Unit 3
Combinational MOS Logic Circuits



Overview

Static CMOS
Conventional Static CMOS Logic
Ratioed Logic
Pass Transistor/Transmission Gate Logic
Dynamic CMOS Logic

Domino

np-CMOS



In

Combinational vs.

(a) Combinational

Output = f(In)

Sequential Logic

State

(b) Sequential

Output = f(In, Previous In)



Static CMOS Circuit

At every point in time (except during the switching
transients) each gate output is connected to either
Vppor V. via a low-resistive path.

The outputs of the gates assume at all times the value
of the Boolean function, implemented by the circuit
(1gnoring, once again, the transient effects during
switching periods).

This 1s in contrast to the  dynamic circuit class, which
relies on temporary storage of signal values on the
capacitance of high impedance circuit nodes.



Static CMOS

Inl
In2 PMOS Only
In3
o F=G
Iy 6—| NMOS Only

PUN and PDN are Dual Networks



NMOS Transistors in Series/Parallel Connection

Transistors can be thought as a switch controlled by its gate signal

NMOS switch closes when switch control input 1s high
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NMOS Transistors pass a “strong” 0 but a “weak” 1



PMOS Transistors in Series/Parallel Connection

PMOS switch closes when switch control input is low
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PMOS Transistors pass a “strong” 1 but a “weak” (



Complementary CMOS Logic Style Construction (cont.)

* PUP is the DUAL of PDN

(can be shown using DeMorgan’s Theorem’s)

A+B = 4
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* The complementary gate is inverting

D ) =)

AND = NAND + INV



Example Gate: NAND

Out
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Truth Table of a 2 input NAND

cate

PDN:G=AB — Conduction to GND

PUN:F=A+B =AB = Conduction to V[,

G(ny,In,, In,, ...) EF(Inl,Inz, Ing, ...)



Example Gate: NOR
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Truth Table of a 2 input NOR. gate
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Example Gate: COMPLEX CMOS GATE
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Analysis of Propagation Delay

1. Assume R,=R,= resistance of minimum
sized NMOS inverter

2. Determine “Worst Case Input” transition
(Delay depends on input values)

3. Example: t,, ,; for 2input NAND

- Worst case when only ONE PMOS Pulls
up the output node

Ry - For 2 PMOS devices in parallel, the
A resistance is lower
_:I tpLH — 0'69RpCL
2-input NAND 4. Example: t,, for 2input NAND

- Worst case : TWO NMOS in series
toHL = 0.69(2R,)C;



Design for Worst Case

Here it is assumed that R, = R,



Influence of Fan-In and Fan-Out

on Delay

VDD
A 0_4 lfiqq ljc,_d lfﬁbq lf‘ Fan-Out: Number of Gates Connected

2 Gate Capacitances per Fan-Out
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c i Fanln: Quadratic Term due to:
] 1. Resistance Increasing

Do 2. Capacitance Increasing
-

(t,a1)

_ 2
tp = alFI+aZFI +a3FO



t,as a function of Fan-In

4.0

AVOID LARGE FAN-IN GATES! (Typically not more than FI < 4)



Fast Complex Gate - Design Techniques

e Transistor Sizing:
As long as Fan-out Capacitance dominates

* Progressive Sizing:

_ Out
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M1 >M2>M3>MN

= Distributed RC-line
Il”lz — _M2 C2
Inl _11_’ Cl

T — Can Reduce Delay with more than 30%!




Fast Complex Gate - Design Techniques (2)

e Transistor Ordering
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Fast Complex Gate - Design Techniques (3)

e Improved Logic Design




Fast Complex Gate - Design Techniques (4)

* Buffering: Isolate Fan-in from Fan-out




NMOS Inverter w/ Saturated
Enhancement Load

Vp=3.3V

=

Vin — 1<

A MOSFET replaces the resistive
load, greatly improving the packing
density.

The two MOSFET's are fabricated
with identical thresholds and
process transconductance
parameters, for simplicity and high
circuit yield.

The load has a positive threshold
and has V;s=V|gs, therefore it is
always saturated.

Vo = Vpp - Vr.



NMOS Inverter w/ Depletion Type
Load

* For the depletion type device,

Vo Vost =0
This necessitates V5, < 0 for conduction in the
': N, load. Also, linear or saturated operation of the
V,,, load s possible:

= Vop =Vour < =V = linear operation

*This circuit achieves Vy = Vpp without the
need for two supply voltages.

« The disadvantage is fabrication complexity,
because transistors with two different
threshold voltages are required.



n-Channel MOSFET connected as
saturated load device

A n=channel anlancement-mode
MOSFET wath the gale comnmecled 1o

the dirain can be wsed as load devise in
an NMOS invened.

Sance the gate and draan of the
Farssiol are connecled, vwe hayve Tos =Ty
Vg™ Vs
When Voe® Vo> W, 8 Non Fars deain l.,
carrend & _ i e Iraniss o s

e

Vg fS8f)m (Vop-Vny) because N

Vog=Wpe oF Ve (Salle (Wo-Vr,l

I e saluration o e drain curren is
 m " _ri,g W Figure 10 (a) a-chawal MOSFET carmecid o saturiind i device and bl cumm-
IR Vo Wi = K VoV AR Chaeio: of b nad dees

The I, versus v, characteristics are shown in Figure 16.7(b),

-

which indicates that this device acts as 3 nonlinear resistor,




NMOS Inverter with Enhancement Load

» Thes basic inverter consist of two enhancement-onty NMOS transistors

‘l
bD » Much more practical than the resister loaded Inverter, because the
resistors are thousand of times larger size than a MOSFET.

Dos
Vs () = vigg = Vi

"rm Yos




NMOS Inverter with Enhancement Load

= An n-channal enhancemeant-mode MOSFET with gale connecled to the drain can
b& used as a load device.

T M Devich acts as 4 Nonbesar rigisior 57
0 = Vi y
0 (] -
rr-channel MOSFET cormeched i |III
A% salupied Gad danca T b llr.-...'.-. ¥y, Bor e
1 jr. L1}
i = Y
T IS
- .
l'l'._-. Vs
. F
= Yoo Tog

Faor

Vg = Ve £ Fyy, the drain curmeénl s 22ro.
Vs = Fpe > Foy, 8 nonzero drain current 15 induced in the device.

¥og > (Vs — Fra) = (vps — Vrx) = vpglsat)

ip = Klrgs — Py f = Ralvps = | |'.I:E:I
— T Hembesar resistor 7
A transistor with this connection alwavs operales
in the saturation region when not in cutoll.




NMOS Inverter with Enhancement Load

‘l-'r'h:'n('f'_;}( Frup  driver is cul ofl and the dramn currents are zero.|

ipg =0 =K;(rpg; — FryrF

vour, = Vpp —v

—= Vpgir — Frwve

Voo — va — Frye =00

maxmmum oulpul vollage
Vomm = Foy = Fap I Frn j

I_--r ihs .'||I|+I=-.'-.'|:|-|-_'||| brgid MeBELE: mveericr. (e masimun uipst soliage.
witkch 1= dthe kg | 'Eﬂ' -.'l-'-.'w-ﬂ-l resch ehe Tull ':'L" o B

g VW T 'll.I




Vg and is biased in the satration region.
]
| i : 3 Pwo drain currents are egual
Y Ipn = IpL since the output will be connected
1 oy Lhe gates of other MOS transistors.
]
4 |'|-_._I| =
il Kplvgep — Vyenpl = -‘I'LJ":'L.'-.: — Fray)
o HA |
g Kplv; = Venp¥ = Kp(Vpp = 19 = V¥

NMOS Inverter with Enhancement Load

Whml:.&' Vo driver tnm'-.lﬂ.ln:mr lurns on

Vatem Vpn — Veygp — J=(¥; — Vyranl

| As the mput vollage increases, t]u. dnver
(=-point maves up the boad curve
amd the output voltage decreases hinearly 1.'||I|:| Vi




NMOS Inverter with Enhancement Load

Al the driver transition point.

vpsplsat) = vgsn— Venp O Vo, = Vi = Vean

‘Kp ~ Vo= Voo = Vexe = J77% = Vinp)
Voo = Viwe 4 '1\0(' ' \A_) VA
¢ y
Vy = —
L
V&
N

Yoy (sl = v - Vi

Teansition poimt

» » ’
Voo= Y Yoo v




NMOS Inverter with Enhancement Load

" wh““@' ¥ the driver transistor (2-poinl continues (o move up
o the load curve and the driver becomes biased in
the monsalurabion regic.

: ] . 2
-"-n|-3“'m-r| VinnWosn "'rH-'?-l Kitvpse = Ve

LT ; 27 g » , 3
f'-_.r_J_[—':'J Vrvolvo ‘r.ll—_-f't_;jl.lm o = Frwp )

the relationship between vy and rg in thas region 18 not linear)

Fﬂ ,-"rKL widih-1o-length parameters

o the driver and load transistors,

I aspict rinlio




NMOS Inverter with Enhancement Load

As the wadth-to-length ratio of
the load transustor decreases,
the effective resistance increases

! high output voltage

{Yow = Voo = Vs

" I
output voltage. or the Jogx O Jevel,

Hor a high input decreases with an
icreasing Ay /Ky ratio

Voltage transter charactenshcs,
NMOS inverter with saturated oad.
for threo aspect rabos




N-Channel Depletion-Mode
MOSFET

- In n- channel 1 1 I;l ir'r“ : E[_f
egle;‘l'inn mode I"_—’_‘M e —-’] f'—'"““ Fon
M SFET, an n- = "'—u ==
channel region or -~
inversion layer exists N
under the gate oxide - I T | '[ i
ayer even at zero rade—d b
= vnI'I' e and L__ = =
nee Te;rm depletion L —— 1 )
mode. P 18, S e = st e e 2 1 e -
- A ive voltage e - ‘
must Be applied 1o the Ir,r'f‘ T I~
e to turn the ' S e B | =g
evice off, % . =
The threshold ———
voltage is always e T e b=
five for this —i =
kind of device. e e




NMOS Inverter with Depletion Load

Gate and source are connected, 'cc; = ()

Vi, &, oince the threshold voltage of load transistor is negative.

vpsglsal) = vgg = Vo ==V
'I.'.'-;.I| =4

. 4 Vgl = Vo — Voper = I".'-"."-'-'-

- Vg =1

Load




NMOS Inverter with Depletion Load

driver transistor characteristics and load curve

@ Vs (sl = v~ Vg

Voo
’ Transition o lor dnver
. / ’
| t | > Voso = Voo
Visr- K ,/_/ Tmmx!fum posnt for load
4 / O ——————
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NMOS Inverter with Depletion Load (cont.)

Case 1: when V=Y op{drve 15
cutoff): No drain current conduct

in erther transistor. That means
the load transistor must be in the

lincar region of the operation and
the output current can be
expressed as fellows

iy (limear) =K f2(Veo - Voo Vg -
Iﬂﬂi‘}

Since V., =0, and i, _,

O=-K, {2V ey Vg + V]

Which gives V., =0 thus

‘o= Yoo
firs 15 the advantage of the
depletian load inverter over the
enfrancemeni lood INverter.

ipy

| : L]
4 1 B4 H-‘nhlll h'I

Vol Sl = Vg - Yo = -V

Lo i
Vi K

Yose




NMOS Inverter with Depletion Load

driver turns on and in the ggluration region;

o0 however, load 1s in the gonsaturation region|
| e Q-pomnt lies between points A and B
’ two drain currents equal, fpn = ing |

_| Vot Load
o Visr &

QYo Kplvgsp = Vrapl® = KL[:}' '.-GSliq— Vinuvose = "2’-‘1-]
(RN

Iy < ) < » 5 . < " - ’ g ?
g Kolvy = Vixol A:.lz' ViseXVop = vo) = (Vpp ~ vo) ]

’
: _| Yosa Dnver
ed T Viser K

Fhere are two transition points

- once for the load and one for the dover. -t ,;
B ol 2 =t
2

transition poimnt for the load
vose = Voo — Voy = vese — Vive = —Viae

| oy -~ J np -~ I INL Since Fpye » negative, the ostput voltage of the transition pomdt & kess than | g,




NMOS Inverter with Depletion Load

transition point for the driver

’ 2 b == !
vosp = Vesp — Vinp DVos S0 =16y - Vx|

1oad Vor = Vi = Viao
Vise Ky '
’
‘ _' o0 Dniver
. S Vnn ‘D s ¢ = <
Vesn When the @Q-point lics between points B and €
- both devices are in the saturation region,

Koplvgso = VanoY = Ki(vgse = ViseY

o | ' P
s, (fin (Kp . .
: f=—(vy = Vynn) = =V

- V%,

This implies that ;npud yollage Is constant
as the Q-point passes this region.




NMOS Inverter with Depletion Load

drver is biased in the ponsaturation region
while the % 1 in the saturation region.
{d-point is between points C and D

0.l
*‘ﬂrl Hl

Kp| 2(vg Vinplv vy Ryl Vo)

ol = YG 50 rap!Vpsp — Yosp LAYGsL TNLS

-|I;L.||:| N 3
Diviver —Ilﬂ'r = Vrxplvg = va| = =Vl
Yine Ep {

This implies that input and oulput voltages
are not linear in this region.
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NMOS Inverter with Depletion Load

Voltage transfer characteristics,
NMOS inverter with depletion load,
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