifboth 4 = B = logic 0, or if either 4 or B is a logic 0,

at least one driver is cut off, and the output is high_

If both 4 = B = logic 1.
then the composite driver of the NMOS inverter conducts

and the output goes low.

't

Two-input NMOS NAND logic gate
with depletion load

Since the gate-to-source voltages of My, and My are not equal, deter-
mining the actual voltage Vg, of a NAND gate is difficult. The drain-to-source
voltages of My, and M pg must adjust themselves to produce the same current.




NMOS Logic Circuit

Concept of Effective Width-to-Length Ratios

Parallel combination Series combination
v, \'J!JH
bn
- | W

T

Ly

&

Y !

e =
B o—% _fhr : @ ."1' ’
12f221 v EZZTZZZ

Design 16.20 p1099

D16.20 Consider the three-input NOR logic gate in Figure P16.20. The transistor
parameters are Fpyy = — 1V and Vyyp = 0.5V, The maximum value of vy in its low
state is to be 0.1 V. {a) Determine Ky /K, . (b) The maximum power dissipation in the
NOR logic gate is 1o be 0.1 mW. Determine the width-to-length ratios of the transistors.
(¢) Determine vg when vy = vy = vy = 3V,

Vi =-1V
| I Ky
Vi
vy My H—I My vz M Vivp = 403V
D—‘ } °—| p
= =

For the NOR gate the effective width of For the NAND gate the effective length

the drivers transistors doubles. of the driver transistors doubles.

The effective aspect ratio is increased. The effective aspect ratio is decreased.
v

Viv, =-1 ¥
Ky
"il'rr
"'\'o—{ El.r_\- vy n—|| My l/(,_l E,;;_: ':;{w" H5V
L

i

(a) Maximum value of v, in low state- when only
mimillﬁsb.m Kp

2 2
A_[:U'r Vixphvo "U| =1{=VFra)

%[2(3 -05)01)-(01)} ] = [-(~1)]' = 2.04

Design 16.20 p1099

0) P=iy¥p
0l=ip(3)=ip =333

(e
333-(8—2" %)l[-(-l}]‘ = (%]fo.sszs

(%) =10
L)o

.o K , , P
(c) [=Vawe]” = l(r“) [2' Vop = Vivphve — "F;]
L

¥204)[2A3-05v, -3 =[-(-)] = v =00329F




Fan-In and Fan-Out

Thoad » The Fan-in of a gate is the number of its inputs.
cArouit Thus a four input NOR gate has a fan-in of 4.
» Similarly, Fan-Out is the maximum number of
Lﬁ::::. similar gates that a gate can drive while
remaining within guaranteed specifications.
Load
circuil

N load circuits

Logic circuit driving N load circuits

de characteristics of MOS logic circuits are unaffected by the fanout to
other MOS logic inputs. However, the load capacitance due to_a large
fanout seriously degrades the switching speed and propagation delay times.
Consequently, maintaining the propagation delay time below a specified max-
imum value determines the fanout of MOS digital circuits.

Transient Analysis of NMOS Inverters

Von Von Von

» The source of capacitance Cy, and Cy; are the
transistor input capacitances and parasitic
capacitances due to interconnect lines between the
inverter stages.

»The constant current over a wide N o—]
. Yo
range of V¢ provided by the
depletion load implies that this type =~ o

of inverter switch a capacitive load 0 !
more rapidly than the other two I
types inverter configurations. st
''''' i “"--.,__[_)epmmn Toad
N 7 5
™,
7 Resistor load \‘\
T ,
S ™ \
P .
“d Enthancement load ™, K

Vo=V Yoo Vps
The rate at which the voltage across a load capacitance changes is a direct function of the
current through the capacitance.

Transient Analysis of NMOS Inverters

» The raise time is longer
because the load capacitor is

il charged by the current
through the smaller load
30200 B0 300 330 300 Time v transistor.
o (W/L),=1 » The fall time relatively short,
5| (W/L)p=4 because the load capacitor
sf 0.5pF discharges through the large

driver transistor.

I I
0 5 W0 150 200 2500 MW 350 400 Timeins)

Switching characteristics of an NMOS inverter with depletion load

Chapter 16
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CMOS Inverter




p-Channel MOSFET

Polysilicon

or metal

clectric
Ohidke Metal source Deposited  (silicon  Metal drain

Prype contact, S polysilicon insulator  diexide)  contaat, D
semiconducto \ 1

"
1 Li 1

A N

: [ Sy i 1 Si), \

2 pt At 7 & pr, N
/ \\_J A‘_-\.\...\L 2 N ._" t&_T,J
— | Ficld rain —

| Channel

oxide —L—=

) FEO Channel length L 1 gtm vertical

wtype body. B seale

v

W
\K
\/

LN g g

[

prdrin A

n-subrstre

the channel length is the same for all transistors, while the channel width is variable.

p-channel enhancement-mode MOSFET

+ in BT
Ve 1 | Vg

+ 4
G _| Vi G—' B substrate conneclion

Usually, the p-channel depletion-mode device is
D D not used in CMOS digital circuits

p-Channel MOSFET

» In p-channel enhancement device. A negative gate-to-source voltage
must be applied to create the inversion layer, or channel region, of
holes that, “connect” the source and drain regions.

» The threshold voltage V¥, for p-channel enhancement-mode
device is alway~ =~mntin mnd macibiin fnr davladicon.mode PMOS.

T+
vsD
'—|I| ; T
+ - ip

J_ Vs
=, Source Gate Drain
[ o J
n-type
}Body

Cross-section of p-channel enhancement mode MOSFET

Summary of Transistor Operation

NMOS PMOS
Nonsaturation region (vpg < vpg(sat))  Nonsaturation region (vgp < vep(sat))
ip = Ky[2(vgs — Vin)vps — vpsl ip = Kp[2(vse + Viyphvsp — v5p)
Saturation region (vpg > vpg(sat)) Saturation region (vgp > vep(sat))
ip = K,(vgs — Vi ): ip = Kp(".su + I-H’}:
Transition point Transition point
vpsisat) = vgg — Py vep(sat) = vgg + Vip
Enhancement mode Enhancement mode
Vin =0 Vip <0
Depletion mode Depletion mode
Viy <0 Fyp =0

CMOS

Complementary MOS
The most abundant devices on earth
» Although the processing is more complicated for CMOS circuits than for NMOS

circuits, CMOS has replaced NMOS at all level of integration, in both analog and
digital applications.

» The basic reason of this replacement is that the power dissipation in CMOS
logic circuits is much less than in NMOS circuits.

Field oxide Polysilicon gate Metal Metal contact

Gate oxide k J
n-substrate




CMOS Properties

Q Full rail-to-rail swing = high noise margins

e Logic levels not dependent upon the relative device sizes &
transistors can be minimum size < ratio less

O Always a path to ¥, or GND in steady state & low
output impedance (output resistance in kQ range) >
large fan-out.

U Extremely high input resistance (gate of MOS transistor
is near perfect insulator) & nearly zero steady-state
input current

U No direct path steady-state between power and ground
> no static power dissipation

U Propagation delay function of load capacitance and
resistance of transistors

CMOS Inverter

Steady State Response
VDD VDD
PMOS
R PMOS —_
VOut VDD VOut 0 —_
VOH
X- NMOS R, NMOS
V= 0 Vin="V bp

CMOS Inverter

> In the fabrication process, a separate p-well region is
formed within the starting n-substrate.

» The n-channel MOSFET is fabricated in the p-well region
and p-channel MOSFET is fabricated in the n-substrate.

a series combination of a p-channel and an n-channel MOSFET.

Tt

v I

Doy

Ouput

T

-

Vv,
pchannel oo
D = l "l 7 lD D] I~
Input Cutput |. n' n* pt
D
| n-channel p-well
5 ) n-substrale

————

DC Analysis of the CMOS Inverter

r“fl

Both transistors are enhancement-mode devices.

Vi Von

NMOS transistor PMOS transistor




DC Analysis of the CMOS Inverter
l-'or the NMOS device is_cut off, ipy = 0, and ipp = 0.

PMOS source-to-gate voltage is Vg
PMOS is biased on the curve marked B

Since the only point on the curve corresponding 10 ipp = 0 occurs at vegpp =
0 = Vpp — vg, the output voltage is Yo = VHH' This condition exists as long as
the NMOS transistor is cut off, or v, < Fyy. ;

o ipp

Vg (sal) vgpp (sat)

vasv=Vop vsar = Vpp

C vasw= V' 1/ vegp= | Vepl™
- 1 - =
0 Voo Vosw =vo o Voo vspr=Vpp-vo
NMQOS transistor PMOS transistor

DC Analysis of the CMOS Inverter

I-'t)r- the PMOS device is cut off, ipp =0, and ipy = 0.

NMOS gate-to-source voltage is Vpp
NMOS is biased on the curve mark
The only point on the curve corresponding Lo iy

oceurs al vpey = v = 0.

ipp
Y

foN
+

PMOS:

Vo
S -
i KpVip ..

DC Analysis of the CMOS Inverter

NMOS cutoff

+

PMOS cutoff

|
l. PMOIS: I
SIn oV
£ Ve |
- Vo |
(‘If |
ot |
|
NMOS: |
s Ky Vow |
|
|
|

0 Vv (Vpp— Veph VDD@

) Vor =0

CMOS inverter output voltage for input voltage
in either high state or low state

NMOS:
": el C vy = Vin'
Vasw _J_ 0 p'nln Vosn = |-:
- NMOS transistor
DC Analysis of the CMOS Inverter
fon ior

vpg Lsal) Vpp (sath
!

vasw=Von

—_ .
C vgsw=Vin
- 1 -
—_— r ». =V )
0 Vpp Vosy = Vo 0 Voo veor=Vop-vo

NMOS transistor PMOS transistor

Voltage Transfer Curve




EX16.2
(a)
Vo = L,nn - I;JRn

.( f\.}: NOW \,.

v, =3 | 2/J\T;JZ{S—().S}VO—1'j IR,y
v, =0.1
L (006, o[ e :
0.1 =3[ == |(5)] (5)(0.1)=(0.1)} | R,
N2 )
0.1=3-0.0735R,,
R, =395K
(b)
(0.06)

[(5)(39.5)(V, =0.5) +(¥, —=0.5)=3=0
J

-

2

5.925(F, —0.5) +(V, —0.5)=3=0
) R —]J_r.f1+4[5.025}{3}
(L-ﬁ—u.:j:i.'w:—1 —
2(5.925)
vV, =0632V
V,=1.132V

16.6
(a) From Equation (16.23

)
Ko Taia nosvin ns o2 . . o K,
— | 2(3-0.3)(0.25)—-(0.25) 3-025-035) = —=426
K.j{ )(025)-(0.25)" | = ( ) =

L
(b) K—f’f:(z.s ~0.5)(0.25)(0.25)" | = (3-025-0.5)" K 5,
AJ’. L
*;n K.r. U-f;.\'r. - r"r_\'r. )_ "\-r. (J -mJ VYo~ r-r_\'r. :'l
(©) 0,080

—— (DB3-025-0.5) =i, = 0203 mA

P=iy, Vi, = (0.203)03) = P = 0.608 mlV

for both parts (a) and (b).

&
HW solution
0.25=1(33) = [ = 7576 nA
16.4 R %*R 16K
|Fos =V )"
W50y |'”'“ 0303
— (33— = | — 303
L .
Vi
. ;o Vo — Vg (sat)
l}) KMU{..\'_“'\') %
(008, o, ) R }?—[l'h -0.8
|_‘T‘_|(u 303) (K2 — 1.6V +0.64) “‘fb

0,304 (Vi — 1.6 +0.64) = 4.1 ¥
0.5041% +0.19361,

. —0. 1936+ 4000 +4(0.504)3
s 2(0.504)

Vs = 2,35V

For 0.8 <V, =255V

Transistor biased in saturation region

16.9

Vo =Vy =y = Logic 1

So

(a) V=4V =V, =3V

(h) Vy =5V =V, =4V

(c) V=6V =1, =51

(d) V=TV =V =5V, since Vg = 0
For vy = Vo

L e L "cl;—| K, [I}i VY _I'r']:

Ihen

@ (D203-1)V =V |2 (04)[4=V, —1] =V = 0657V
(b) (D[ 2(4=1)V g V3 | = (04[5~ 1] =, = 0791V
(c) (250 Va, —Vgy [ =(04)[6-Fpy —1] = Py = 0935V




(d) Load in non-sat region

d 16.12
fon = e (a)

Y, , 2 Y, . \ . = 1 32 P=i,-V
(D [2(5-1)Va, —Va | (04)[2(7 Vo —1)(5-Vor )= (5-Var )" | b

150 =iy, (3) = i, = 50 uAd
2

8V =V [_“-4}{2 {6 Vo 5=V ) - (25 =10V, + Lti‘ ]—‘
(04)] 230117, + V3, )= 2510V, V5, |

(0.4)[ 6022V, +2V3, ~25+10F,, ~ V5, | X i )

e ) 5 ' D {2{3—[]._‘\)f[}.])—f[].]):‘ (-]

8V — Vo = 14— 481, + 0415 ' \ \ ) )

L4V —12.8V,, +14=0 (L), 2.[]4—>;i|

12.8¢J1fﬁ.84—4(1_4}[14} v (PIE), S

- For the Load:
2 [1.4} I

ip = Ky (Vi )P
(8O - o 2 (Y -
||'\T,-'If_ L= !\_ ”—| - |'\T;'IJ. -

\ 2
L2 )

n

0

& =

[
ol
N

~—

oL
. Foo a_ Ay
o “Vpp T Vog =311, =21

2081, - 05) <[~ (-1) | = 1, = 1207

Vi =127V

For load

Vo (sat) an 231 For the Driver:
p(sat) =7-127-1=4.73 Vi = Vi =V = 1.20-0.5 =V, = 070V
Ve =5-1.27 = 3.73 non-sat V1207
DC Analysis of the CMOS Inverter Complete veltage transier eheracteristies, .
DD
CMOS inverter
CMOS Inverter Load Lines
PMOS:
2 5—)904 PMOS NMOS KpVrr
Vi =0V Vi, =25V
2 o Vo Vo= Van s
NMOS in sat S;M O_S'
4 PMOS in non ¥ Ky Vi
15 sat
s $ = [y PMg’:icr:Snzfr:sat i
-.E ».5 Vi i
- V \\‘ .
Vors —————+——— NMOS in sat vosw (sat)
— MOS in sat
0.5 A\ V. =1.5V = 1OV , 1 vesn=Vpp
- i V=05V ‘
NMOS innon ! NMOSin |
0% . 1 sat i nonsat !
V=25V ° 0 0.5 1 1.5 2 2.5 v, =0V 1 ¢PMOS inssat PMOS off |
| SR Scor LI | i i C vesn=Vmn'
V2.0V Vour V) a | . " 0 Voo v
1 [ s ]
0.25um, W/L,, = 1.5, WIL, = 4.5, Vipp = 2.5V, Vi, = 0.4V, Vg, = -0.4V o o Vi vion— | Vel Yoo i




DC Analysis of the CMOS Inverter

When the input voltage is just greater than Vo,
MNMOS begins to conduct

o+
v =vgsy = Viy -
d 2 @-point falls on the curve C

PMOS:
KnVrp
vpsw =V
(., DSN bo |
& MNMOS is biased in the saturation region
:".\lr;_s; Vgpp is small
A PMOS is biased in the nonsaturation region.
: NMOS transistor fon = tor
N ” . . a
Yo (at) Kylvgsy = Vinl™ = Kp[20vsap + Vip)vspe — vipp|

vosv= Voo . ro2 [T . : 7 2
SRyl = Vw] Ke[ 20V pp = vy + VepdVpp = vo) = (Fpp — vo)’]

v, and v, relationship as long as
NMOS: saturation, PMOS: nonsaturation

Vions 2 Vgt
C Vs Ny

1 -
0 Vop Vopsy = Vo

DC Analysis of the CMOS Inverter

The transition point for the PMOS
vspp(sat) = vsgp + Vip

from below graph

Vop = Vope = Vpp = Vipe + Vip or

, r r } aFr oulput
Vopc=Vipe = Vip y,,, PMOS input

. voltage at the transition point.
/2 PMOS:

DC Analysis of the CMOS Inverter

Ve
Transition point locus
Voo ——— A 7 for PMOS
I % ; ;
| 2 Vopy=Vip+ | Vel
] b
| B )
.7 # - .
J/ ~ Transition point locus
A B for NMOS
@ -
) 7 I
e’ ’ 1
]
1
]
[
[ .
Vv (Vpp—Vepl) Vop vy

The transition point for the NMOS

psnlsat) = vgsy — Py

from above graph "
. ol

I —q outpLL

. , Vowm
ONI v — Vi Vi, NMOS input voltageatthe transition point}

KpVrp Vo
- Trang/"n point locus
(; Vi p —— A 7 Tor PMOS
I
|
Vor) oo P
| B )
| Fd - .
J/ # Transition point locus
Al B: for NMOS
< 7 I /,
s I # Vapr = Vg — Vigas
Ve is negative for ) 4 1 7SS LU
an enhancement-mode PMOS |1"TP| :
I
L/
Viw v
DC Analysis of the CMOS Inverter
@ Teansi - when both transistors are in saturation
ransition point locus e ————————————————

Voo f=——~_A 7 for PMOS two drain currents equal

b s - PR - Fa2

\/f Vopr=Vipy # | Vgl Kygsy — Viw )™ = Kplvggp + Vip)
3

’ Kyl = Vin)® = Kp(Vpp — vy + Vi)

J’I'r.‘ln:ihlinn point locus
B 7 for NMOS Ir.
[N -,
I P

4 i

¥ Ve + |
I ; " pD TP e
s Vo =Viu-VYiw \ Kp
& @: V=

Ve =
[k,

1+ [—
\ Ke

@ input voltage is a constant

For v; = V,,, NMOS nonsaturation PMOS saturation
two drain currents equal

i
Kpt

Ky P[Tf..s'_\ Vrw)vpsa "::;_5'_\] = Kplvggp 4 I"H']:

K\-[Zh'; - II'J'\'@— 1'12)] = Kp(Vpp —®+ !"r':*):

s
Ky Ve




DC Analysis of the CMOS Inverter

Complete voltage transfer characteristics

NMOS: off
PMOS: nonsaturation

| NMOS: saturation
| PMOS: i
i

]
Voo 4?'\
| 1
| :

NMOS: saturation
PMOS: saturation

| NMOS: nonsaturation
| PMOS: saturation

Example 16.9

p1041

Example 16.9 Objective: Determine the critical voltages on the voltage transfer

curve of a CMOS inverter. Vie Yoprt Vone
Consider a CMOS inverter biased at Fpp = 5V with transistor parameters of Ky =
Kp and Vyy = —Fpp=1V. Then consider another CMOS inverter biased at

Vpp = 10V with the same transistor parameters.

For V,,,=5V

Voni————+—— 3
| 1 NMOS: nonsatyration
| 1 PMOS: off !
| 1 & i e
input voltage at the PMOS and NMOS transition points.
v . [Ra,
Vpp + Ve + \/ e Via
S g '3 L G KA K B
! i I Ir 7| " \/T L
1+ =
Kp
output voltage at the transition point for the PMOS
Vorr = Vige = Vrp Vopr = Vipy = Vip = 25 = (=1) = 3.5V

output voltage at the transition point for the NMOS

l’f}.\; = l':.\; - I'r.\ Voxi = Viyy = Vpx =25 -1 = 15V

For Vpp = 10V
V=35V  Vom=06V  Voy =4V

Example 16.9

vtV

10

Vop: = Vipy — Vip
~

Vor: 6
Vpp=10V 5

Vone 4
Vops 33

Vi = Vi — Fos
s ONt I T

Vpp=5SV

Vone 15

- |
[T

I

I

|

I

]

|

i
0 at
Vit

Voltage transfer characteristics, CMOS inverter biased at either
Voo = 5V or Vpp = 10V

p1041




DC Analysis of the CMOS Inverter

» CMOS inverter: series combination of PMOS and NMOS
» To form the input, gates of the two MOSFET are connected.
» To form the output, the drains are connected together.

Viop

» The transistor Ky is also known as “pull down” device
because it is pulling the output voltage down towards ground.

pMmos. »  The transistor K is known ‘as the-“pull up” device because it
CpVrp is pulling the output voltage up towards V;,,,. This property

) speed up the operation considerably.
- )
@
o
Vln VOut
NMOS:
Ky Vi 1 0
0 1

The static power dissipation during both extreme cases (logic 1 or 0) is almost zero
because ijp= ipN=0.

DC Analysis of the CMOS Inverter

CMOS Inverter in either High or Low State

Vop

sGP v
P’l\-ilri."?: VooV NMOS cutoff
KpVyp OH= Vpp
\
" | (ideal case)
! l'm- |
|
+ |
e NMOS: |
+ J1~_& Ky Ve |
Vigspe l |
- |
= |
| PMOS cutoff
Ideally, the power dissipation |
of the CMOS inverter is zero. Vor=0 ‘ | |
0 Viv' (Vpp— Vel Voo vr
Practical device .
CMOS inverter (~ nW) CMGOS inverter output voltage for input voltage
NMOS inverter (~mW) in either high state or low state

DC Analysis of the CMOS Inverter

Ideally, the current in the CMOS inverter in either steady-state condition is zero
quigscent power dlﬁﬁlp;lll(ﬂl 15 ZCro,

due to the reverse-biased pn junctions. the power dissipation may be
in the nanowatt range rather than in the milliwatt range of NMOS inverters.
Without this feature, YLSI would not be possible.

CMOS Inverter Design Consideration

U The CMOS inverter usually design to have,
0)) VTN = |VTP|

(W (W

?2) kN — | = kP T But k), >k, (because py>pp)

> How equation (2) can be satisfied ?
¥ This can achieved if width of the PMOS is made two or
three times than that of the NMOS device.

v’ This is very important in order to provide a symmetrical
transition, results in wide noise margin.




DC Analysis of the CMOS Inverter

Complete voltage transfer characteristics

NMOS: off

™%, PMOS: nonsaturation
@ | NMOS: saturation

| PMOS:
:

e
Vop 4‘?\
| :
| ‘

NMOS: saturation
PMOS: saturation

NMOS: nonsaturation
PMOS: saturation

|

|

|
Vo ————-1'——

|

|

K i NMOS: nonsatyration
| PMOS: off !
e |
1 & ! o,
0 Yew Ve vpp— |Vl VoD @

Symmetrical Properties of the CMOS Inverter

O in saturation

For the CMOS inverter in Figure 16.34, let Vyy = 404V, Fyp = —0.4V,
kD= 80 pa/v?, ky = 40pA/ V2, and Vpp = 3.3V, (a) Let (W/L), =2 and (W/L), =
4. (i) Find the transition points for the p-channel and n-channel transistors.
(ii) Find v; when 1 =04V and when vy =29V,

(b) For (W/L),=(W/L), = 2. repeat part (a).

Vie Yopt Vont

v Ky =KW
N
DD 2l L
{
+ D
VsGp
+
- . PMOS:
KpVrp
—alo
Vi l-'m'
+
s NMOS:
+ s Ky Viy
Vesn _

Figure 16.34 CMQOS inverter

Wy le in triode rcgim"n
| O off | A ! Slope = —
I Y
| "
1
Vort ]
I I
\ |
| 1 - Qv and Qp
1 | in saturation
| |
| | Qp in sawration
C o N
Vot ( 2 _V')L___t____=_ Slope = —1 , Qy in triode region
i | | '
i ' I oot |
I ! | Qroff
| Ip |
= H I L I
Yor= 0 v, Voo =Va Voo 1w
The voltage transfer characteristic of the CMOS inverter,
v
o (a X.= (%}z) =80 A /¥*
l-’np 401
v K, ’[T 4)=80 41V
+ K,
- v PMOS: Voo t¥p + ?“Vm _
sDp Kp.Vrp @) v, = , _33-04 +(1)0.4) e
- K, 1+l
.. 1+ J_n
o K,
vy ¢ o PMOS:
’ » ) Vop =Vy —Vpp = 165-(~04) = ¥, =2.05V]
N MO Transition points NMOS:
" Vs K ‘n Voxe=Vy =Wy = 165=(04) = ¥V, =125V
VG (ii) For v, =04 ¥ : NMOS: Non-sat: PMOS:Sat
L K [2Woan ~ViuWos =V | = K, Vioe +Vr ]
2 2
Figure 16.3¢ GMOS inverter 2(v, ~04)(04)-(04)" =(33-v, -04)

v, =189V
For v, =29V, By symmetry
v, =165-(189~165)=L41¥




Example 16.29 plio1

(b) x,:(ﬂ 2) =80 4d IV :
2 K, = kJ[K
40 " 2L
K, =[-E-}z) =40 pd (V7
33-04+
Vop @ Vo= 1s =la4v

- + l"}-’lf-’
_mp + Transition points  PMOS:

Vepp PMOS: Vor =144 =(—04) = ¥, =184F

- pem NMOS:
—a's Voxe 5144 —04 = ¥V, =104V
vy y}w
(ii) For v, =04V
+
. 1
| {suiz(v, -04)04)-(04)"] = (40)(33-v, —04]
. - R v, =162F
SN
- For vg =29 ¥ : NMOS:Sat, PMOS:Non-sat
- (s0)[v, —04] =(40)[2(33-v, - 0.4)0.4)~(04Y']
Figure 16.34 CMOS inverter v, =116V
!

CMOS Inverter V.

Increase W of PMOS
= kp increases
=> ¥V}, moves to right

Increase W of NMOS
= ky increases
=> V), moves to left

CMOS Inverter V-

Effects of V}, adjustment

QO Result from changing k/ky ratio:
» Inverter threshold V; # V;/2
» Rise and fall delays unequal
» Noise margins not equal

U Reasons for changing inverter threshold:
» Want a faster delay for one type of transition (rise/fall)

» Remove noise from input signal: increase one noise
margin at expense of the other

V,
Out V
for V, =22
2
= ky=k,, Wy =W,
V Vip |
pp+ Vorp '\‘k,, TN
Vi=vn = —
' [Kn
\ Kp
Problem 16.31 pl101

16.31 Consider the series of CMOS inverters in Figure P16.31. The threshold voltages
of the n-channel transistors are Fypy = 0.8V, and the threshold voltages of the p-
channel transistors are Fypp = —0.8V. The conduction parameters are all equal
(a) Determine the range of vy for which both Ny and P are biased in the saturation
region. (b) If vpy = 0.6V, determine the values of vp3. vgy., and vy.

Vpp=5V

L
h@ L

(a Vowe £ vo1 £ Vope

By symmeruy, Vi =25V
'Vope =2.54+08=33V

and Vo =2.5-08 =17V

S01.7< vos <33V

Figure P16.31




Problem 16.31 plio1

| i Transition point locus
Vi A 7 for PMOS
[ S ; ,
| 7 Vop=Vip+ [Vppl
] #
[ /
Vo 4
}/ # Transition point locus
A B for NMOS
S | //
il : ¢ Vowy = V= Viw
| Vil I ) 4
I \e
1 7
[ \
I It | .
Vv (Vpp=Vial) Voo 0

Example 16.31 pl101

16.31 Consider the series of CMOS inverters in Figure P16.31. The threshold voltages
of the n-channel transistors are Vg, = 0.8V, and the threshold voltages of the p-
channel transistors are Vyp = —0.8V. The conduction parameters are all equal.
(a) Determine the range of vy for which both Ny and P, are biased in the saturation
region. (b) If vgs = 0.6V, determine the values of vpi. vpy. and vy.

Yo=Y (b)  For vy, =06<Fy = v, =5V
N, in nonsaturation and F; in saturation. From

Equation &y (20, — Vyvive — vi] = Kel Vo — vy + Vel
[2vrs = 0.8)(0.6) = (06)'] =[5 = vna = 0.8

O ) Dy =132 = 17.64 = BAvn + vh

ar

Vig = B.6v1 + 18.96 =0
Sova=wm =216V

Figure P16.31

For vy, = 2.78, both Ny and P, in saquration. Then)

y=25Y

DC Analysis of the CMOS Inverter

CMOS inverter currents

» When the output of a CMOS inverter is either at a logic 1 or 0, the current in
the circuit is zero.

> When the input voltage is in the range  Virx < vy < Fpp — [Fypl both
transistors are conducting and a current exists in the inverter.

Vop Yo )
Vop
. Vor:
PMOS:
KpVip
! gl

NMOS:
k’\__ Vin VONr

]
o Vin Vi vpp— Vel Voo Vi

DC Analysis of the CMOS Inverter

CMOS inverter currents

O When NMOS transistor is biased in the saturation region

» The current in the inverter is controlled by vy and the PMOS v, adjusts
such that ipp=ipy .

ipy = ipp = KyQgsy = Viw)” =Ky (vp = Vyy)”

Y O oy O W .
Vioy = Vipp = Ky vy = Vi)

As long as NMOS transistor is biased in the saturation region the square
root of the'inverter current is linear function of the input voltage.

Nipy =Vipp

PMOS: S I
KpVip

NMOS: R
K.\'- V. an on

E . -
1] | 25 4 5 910 yvy

Square root of inverter current versus input voltage,

CMOS inverter biased al either Voo = 5V or Vpp = 10V




DC Analysis of the CMOS Inverter

CMOS inverter currents

O When PMOS transistor is biased in the saturation region
» The current in the inverter is controlled by vy, and the NMOS vy adjusts
such that ipp=ipy - ) . R ;a2
ipn = ipp = Kp(Vpp — vy + Vipd

Vipy = Vigp = Kp(Vpp — v+ Vipl
Vop
As long as PMOS transistor is biased in the saturation region the square

root of the'inverter current is linear function of the input voltage.

[
*JF

i

+ Vigw = ipe
PMOS:

v 3
SpF KpVen

NMOS:
Ky Vo

VGsN : -
4] 1 25 4 L 910 vy

Square raot of inverter current versus input voltage,
CMOS inverter biased at either Vpn = 5V or Vpp = 10V

DC Analysis of the CMOS Inverter

CMOS inverter currents

At the inverter switching point, both transistors are biased in the saturation region
and both transistors influence the current.
the actual current characteristic does not have
a sharp discontinuity in the slope.

NMOS: off

PMOS: nonsaturation
Yok ! NMOS: saturation Yo =Top
! PMOS;

NMOS: saturation

;o= OV
PMOS: saturation Vipp =10V

NMOS: nonsaturation

: i
[ PMOS: saturation 5 5 v
vl ooy : 0 l 25 4 3 910 V)
O 4:' i NMOS: nonsaturation "
| ! PMOS: off |
I y ]
O Vi  ¥n vpp - Vel Vop Vi

Problem 16.33 p1102

16.33 The transistor parameters in the CMOS inverter are: k) — 50 uA/V-, k;, =
25UA/VE, Vry =08V, and Vrp = —0.8 V. (a) For (W/L), = 2and (W/L), = 4, deter-
mine the peak current in the inverter during a switching cycle for Vpp = 5V. (b) Repeat
part (a) for (W/L), = (W/L), = 2.

Vipy = Viped "

(a «x =[% 7) = 50 A /¥

r

Iy s = K¥, =V} =50(25-03)"
0t [p o =1445 pd

K, =(% 4) =50 AV

Vpp= 10V

(b) K, =50 gd/V? K, <25pd 117

0 1 25 4 3 410 (V) From Equation (16.55),
5-03+Ji6(03}

v, = Z -a21v

1+, )=
25

Then

Ip eat = K, - m}z =50{221- u_s):

or fp . =994 ud

Power Dissipation

» There is no power dissipation in the CMOS inverter when
the output is either at logic 0 or 1. However, during switching
of the CMOS inverter from low logic 0 to logic 1, current flows
and power is dissipated.

» Usually CMOS inverter and logic circuit are used to drive
other MOS devices by connecting a capacitor across the
output of a CMOS inverter. This capacitor must be charged
and discharged during the switching cycle.




NMOS Transistor Capacitances

Triode Region
Gate
Source Drain
J I I I J R
Caso Cox Cox Cono
T T T T i I
ol B o
B P n-type channel - . T
Co Cpp
p-type substrate
NMOS device in l
the linear region Bulk

C,.” = Gate-Channel capacitance per unit area(F/m?)

C;c = Total gate channel capacitance
C;s = Gate-Source capacitance
C,;p = Gate-Drain capacitance

Cgso and Cg,,, = overlap capacitances (F/m)

NMOS Transistor Capacitances

Saturation Region

Source T Drain
L L. Lo L L.
Caso x ox Copo
B I N E—— T
\ e B i B
T T n-type channel T T
Cep Cpp
p-type substrate
NMOS device in saturation l
Bulk

» Drain is no longer connected to channel.

NMOS Transistor Capacitances

Cutoff Region

Gate
Source Drain
=l ) e
Caso She e Cepo
- - i
n | — Can nt
Cop | Chw
ST %
petype substrate T Depletion region
NMOS device in cutofl [J;
Bulk

» Conducting channel region is completely gone.
C;p = Gate-Bulk capacitance
Cipo = Gate-Bulk capacitance per unit width.

CMOS Inverter

Switch Model of Dynamic Behavior

Voo Voo

V, =0 Vin=Vop

> Gate response time is determined by the time to charge C, through R,

(discharge C; through R,)




CMOS Inverter Power

U Power has three components

» Static power: when input isn’t switching

» Dynamic capacitive power: due to charging
and discharging of load capacitance

» Dynamic short-circuit power: direct current
from Vyp to G, 4 when both transistors are on

CMOS Inverter Power

Static Power Consumption

*,

«»+» Static current: in CMOS there is no static current as
long as ¥, < VyyOr Vi, > VipptVyp

2

+ Leakage current: determined by “off” transistor

*,

+ Influenced by transistor width, supply voltage, transistor
threshold voltages

VDD VDD

| 1 I leak,P
Vi<Vix Voo Vop V,(low)
1 I leak,N

CMOS Inverter Power

Dynamic Capacitive Power and Energy stored in the PMOS

Case I: When the input is at logic 0

PMOS is conducting and NMOS is in cutoff mode and
the load capacitor must be charged through the
PMOS device.

Power dissipation in the PMOS transistor;
Py=iy VSDp= iL(Vop-Vo)

The current and output voltages are related by,
iy =C dvy/dt

Similarly the energy dissipation in the PMOS device

PR S PR I VU R S DO
-

@ © dv, Vop Vop
1E, =[P =[C,(V0p=vo) =2 dt,E, = C Y,y [dV,=C, [vodv,
o o d

dt

Vo

2

v,
Ep=CVppVo|,” =C7% JEp=(CVpVpp=0)=(C,

Vo'
-0
2 )

2

1 2 . R
E,=—C,V the energy stored in the capacitor CL
772" P when the output is high.

CMOS Inverter Power

Dynamic Capacitive Power and Energy stored in the PMOS

Case II: when the input is high and out put is low:

During switching all the energy stored in the load
capacitor is dissipated in the NMOS device because
NMOS is conducting and PMOS is in cutoff mode.

The energy dissipated in the NMOS inverter;
Ey=3 OV’

The tatal nnnrn\/{liccir\nf?d durina_ona switching
CYClEEs = Ep+ By =2 CiVy 45 C¥ oy’ =Ci¥y’

TheE,=P~t—)P=%—)P=/E,—)fCLV,fD

This implied that the power dissipation in the
CMOS inverter is directly proportional to switching
frequency and ¥,




CMOS Inverter Power

Dynamic Capacitive Power

_ 2
den - CLVDDf
Formula for dynamic power
» Does not (directly) depend on device sizes
» Does not depend on switching delay

» Applies to general CMOS gate in which:
» Switched capacitances are lumped into C;,
« Output swings from GND to V;,,
« Input signal approximated as step function

« Gate switches with frequency f

CMOS Inverter Power

Dynamic Short-Circuit Power

» Short-circuit current flows from Vp,;, to GND when both
transistors are on saturation mode.

Imax Imax: depends on saturation current of devices

out I D

Inverter Power Consumption

Total Power Consumption

P, =P

dyn

+P +P

stat

) t + tf
P,=C Vo f+Vipl T S Voo liu

Ptot ~ CLV;Df

Power Reduction

U Reducing dynamic capacitive power

> Lower the voltage!!
« Quadratic effect on dynamic power

» Reduce capacitance!!
« Short interconnect lengths
<« Drive small gate load (small gates, small fan-out)

» Reduce frequency!! >
« Lower clock frequency P, dyn = CLVDDf
< Lower signal activity




Power Reduction

O Reducing short-circuit current
» Fast rise/fall times on input signal
» Reduce input capacitance

» Insert small buffers to “clean up” slow input
signals before sending to large gate

O Reducing leakage current

» Small transistors (leakage proportional to
width)

» Lower voltage

Chapter 16

MOSFET Digital Circuits

Chapter 16.3.4
CMOS Inverter Noise Margin
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Concept of Noise Margins

0 Vagg

: dvg
va iV 3 _h - 1
ST e avy
Vou=3§ _\ AAAAAAAAAAAA
Voru=4625 |3 i Vig and Vyp determine the noise margins
A e —-| Y\
b NML= 1.5V . 3 3
s
i For Vi < vy < Vig.
the inverter gain is greater than unity.
18 and the output signal changes rapidly
k4o with input voltage.
1= 5V
Shope = T\1 e —-
o =0.375 = Forv, <V, and v, = V
Vo = 11375 E Or vy = Fyp and vy =2 Vg,
o -
|
H®

| ‘
1
V=23
CMOS inverter voltage transfer characteristics
with defined noise margins

and the output changes slowly
with input voltage.

3w ™ | the inverter gain is less than unity
‘W"* Vo

NM, =V, =V, Noise Margin for low input

NM ,; =V, =V, Noise Margin for high input




CMOS Inverter Noise Margins

Vo =0.375

NMOS is saturation
PMOS is nonsaturation

The relationship between the input and output voltagesof CMOS when MOS s saturation

PMOS is nonsaturation
ipn = Ipp

Kylvgsy — Vonl™ = K,r![fl'".s'r;r' + Veplvgpp — ".:\',r_);’]

Kxlvi = Vial? = Ke[20Vpp — vi + Vip)Vpp — vo) — (Vpp — vo)’]

CMOS Inverter Noise Margins

. | K . K X .
o= Vom E[(] +T;)l'f + Vpp = (f\':.)! =} H'}

If CMOS is symmetrical, £, = K
yoo= T — 1 , ' /, 7
vo.= Vonvike=kn =512 + Vop — Vin — Vipl
_——

Kylvg = Venl = Kp[20Vpp = vy 4 Vep)dVop ~vo) = (Vpp "f}]:]

Vi A Vinike=kp

= Ve +3(Vop + Vip = Vi) for Ky = Kp

CMOS Inverter Noise Margins

Vory =0.375

L NMOS is saturation
TS

Voiiir PMOS is nonsaturation

|
0 Vory

The relationship between the input and output voltagesof CMOS when MOS s saturation

PMOS is nonsaturation

Kylvy = Vol = Kp[200pp = vi + Vip)Vpp = vo) = (Vpp = va)']
L

Taking the derivative with respect 1o vy

, . . . . .y N v
2Rxlvy = Vvl = Kp| =20Vpp/= vo) = A Vpp — vy + F H"—_“ = 2(Vpp —val| — .”
dv; dv;
dvg
dvy !

Kalvi = Vin] = =Kpl(Vpp —vo) = (Vpp — vy + Vip) + (Vpp — vp)]
oA . 1 K . 'K . .
Yo = Vom —3{(' +A—-;)Tx + Vop = [A_:)I v = b :r-l

Ky
13 =0

i i (Vop + Vip— Viy Kp
vl Yy EViw + 2 g

= 2| — 1
(ﬁ_q) &4—3
Kp

N K

CMOS Inverter Noise Margins

| \ My =175V
| e T\ an,, 175V
Ll I
Vg = 0.375

)

|
|
TS
Vouu
The relationship between the input and output voliages of CMOS when MMOS 15 nonsaturation
2 X . PMOS is saturation
Ky [311': = Veyhvo = l'?)] =Kp(Vpp = vy 4+ Vep)
S

Taking the derivative with respect 1o vy

o, v S .
Ky |:2{1": Vrn =2 4 2rg 21'{)ﬁ:| =2Kp(Fpp — vi + Vepl—1)
I

dvy
‘hl.. - A’ [- J' ] 0 ' - K [ 0 J'
v, sl = Vw29 + vol = = KplVpp — v + Vil
K Ky . .
| y ‘.I(]+A_}\;)_ Jn”_(}(,.JI” = Ve
Yo = L — N A.\
(%)
Ko
! " . Vpp+Vip— Vin) ~Kp
v A Vin F Vew + - = -1
—,—|) [
(_1\’_ \?A—J + 1




CMOS Inverter Noise Margins

Ky ) Ky .. .
K.P) = Vpp — (A_,,) Viw = Vip

1',.(J+

— I = -
(2] L B !\_\)
%,

If CMOS is symmetrical, Ky = Kp

I Vg — Ly ’ Y
Vg = Ir)um_\-—npa —3{31! —Vop = Vin — Vipl

Ky[20r = Vindvo "fz)] = Kp(Vpp

Vg

Lo
vyt In»)"

vi o Vinxyexn 7 Virw +f%”"m; + Vip— Vyw) Tor Ky = Kp

CMOS Inverter Noise Margins *

Summary
Noise Margin of a Symmetrical CMOS Inverter
oMy NM, =V, -V, Noise Margin for low input
Vo= \\ L o oLU
Vogy=4.635 |- A" NM ,; =V, =V Noise Margin for high input
A NMp =175V Jope = =1 ;
s v = Vicge=kpn = Vv +3Vop + Viep = Vix)
3 I » 5 - I »
Vi = Vingyespy = Ven +§Vop + Vip — Vi)
r Vouviy=kn = 112V + Vop = Viy = Vip)
15—
1+ NMy =175V I'm_f'm'.-_xp: = %IEW Vpp = Vin = Vil
Slope - ol
Vo = 0375 ",
0 ‘uu | 3 4 5 4y r;)
‘2. L] : ‘=2. 875 Vo

CMOS inverter \.-nltage Iransfer characteristics
with defined noise margins

Example 16.11

P1047

matched with Ky = Kpand Vey = —Frp = 1 V.

Example 16.11 Objective: Determine the noise margins of a CMOS inverter.
Consider a CMOS inverter biased at Vpp =5V, Assume the transistors are

vi = Vigge=ke = Viw -‘-—-(j oo+ Vip = Viy)

Vie=Vin +3pp + Vip = Vi) = 1435 = 1 = 1) = 2,125V

vi = Virrky=kp) = Vin +§Vop + Vip = Viy)

Vig = Veny + 3 pp+ Vep— V) = 1 435 - 1 — 1) = 2875V

’ ] . , , ’ ’
Vonvigeeipn =312 4+ Vpp = Vi = Ve Vorows

Voru =32V + Vop — Ve — Vil Vory =
= %[2{2.125'} +5=141]=4625V

Nolse margins
\ 1

NMy =V

o

Ly , . .
ke =302v = Vpp = Viyy = Vipl

Vig=4.625-2875= 175V NM, = Fj, — Vorp = 2.125 - 0.375= 175V

2V = Vop = Vi — Vel
V2(2.875) -5 -1+ 1]=0.375V

L
_ip
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CMOS Logic Circuits

» Large scale integrated CMOS logic circuits including watches,
calculators, and microprocessors are constructed by using basic
CMOS NOR and NAND gates.

Therefore, understanding of these basic gates is very important for
the designing of very large scale integrated (VLSI) logic circuits.

CMOS NOR and NAND Gates

CMOS Logic Circuits

CMOS NOR and NAND Gates

0O CMOS NOR gate can be constructed by using two parallel NMOS devices
and two series PMOS transistors.

Voo truth tables
-—T A B Vo
A Mpy - - -
0 0 Vop
Vop 0 0

Mpy

> The output is at logic 1 when all inputs are low.
» For all other possible inputs, output is low or at logic 0.

Two-input CMOS NOR logic circuit

CMOS Logic Circuits

CMOS NOR and NAND Gates

O CMOS NAND gate can be constructed by using two parallel PMOS devices
and two series NMOS transistors.

Von truth table
A B Yo
Bo— 0 0 Vpp
L Voo 0 Voo
0 Vop Vop
Vop Vop 0

My,
e » The s at logic 0 when all inputs are high.

» For all other possible inputs, output is high or at logic 1.

Two-input CMOS NAND logic circuit

CMOS Logic Circuits

How can we design CMOS NOR symmetrical gate?

To obtained symmetrical switching times for the high-to-low and low-to-high
output transitions, the effective conduction (design) parameters of the
composite PMOS and composite NMOS device must be equal.
For the CMOS NOR gate, K¢y = Kcp effective conduction parameter of the twoparllel NMOS
[ wo series PMOS

The effective channel widith of the parallel NMOS devices is twice the
individual width; similarly, the effective channel lengih of the series PMOS
devices is twice the individual length.

k! (@D k(W
2\ L ) .'\_ 2820/ p
N 2 w ,
kj =~ 2k 2(_) - (T) Y (W
L)y \aL), L), \Z),

In order to get the symmetrical switching properties, the width to length ratio of PMOS transistor must
be approximately eight times that of the NMOS device.

For asymmetrical case, switching time is longer!!




CMOS Logic Circuits

How can we design CMOS NOR symmetrical gate?

vV A e (v :
ot —— (WLIp = BNy e fima) vy (WL = 5Ly e 1 7 (A

(WiLIp= 2(WiLjy ——— — (WiLIp= 2 Wiy ===

—04 {04

— 03

ol -0l

~

i 4 5

= 2
A=B=w(V) Bo=vVija=0]

Voltage transfer characteristics, two-input CMOS NOR logic circuit
for various width-to-length ratios

Concept of Effective Width to Length Ratios

R . Series combination
Voo
o ) O
= ¥

L

Twa-nput GMOS NOR logic crcut Iy

Parallel combination
Voo

- | pew -

f
s = = L s 7 -

3

For the NOR gate the effective width of the For the NAND gate the effective length of
drivers transistors doubles. the driver transistors doubles.
The effective aspect ratio is increased. The effective aspect ratio is decreased.

D16.19 In the two-input CMOS NAND gate in Figure 16.45(a). determine the
relationship between the (W /L) ratios of the n<hannel and p-channel transistors
such that the composite conduction parameters of the PMOS and NMOS devices are
equal. (Ans. (W/L), = 2(W/L),)

D16.20 Design a three-input CMOS NOR logic gate such that the effective con-
duction parameters of the composite PMOS and NMOS transistors are equal.
Determine (W /L), /(W /L), where (W /L) is the width-to-length ratio of the individual
PMOS and NMOS transistors. (Ans. (W/L)p = I8(W/L)y)

D619 e Pagrt 105 1620 o Page 193
Rtdsrence 3_‘»\‘,”4 < Mok ManD D8 g0 4 three inp ok
aede- o Aol Ao g 14;5/;3,,,(4
Dedarrrit velakiasig AW Tl Sugl prat
- chanred ok pochommed Ko, cff = K, e ff

B b SUCL Tt Composiie O eben il w
co »du(Awnwa,mt-o.( 5 VZ; F/v/a( ( /)P/(/é/’”

od A 016é e vices o e @ EJ_I_P 4’1‘/\(;(,;?«: § ﬁil
~ o MR

Kar e o - Ke, ere we Hare  Thoae ML

Su)- !MSFGJ,I,;“ .;_‘{ Fesurs 1645 ;LT:Y“ME{\P;;;?;M;;LT«’N
et B @

Shovt nad e e Avie Crmpnd
Lt of i pove i P ate Sesrce
5 Aroide e tmdividaal W g ol (K‘" ) __{j Vop
?{{eu{ym Chommndk Lovgin ~f_ Tue !

Sesien NMOC Trombestas i Terice Simee }(V- = LKP
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B Sie g7 o 2KP _ B Mpg
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CMOS Logic Circuits

Fan-In and Fan-Out

» Fan-in of a gate is the number of its inputs.
Thus a four input NOR gate has a fan-In of 4.

» Fan-Out is the maximum number of load gates that may be
connected to the output.

Since the CMOS logic gate will be driving other CMOS logic gates.
the quiescent currrent required to drive the other CMOS gates is essentially zero
the maximum [lanout is virtually limitless.

However,

< Each additional load gate increases the load capacitance their must be
charge and discharge as the driver gate changes state. This place a
practical limit on the maximum allowable number of load gates.

Switching Time and Propagation
Delay Time

The dynamic performance of a !
logic circuit family is

characterized by propagation Fon
delay of its basic inverfer. The
propagation delay time is ¥t You)

define as the average of Jow-
to-high propagation delay time
and The high-to-low

Vo

propagation delay time. %
The propagation delay time is .
directly proportional to the -

switching time and increases . .y,

as the Fan-out increases.

Therefore, the maximum Fan- Yor

out is limited by the maximum

$_ccep'rab|e propagation delay
ime.

'___77ﬁ)%:]_f—_—\_ -
50%
10%_/] A
T T
o ke > e 1
] |
i 1
) 1
—>|rm!-<~ "l"rm!"
—— L
i

>t be

L
Humube

Definitions of propagation delays and switching times of the logic inverter.

Each additional load gate increases the load capacitance their must be
charge and discharge as the driver gate changes state. This place a
practical limit on the maximum allowable number of load gates.

CMOS Logic Circuits

Switching Time and Propagation Delay Time

Definitions of propagation delays and switching times of the logic inverter.
) Propagation Delay Time
Propagation delay

Vou | A ~_
/ | \ wn b= (b + )2

(o, + You) x
-
> e > tif re Switching Time
|
—>| tp,,,_'<- "1'?1.”}('
| |
|
|
|
|

VYo ————90%3\ {;/_T
| |
Yo+ Von) : \ v 30%
10% ——T-— ¥ Jlf—

|

|

I
->| trp € >t e

VoL

Yo

VOL

H

Propagation Delay Estimate

.__T Vpp=5V
1

My "M,
vm5SV byl+) =5V
vy vy
:]_.w LMy & M,

vy Uy
+HV — +5V +5 Y
' t
oV E— ov ov
1] 0
{a) (L] {ah

Vop=35V

» The two modes of capacitive

charging/discharging that contribute to

propagation delay

ja Vpg=5V

1 My

I ¥ vpll+ =0V
V=0V

C




Switch-level model

Delay estimation using switch-
R (\IC level model (for general RC
=" circuit):
=c 5 w=Car
di I
v RC

I1=— -  dt=——=dV
R 4

v,
t—t,=t,= J'%dV

Vo

t, = RCn()) ~n(7)] = RCln[Z‘j

0

Switch-level model

* For fall delay t,, Vo=V, V4=V, /2
1
t =RClIn 4 =RCIn 2Vec
3 V() VCC
t, =RCIn(0.5)

t,, =0.69R C
PH nt . Standard RC-delay
tplh = 0.69RPCL equations

Chapter 16

MOSFET Digital Circuits

Chapter 16.6
Transmission Gates

Transmission Gates

» Use of transistors as switches between driving circuits and load
circuits are called transmission gates because switches can transmit
information from one circuit to another.

» NMOS and CMOS transmission gate.




NMOS Transmission Gate

» The bias applied to the transistor determines which terminal acts as the
drain and which terminal acts as the source.

substrate connections

Vio
oVo | |
a —l_ b
]

VIo _I_ ] J_h
&

L

load capacitance

il

simplified diagram

|||—)l—4

> Cp load_capacitance input gate capacitance of a MOS logic circuit.

> transistor must be hilateral ) )
must be able to conduct current 1n either direction.
This is a natural feature of MOSFETs.

NMOS Transmission Gate

As an Open Switch

oVo

When gate voltage ¢ =0, the n-channel
Cy transistor is cut-off and the transistor
acts as an open switch

L1
'y

-u—n—-

NMOS Transmission Gate

As an Open Switch

VDD zero

Vo | |
[
7}

'0 @ High input

5 It ¢=Vyp, vi=Vpp, @nd v, is initially (=0) zero,

terminal b acts as the source since its bias is zero.

0=Vpp

l T
Drain Source :I: Cr terminal a acts as the drain since its bias is V.
v
Gate —

-Current enters the drain from the input charging
up the. capacitor.

As CL charges up and Vo increases, the gate to
source voltage decreases. When the gate to
source voltage VGS become equal to threshold
voltage VTN, the capacitance stop charging and
current goes to zero.

This implies that the

VO=VO(max) when VGS=VTN

0 ¢t t Or
PLH VO(max) = Vyp-VIN

This implies that output voltage never will be equal to V. ; rather it will be lower by V.

This is one of the disadvantage of an NMOS transmission gate when VI=high

NMOS Transmission Gate

As an Open Switch

VD D zero

Vo | |
[
7}

Vo @ High input

) vas = ¢ —vo=Vpp—ro
4

volmax) = Vyp — Vi

o=Vpp
Gate

l o
Drain Source I Cr

Fop= Vo f-

2’?3
Vop~- Vin LOT I
Output voltage versus input voltage characteristics

1]




Characteristics of NMOS NMOS Transmission Gate
transmission gate (at low input) As an Open Switch

When V1=0 and ¢=Vp5p i Voo Vin .
and Vp=Vpp-Vy at t=0 (initially). Yo ; , Vio : 0 Vo @ Low input
It is to be noted that in the present case D 0
terminal b acts as the drain and terminal Vpp-Vir When ¢ =V, =0, and v, =V}, Vyy, at =0,
aacts as the source. b G terminal « acts as the source since its bias is zero.
Undveof‘l;fglgf?;o"d'*wns the gate to source Voo I terminal b acts as the drain since its bias is /igh.
’ 2
Vos=¢-Vr G = ~Capacitor discharges as current enters the drain.
Vos=Vpp-0 | Stop discharging drain current goes zero.
Ves=Ypp 0t t
This implies that value of Vs is constant. ) ) )
In this case the capacitor is fully ¢ gate vgs =¢—vi=Vpp—0="Vpp
discharge to zero as the drain current ~ Source drain

goes to zero. Vs 15 @ constant

“Good” logic 0 when ¥V;=low

e
ST

7
This implies that the NMOS transistor ’ In this case the capacitor is fully discharge to zero as the
provide a "good” logic O when Vi=low T drain current goes to zero.
= 0 tpy to Vo0 e
This implies that the NMOS transistor provide a “good
logic 0 when Vi=low
. . Example 16.13 p1060
NMOS TraI'IS mission Gate Example 16.13 Objective: Estimate the rate at which the output voltage vy in
Figure 16.57 decreases with lime.
Assume the capacitor is initially charged to vy =4V, Let €, = | pF and assume
O Why NMOS transmission gate does not remain in a static condition? the reverse-biased pn junction leakage current is a constant at iy = | nA.

’ The voltage across the capacilor
» The reverse leakage current due to reverse bias between . Be C cap

@
terminal 5 and ground begins to discharge the capacitor, L P ’ iL K
and the circuit does not remain in a static condition. i ~l 7 [ o o= g |t =g R
i Wl
" ) n /] c minus sign indicates that the current is leaving
Gate :I: the positive terminal of the capacitor
n e . )
o Y = K = vplt =0) =4V intal condition
Source | Drain 1 S i ;
v, T Vi = - -
r I | J- N Voo-Vix v Cy
S nl{ J IQ- v The rate at which the output voltage decreases
3 DD -
p t 1 == dvg i 10~° .
= 2 it 1000V /s = —1V/ms
[t L =

the capacitor would completely discharge in 4ms.




Example 16.14  onjective: Determine the output of 20 NMOS inverter driver by
a series of NMOS transinission gates,

Consider the circut shown in Figure 16.58. The NMOS invetter is driven by three
NMOS transmision gatzs in srice. Assume lhe Mt voltages of the mchannct
Iransmission gaté transistors and the driver transistor are Fry = +08Y, and the thresh-
vid voltage of the loud transistor is Fryy = -1.5V. Let Kp/K; = 3 for dhe inverter,
Detemine v for vy =0 and 1 = 5V,

Solullon:  The threc NMOS transmission gates in series act as an ANDINAND func-
ion, 173 =0 and 4= B=C = logic | =3V, the guie capacitance (o drover My,

becomes completely discharged, which means that vg, = rg; = vgy = 0. Driver Mp is
culoffand vy = 5V,

Figure 16,56 NMOS inveter dien by ree NS tomsision gales n setws

[fy;=5Vand 4 = B=C=logic | = 5V, (h thret trangmission gates are biased
in their conducting siate, and the gate capasitance of My becomes charged. For tran-
sistor My, the curreat becones zero when the gate-to-souree voluage is cqual to the
threshold vollage, or, from Equatien (16.87(t)).

Vo= Vg Frym $- 08 242V

Transisiors Myg and Myc also cut off when the gate-to-Source voltages are equal to the
threshold voltage; therefore,

Vo= doy = Vg = Vpy =5 08242V

‘This resull shows that the drain-to-source voltages of Myg and My are alsa zero.
A threshold voltage drop is lost in the first transmission gatc, bet additional threshold
voltage drops are not lost in subseguent NMOS transmission gales in series.

For a voltage of voy =42V applied to the gate of My, the driver is biased in the
nonsaturation regon and the load is biased in (he sacuration region. From iy = ipy. we

have
Kol ~ Vrobto = o) = K=V
The output voltage is found 10 be
1p= 0412V
[Fany one of the trangmission gate voltages, 4 or Bor €' switches (o a logic 0, then vgy
will begin 1o discharge through 2 reverse-biased pn junction in the transmission gates,
which means that vy will increase with time.
Comment: In his example, the inverter is again in a dypamic condviion; that is, when

any transmission gate is cut off, the output voltage changes with time. However, this
type of circuit can be used in clocked digital sysiems.

Test Your Understanding

16.26 The threshold voltage of the NMOS transmission gate transistor in Figure
16.55(a) is ¥y, = 1 V. Determine the quiescent outpul voltage vy for: (a) v, =g =5V,

by, =3V.9p=5V;(c)v; =42V, ¢p=5V:and (d) v; =5V, ¢ =3V. (Ans. (a) vy =
AV (D) vg=3Vichvg=4V (d) v =2V)

16-26 ow page I0b2

Grvew Taat h guvda Case
Vi = 1 7 ez 20
Detzrmnie Vo £ & w::“ n.av
@ Viz24 =Sy .

® vi=3y 4 =5v
® vI=liay &Ly

<ol

@ Whow v= g
vi= Sy
4 By

= Mg transwmstuim gare

© biased tw Comducking Shede

ek mJay‘eAM;n I ] -ﬁjﬂv

b comas C\Aﬁvﬁeﬂ/\)\ﬁ-’—‘h Vigg = Virw
= e ata 16 8Tk fanm ke ute S

2 Vp = Vsn;)”' Ny VeRT P
2 Ve ST n=y
Wiz o=
£ whew  wi= 32V
» =5V

O NPRs
T st A L8 benn
5 “tas
vr £ Vep— Ve,
ek fllod W.Fm\- rea
Vp = VT

AP g Cinee LS

Voo~ Vv

Yoo~V Voo

Example 16.52 pl106
D16.52 For the circuit in Figure P16.52, the input voltage v, is either 0.1 V or 5V. Let
¢ = 3V. The threshold voltages are Fyy = — 1.3V for My and V4, = 0.8V for all other
transistors. The width-to-length ratios are | for M; and My and 10 for M, and M.
(a) What are the logic | values of vy and vga? (b) Design the width-to-length ratios of
My and M5 such that the logic 0 values of vgy and vgy are 0.1V,  Neglect the body effect.

5V 5V

T

o

(@) voi(logic 1) =42 V, woa(logic 1) =5V




Example 16.52 p1106

(b) »q =5V =2uwpn=42V
M, in nonsaturation and M; in saturation.

NMOS Inverter with Enhancement Load

f\'r}[:{TJ Vrnolvo ";J| =K;(Vpp—vo— V)
Ml w w N
_'Lj_rl[ (‘L_]n[z("m Voo lVor ""3»] = [‘E‘)"(Vw ~Vor =Vna)

(-‘E‘—);[!(a.z - o.s)(u.:; - (0.1)? = (1)(5 - 0.1 — 0.8]" (3) 06N =161 (1:-) =21

L

Now v =42V =>vgs3 =42V
Mj; in nonsaturation and M, in saturation.
NMOS Inverter with Depletion Load w w
- 1 2
% vy = Vywplva "f:] = ‘-.l.u.]: [T)a[z(vo‘,_VM)Vm _v‘”]-(f)‘[_y’"‘]
1

Y (242 -08)(0.3) - (0.1)) = (D~(~1L3)P

-]

(0.67) = 2.25

R
-]

o

e L R
HENS A

=336

CMOS Transmission Gate

Case I: Input High condition

¢ =Vpp If = Viyp, ¢ =0, v; = Vpp, and vy is initially zero,

. terminal @ acts as the drain
Charging Drain Source NMOS .
path ¥ terminal b acts as the source
ﬂ-l- I Th VGsN

v ¥ NMos
vi=Vpp ipy ”
C— K L (¥
Ipp
y Voo pmos |
Vsap «1 _l- le‘ 9] X
- I NMOS visn = & — Vo = Vop — Vo

Source Drain .
! Vs continuously change

$=0 PMOS Vsgp =" — &= Vpp —0=Vpp
V¢sp Ffemains constant
when vp = Fpp — Fry. the NMOS cuts off and ipy = 0 since vogny = Fow.
PMOS continues to conduct since vggp = Vpp
In PMOS, I;,,=0, when V,,=0, which would be possible only, if, ¥V =V;=5V
logic ‘1’ is unattenuated

PMOS term!nal c acts as the drain
terminal d acts as the source

CMOS Transmission Gate

» A CMOS transmission gate can be constructed by parallel combination
of NMOS and PMOS transistors, with complementary gate signals.

» The main advantage of the CMOS transmission gate compared to
NMOS transmission gate is to allow the input signal to be transmitted to
the output without the threshold voltage attenuation.

[

i simplified circuit symbol

u‘TITb o
= NMOS |
Vi o—m ; vo Vio 7 oVo
Vop pMOS | EI:I l
d i (o &7
1 . Cr
I . :[
& E—
CMOS Transmission Gate
Case II: Input Low condition
¢ =Vpp ifgp= Vpp.d=0,v, =0, and vy = Vpp initially
Source Drain NMOS term!nal a acts as the source
Y _ ) terminal b acts as the drain
Veish “T .F’ Discharging .
- _L — path PMOS terminal ¢ acts as the source
=itk = NMOS terminal d acts as the drain
vi=0 oy = 2
R . ipp< | v
Voo pMos

+ ~. I I
“‘J. .L J.‘ _vsGe :I:(’- NMOS Vesy =¢ — vy = Fpp — 0= Vpp

Drain | Source

0=0

PMOS vygp =g — @ =19 —0=19

When vggp = vo = | Frel, the PMOS device cuts off and ipp goes to zero.
However, since vggy = Vpp, the NMOS transistor continues conducting and
capacitor C; completely discharges to zero.

Finally, ¥,=0, which is a good logic 0. Vser =V, —;5 =v,—-0=v,




CMOS Transmission Gate

1 77777 T

NMOS

Vet & _L .T()".:
¢ =Vop I('L

1 77777

PMOS

CMOS Transmission Gate

CMOS transmission gate remains in a dynamic condition.

' > If VO=VDD and ¢=0, then NMOS
b substrate to terminal ‘b’ pn junction
1 1 A- I,. T is reverse biased and capacitor CL

can discharge.

NMOS |

to-substrate pn junction is reverse
biased and capacitance CL can be

T” > If VO=0, then the PMOS terminal c-
I{‘r.
- charge to a positive voltage.

Test your understanding p1067

16.29 Consider the CMOS transmission gate in Figure 16.64(a). Assume transistor
parameters of Fypy = +0.8V and Fypp = —1.2V. When ¢ = 3V, input v, varies with
time as vy = 0.5V ior0 =1 = 105 Let vglr = 0) = 0 and assume ¢ = 1 pF. Determine

the range of times that the NMOS and PMOS devices are conducting or cut off,

. ’ > This implies that the output high
PMOS or low of CMOS transmission gate
1 circuit do not remain constant
Voo with time (dynamic behavior).
Exercise 16.29 (@) plOXX

Given that V=0.8V, V;,=-1.2V. When =5V, input v, varies with time as v, =0.5¢
for 0 <¢<10 sec. Let ¥;,=0 and C;=1pF. Determine the range of the times that the
NMOS and PMOS devices are conducting or cutoff.

NMOS conducting for 0 <y, <4.2V
NMOS conducting for 0 <z < 8.4 sec
NMOS cutoff for 8.4 <t <10 sec

Vi o—tg




HW solution

EX16.8
Vop _ 2.
(a) V, ==2=22=105V
Vi =V =Vyp =1.05—(~0.4) =145 V
Vo = J--’n ~Vy =1.05-04=065V
PO A L ~04)+40504) _

! 1 ++/0.5

Vo =1.16+04=156V
Vo =1.16-0.4=0.76 V
©  Va= 21404 +V204) _ 535y
1+42

Vo =0.938+04=1338V

ory
Vo =0.538V
TYUled
a. From the load transistor:
Iy == Ly iz | (Ve - 'mf7%0_5)(5-0.15-0.7)3
or ’

1, =150.7 A

Maximum v, oceurs when cither 4 or B is high and C is high. For the two NMOS is series, the effective

ky 1s cut in half, so

1 (W) I -

n[ B ‘ " l ) ’)L"iiu‘-‘
212 ) st m sl os
2 /

or

Eh(iA Mz(s-o.v)(u.l5)-(”.15)2_.

which yields
f { A\

—| =136

\“/p

b Py Py =(150.7)(5) = P=T53 uW

TYUl6.3
8

Pip-Vyp=ip= (_’“ ~160 uA

35 (WY, a (W)
iy =160=22 —| (1.4 = =—| =4.66

2 \T), \Z

351 (W (W

iy =160 A ==~ | [2(5-08)(0.12)-(0.12)" | > =] =276
! 2 3lL /|,r: ( | L /'|n
16.36
a. r-ll_\'.l = ".IIJ = l”ln“.’

By svmmetry, V), =25V
Vi =2.5408=33V
25-08=17V

L ey
Vy =33V

and V7,
S0 1.7 <

b. For v, =06 <V = v, =5V

N, in nonsaturation and P in saturation. From Equation (16.57).
ﬁ:-(r,z ~0.8)(0.6)-(0.6) | =[5-v,, —0.8]

1.2v, —1.32=17.64—8.4v,, +12,

or

Vi, —9.6v,, +18.96 = 0

So v, =vy, =278V

For vy, = 2.78, both N, and [ in saturation. Then

v, =25V
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(a) Switching Voltage. Eq. (16.43)
204
33—0.4+1f (s L(0.4)
Vy — L65V=vw,
2
8
. (80 B 2 ae
i ‘T‘H)(].ﬁ.\—(l.ﬂfl = i, g = 250 pA
(b)
1 2(4)
33-04+ (0.4)
Vi = 1436V =v,
2(4) S
1+
4
[ 80 2 o
iy o ‘Tl(ax)(l,u(xftu) =i o = 172 A

(<)

o

(4

Vi =v, =1L776V

[

33 —0.++,‘$w.4)

12
) /80
o | b, pesk

(4)(1.776-04) =i 303 pA

Chapter 16

MOSFET Digital Circuits

Chapter 16.7

Sequential Logic Circuit

SEQUENTIAL LOGIC CIRCUITS

In the logic circuits that we have considered in the previous sections, such as
NOR and NAND logic gates, the output is determined only by the instanta-
neous values of the input signals. These circuits are therefore classified as
combinational logic circuits.

Another class of circuits is called sequential logic circuits. The output
depends not only on the inputs, but also on the previous history ol its inputs.

This feature gives sequential circuits the property of memory. Shift registers
and flip-Mlops are typical examples of such circuits. We will also briefly consider
a full-adder circuit. The characteristic of these circuits is that they store infor-
mation for a short time until the information is transferred to another part of
the system.

SEQUENTIAL LOGIC CIRCUITS

The logic circuits considered thus far are called combinational
logic circuits. Their output depend only on the present value of
input. This implies that these circuit do not have memory.

Another class of the logic circuit that incorporate memory are called
sequential logic circuits; that is, their output depend not only the

present value of the input, but also on the previous history of inputs.
Shift registers and flip-flops are typical examples of such circuits.




SEQUENTIAL LOGIC CIRCUITS

NMOS Dynamic Shift Registers

A shift register can be
constructed by the
combination of fransmission

gates and inverters.
If Vi=Vpp and ¢=Vyp, thena
logic 1=Vpp-Vyy would exist
at VOI' i
+ The C_ charges through M.
As V,; goes high, Vg, goes low.
If ¢, is high low will transmitted
through My, and Vy, would
be at logic 1. Thus logic 1
shifted from input to output.

In shift register the input signal is
transmitted, or shifted, from the
input to the output during one clock
cycle.

Dynamic Shift Registers at Various Time

Suppose V=5V and Vy=1V.
At t=t;, Vi=¢,=5V, v, goes low "

At this time My, is still in cutoff A i Lot

:=0) L] i,
even though input of My, has ot i i P
been changed. This implies that ' _‘ ! L |_|
Vo3 and v, depend on the . Trand ;—;;em wqr':d@ ém%}de I

previous history. sy
Similarly at t=t3, ¢, is high, and logic !\H_'—|
0 at v, is transmitted to vy, |

]

1

I

Il

|

I

|

I

I

!

i

|

|

|

1 1

which force vy, to V. Thus the HS ; ; i
input information is transmitted : ] 1 [ O -

I

Vaz 1 I
1

I

1

L

]

|

]

I

I

L

I

I

|

I

to output during one clock cycle.
Ve Ve

Time

Dynamic Shift Registers at Various Time

onsider when t=t, ,an
$0 V;=0 and V= 5V Vo, and Vo4
depend on previous history

*  Att=ts, $,=5V, vo; charges to V-
V=4V and Vg, goes low.

* Thus logic 0 is shifted (transmitted)
from input to output.

Also note that vpo; and vy, are

depend on previous history of their :m R

inﬁufs instead of current inputs
(they are having memory).

R

P i B B

-3~
L

NMOS shift register is also dynamic
(why?)

Voo Voo
* The output charged
capacitor does not ’—1 Hy ’—1 "
remain constant with N -,
time because it is i i
discharge through the o To Lo LT Tl
M N L DI ' DY
transmission gate H i
transistor. T T
+ +

+ Inorder to prevent
logic errors, the clock
signal period T must be For example at t = t,, V=4V, ¢,=0

small compared to and My, is cutoff.V, will start to

effective RC discharge to decay and V,,, will begin to

time constant. increase.




CMOS Dynamic Shift Registers

The operation of the CMOS
shift register is similar to
the NMOS register except
for the voltage levels.

)

For example, when vi=¢,=V.
Then v;=Vpp and v,=0.
when ¢, goes high, then v,;
switch to zero, v 4=vpp.

Thus input signal is shifted
to the output during one
clock cycle.

NMOS R-S Flip Flop

Flip- ﬂt?ps are bistable circuits
usually formed by cross-coupling
two NOR gates. The output of
the two NOR circuits are
connected back to the inputs of
the opposite NOR gates.

a\/hen S=logic 1 and R=logic O
=logic 0 and Q=logic 1=V,

Transistor M, is then also biased
in conducting state.

If S returns to logic O, nothing in
the circuit can force a change

and flip flop stores the previous
logic states, although M turned
off (but M, remains tuned on).

NMOS R-S Flip Flop (cont.)

When R=logic 1 and S=logic O

Then M, turn on so output goe: Vo
low. With S=Q=Logic O, both

M; and M, are cutoff and goes

high. The flip-flop is now in

reset state. M }_‘ ’_! M,
If both Sand R inpu‘rsgo high. Jo

° Q)
Then both outputs Q and
My M, |—ox
T

would go low, which implies
that output is not complementary ‘°—|

This condition is forbidden or
nonallowed condition.

CMOS R-S Flip-Flop

The operation sequence of CMOS R-S Y
flip flop is same as NMOS.

For example: If S = logic 1 and R =
logic O, then My, is turned on, M, is
cut off, and goes low.

With? =R= logic O, then both My,
and My, are cut off, both My; and M4
are biased in a conducting state so
that the output Q goes high.

With Q = logic 1, My, is biased on, ~ “®
M., is biased off, and the flip-flop is
ina set condition.
When S goes low, My, turns off, but
My remains conduc mc?, so the
state of the flip-flop does not change.




CMOS R-S Flip-Flop (cont.)

* When S = logic Oand R =

logic 1, then output Q is
forced low, outputo
goes high, and the flip-
flop is in a reset
condition.

* Again, a logic 1 at both

Sand R is considered

to be a forbidden or a (,_f_( - " }_L,
nonallowed condition, " et
since the resulting

outputs are not
complemen‘rary. Figure 1672 CMOS R-S flip-flop

Static vs Dynamic Storage
 Static storage
— preserve state as long as the power is on
—have positive feedback (regeneration) with an
internal connection between the output and the
input
—useful when updates are infrequent (clock gating)
* Dynamic storage
—store state on parasitic capacitors

—only hold state for short periods of time
(milliseconds)

—require periodic refresh
—usually simpler, so higher speed and lower

noa\aQr

Static D-type Flip-Flop

» A D-type flip-flop is used to provide a delay. The logic bit on the
D input is transferred to the output at the next clock pulse.

vy = High

Voo
When the CMOS transmission gate turn off ($=0), the pn junction
in the My, transmission gate transistor is reverse biased.

TGI [e} TG2
. [, b . -
D_% 1~ Dﬁ' [>o
H ¢
TG3 TG4

Master Slave

Figure 16.74 CMOS master-slave D flip-flop

D [ 1 __
S B B

Figure 16.75 D flip-flop signals at various times




