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Digital circuits used in all dlgltal systems are fundamentally of two types, they are

its. In combinational loglc Circuits, the
iple Boolean input vanables that are
nt of previous output(s). In sequential
on present inputs, but also dependent

presently applied to the system and is independe

circuits, the outputs(s) are not only dependent
on previous outputs.

In its general form, a combinational léglc can be re
Output (MISO) system. The input variables are represented as node voltages with respect
to the ground potential using the convention of positive logic a logic “1” is represented
by high voltage of Vpp and a logic “0” is represented by a low voltage of 0", The output
node is loaded with a capacitance C, where C, represents the total capacitance seen

at the output node due to the parasitic device capacitance and the m
capacitances. «

presented by a Multiple Input Single

terconnect

The.model of a such a combinational logic circuit is shown in Fig. 2.1.1.
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2N Model of a Combinational Logic Circuit |

Critical voltage points on Voltage Transfer Characteristic (VTC), such Vq or V, are
considered to be the important design parameters for combinational logic circuits. Other
design parameters are the silicon area, static and dynamic power dissipation.

ZE%8 MOS LOGIC CIRCUITS WITH DEPLETION NMOS LOADS

Here we discuss about various €MOS combinational logic designs. We will discuss

with a brief treatment of MOS logic circuit with depletion NMOS load. The NMOS depletion

load circuits widely used in the many areas in digital circuit design we will examine simple

circuit configurations such as to input NAND and NOR gates.
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EHHE Two-Input NOR Gate (NOR 2 Gate)

The circuit diagram, logic symbol and the corresponding truth table of the two-input
depletion-load NOR gate is shown in Fig. 2.2.1.
(b) Symbol

Va ‘ % (W/L)a
MO Input NOR Qate with Depletion Load |

The Boolean OR operation- is performed by the parallel connection of the two i
enhancement type NMOS, which act as driver in NOR circuit. If the logic high is given to
the input of transistor A(V,) or transistor B(Vp) then the corresponding transistor will turn
on and a path between output and ground will be established. Consequently, the output
voltage will become low. In this case, the circuit operates like a depletion load inverter
with respect to its static behaviour. A" similar result is achieved when both V, and V. are

high in which case two parallel conducting path are created between the output terminal
and the ground.
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If, on the other hand, both V, and V‘ are low, both driver transistors are in cut-off.

In this case, the output terminal voltage is pulled to a logic high level by the depletion
type NMOS load transistor.

Note that all the substrate of three transistors are connected to- ground so, in load
transistor body effect will take place. We can simplify the DC analysis significantly by
assuming structural similarities between the circuit and the simple NMOS depletion lead
inverter.

Ps

Calculation of V,,, : When both input voltages V, and V, are lower than the corresponding
driver threshold voltage, the both drivers are turned off and no drain current will conduct.
_Hence the load transistor, which operates in linear region, should have a zero current.

le, xD(l) - _il [2 | V. .0 (VOH)l (

Which gives, V

= Vo) = Vpp - OH)2].0 . (2.2.1)
on = Vpp

PROFESSIONAL PUBLICATIONS

>
1

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN




24 Combinational MOS Logic Circuits [Unit - 1]

Calculation of V,,, : For calculating Vo We have to consider three cases because the output

is low when three different combinations input voltages are applied to the input of driver
transistors. These combinations are,

(1) VA=V,  VB=V,
() VA=V, VB =V,,
(3) VA=V~ VB=V,,
For first two cases (1) and (2), the NOR circuit reduces to a NMOS depletion-load
inverter. Considering that the threshold voltage of the two drivers are identical i.e., Vq, (s

= Vo8 = Vi the driver-to-load ratio of the corresponding inverter can be found as,
Case 1

. w

Kia) Ky IE
K=ot — (w) o (22.2)

o Kl

- (22.3)
The output low voltage V,, in both cases can be found as,
' Ka |\, 2
Vo = Vou = Yo = [(Vow = Vio)’ - K V1,0 (VoL) e (2.2.4)

W w w
As the (T) ratio for both the drivers are identical I.e., [TJA = (T)a so the output

low voltage (V) will be same. for both cases (1) and (2).

In case (3), when both the driver transistors are turned on, the saturated load
current is a sum of two linear mode currents. )
ie, Ing = Ioaa * Toae e (2.2.5)
K K,
2
Flvean Vo] = =92 [200, - Vi) Vo - V3,
K(d),8 2
¢ =32 [20% - Vo) Vo - VA - e (2.2.6)

As V, = Vg =V, so we can derive an equivalent driver-to-load ratio for the NOR
circuit as, ' '

<
). Sol(2), ()]
Kl-ﬁﬂ"*K“ﬂ- n{d) (A LB, '
Ky K?ur) (%) - (2:2.7)
I - _
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ith driver-to-load
Thus we can replace two drivers with a single driver drait Wit -
as In Eq. (2.2.7).

Combinational MOS Logic Circuits [Unit - 1]

Now the output low voltage is,

Vor = Vou = Vo =

s £
s » __J!L-——]Ivy,u)(va) (228
(Vow = Vro)’ (Km" +Kgs
’ - . (2.2.4).
. Note that V,, given by Eq. (2.2.8) is lower than that calc'ulated by Eq (mt .:f) V‘Se,
we can conclude that the worst case condition from the static operation poi ew

l.e., highest possible V,, value, is in cases (1) and (2).

This result also gives an Idea for a simple design strategy for NOR gate. Usually,
when one Input is high we get a worst case for V,, i.e., higher value. Hence we assume
that only one input (either V,, or V) Is logic high and determine the driver-to-load ratio
using Eq. (2.2.7).

Then, Kiara = Kiare = Kn Ky ver (2.2.9)
This yields two Identical driver transistors, which guarantee the required value of

Voo In the worst case. When both inputs are logic high, the output voltage is even lower

than the required maximum. V,,, thus the design constraint is satisfied.

EXSEN Generalized NOR Structure with Multiple Inputs J
We can expand the explanation of two input NOR gate into multiple input NOR gate
to generate n-input NOR gates, which consists of a n-parallel driver transistors and as

well as connected with load transistor in series.

An n-input NOR with NMOS depletion load logic and equivalent circuit are shown i
Fig- 2.2.2.
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(b)
merallzed n-input NOR Structure and its Equivalent Inverter Circuit |

In Fig. 2.2.2, the combination current I, is supplied by the driver transistors which

are turned on.

The combined pull-down current is expressed as,

B Cox (W
) )._vum(r]k V5.0 = Vig W - V2, Jlinear
on,
L= Z IDJ( =
C
K(on) Z i‘n_zea[g) (Vosx ~ Vo) saturation «422.10)
k(on) k
issuming that the input voltages of all driver transistors are Identical.
ie, Vesk = Vgs fork =1, 2, ..., n - (2.2.11)
Thus, the pull-down current expression can be rewritten as,
G w 2 3p
- %u[z (Tl][z(vss = VioWout = Vo] linear
k(on)
L=
0(2,2:12)

nC
%'—‘-[ Z (ﬂ) (Vgs = Vio)? saturation
k(on) L k

- Forstatic analysis, we can reduce the equivalent circuit of n-input NOR gate as shawn
in Fig. 2.2.2(b). '

The
(W/L) ratio of the driven transistor s,

[¥,- =)

—
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Keep-'in mind that the source terminals of all enhancement type NMOS driver
transistors are connected to ground and the drivers do not experience any substrate-
bias effect. However, the depletion-type NMOS load transistor is subjected to substrate-
bias effect, as the source to substrate voltage Vsg - Voo

EXEEA Transient Analysis of NOR Gate

The two-input NOR gate which all the relevant parasitic device capacitance is shown
in Fig. 2.2.3.
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Parasitic Devi:e Capacitances in the NOR2 Gate
and the Lumped Equivalent Load Capacitance
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2.8 Combinational MOS Logic Circuits [Unit - 11]

In Fig. 2.2.3, all the parasitic capacitances are combined into ohe lumped capacitance,
connecte_d between the output node and the ground. The value of the combined load
capacitance C, 4 is, )

o (2.2.14)

The load capacitance at the output node of the equivalent Iinyerter corresponding
to a NOR gate is always larger than the total lumped load capacitance of the actual inverter
with same dimensions. Thus, the actual transient response of the NOR gate will be slower
than that of the equivalent inverter.

FE¥E Two-Input NAND Gate

The circuit diagram, logic symbol and the corresponding truth table of the two-input
depletion load NAND gate is shown in Fig. 2.2.4.

Cioss = Coan *+ Coa + Coatosa + Cavn + Canp * Copons + Cuire

Voo

(b) Logic Symbol

Vi | Ve Vi

Low | Low High
Low | High High
High | Low High

High | High Low

(2) CMOS NAND?2 Gate (c) Truth Table

A Two-input Depletion-load NAND Gate, its Logic
Symbol and the Corresponding Truth Table
The Boolean AND operation is performed by the series connection of two
enhancement type NMOS transistors. If both the input V, and V, are logic high then only,
there is a conducting path between output terminal and ground. In this case the output
will be low, which is the complement result of AND operation.

Otherwise either both or one driver transistor will be off and the output voltage will
be pulled to 2 logic high level by the depletion type NMOS load transistor.

From Fig. 2.2.4 it Is clear that except driver transistor B, all other are subjacted to
substrate bias effect as Vgg # 0 in both transistors except transistors B, It can be found
that for all three combination when output voltage Is logic high,

Vou = Voo
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Vou = VY

Va = Vo '—IE (W/L),
VI'V;H —1

meHAHDZGateumhwhdiumwlsataLogc-mghLevdJ

For calculation of V,, consider Fig. 2.2.5 when both inputs are equal to Vo, IUis seen
that the drain currents of the all the transistors are equal.

(W/L)s

o = lom = Toe .. @215)
() Kam " Vo)
2 WTi(‘)(v“)Iz =72 [Z(VWA) = Ve aVos.a) ~ Vosia)
—-E)-K -
= d.z [Z(VM) = Vr@Vos® ~ Vgs.m} . (21is
Neglecting substrate bias effect for transistor A, for simplicity.
- P N

ie, Vo = Vre) = Vo
Since the-sourced substrate voltage of transistor A is relatively low. The draia &
oltage of both the driver transistor can be expressed as, using Eq. (2.2.1&

P Ko 2
Vosa = Vou = Vro = [(Von ~ Vo) - Keem 1y Vo) . (2.0

K .
Vos,@) = Vou = Vro = Fon o e {K—:?‘;}‘ VinMVodP @2

Note that Vg, Is equal to the sum of the drain to source voltage of both drive
Assume the two drivers are identical.

source V!

e., Ko = Ko = Kia)

e ———
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hus, @) Mo w (2.219)
now for two identical drivers connected in series, the drain oy

K N rrents can be written as,
bw =2 [ Vosm = VrolVosa - Vésm] (2.2.20)
I = _u [2Ves @) = Vao)¥, bs.@) = Vost) | (2.2.21)
As both currents are equal, then, l
ID,(A) ¥ Io,@ g
L=l = ID(B) 2 ’ (2.2.22)
Using Vs = Ves.) - Vos.er E9- (2.2.22) yields.
K(d)
I =~ [ 2Vos.e = VroX(Vos,a) + s(n)) MVos.ay + Vos,e)7] ... (2.2.23)

Now let Ve = Vg g) and Vg = Vg () + vns,(s)_ it implies that,

L= (d)[ s = Vro)Vos ‘Vz]

Thus from Eq. (2.2.24), we can conclude that two NMOS transistor connected in genes
2nd with the same voltage be have like one NMOS transistor with Keqg = 0.5 K
(9)°

EEXHd Generalized NAND Structure with Multiple Inputs

An n-input NAND with NMOS depletion load logic and it’s equivalent inverter circuit
2re shown in Fig. 2.2.6.

e (22.28)
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In Fig. 2.2.6, by neglecting the substrate bias effect and assuming that the threshold
voltages of all transistors are equal to V., the driver drain current T, for both linear and
saturation can be expressed as,

e 1 [2V,, - Vyo)V,y — V2, ] linear
2 1_ f|ev, - Vyo) saturation .. (2.2.25)

2w
k(on) (t_l

The multiple-input NAND gate can also be reduced to an equivalent inverter as shown
in Fig. 2.2.6, the (W/L) ratio of the driver transistor is,

e

Kom) ﬂl , . (2.2.26)
[ L

Thus, the series structure consisting of n driver transistors has an equivalent (W/
L) ratio of (W/L), when all inputs are logic high.

JEX%H Transient Analysis of NAND Gate

The two-input NAND gate with all the relevant parasitic device capaditances is shown
in Fig. 2.2.7.
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IEPEXE] Parasitic Device Capacitances in the NAND2 Gate |
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2.12 =

When V, = V,, and Vg switches from V, to Vg, then the combined load capacitance

G is,

C

Now, consider that Vg = Vo, and V, switches from Vg, to Vo, then V , will rise but

the intend node voltage WI|| remain low because bottom transistor is ON. As the lumped
capacitance is a function of applied voltage so,

Cload = cgdl + codA i CgbA + Clbl + Cwlu

Thus, it is expected that the high-to-low switching delay from signal V, connected
to the bottom transistor is larger than the high-to-low switching delay from signal V,
connected to the top transistor.

P53 cMOS LOGIC GATES

The design analysis of CMOS logic gates can be based on the basic principles
developed for the NMOS depletion-load logic circuits. To implement the CMOS logic gates
using the PMOS and NMOS circuits.

Here we explain the NOR gate and NAND gate lmplementatlons using the CMOS logic
gates.

PN CMOS NOR2 (Two-Input-NOR) Gate
The CMOS NOR gate and its complementary operations is shown in the Fig. 2.3.1.

load
2o = g i F Coon + Coon * Coun t Cava + Capp + Cioa + Co, 0 *+ Coice: =+ (2.2.27)

.. (2.2.28)
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m CMOS NOR2 Qate and its Complementary Operation |
The circuit Fig. 2.3.1 have contain a parallel connected n-net and series. Connected

complimentary p-net. The input voltages V, and V, applied to the gates of NMOS and
PMOS transistor. s

C;AOS DIGITAL INTEGRATED CIRCUIT DESIGN
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It shows the complimentary operation, when either one_or both input high the p-
net is cut-off. If both the input voltages are fow the p- net creates a conducting path
between the output node and supply voltage V. '

Thus, dual circuit structure allows ‘that, for any given, Input combination, the output

s connected to elther to Vg, or to ground.

- The eQulvalent circult for the CMOS NOR2 gate is shown In .the Flg 2.3.2.

Voo *

\

: A CHOS NORZ Gate and its Inverter Equivalent \

The switching threshold voitage is find out by using NOR2 equivalent-inve
approach. : .
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{ The Fig. 2.3.3 shows the CMOS NOR2 gate with the Parasitic device capacitance. -
4

- EEEE CMOS NAND2 (Two-Input-NAND) Gate
|:J ; _

Combinational MOS Logic Circuits [Unit - I1] = 2.15

The Fig. 2.3.5 shows the two-input CMOS NAND gate.

2,
V. e l > vln V.‘
] iy

mnos NOR2 Gate and its Inverter Equivalent |

The operation is exact dual to the CMOS NOR2 gate. The n-net consisting of a two
series connected NMOS transistors creates a conducting path between the output node
and the ground only if both inputs are logic high.

In this case both of the parallel connected PMOS transistors in the p-net will be Off.
For all other input combinations, either one or both of the PMOS transistors will be turned

-on when n-net cut-off, thus creating a current path between the output node and the
. power supply voltage.

Here we can observe the area requirements of CMOS combinational logic gates. In

= = ' ) . comparison equivalent NMOS depletion load logic, the total number transistors in CMOS
Parasitic Device Capacitances of the CMOS NOR2 Circuit and the " gates s about twice the number of transistors in NMOS gates.
Simplified Equivalent with the Lumped Output Load Capacitance :

o The inverter equivalent and the corresponding lumped output load capacitance. In_
e

The silicon area of CMOS is not need like twice of NMOS circuit. Thus, the area
WOrst case, the total lumped ca

pacitance Is assumed to be equal to the sum of all disadvantage of CMOS logic may actually be smaller than the simple transistor count
Internal parasitic device capacitance Fig. 2.3.3. ' o Suggesis.
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7E X% Layout of simple CMOS Lo
A ows 2 simple layout of CMOS NOR2 gate,

gic Gate |
using the single layer metal
:.5sh :

c.e layer polysilicon.

n

and
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Va Ve
“Sample Layout of the CMOS NOR2 Gate |
The p-type diffusion area for PMOS transistors and the n-type diffusion area for NMOS
transistors are aligned to allow simple routing of the gate signals via the parallel
polysilicon lines running vertically.

M1 V.‘_‘
-

Fig. 2.3.6 shows a simple layer of CMOS NAND2 gate, using the single layer metal
and single layer polysilicon.
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EX COMPLEX LOGIC CIRCUITS

The basic circuit structures and design pﬂnclpfes developed for NOR and NAND i
CMOS logic design can be easily extended to complex logic gate, to realize other complex
Boolean fungtions of multiple input variables. One of the most attractive feature of NMOS

and CMOS logic circuits js the ability to realize complex function using a small number
of translsto_rs._ .

' Let us consider the following Boolean function as an example.

Z=AD+E+BC . (2.4.1)
The Eq. (2.4.1) can be realized as an NMOS circuit as shown in Fig. 2.4.1. .
pu— e 5
] v,
V= A(8+) -
\/ = A R+CD W/l)ens
3 -
— [
(W/L) - ‘

¥

m Complex Logic Gate Realizing the Boolean "Function given in Eq. 2A){

In Fig. 2.4.1, the left hand side NMOS driver consisting of three driver transstu
is used to Zperform the logic function A(D + E) and the right hand side branelri§ usd
to perform the function BC. By connecting these two branches in paraliel and by platl"

. v )
. a load transistor between output terminal and power supply (Vyp), we can olg?ln'
" complex function given in Eq. (2.4.1) easily. Note that heré each input variable is assig®

to only one driver.
eege®
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g g e Tt then the equivalent driver (W/L) ratio of the pull-down
network is expressed as,

W 1

! 1

ENCHENORE

LJe

N 1

eq
. (2.4.2)

In order to calculate the Iogic-loyv voltage VvV

o We have to consider the various
classes. These may be listed as,

(1) AD Class 1
(2) AE Class 1
3) B-C Class 1
(4) A-D-E Class 2
(5) A-D-B-C Class 3
(6) A-E-B-C Class 3
(7) A-D-E-B-C  Class 4

Now assuming that all the driver transistors have the same (W/L) ratio, in the class

1 path such as A-E has the highest series resistance followed by class2, class3 and class4.
So,

Vour > Vorz > Vous > Vou . (2.4.3)

The design strategy yields the following ratios for the three worst case paths,

(), -(2), -2 (),

(¥), - (D),

() -(2).-2(2),
EXHEH Complex CMOS Logic Gates

The combination of PMOS-network and NMOS network Is CMOS logic gate here we

realize the complex CMOS logic gate, Thls logic gate is realized with the help of complex
PMOS and NMoS logic gates.

7
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-

The‘CMOS logic gate realization of the Boolean function Z in Eq. (2.4.1) is shown

- inFig. 2.4.2.

Voo

»

NEPYPH A Complex CMOS Logic Gate Realizing the Boolean Punction Eq. (231 |

From the Fig. 2.4.2 we observe the NMOS network is connected with PMOS network.
The PMOS network, on the other hand must be the dual network of the n-net. This means
that the parallel connections in the NMOS network will corréspond to a series connection
in the PMOS network and all the series connections in the pull-down network correspond -
to a parallel connection in the n-net.

EXEEH Layout Technique using Euler Graph Method h

Euler graph method is used to determine if any complex CMOS gate can be physicalty

laid out in an optimum fashion. The following steps explains the i:nnstmct’gon of minimum-
area layout for the complex CMOS logic gate,

Ster 1 @ Start with either NMOS or PMOS tree (NMQOS for this example) and connect fines
for transistor segments, labeling devices with vertex points as circuit nodes.

sm 2 : Place a new vertex within each confined area on the pu“-down graph and connect

neighbouring vertices with new lines, maklng sure to cross each edge of the pull-down
tree only once.

Ster 3 : The new graph represents the pull-up tree and is the dual of the pull-down tree.
CMOS DIGITAL INTEGRATED CIRCUIT DESIGN

PROFESSIONAL PUBLICATIONS

—




0 Combinational MOS Logic Circuits [Unit - I1)
2.2 :

The stick diagram shown in Fig. 2.4.3 (done with arbitrary gate ordering) gives a
very non-optimum layout for the CMOS gate shown in Fig. 2.4.2.

- Voo
® s@o s H o
—e ? | pMos
Dfs s B§o? ' :
= out
DYl s .
- ] NMOS
D Bs > DHl s sl o
GND
A E B . D € -

Stick-Diagram Layout of the Complex CMQS Logic Qate, .
@ With an Arbitrary Ordering of the Polysilicon Gate Columns

By using the Euler path approach to re-order the polysilicon Iinés of the Fig. 2.4.3,
We can obtain an optimum layout. Find Euler' path in both the pull-down tree graph and
the pull-up tree graph with identical ordering of the inputs. Euler path traverses each

sranch of the graph exactly one. Fig. 2.4.4 ‘shows the construction of a

comman -'Eu!er
path for both graphs in Fig. 2.4.2.

l’ D
4 \\‘
Al :
' ?
\\‘ ) l,
o N SV E
Common Euler Path SO~
E-D-A-B-C e N
; ] \‘
B | 1
\ e
X F
..\ A ,'
. \o_
o' = NMOS Network PMOS Network

Finding a Common Euler Path in Both Qraphs for n-Net and p-Net
Provides a Qate Ordering that Minimizes the Number of Diffuslon Breaks

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN
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"In Fig. 2.4.4, by reordering the input gates as E-D-A-B-C, we can obtain an optir.r"
layout of the given CMOS gate with single actives for both the NMOS and PMOS devicey
The stick diagram is shown in Fig. 2.4.5.

Voo

PMOS

E D A B c
EEXEY Optimized Stick-diagram Layout of the Complex CMOSLogic Gate
' EZE3E AOI and OAI Gates ,
- Gengrally cofmplex CMOS networks, both the pull down and pull up ngtworii 2

a less limitations. The complex CMOS logic is basically two categories subsets. They ar,
(1) AND-OR-Inverter (AOI).

i

(2) OR-AND-Inverter (OAI).
ZXFER AND-OR-INVERT (AOI) CMOS Gates

_ AOI complex CMOS gate can be used to directly implement a Sum-Of-

Products (
form of Boolean function. The pull-down N

-tree can‘bg implemented as, -
(1) Product terms yield series-connected NMOS transistors.

(2) Sums are def\pted bY parallel-connected legs.
(3) The complete function must be an Inverted representation,

NOTE : The pull-up p-tree is derived as the dual of the N-tree.
CMOS DIGITAL INTEGRATED CIRCUIT DESIGN
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S CMOS AOI gate is shown in Fig. 2.4.6. Combinational MOS Logic Circuits [Unit - 11]

EXEEH Pseudo-NMOS Gates

Vno
The design of complex CMOS gates is complicated in AOI and OAI implementations.
Oual PMOS To reduce complexity we use the pseudo-NMOS gate for implementation of complex CMOS
Pull-Up Network “logic gates.

:; - el v - Two complementary transistor, one NMOS and one PMOS, are needed for every input
L . of complex CMOS circuit. One possible way to reduces the number of transistors is to
B, A‘—l ¥ s use the single PMOS transistor, with its gate terminal connected to ground, as the load

] C"‘1 . device -as shown in Fig. 2.4.8.

m AND-OR-INVERT (AOI) Gate and. the Correspon-dlng Pull-dow\n Net |
FXEFH OR-AND-INVERT (OAl) CMOS Gates

An OAI CMOS gate Is similar to the AOI gate except that it Is an implementation of
Product-Of-Sums (POS) form of boolean function realization. The N-tree is implemented as,
"

(1) Each product term s a set of parallel transistors for each input in the term.
(2) All product terms (parallel groups) are put in §erles. : ' A —”f\ Ikn—-“:ll
(3) The complete function Is again assumed to be an inverted representation. -

NoTE : The p-tree can be implemented as the dual of the N-ree.

Example of CMOS OAI gate is ‘shown in Fig. 2.4.7. ) : : =
. o i : \ SEBYTN The Pseudo-NMOS Implementation of the OAl Gate in Fig. 2.4.7 |

With this simple arrangement, the complex CMOS gate can be implemented with the
less number of transistors. '

The similarities of pseudo-NMOS gate to depletion-load NMOS logic gate common.

The most important disadvantage of using pseudo-NMOS gate instead of full-CMOS gate

s ‘non-zero static power dissipation, the always ON-PMOS load devices conducts a steady-
state current when the output voltage lower than V.

EE3E cMOS Full-Adder Circuit

The 1-bit full adder circuit is one of the most widely used building blocks in all data
processing (arithmetic) and digital signal processing architectures. For 1-bit full adder logic
function sum and carry equations ave,

Fr>

re

Sum=A®B®C =ABC + ABC + ABC+ACB

IEREXER A OR-ANDINVERT (OAD Gate and the Corresponding Pulrdown Ret ] | AEG BT AR B WS
e s : ;
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We can Firaw a gate level circuit for both sum and carry using the corresponding
Boolean function. Also using the same Boolean expression we can design a transistor- level
schematic for both. An inverter is used for both sum and carry aseshown in Fig. 2.5.1.

—-—Do— carry_out

Gate-Level Schematic of the One-Bit Full-Adder Circuit |-

Note that in Fig. 2.5.1 the carry-out internal node -is used as an input to the adder
complex CMOS gate. The transistor-level schematic of the 1-bit full adder circuit using
Fig. 2.5.1 is shown in Fig. 2.5.2.

mnsistor-level Schematic of the One-bit Full-adder Circuit |

5.2 contains a total of 28 transistors among which 14 are PMOS
It also contains two CMOS inverters that are used to

Note that Fig. 2.
and 14 are NMOS transistors.

generate the outputs.

PROFESSIONAL PUBLICATIONS
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EX3 cMOS TRANSMISSION GATES (PASS GATES)

A CMOS Transmission Gate (TG) is a simple switch circuit consisting of one NMOS
one PMOS transistors connected in parallel. The gate voltages applied to these ty
transistors are set to be complementary signals. Fig. 2.6.1 shows atmos;transmisa.
gate connected between two-terminals ‘A and B. The CMOS Transmission Gate 0[]
operates as a bidirectional switch connected between terminals A and B and is controliy
by control signal C.

. _(l:_ ¢ -' _LC - c ‘
.~A—Cr‘i|’j—a AJ >—‘ B ‘,‘—{::\P—P A%\.
' —t‘:_ s o« ' —Yf_:: c

merent, Representations of CMOS Transmission Gate, (TQ) |

If the control signal C is at logic high, i.e., equal to V»m,‘ then both transisnuéq
turned aon and provide a low resistance current path between nodes A and B. If on the
other hand, the control signal C is low, then’ both transistors will be off and the pa
betweei'\ the nodes A and B will be. an open circuit. This condition is also called a ‘
impedance state. ) . 7

To perform a detailed DC analysis of CMOS transmission gau.-,-we consider the bis
condition shown in Flg.‘2.6.2. ’ - .

0 TR

—lep
Vo = Voo —1

‘#H
Fralfns »

w

Regon1 i Reglon2
) 1 ‘.
. .0
NMOS:saanon: NMQS : Saturation
PMOS : Saturation ; PMOS : Linear reg.
Tl H

N Cut-off

Region
MOS :
PMOS : Linear reg.

e
fercmcn =
Cemmem———

= ov . V Iv';l .(Vn'_V',) . o V,.

" Blas Conditions and Qperating Regions of the CMOS
Transmission Qate, Shown as Functions of the Output Voltage
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20 MOS Logice
_monnected to a constant |
The in

Ireulyy (Unit.
gic-high Voltage ,

V, = v
n T
fansistors are turned :: he controj
The drain to source and gate to source Voltages of NMos ]

Lis als0 Jogic-high, thus ensuring both the ¢
signal ! '

transistorg
are
Vosa = Voo = Vou !

Vasa = Voo = V.

t = (26.1)
ou .

istor will be turned off for v « (2,6.2)

The NMOS transisto ow > Va)| and wiyy OPerate In the st
node for Vo > [Vrpl- The Vos and Vg voltages of tne PMOS transistor are S
Vose = Vour = Voo B
-+ (2,6.3)
Vasp = Voo —

Consequently, the PMOS transistor is in Saturation for

Ve < V.. and It
» T Operates in
- Note that, unlike the NMos translstor, PMOS transistor
remains turned on, regardless of the output voltage feve| v ’

out* -

the linear region for Vo, > [Vqy |

The total current through the transmission gate is the

_Sum of the NMOS drain current
and PMOS drain current.

o =Ipge + s,

w (265)
The equivalent resistance for NMOS and PMOS transistors are calculated as,
Vp - V.
R__ =-DD_ out
en By .. (2.6.6)
VEQ -V
eap = I v .. (2.6.7)
D.0 ; ’

The total equivalent resistance of the CMOSTG will then be the parallel equivalent
of these two resistances, R__ j

eq,n @nd Reqp- Now, the equivalent values for the three_
operating regions of the transmission gate will b

e calculated.
Recion 1 : Here, the output voltage Vou Is smaller than the absolute value of the PMOS
transistors threshold voltage, i.e,

are in saturation,
We obtain equivalent resistance of both the devices as,
Regn = \m_m_),z(" = Vou) 0 (26.8)
Kn(voo - vout‘ e VTI\

AV, - V.)

R =
eqp
KoVop =1V, 17

v (2:6.9)
%ﬂ' DESIGN
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Reaton 2 1 1n this region, Vgl < Vo < (Voo - V

wut)- Thus the PMOS transistor now operate
‘In the linear region, while the NMOS transistor continues to operate

Now we can write the equivalernt resistance  as,

R 200 -V
- Ku- ‘vm - V-‘ = V,‘
2(Vp - V)

R -
Lt K.|2(V°°—|V7’|)(Vw- _)-(Vw-v_.)'l

2

Ky 2060 - 1V, 1) - Voo~ Veeg)]

Recion 3 : Here;heoutputvonaqebv_> Voo - Vy,). Hence, the NMOS transistor
will be turned off, which resuits in on dircuit

to operate in the linear region,

in saturation.

R“&D =

) 2
K [2 00 = 1%, 1~ 0 - V)] e

By combining the equivalent resistance values obtained for the three operation
regions, we can plot the total rsmaonsm”aalimdm
output voltage Vou @ shown in Fig. 2.6.3.

R

eosemscnsadecnw
Y L XL L L]

|

> Ve
0 (Voo = Vy) Vg

» s Equivalent Resistance of the CMOS Transmission
o Oale.notttdnahl\cuonolunmtpmva
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From Fig. 2.6.3, it is evident that the total equjvalent resistance of the CMOS TG
remains relatively constant, i.e., almost independent of the output voltage, while the
equivalent resistance of the NMOS and PMOS transistors are strongly dependent on the
output voltage V . This property of CMOS TG is haturally describe for switching circuit
application. A CMOS TG which is turned on by a logic control signal can be replaced by
its simple equivalent resistance for dynamic analysis as shown in Fig. 2.6.4.

L o

=
X

IIIH
T

Cuona

+ V“
Voo "-—:I

il

Replacing the CMOS TQ with its Resistor Equivalent for Trarisient Analysis |
ZXHH Pass-Transistor Logic ;

Pass-transistor logic employs CMOS TG that result in compact circuit structures which
may even require a small number of transistors than their standard CMOS counterparts.
The control signal and its complement must be simultaneously used for .TG application.

N -

Fig. 2.6.5 shows a 2-input multiplexer circuit using.CMOS TG.

b— Y = AS + BS
|y__% & )

43/« H CMOS TG Implementation of a 2 x 1 Multiplexer Circuit ]

CMOs DiGlTAI.—lNTEGRATED CIXCUIT DESIGN
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The opefatlon of the circuit can be explained as follows. If the control input is low,
the upper TG conducts and the output Y is equal to A. On the other hand, if the control
input is high, the lower TG conducts and the output Y is equal to B.

Fig. 2.6.6 shows a 2 input XOR gate designed 'using pass transistor logic.

- A —9 = °-

]r—-F-AE-&KB

3B XXl Eight-transistor CMOS TG Implementation of the XOR Function l

The above design employs 8 transistors. We could also have a more economical 6
transistor implementation of a 2 input XOR gate using pass transistor logic shown in
Fig. 2.6.7. -

Y=AB+AB

oL

IEZEXXA six Transistor Implementation of 2 nput XOR Gate using CMOS TG |

mCOmplememcry Pass-Transistor Logic a g o8 o

The Complementary Pass-Transistor Logic.(CPL) reduces fhe complexity of the full
CMOS pass gate logi¢ clrcuits. In CPL, o_nly NMOS pass transistor network is used for
-Iog_lc operation. All the inputs are applied I? complem'entavry form and the circyit also
produces the complementary outputs. Elimination of PMOS transistors reduces the
parasitic capacitances associated with each node in the circuit, so higher speed of
operation can be achieved than with CMOS TG. To eliminate threshold voltage drops, the
voltage of the NMOS transistors must be reduced to O}I thrbugh threshold-adjustment
implants. |'h|/s reduces the overall noise lm_munlty and prdbl_ems like sub-threshold
conduction in off mode occurs. -
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‘The circuit diagrams of CPL NOR2 and a CPL NAND2 are shown in Fig. 2.6.8.

A B B

>l
>

8 8 A

AB AB A+B - A+B

(2) CPL NARD2 Gate (b) CPL NOR2 Gate
APRXXY Circuit Diagram of CPL |

In Fig. 2.6.8, each circuit requires 8 transistors, double than that.required using the
conventional CMOS realizations. XOR and XNOR functions realized with CPL have a similaF

complexity as conventional CMOS realizations. The circuit diagram of a CPL-based XOR
gate is shown in Fig. 2.6.9. et -

XOR.
(cP

—] 10,12 _

10, 12

B 5|

IEZEXXY Circuit Diagram of a CPL-based XOR Gate |

The XOR gate shown in Fig. 2.6.9 contains a PMOS pull-up arrahgement configured
like a latch. If XOR is true, the upper internal node goes high to Vp, =V while the lower
internal node goes low to GND, thus causing the cross-coupled PMOS load devices to
latch and pull the upper internal node all the way to Vppo- If XOR is false, the opposite
Will happens. The inverters provides both true and complement outputs. Cross-coupled

- PMOs pull-up transistors are used to speed-up the output response.

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN
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Bejnﬁor of Bistable Elements, SR Latch, Clocked Latch and Flip Flop Circaits, CMOS D Latch and
Edge Triggered Flipflop.
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Sequential MOS Logic Circuits [Unit - 111]
ENEE INTRODUCTION

The word ‘sequential’ means that things happen in a sequence, l.e., one after
another. In sequential logic circuits, the clock signal determines when things will happen
next. A sequential logic circuit can be implemented by addin

g feedback to a combinational
logic circuit as shown in Fig. 3.1.1.

A ouT1
B : Combinational ouT2
C Logic
™ M
Memory

MOCK Representation of Sequential Circuits

In sequential logic circuits, the output is determined by the current inputs as well
as the previously applied input variables. The regenerative behavior is due to either a
direct or indirect feedback connection between the outputs and the input.

Sequential logic circuits can be used to construct complex circuits such as counters,
shift registers, latches or memories. To operate these types of circuits sequentially, we
need clock pulse to change their states. Sequential logic circuits that use the clock signal
for synchronization may change their state on either the rising or falling edge or both
of the actual clock signals.

The classification of the logic circuits based on their tem

in Fig. 3.1.2.

(non-regenerative) (regenerative)

[ Bistablej LMonostable ' | Astable '
WAV Classification of Logic Circuit based on their Temporal Behavior |
CMOS DIGITAL INTEGRATED CIRCUIT DESIGN

poral behavior is shown
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From Fig. 3.1.2 we can say that the critica] components of sequential systems are
the regenerative circuits which can be classifiled into three main groups,

(1) Bistable : It has two stable states, each of which can be attained under certain input
and output conditions. -

(2) Monostable : It has only one stable state. Even if the circuit is temporarily perturbed
- to the opposite state, they will return in time to their stable state.

(3) Astable : It has no stable state and oscillate between several states.

However, the bistable circuits are the most widely used and aIL,the basic latches and
flip-flops, register and memory elements used in digital system~fall into this cat,egory. In
this unit, we will discuss about the behavior of a basic bistable element followed by CMOS
‘implementation of SR latch, JK latch, D latch and memoﬂgs.

EXEE] BEHAVIOR OF BISTABLE ELEMENTS

The basic bistable element is comprised of two identical inverters connected back-
to-back i.e., output of one is connected to input of other and vice-versa as shown in Fig

3.2.1(a). The Voltage Transfer Characteristics (VTC) of the inverter pair bistable element
are shown in Fig. 3.2.1(b).

- Va
Vll Vul - vﬂ i

02 2

@ A 0 ® Va

Bistable Behavior

IEEERXY static Behavior of the Two-lnverter Basic Bistable Element |

It is seen that the two VTC's intersect at three points. From the qualitative view
of the potential energy levels cprrespohdlng to the three operating points as shown in

"Fig. 3.2.1(c) we will find that the latch has two stable states where the dc voltage transfer

curves cross at ‘ghe ‘Vou and Vg, points as shown in Fig. 3.2.1(b), but also exhibits an
unstable state when the VTC’s cross near their Vy» switching points. In actual physical

circuits, the latch will never stay at the unstable points, since any small electrical not.e
In the circuit will trigger it to one side or the other.
1

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN
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Fig. 3.3.2 shows the CMOS bistable element and characteristics.

T
f=a=

(a) Circuit Diagram of a CMOS
Bistable Element

t -

(b) Expected Time-Domain Behavior
of the Output Voltages

SrAF MY CMOS Bistable Element and Characteristics |

The CMOS bistable element shown in Fig. 3.2._2(a) will either be in state 0" with V ,
at ground and V,, at V,, or in.state *1’ with V,, at V5 and V, at ground. Expected time-
domain behavior of the output voltage are shown in Fig. 3.2.2(b).

Analysis of the Time-Domain Behavior : Consider a bistable circuit which is operating ihltially ]

at unstable operating point i.e,, Vo = Vg, = Vy, as shown in Fig. 3.2.3.

o1 lgy
— —
Vm an
a2 |9z
- -—
2 -
) Voz e qu

MSmall-slgnal Input-and Output Currents of the lnverterﬂ

For simplicity assume that the input (gate) capacitance Cg of each inverter is much
larger than its output (drain) capacitance C,. i.e., Cg >> C,4. Note that the drain current

of each inverter is equal, consequently we can represent the drain current, as a function

} of gate voltage, as, -
[ l lol s IdZ £ gmvgz
g2 = g1 = ImVe

Here the g, is the small signal transcendence of the inverter. Now, the gate voltages

of each inverter can be expressed interms of gate charger g, and g, as,

q 9
Vi-mobi: Voo ®
9 ' g2

G ; G

o (3:2.2)
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Now, the small-signal gate current of each inverter can be written as,
" g A
. Ly .cq_dtz‘. b - (323}
- e dav,
2 =Cogt
Combining ‘Eqs. (3.2.1) and (3.2.3), we get, B
: av, ' '
9m Va2 = Cq —91dt ) .. (3.2.4)
- 4V .
IV = Cy 2 - .. (3.2.5)
Using Egs. (3.2.2), (3.2.4) and (3.2.5), we get,
: g d -
E':‘qz - Til _ .. (328)
Ing - 9% :
e % =5 = (B2T)
Combining Egs. (3.2.6) and (3.2.”) to get a second order differential equation, we
getl . :
Onq, - S %%
C, b Oy dts
¢ _(sa)
- i (3
= de* [ 9] q, et
Cfq 1 ‘
p o
: =3% .. (3:29)
=. dt? T
Where,
C
PP |
Im )
Now the time-dorain solutian of Eq. (3.2.9) for q,,_is,
s . 0
q =399 = © -t , )’2‘ ©) e - (3.2.10)
With initial condition,
- qy(0) = C Vi, (0) ) . (3.2.11)
ICATIONS
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Replacing the gate charge of both inverters with the corresponding output voltage
variables (note V,, = V,, and Vg = V), we get,

Vo) = 21V0,(0) = Vo, ()™ + 21, (0) + 1oVi, ()Y ... (3.2.12)
2 2

1 a7 1 " t/ s
Vg;(t) = E[VOI(O) - Tov('u(o)k 4 + '2"[\/01(0) + tov.ox(o)]e 0 wes (3-2-13)
For large value of t, Egs. (3.2.12) and (3.2.13) can be reduced to,

1 :
Vor = 5[Vea(0) + 19V, (0] -

1
Voz = 5[V (0) + 1V, (0)] € ' e (3.2.14)

o

From the Eq. (3.2.14), it is clear that the magnitude of both output voltages increases
exponentially with time. Depending upon the polarity of the initial smalt changes dV,(0)
and dV,,(0) the output voltage of both inverters will diverge frm V,, to either VoL or Vou-
Both the voltages diverge exponentially in opposite directions as'shown in Fig. 3.2.4.

Vi Vin = Vou OF Vg,
Voo : Vi = Vg OF Vou '
Ve
A
Vau ===~ e —————— LY
1 1
) ]
1 1
) )
1 1
1 Unstable
............. J
1)
B! 1
) 1
1 1
1 L}
) 1
1 §iC
2 M v
Vo, Ve Vou o

Repmsentalbn of Phase-Plane for the Bistable Circuit |
SR LATCH CIRCUIT

The bistable element discussed in the previous section preserves its stable as long
as the power supply voltage is provided, hence the circuit can perform a simple memory
function if holding its state. However, there was no provision for allowing its state to

be changed externally from one stable state to the other. To Incorporate this facilities
we have to add external trigger input.

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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We can add inputs in the bistable circuit by replacing the two cross-coupled Inverters
with two cross-coupled NOR gates or NAND gates.

This modified circuit has two inputs S and R two outputs Q and 6_, where 6
represents the complement of output Q. Due to these two inputs S and R, the resulti~g
latch is known as SR latch, where S and R stand for set and Reset. The stored bit is
present’on the output Q.

SR’is the most fundamental latch when static gates are used as building blocks for
any circuit design. The characteristic equation for SR latch is,

Qs =S + RQ
EXNHE cMOS SR Latch : NOR Gate Version

The NOR gate implemented latch and its block diagram is shown in Fig. 3.3.1,

9 NOR-Based =i
SR Latch

Qate-Level Schematic and Block Diagram of the NOR-based ]

The CMOS lmplementatlon-df a SR latch with S and R as the two triggering inputs
- is shown in Fig. 3.3.2.

+—

-5—'—| M1 M2 I'—' —'I M3. M4 k—-—k

IETEEEY CMOS SR Latch Circult based on NOR2 Qates |
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Operation of CMOS NOR-Based SR Latch : In Fig. 3.3.2, if set goes high, M1 is turned on,
forcing Q_low which in turn pulls Q high. If reset goes high, M4 is turned on, Q Is pulled
low and Q is pulled high. If both set and reset are low, both M1 and M4 are off and
the latch holds its existing state indefinitely. If both set and reset go high, both Q and
Q are pulled low, giving an indefinite state. Therefore, R = S = 1 is not allowed.

The truth table of CMOS NOR-based SR latch is given in Table 3.3.1.

IEEEDEEXY Truth Tabie of the NOR-based SR Latch Circult |

S.|R| Q. Q... Operation

0lo0| @ | Q Hold

ato e * o . Set S
o1 o 1 Reseht

111 0 0 thalloWed

The operation of the CMOS SR latch shown in Fig. 3.3.2 can be examined in more
detail by considering the operating modes of the four NMOS transistors 'Ml, M2, M3 and
M4, If the set input (S) is equal to Von and the reset input (R) is equal to Vou, both M1
and M2 will be ON. Consequently, the voltage at Q will be V, = 0. At the same time,
both M3 and M4 are turned OFF resulting ina logic high voltage V,,, at node Q. If the
reset (R) input is equal to V,,-and the set (s) input-is equal to Vo the situation will be
reversed l.e.,, M1 and M2 will turn OFF and M3 and M4 will be turned ON.

When both the input voltages are equal to Vo there are two possibilities. Depending
on the previous state of the SR latch, either M2 or M3 will be ON while both of the triggering
transistors M, and M, are OFF. This will generate a logic low-level of VoL = 0 at one of
the output nodes while the complement’afryoutput node is at Vg,. The operating modes
of the transistors in NOR-based CMOS SR {atch circuit is given in Table 3.3.2.

Operation Modes of the Transistors in
the NOR-based CMOS SR Latch Circuit
| Operation

S R Q. | Q,,
Vou | Voo | Vou | Voo | M1and M2 on, M3 and M4 off

Vou 'Vou Voo Vou | M1 and M2 off, M3 and M4 on

Voo | Vou | Vonu Vou | Ml1and M4 off, M2 on, or

Voo | Voo | Voo | Vou | M1and M4 off, M3 on

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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EEEE Transient Analysis of CMOS SR Latch

+ For the transient analysis, we have to considér an event which results in a state
change I.e., either an Initially reset latch being set by applying a set signal or an initially
set latch being reset by applying the reset signal. To calculate the switching time: ‘or

bothr output node, we will have to consider the parasitic capacitance associated with each
node.

The total lumped capacitance at each output node can be expressed as,
Cq=Cpz+ Chus + Cas*Cau+tCqr+Cyy+ Cas - (3.3.1)
€8 = Cous + Cay + Cay # Cas + Cus + Coy

The CMOS SR NOR latch with lumped capacitances at both output nodes is shown
in Fig. 3.3.3.

Voo Veo

ik m J—
—iC

Q : Q
S —'—l M1 ~M2 l-_=4_ J;—-I M3 M4 |—— R
C A

|||I[
|

- Circuit Diagram of the CMOS SR Latch Showing the
Lumped Load Capacitances at Both Output Nodes

In Fig. 3.3.3, assuming that the latch is initially reset and that a set operation is
belné performed by applying S = 1 and R = 0, the rise time associated with node Q can
now be estimated as,

t1s0,q(SR1AtC) = 100 o(NOR2) + T (NOR 2) (332

However,. this approach leads to a simple first order prediction for the time delay
as opposed to the simultaneous solution of two coupled differential equations.

PROFESSIONAL PUBLICATIONS
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EXX ¥ Depletion Load NMOS SR Latch : NOR Version

A depletion load version of the NOR-based SR latch is shown in Fig. 3.3.4,

Voo

Voo

i

_ q Q
s ——1@[; 2 %——” Mmoo om |—-=
IEPEETY Dcpiction-ioad NMOS SR Latch Circult based in NORZ Gates |

Functionally it is the same as CMOS version. But, interms of noise margin and power

dissipation CMOS is better than NMOS because they provide a full output swing between
ground i.e., (OV) and Voo-

EXEXH cMOS SR Latch : Nand Gate Version

The NAND-based SR latch contains the basic memory cell (back-to-back inverters) built
into two NAND gates to allow setting the state of the latch. The gate-level symbol, block

diagram and CMOS NAND-based SR latch are shown in Fig. 3.3.5.
s

Q
S™1 w0 [—0Q
= SR Latch e
Q == — Q
R
(a) Gate Level Gircuit of NAND Bases SR Latch (b) Block Diagram
Vo ) Voo

r{m M8

M1 '—-— —] [ ™ e
1 17

(c) Transistor Level CMOS NAND Based SR Latch

[y % 2 W CMOS SR Latch

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN
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The circuit responds to active low S and R inputs. If S goes to' 0 (while R = 1), Q

goes high, pulling Q low and the latch enters set state. If R goes to 0 (while = 1), 6

goes high'pulllng' Q-low and the latch is Reset. Hold state requires both S and R to be

high. S = R = 0 is not allowed, it would result in an indeterminate state. The truth table
of NAND-based CMOS SR Iagch circuit is given in Table 3.3.3.

EZZEEEY Truth Table of NAND-based CHOS SR Latch |

w i & R | Q. | Q, | Operation
0 0 1 1 | Notallowed
0 1 1| o Set
1 0 0 1 |Reset
1 1 Q Q, |Hold

EXE¥ Depletion Load NMOS SR Latch : NAND Version
A depletion load version of the NAND based SR latch is shown in Fig. 3.3.6.

Voo Voo

LS -

IEPEEDY Deplction-icad NMOS NAND-based SR Latch Circult |

Functionally it is the same as the CMOS version. But in terms of noise margin, the

CMOS NAND-based SR latch is better than NMOS because it consumes less dc power. |

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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MCLOCKED LATCH AND FLIP-FLOP CIRCUITS

The SR latch discussed previously is an example .of-an asynchronous sequential clreuit
which will respond to the change occurring in input signals at a cir¢uit delay dependent
time point during their operation. To facilitate synchronous operation, the circuit response
can be controlled simply by adding a gating clock signal to the circuit so that the outputs
will respond to the input level only during the active period of a clock pulse.

EXEH Clocked SR Latch : NOR Version

The clocked NOR-based SR latch, contains the basic memory cell built into two NOR
gates to allow setting the state of the latch with a clock added as shown in Fig. 3.4.1.

s
Q
o s
Q
R

[JAREAE Qate-level Schematlc of the Clocked NOR-based SR Latch ]

In Fig. 3.4.1, if the Clock (CK) is equal to logic “0", the input signals have no mﬂuence
upon the circuit response. The outputs of the two AND gates will remain at logic "0” which
force the SR latch to hold its current state regardless of the S and R input signals. When
the clock goes to level 1% the logic levels applied to the S and R inputs and permitted
to reach the SR latch and possibly change its state.

The circuit is strictly level sensitive during active clock phases i.e., any change
occurring in the S and R input voltage when the clock level is equal to “1” will be rejected
onto the circuit outputs. Consequently, when narrow spike glitch occurring during an active
clock phase can set or reset the latch if the loop delay is shorter than the pulse width.
The sample input and output waveforms are shown in Fig. 3.4.2.

“%

L

Fia. 34.2 Sample Input and Output Waveforms lllustrating the
_ BB Operation of the Clocked NOR-based SR Latch Circult

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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The sample waveforms shown in Fig. 3.4.2 shows the level-sensitive nature of docked
SR latch. Note that four times Q changes state,

(1) When S goes high during positive CK.
(2) Onleading CK edge after changes in S and R during CK low time.
(3) A positive glitch in S while CK is high.

"(4) When R goes high during positive CK.

The CMOS AOI Implementatlon of dod(ed NOR-based SR lach for Fig. 3.4.1 is shown
in Fig. 3.4.3.

Veo Veo

r_‘ o

4

o
ol

R—.'—_-l H—s
H 4
«— : o

» HARX %Y AOIl-based Implementation of the Clocked NOR-based SR Latch Circuit ]

Fig. 3.4.3 has only 12 transistors. When CK is low, two series legs in N-tree are
open and two parallel transistors in P-tree are ON, thus, retaining state in the memory

‘cell. When CK is high, the circuit becomes simply a NOR-based CMOS latch which will

respond to inputs S and R.
EX®H Clocked SR Latch : NAND Version .

We can also implement, the NAND based flip-flop as shown in Fig. 3.4.4. Note that
In this circult t}oth the inputs S and R as well as clock signals are active low. It means
when the clock Is logic low, there will be an influence in the output regarding the inputs
S and R. We can implement this circuit at transistor level using OAl structure.

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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EXXEH Clocked CMOS JK Latch : NAND Version

The ‘SR latch has a problem that when both S and R are high, its state becomes
Indeterminate. THIs problem can be overcome by adding two feedback lines from the
outputs to inputs, such that all states in the truth table are allowable as shown in Flg-.
Clii=—] ' ° 3.4.6. The resulting circuits are called as a JK flip-flops.

YR NAND Based SR Rip-Flop, with Active Low Input | C oK —] 'Nggb Kk—4 X

Fig. 3.4.4 shows the NAND based SR flip-flop, with active low input.

—y

The another implementation of NAND based SR flip-flop is shown in Fig. 3.4.5. Here,
both input signals as well as clock are actual high. When the CLK = 0 i.e., logic low the _ R
latch will preserve its previous state, on the other hand when CLK = 1, S=1and R I——
= 0 the output Q will be set and when CLK = 1, S = 0 and R = 1 the latqh will be reset. «

ol
=
o

Qate-level Schematic of the Clocked NAND-based JK Latch Circuit |

The all NAND implementation of the JK latch with active high inputs is shown in
Fig. 3.4.7. _
’ :
Q
(2) NAND Based SR Flip-Flop with Active High Input - o=
S . =
)9— [—== Q K ———— Q A
| wnano | ' o ! l ‘ :
Clk ~ "h SR . g
LATCH ' AIFNAND Implementation of the Clocked JK Latch Circult|
g D— ‘ — Q ' When CK = 0 or logic low it will preserve its state or we can say that JK latch will
respond to CK when it Is equal to logic high. The input J and K of the circuit of the circuit’
(b) Block (Partial) Representation of (a) : correspond to set and reset inputs of basic SR latch. The fllp-ﬂop Is in set position whep
' ' ! CK=11=1, KanndItcanbereseLwhenCKa1J-ok-1IfCK-lJ-l,
BTN NAND-based SR Flip-fiop |
K = 1 the latch will slmply swltches its state- due to feedbatk.
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We can summarize the operation of JK flip-flop as given in Table 3.4.1,

LR RY Detailed Truth Table of the JK Latch Circult |

y|xk|la | @ |s|r|aQ.,]|a, | operation
i0; || 0 0 1 111 0 1 Hold

100 [1|1] 1 0

0 1 0 1 111 0 1 Reset
1 0 1[0 0 1

1 0 0 1 01 1 0 Set
10 (1|1 1 0

131 0 1 10(1 1 0 | Toggle
1 0 110 | 0 1

EXXH Clocked CMOS JK tg\‘h NOR Version

The NOR-based Imp|ementat|on }f ctocked JK latch and its CMOS AOI realization is
shown in an 3.4.8.

~

| — N

P &)

ck —
|
= R
- 6 S . Ql )
0 )
(a) Gate-Level Schematic of the Clocked = ’
NOR-Based JK Latch Circult
CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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Voo Voo

2
alin
A THd Lg 1k

S | =

(b) CMOS AOI Realization of the JK Latch

[JLART AN JK Latch Element

The AOI-based circuit structure results in a relatively low transistor count and more
compact circuit compared to all NAND realization. If both the inputs are equal to logic
“1” during active phase of the clock pulse, the output of the circuit will oscillate
continuously until either the clock becomes inactive (i.e., goes to zero), or one of the
input signals goes to zero. In order to prevent the latch from oscillating continuously
during the clock active time, the clock width must be kept smaller than the switching delay
time of the latch. Otherwise, several oscillations may occur before the clock goes low
again. In practise this may be difficult to achieve.

If the clock timing constraint is satisfied, then the output of the JK latch will toggle
only one for each clock pulse, if both inputs are equal to logic *1’. The circuit which is
operated exclusively in this mode is called a toggle switch as shown in Fig. 3.4.9.

Y _4 Q CK D ) n ‘r‘_ D
X .
«— X Sy -
- Q \ \
' , I( 1 — Q . v

NRTEAR Operation of the JK Latch as a Toggle Switch
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41 Master-Slave Flip-Flop

oA

Most of the timing limitations encountered in the previously examined clocked latch
circuits can be prevented using two latch stages in a cascade configuration. The two

casc§ded stages are activated with opposite clock phases. The master slave flip-flop
consisting of NAND based JK latches is shown in Fig. 3.4.10.

) Q
g S S
CK — NAND NAND
SR SR —

mr"lasler-slave Flip-flop Consisting of NAND-based JK Latches |

The input latch is called the “master” and it is activated when the clock pulse is high.
During this phase, the inputs J and K allow data to be entered into the flip-flop and when
the cock pulse switches to zero the master latch becomes inactive and the second-stage
latch called the “slave” becomes active. The output lévels of the flip-flop circuit are

determined during this second phase based on the master stage outputs set in the
previous phase.

Since the master outputs and slave stages are effective has decoupled from each
other with the opposite clocking scheme the circuit is never transparent i.e., change reason
the master-slave JK FF allows for tagging when J = K = “1” but it elements the possibility
of uncontrolled oscillations since only one stage is active at any given time.

A JK master-slave FF (NOR-based version) is shown in Fig. 3.4.11.

B AT A\l NOR-based Realization of the JK Master-slave Flip-flop I

The feedback paths that occur from. Q and 6 slave outputs to the méster Inputs
AOI gates. The circuit does not exhibit any tendency to oscillate when ] = K = 1 no matter
how long the clock period. Since opposite clo¢k phases activate the master and slave

latches separately. NOR-based version uses 4 AOl CMOS gates (28 transistors). But the
latches can be susceptible to “ones catching”.
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" [IIEE JK MS Flip-Flop Problem : One’s Catching

Although the JK master-slave flip-flop can be considered edge-triggered in regards
to a change in Qg at the negative clock edge, it is actually level sensitive in reg-1s to
noise on JorK during the clock high Interval. Note that the positive glitch in J wh.ct sets
the master latch at Q,, = 1 during the clock high interval and then also reflects itself in
Qg = 1 at the negative going clock edge, called "One’s catching”. Same problem can occur
with a glitch in K during clock high, causing a reset operation. Since the master latch
actually sets and latches on the noise glitch, the error is then transmitted to the slave

latch during clock. Sample input and output waveforms of MS FF circuit are shown in
Fig. 3.4.12.
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m&mple Input and Output Waveforms of the Master-slave Flip-flop Circuﬂ
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i CMOS D-LATCH AND EDGE TRIGGERED FLIP-FLOP

In Fig. 3.5.2, the input TG is activated with CK while the latch feedback loop TG is
In the digital integrated circuits, a large selection of CMO activated with CK. Input D is accepted when CK is high. When CK goes low, the input
have gained popular, with the wide spread use for CMOS circuit techniques, especially is open-circuited and the latch is set with the prior data D.
in VLSI design. The flip-flop and latch circuits can be impleme

nted with CMOS gates and . . . .
ian i i i f the D-latch can be obtained using simple switches in place of
their design is so simple and straight forward. However, we can use AOI or OAI gates M STWTEN e ar e " P
for the implementation of latch and flip-flops because sim i

the TG's as shown in Fig. 3.5.3.
ple CMOS circuits require more
number of transistors. )

) ’ ) Q
EXEFiM CMOS D-Latch Implementation : D&

A D-latch is implemented at the gate level by simply utilizing a NOR-
connecting D to input S and connecting p

S-based sequential circuits

. CK=1
based S-R latch, .
to input R with an inverter as shown in Fig. 3.5.1.

el

D-Latch

—0 0

" EEER] schematic View of D-latch using Inverters |
Mate-level Schematic and the Block Diagram View of the D-Iatm .When CK = 1, the input switch is closed allowing input data into the latch. When CX

= i is- feedba switch is dosed, setting the latch.
In Fig. 3.5.1, when CK goes high, D is transmitted to output (and  to G). When = 0, the input switch i opened and the feedback loop -
CK goes low, the latch remains in its previous state. Now can say that, CK is an enable

An alternate, preferred version of the CMOS D-latch is implemented with two tri-state

input which allows data to be accepted into the D flip-flop when active. inverters and a normal CMOS inverter as shown in Fig. 3.5.4.
The D-latch implementation with CMOS TG switches is shown in Fig. 3.5.2.
i 2 ' & Vs " Veo
\ir ] |'_°|E
| El‘- L_iE’L |
oK . = cK =
K
o _WCMOS Implementation of the D-latch (Version 1) | SRR oS Implementation of he D-Latch Version 2]
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Functionally it is similar to previous chart D-latch. When CK is high, the first tri-state

inverter sends the inverted input through the second inverter, while the second tri-state
is in its high z state. Output Q is following input D. When CK is low, the first tri-state
goes into its high z state, while the second tri-state inverter closes the feedback loop,
holding the data Q and Q in the latch.

Ei#EH CMOS D-Latch Timing

Latch Timing : For the system to work correctly, the set-up time, hold time and pulse-
width must be sufficient for each bistable element,

(1) Set-up time (t,,,) is the minimum time that the data input of a bistable element
to be held stable prior to the active clock signal. .

(2) Hold time (t,,) is the minimum time that the data input of the bistable element must
be held stable after the active clock signal disappears.

(3) The pulse width is addition of t, and t, 4 as shown in Fig. 3.5.5.

setup
Timing Diagram : In order to guarantee adequate time to get correct data at the first
inverter input before the input switch opens, the data must be valid for a given time
(teer,p) Prior to the CK going low. To guarantee adequate time to set the latch with correct
data, the data must remain valid for a time (t,,,) after the CK goes low. Violations of

Lty 2Nd g4 CaN cause metastability problems and chaotic transient behaviour as shown
ir (kig. 3.5.5. ’

EEPEEY MO D-Latch Timing |
CMOS Edge-Triggered D-Flip-Flop

The CMOS latch is not edge-triggered storage element. Because the output changes
according to the input, i.e., the latch is transparent, while the clock is high. The
transparency property make the application this D-latch unsuitable for counters and some
data storage implements. So, to implement these applications we introduces the edge.
Triggered MS D-Flip-flops there are two types of CMOS edge-triggered elements,

(1) Negative edge-triggered MS D-Flip-Flop (DFF).

'2) Positive edge-triggered MS D-Flip-Flop (DFF).

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN PROFESSIONAL PUBLICATIONS
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[ EH Negative Edge-Triggered MS D Flip-Flop 1

Fig. 3.5.6 shows a D-flip-flop, constructed by cascading two D-latch circuits. The ﬁrst‘
stage (master) is driven by the clock-signal. However, the second stage (slave) is driven
by the inverted clock signal. Thus, the master stage is positive level sensitive while the
slave stage is negative level sensitive.

-

CK
C—K-n- wmc_x w = Voo
o, B AN, £ B
o 1l | « 1l 1
& L -
CK (a3

L] CMOS Negative (Falling) Edge-triggered Master-slave D-Flip-flop (DFF) |

When the clock is high the master stage follows the D-input while the slave stage
holds the previous value. When the clock changes from logic *1” to logic "0“ the master
latch cases to sample the input and store the D-value at the time of clock transition.
At the same time the slave latch locks in the master latch output and the master stage
starts sampling the input again. Thus, the circuit is negative edge-triggered D flip-flop
by virtue of the fact that it samples the input at the falling edge of the clock pulse.

3522

CMOS Positive Edge-Triggered D-Flip-Flop (DFF)

Another implementation of edge-triggered D-flip-flop is shown in Fig. 3.5.7, which |
consists of six NAND3 gates. This D-flip-flop is positive edge-triggered as shown in
waveform chart in Fig. 3.5.8. Initially all the signal values except for S are 0 i.e., (S, R
CK, D) = (1, 0, 0, 0) and the Q = 0. In the second phase, both D and R switch to 1 i.e,
(S; R, CK,_D)' = (1, 1, 0, 1) but no change in Q occurs and the Q = 0. In the third phase,
IfCK =11le, (S, R, CK D) =(1,1,1,1), the output of gate 2 switches to 0, which in
turn sets the output of the last stage SR latch.to 1. Thus, the output:of this D flip-flop
switches to 1 at the positive going edge of the clock signal, CK. In the ninth phase of

the wavefor, Q output is not affected by negative going edge of CK or by Gther signal
changes.
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MHD}based Positive Edge-triggered D-flip-flop (DFF) |

0 01 1]lo 01 1|0 o1 1|0 o
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Q
RSl Timing Diagram of the Positive Edge-triggered D-flip-flop (DFF) |
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[XH DYNAMIC LOGIC CIRCUITS

Digital circuits are commonly implemented using static CMOS logic design which allows
versatile implementation of logic functions based on static, steady-state behavior of simple
CMOS structures. The outputs are generated depending on the applied input voltage after
a line delay and the output voltage level is prescribed as long as the power supply is
provided. However, the static design approach may require a large number of transistors
to implement a function and this may result in larger delays.

In most VLSI circuit design problems, reduction of circuit delay and silicon area Is
a major objective. Dynamic logic circuits, in those situations, offer several significant
advantages over static CMOS logic circuits. Operation of all dynamic logic circuits depends
on temporary storage of charge in parasitic node capacitances, instead of relying on
steady-state circuit behavior. Since, the capacitors cannot retain charge for an indefinite
period of time, hence periodic updating of internal node voltages is required. In order
to control charge refreshing, the dynamic logic circuits may require periodic clock signals.
Dynamic logic techniques save area by reducing the number of transistors per ,aie
and save power by reducing the number of gates and the static current in structures
such as flip-flops and shift registers. Dynamic CMOS circuits save chip area while enhancing
speed over conventional CMOS circuits, but -precautions must be taken to ensure proper
operation. By using the common clock signals, the system enables synchronize the
operation of various circuit blocks. Capability of temporarily storing a state at a capacitive
node allows implementing simple sequential circuits with memory functions.

Disadvantage of the dynamic storage is the use of small-siz=d, leaky capacitors for

storing 1ogic values. They must clocked at a minimum operating frequency in order to
maintain their charge.

Dynamic D-Latch _
The dynamic D-latch circuit is shown in Fig. 4.1.1. ' '

MP V,
D_l ,T—I >°—| >o—— Q "

CK

D-latch [—— Q

JI

. . 1Y[\®’4R8 Dynamic D-Latch < .

In Fig. 4.4.1, the parasitic input capacitance C, plays an important role in dynamic
operation of circuit. Input pass transistor is driven by external clock signal. When CK =
1, Pass Tran8istor (MP) turns ON, C, charged or discharged through MP, dependlng on
input (D) voltage level, Q assumes same Ioglc level as input. "When CK = 0, MP turns
OFF, C, is isolated from D, amount of charge stored in C, during last cycle determines

output voltage level Q.
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- ——

It can easily be seen that this circuit performs the function of simple D-latch. Infact,
the transistor count can be reduced by removing the last inverter stage if the latch output
can be inverted.

F% X BASIC PRINCIPLES OF PASS TRANSISTOR CIRCUITS

The fundamental building block of dynamic logic circuits, consisting of an NMOS pass
transistor, MP driving the gate of another NMOS translstor is shown in Fig.. 4.2.1.

5

IEEXEXY ™MOS Dynamic D-Latch |

In Fig. 4.2.1, the pass transistor MP is driven by periodic clock signal and acts as

an access switch to either charge up or down the parasitic capacitance C,., depending
on V..

V..

When CK = 1, there is a possibility of two operations,
(1) Logic ‘1’ transfer.
(2) Logic ‘0’ transfer.
The output of depletion-load NMOS inverter depends on voltage V.. MP provides only

current path to the intermediate capacitive node (soft node) X. When CK = 0, the MP

ceases to conduct and charge stored in the parasitic capacitance C, continues to determine
output level of the inverter.

EEHE Logic ‘1’ Transfer

Let us assume that V, = 0 V at time t = 0, when the clock signal at the gate of
the pass transistor goes from 0 to V. If V,, at logic 1, then V, = Vg, = V. Pass transistor
MP provides the current path to the intermediate capacitive node V,. Now for MP, V¢ =

Vgs Which means Vg >V - V.,',,. The equivalent circuit for logic ‘1’ transfer event is shown
in Fig. 4.2.2. :

HP
Vin = Vou

=1
, T
| b I

Fig. 422 Equivale.nl Circuit of the Logic “1” Tmsfer Event |
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As Vpg > Vg - Vq, transistor MP is operating in the saturation region. Since MP Is
conducting in saturation and the saturation drain current starts to charge capacitor Cy
we can write,

DV,
G " 52‘ (Voo = Yy = Vo) . (4.2.1)
dv.
- ,
BN Ky (Voo - V, - vm)2 wei(#:22)
Integrating Eq. (4.2.2) on both sides with appropriate limits we get,
t
2 av,
o o
I K, F Voo = V, - VT,‘)I «:(4.2.3)
vl
- 5.[ 1
Kn (Voo = Vo ~ Vi
2C 1 1
t [[Vw = 7= vu] i [Vw : vm)] - (4.2.8)
Now, Eq. (4.2.4) can be solved for V. (t) as,
.. (4.2.5)

Variation of node voltage V, with respect to Ed. (4.2.5) is plotted as a function of
time is shown in Fig. 4.2.3.

0
Variation of V, as a Function of Time During Logic 1" Transfer |

CMOS DIGITAL INTEGRATED CIRCUIT DESIGN © PROFESSIONAL PUBLICATIONS

Dynamic Logie¢ Circvits [Unit - IV) 45

The fact that the node voltage V, rises from its initial value of 0 V and approaches
Veoax ® (Voo ~ V;,). The pass transistor MP will turn OFF when V, = V__, since at thrs
point, its gate-to-source voltage (V) Is equal to its threshold voltage (V) Therefore,
we can say that the voltage of node V, cannot attain the full scale vatue of V., and always
attains a value of Vo, - V,, for a logic 1’ transfer.

Pass Transistors in Series : The node voitages in the pass transistor chain during logic
‘1’ transfer are shown in Fig. 4.2.4.

(Voo = v'rm) (Voo = vvﬂ) (V' - vvn)
v M1 M2 M3 Ma v e
T o e o e e L] et
I T T T
Vw Voo Veo Vo

RSl Node Voltages in a Pass-transistor Chain during the Logic I Transfer |

In Fig. 4.2.4, three pass transistor are cascaded and the output of one acs as -he
input of second one. If the initial input voltage is Voo, then transistor M1 s o saturaton
and the voltage at node 1 is Vg - Vi,,. Assuming that the transistors are idermncal,
transistor M2 operates at the saturation boundary and the voltage at noce 2 s Vg -
V.,m. It can be seen that the output of the pass transistor chain s one “hreshoid voitage
lower than V, irrespective of the number of pass transistors in the chain.

Pass Tronsistors Driving Gate of Another Pass Tronsistors : Node voitages dunng e logic
*1’ transfer, when each transistor is driving another pass transistor is shown »n &g. 4.2.5.
. - ]

Voo '—L_r_ Vs = Vi = Vg~ Ve p~ Vo

M2
Voo
+ Vama = Voo = Vi = Via
Veo M1
*+ Ve = Vo = v'.-
Voo

Node Voltages during the Logic ~1~ Transfer, when \

> each Pass Transistor is Driving another Pass Transistor

The output of pass transistor M1 can reach the limit Vaasy = Voo = Via: This vbttzge
drives the gate of transistor M2 which also operates in the saturation region. However,
the gate-to-source voltage of M2 cannot exceed Vg, - Vq,,. Hence, the output veltage

of transistor can reach the limit Vg = Vy,, = Vqy,. Therefore, each stage causes a significant
drop In the voltage level. i
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4.6 Dynamic Logic Circuits [Unit - 1V]

L5 Logic “0” Transfer

Let us assume that the soft-node voltage is equal to 1 initially, i.e., Ve (t=0) =V,

= (Vg = V:.). Now a logic “0” is applied to the input at time t = 0 i.e., V,, = 0V and the

clock signal CK at the gate of transistor MP becomes high at t = 0. Then, the pass transistor

MP starts conducting. Now, the node V, acts as the drain and V,, acts as the source.
’ The equivalent circuit for logic 0’ transfer is shown in Fig. 4.2.6.

MP

CK I
EREXY £quivalent Circult for the Logic “0” Transfer Event |

In this case, we have V¢ = Vop @nd Vi

= L.
1

= Vinax- Since, Vpg < Vg - Vin the pass
transistor MP will be operating in the linear region. The pass transistor MP now discharge
the capacitor C, as,

av k
G @AV - V)V, - VD) e (4.2.6)
o . 2k dv,
T ’ 2 . (4.2,
= k" 2(VDD - vT,n) Vx - vx (4.2 i
Integrating Eq. (4.2.7) with respect to t on both sides, we get,
1 1
fare- Tt |t Hep )|
Kn Moo-vral 2AVpp = Vo) - V, v, X .. (4.2.8)
V,
tw Cx ,n(Z(VDD - VT,n) - Vx g
kn(Vop = Vi) v, - . (4.2.9)

Finally, the fall-time expression for the node voltage V, can be obtained as,

c 2V,
ta S ln[@ w.v (4.2.10)

- V‘l’,n) - VxJ
kn(VDD - VT,n)

X
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Variation of node voltage V, with respect to Eq. (4.2.10) is plotted as function o
time Is shown in Fig. 4.2.7.

k

— t

0

Variatlon Of Vx as a Function of Time During Logic “0” |

From Fig. 4.2.7, it can be seen that the voltage drops from its logic high level of

Vimax t0 OV. The fall time for the soft-node voltage V, can be calculated from Eq. (4.2.10)
as, .

t

s i & - i (2-0.9) (Vpp - Vi)
0% Ky (Voo = Vi) " 0.9 (Voo - Vi)

S ok S
" (Voo - Vi) - (ﬁ] ' e a2

S 1.9 ;
= —_— .

ti0% = K (Voo = Vyn) il (0.1) . (4.2.12)

' 1

By definition, the fall of time (1,,,) the soft-node voltage V, is thebdlfference between |
tio and tgoe, which is found as, - i

Tan = Tioe ~ Yoo

-y &
= k—“(\EK_T”)[IH(IQ? - In(l.22)?

\-/ T = 2.74J1_

Tka(Vop = Vra) v (4213}
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