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ver the past two decades, the spectacular devel-
O opment of digital systems in the areas of data

and signal processing has been a result of the
development of integrated circuit technology. Today, we
are constrained only by what it is possible to integrate
economically on a single silicon chip.

The key to using a technology is in circuits—they are
the link between a technology and the system elements.
Each new generation of digital, data, or signal process-
ing systems can be linked to an advance in atechnology,
with its appropriate set of circuit techniques, CAD tools,
and system architectures.

Inthe early 1960's small scale integrated (SSI) bipolar
chips with tens of transistors were available. The
system’s functional complexity was on the order of a
flip-flop. About the same time, MOS devices were
introduced. They offered advantages over existing digital
bipolar logic families, mainly simpler fabrication process
and smalier size. In about 1965, medium scaled inte-
grated (MSI) bipolar chips with hundreds of transistors
were introduced. The system’s functional complexity
was on the order of a counter. By 1970, large scale
integrated (LS!) bipolar and MOS chips with thousands
of transistors were being designed. For the first time,
this allowed the integration of a subsystem on achip—a
complexity on the order of a microprocessor. At this
point, integrated circuit designers found themselves
facing new, interesting, and challenging frontiers by
addressing themselves to such problems as system
architecture, chip partitioning, and logic simulation. This
trend continued and by 1980 very large scale integrated
{VLSI) chips, mainly MQS, with tens of thousands of
transistors, became the state-of-the-art. Today, com-
plete systems can be integrated on a single silicon chip,
and VLS circuit design has become a most interesting
and challenging rareer. '

Will this trend continue? The experience of the semi-
conductor industry has been that requirements, once
identified and stated, are met sooner or later, and it
seems that barriers are more apparent than real. At this

xi
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stage it would appear there are several problems looking
for solutions: yield, testing, reliability, CAD tools, stan-
dardization, and educating a new generation of VLSI
circuit designers. However, these problems, like the
problems of the past, will be solved. For example, yields
improve as production techniques develop, testing is
fundamental to good engineering and rapid advances
are being made in understanding the reliability of large
systems and the physical factors affecting VLS| chip
reliability. Progress is continually being made in de-
veloping CAD tools for VLSI chip design and in stan-
dardizing many VLSI chip parameters, e.g. a lower
operating power <upply than the 5V used today. A trend
towards educatns a new generation of VLSI! circuit
designers has developedin many universities and is supported
by the industry. Textbooks have recently been written to
emphasize this trend and this book is an attempt in that
direction.

Part | covers the use of MOS devices in digital circuit
design. Single-channel MOS and CMOS circuits are
discussed. The use of different integrated load struc-
tures is analyzed. Some specific circuit techniques, eg.
bootstrapping, are described. The dynamic-mode of
operating a MOS circuit is discussed.

In Part I, progress in digital MOS VLSI is examined.
More specifically, the device-based route to VLSI: scaling
of MOSFETs is presented. Some of the state-of-the-art
technologies are described. A circuit-based route to
VLS|, eg. use of device merging, is also discussed.
Finally, VLSI circuit and system design approaches are
given.

In Part lll, MOS memory cells and their peripherial
circuits are examined.

In Part IV, some examples in logic and memory
applications of digital MOS are given.

Finally, a selected bibliography with over 500 refer-
ences, grouped in ten sections, is given.

Inconclusion, let me state that a review of predictions
made about semiconductor circuits in the past would
indicate that those concerned with what was able to be
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done were usually more accurate than those concerned  then confidently predict that techniques will be invented
with what was not able to be done. Our experience has  to meet them.

been that, providing there is a real requirement, the

technology, in conjunction with circuit innovations, was M. |. Eimasry

developed to meet the need. Thus, if we wish to predict  Waterloo. Ontario, Canada

the future capability of digital integrated circuit tech-  ao! pooo

) . Ry San Diego, California, U.S.A.
nology, we must identify the future applications, and  January 1981
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Part |

MOS in Digital Circuit Design

his Part deals with the analysis and the design of

MOS digital circuits. It is expected that the reader is
familiar with basic MOS physical characteristics, model-
ing aspects, and general circuit techniques. An excellent
treatment of the physical aspects of MOSFETs and
semiconductor devices in general is given by Grove [1].
A reference book in this area is Sze [2]. The modeling
aspects, are covered by Cobbold[3]and Richman[4]. An
excellenttreatment of the different aspects of integrated
circuits (both bipoiar and MOS) is given by Hamilton and
Howard [5] and by Muller and Kamins [6]. MOS circuits
is the topic of a classic text by Crawford [7], of texts by
Penney and Lau [8), Carr and Mize [9], and of the recent
system/layout oriented text by Mead and Conway [10].

Dealing with circuit design is different from dealing
with circuit analysis. While circuit analysis is an en-
gineering science, circuit design is a science and an art.
The artistic aspects of circuit design are difficult to
explain because they are not algorithmic. These artistic
aspects can also differ from designer to designer with
the only reasonable explanation that they are efficient
and they work. One of these artistic related aspects is
the use of circuit techniques. Most of these techniques
aresurprisingly universal For example, the technique of
merging different semiconductor devices to achieve
VLSI structures is applicable to bipolar circuits (as in
integrated injection logic [I’L}), as well as MOS cir-
cuits (as in single device well [SDW] MOSFETs). SDW
MOSFETs are explained in Section 2.3. In addition,
Section 1.3 deals with a circuit technique which is more
suitable to MOS than to bipolar circuits, namely boot-
strapping.

Good circuit designers are not born, their skills are
developed by gaining knowledge in a relatively wide
spectrum of engineering sciences. For example, the
study of bipolar circuits isrecommended for MOS circuit
designers. The text by Meyer, Lynn, and Hamilton[11]is
a good source of information. .

Section 1.1 is a tutorial paper which deals with basic

concepts in MOS digital circuit design. NMOS as wéll as
CMOS circuits are discussed. Both dc and transient
analysis are presented. Basic building blocks, eg. in-
verters, logic gates, and flip-flops are explained. Static
and dynamic mode of operation are studied.

Section 1.2 contains two papers on depletion type
MOSFETs. The paper by Mashuhara et al explains
circuit design consideration for using depletion type
MOSFETs as loads. Static and transient characteristics
are included. Although the technology used to realize
the experimental test structures is not the state-of-the-
art (1980s), the circuit design approach is still basically
the same. In a paper by EI-Mansy the analysis and the
characterization of depletion-type MOSFETs is pre-
sented. A model and its basic elements are given in
terms of processing data.

Section 1.3 contains three papers on circuit tech-
nigues which are commonly used in MQOS digital circuit
design. The firsttwo papers deal with a circuit technigue
which has been widely used and referred to as “boot-
strapping.” It provides a circuit-based solution to elim-
inate threshold losses in MQOS circuits. The third paper
presents a novel MOS circuit configuration which is
similar to I°L bipolar circuit structures, as it uses the
same circuit partitioning technigue. Thus, it proves the
point that circuit techniques are more or less universal.

The last section deals with the comparison of MOS
logic gates. The paper by Cook et a/ compares four-
phase dynamic logic circuits, CMOS, single channel
static MOS logic circuits with linear (nonsaturated} and
depletion-type loads. The parameters used for this
comparison are power dissipation, delay, and silicon
area. The comparison is done by using the early 1970’s
MOS technologies; doing a similar comparison using
the early 1980°'s MOS technologies is left as achallieng-
ing project to the reader.

The reader is referred to Section 1 of the bibliography
which contains references on the use of MOSFETs in
digital circuit design.
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Digital MOS Integrated Circuits: A Tutorial

MOHAMED |. ELMASRY, SENIOR MEMBER |EEE

Abstract—Basic digital NMOS and CMOS integrated circuits are ana
fyzed. De and transient performance is studied using first-order design
squations. Static and dynamic circuits are discussed. The effects of
device parameters on circuit performance are explained.

1. INTRODUCTION

The dual purpose of this tutorial paper is to review the main
characteristics of MOS transistors as they are related to digital
circuit design and to analyze basic static and dynamic NMOS
digital circuits using first-order dc and transient design equa-
tions. The study of digital NMOS circuits is followed by a simi-
lar study of digital CMOS circuits, and the most basic digital
circuit, the static inverter, is analyzed in detail. This is followed
with an explanation of how the design of logic gates and flip-
flops, both static and dynamic, is related to the design of the
simple static inverter.

2. MOS Device CHARACTERISTICS

Figure 1 shows a diagrammatic cross-section in a NMOS tran-
sistor [1]. It consists of two n" regions, introduced in a P sub-
strate by diffusion or ion implantation. In circuit operation,
the more positive region is called the drain while the other
region is called a source. The surface region between the source

«and drain is called the channel. The conduction through this

“"channel is contralled by the voltage on the gate, which is either
metal or polysilicon. The gate is separated from the channel by
a thin layer of a dielectric, usually silicon oxide.

1t the valtage of the source terminal is taken as a reference,
then Vpg, Vs, and Vgg are the voltages of the drain, gate,
and substrate respectively. Vgg is referred to as the back-gate
bias. For NMOS digital circuits Vgg is an applied negative or
zero voltage. The negative Vg is either supplied from off-chip,
or’is generated on-chip from the available positive power sup-
ply Vpp (see Appendix A). ‘

An applied positive Vpg allows electrons, when present in
the channel, to drift from the source to the drain causing /ps
to flow from the drain to the source. In depletion-type NMOS
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Fig. 1. Diagrammatic cross-section in an NMOS transistor showing
parasitic diodes and terminal voltages.

devices, electrons are present in the channel even at Vgg = 0.
This is achieved by ion implanting the surface channel with
n-type material. An increase in Vgs increases /pg. However,
if Vgs is negative and larger than V7!, where V is the
threshold voltage of the depletion-type device, the channel is
depleted and /pg.is reduced to zero. In enhancement-type
NMOS, electrons are only present at the surface if Vgg is
positive and- larger than V1 where V7 is the threshold volt-
age of the enhancement-type device. An increase in Vgs
increases /pg.

2.1 DC Characteristics

Two important dc characteristics of the NMQOS transistor
are shown in Fig. 2:

e the drain current /pg vs. the drain voltage Vpg for differ-
ent values of Vg at a given substrate bias Vgg; and

e the drain current /pg vs. the gate voltage Vgs at a given
Vag.

Three regions of operation can be distinguished on the Ips
vs. Vpg characteristic:

1. The off region, where

Vgs < Vr
Ipsg =0
This region is also referred to as the subthreshold region where

Ips increases exponentially with Vps and Vgs [1]. The
value of /pg in this region is much smaller than its value
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Fig. 2. (a) Ipg vs. Vpg and (b} Ipg vs. Vgs for a given Vgg. Note that
Vr is positive for enhancement-type NMOS devices and negative for
depletion-type.

when Vgs > Vr. Thus, in many NMOS circuits for Vgs < Vr,
the transistor is considered off and /pg = 0. However, the
small value of /pg in this region could affect the circuit per-
formance as in MOS dynamic memory circuits.

2. The nonsaturation region, where

Vps <Vgs - Vr

1
Ips = Bl{Vgs - Vr) Vos-;VBs] m
3. The saturation region, where
Vps = Vgs - VT
Ips =% [Vgs - Vrl? (2)
where
w e w
B=— Sox K = —K (3)
L tox L

W = width of the MOS channel
L = length of the MOS channel (in the direction of current
flow)
€ox = permittivity of the gate oxide
tox = thickness of the gate oxide
u = average surface mobility of carriers {y, in the case of
electrons in NMOS, and up in the case of holes in
PMOS)
Vr = threshold voltage
€ox

Cox = gate capacitance per unit area = ——
ox

2.1.1 The Conduction Factor K'

The conduction factor K’ (= egy ltoy) is technology depen-
dent and is specified for a given MOS process. Thus it is not a
circuit design variable. For a t,, range of 1000-500°A, it has a
typical value of 12-25 uA/V? for NMOS devices and 5-10"
uA/V? for PMOS. As the value of t,x decreases with advances
in technology, K' increases. The difference between K, and
Kp resuits from the fact that u, ~ 2.5 p,.

K' is a function of temperature because of its dependency

K T

on u:
< >—3/2
Ko \To

where Kj is the value of K' at room temperature (T, = 298°K)
and T is the absolute temperature { °K). §

KI
{4)

2.1.2 The Gevmetrical Ratio (W/L)

This ratio is a circuit design parameter. The minimal value
of L {Lmin} is determined by the MOS fabrication process.
Lmin is determined mainly by the mask channel length, the
tolerances on that length and the lateral diffusions of both
the source and the drain regions. The minimum value of W
is usually in the order of the minimum value of L. Increasing
(®/L) will increase the drain current for a given set of operat-
ing voltages. However, increasing W increases the gate area and
the source and the drain diffusion areas and hence increases
the value of the capacitances associated with the gate and with
the source-substrate and the drain-substance junctions.

2.1.3 The Threshold Volitage Vr

Vr is a function of the MOS processing parameters and the
substrate bias Vgg. In general, it is also a function of Vpg. In
order to highlight these different functional dependencies,

Vy of an enhancement-type NMOS can be written as:
Vr = Vrp + AVr{Vgg) - AVr(Vps) {5)

where

033) +7(207)Y% + 20  (5a)
Cox

Veg +7(20F) Y% + 20

Vro = <¢Gs -

[}

AVr(Veg) = v[(1Vagl+20£)? - (20£)"/%] (5b)
AVr{Vpg) = 2(Vpg +21Vggl + 2 Vg;) (5¢)
_ 2eoxqhp)? (5d)

Cox
= Tolxi:Na) (5e)

Cox L"

¢Gs = gate voltage necessary to counter balance the
gate-to-silicon work function difference.
Qss/Cox = gate voltage necessary to counter balance the
effect of the oxide surface charge Qgs.

SS
= gate voltage necessary to cause the

ox
flat band condition at the silicon surface, hence

the name ‘‘flat-band voltage’’. The flat band con-
dition occurs when the energy bands in the sub-
strate are flat at the surface [1]. In this condition,
there is zero electric fieid at the silicon surface.
If the gate voltage is more positive than Vgg, for
P-type substrates, the silicon surface is in deple-
tion, i.e., there are no mobile carriers at the sur-
face. If the gate voltage is further increased the
surface starts to ’“‘invert”, i.e., electrons are
attracted to the surface forming a conductive
channel. ‘

gate voltage necessary to counter balance the
effect of the charge created by the exposed dop-
ants at the surface. ¢f is the substrate Fermi

VEB = 9Gs -

(20677 =

. . KT
potential at the surface, and is equal to T

Ng KT | . .

n —, where — is the thermal voltage, 'n; is

i q

_the intrinsic concentration for silicon, n,? =1.56X
L]




10% 73 ¢7129KT ¢m6  pg s the average sub-
strate concentration at the silicon surface. Note
that a surface implant at the MOS channel is usu-
ally used to influence Ng [2].

2¢¢ = additional gate voltage, by definition necessary to
produce a ‘“strong inversion’ condition at the sili-
con surface.

AVr(Vgg) =increase in the threshold voitage due to the ra-
verse bias on the back-gate (substrate). If Vgg =
0 then AVT( VBB) =0.

AVr(Vps) = decrease in the threshold voltage due to the short
channe! effect. For large L, AVr(Vpg) tends to
zero. )

No(x;,Ng) = factor which is a function of the source and drain
junction depth x; and Ng [3].

n = factor which ranges between 2.6 and 3.2 for
10" em™ < N <10' em™, 1.5 um< x; <

0.41 um [3].
Vpg; = source {or drain)-substrate builtin voltage =
KT
TQn - where N is the average impurity
i i

concentration of the source and drain diffusions.

Examining equation (5) reveals the following:

1. Vro is not a function of the operating voltages and is a

function of temperature.

The sensitivity of the threshold voltage V5 to Vpj:

AVr(Vgg) is determined -by y which is a function of

Né’z C;,f,. Increasing Mg or decreasing C,y, i.e., increasing

tox . Will increase that sensitivity.

. The sensitivity of the threshold voltage Vy to Vpg:
AVr(Vpg) is determined by z which tends to zero for fong
channel devices. z is an empirical factor [3] which is pro-
portional to x;, 1/Ng, 1/C,, in addition to 1/L. Decreasing
X, increasing Ng or decreasing t,, (hence increasing C,,)
reduces the sensitivity of Vr to Vpg in short channel
devices.

. In short channel and narrow channet devices. v is a func-
tion of both L and W; a decrease in L decreases ¥ and a
decrease in W increases y. This dependency of ¥ on L and
W affects V7o and AVr(Vgg) and could be incorporated
empirically in equation (5d). This effect should be consid-
ered in the design of digital circuits using MOS devices of
small dimensions because a transistor having W= W,,;,,
L =L, may have a different de characteristic from one
having W =miWi, and L = mL in, although (W/L)} of the
two transistors are the same.

2.

Note that temperature affects both K’ and Vi in such a way
that the effects on /pg could cancel each other. Thus, MOS
transistors can be operated so that they exhibit positive, nega-
tive, or zero temperature coefficient [1].

2.2 Transient Characteristics

The transient performance of an MOS integrated circuit is a
function of the total capacitance at the output node. This
capacitance Cy,; is the summation of the parasitic output
capacitance C, and the input gate capacitance(s) of the load-
ing stage(s) CyN.

The parasitic output capacitance Cq is the summation of two
capacitances:

1. Cy;—the junction capacitance of the output diffusion(s).
This capacitance varies with the junction voltage Vj:

C V;

= - n-—=

Bi

) n
Cio
where
C = junction capacitance at voltage V
Cjo = junction capacitance at zero voltage
V; = junction voltage (negative for reverse-bias)
Vp; = built-in junction potential
n = factor between 0.5 and 0.3 depending upon function
abruptness '
Ciny7—the interconnector capacitance associated with
metal, polysilicon, or diffusion interconnection lines. Cyy1
is voltage independent and usually contributes to Cq ¢ in
LSt circuits where complex interconnection patterns exist.

The input capacitance Cyy of an MOS transistor consists of
the following components [1,4,5,6] as shown in Fig. 3(a).

Cos, Cop—the source and the drain overlap capacitances
resulting from the overlap of the gate on the source and the
drain diffusions: Cos = Cox 8&sW, Cop = CoxLp W where 4
and £p are the overlap lengths.

Cgs., Cgp— represent gate to channel capacitances lumped
at the source and drain regions of the channel respectively:

Cgs = CoxWL fg(V), Cgp = CoxWL fp(V)
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Fig. 3. (a) The different components of CiN: (b) the voltage dependency
of the capacitances per unit area: Cgs, Cgp, CGa. and CG vs. VGs.
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Cgg—the gate-substrate capacitance:
CGB = CoxWL fg(V)

where fg(V), fp{V) and fg(V) are voltage dependent func-
tions. Figure 3(b) demonstrates the nature of the voltage depen-
dency of the capacitances per unit areas: EGS' Eg_p, C‘GQ, and
Cg of an NMOS transistor vs. Vs where Cg = Cgs + Cgp +
Cgg- When the transistor is off, the only nonzero component
is EGB. This component is due to the series combination of
the surface depletion layer and gate oxide capacitances. As the
transistor turns on Cgg reduces to zero because of the shield-
ing effect of the inversion layer. In the nonsaturation region,
the source and the drain regions of the MOS channel are in-
verted and Cgs =Cgp = Cox/2. In the saturation region,
where the drain region of the channel is pinched-off, Cgp
reduces to zero from C,x/2 and Cgg increases from that value
to approximately 2/3 C,x. Figure 3(b) shows that Cg vs.
VGs has a minimum just below Vigg = Vr.

2.3 Leakage and Breakdown

It is important to consider leakage currents in an MOS chip,
especially if the circuit is operating in a dynamic mode and
particularly in dynamic memories. The leakage currents are
associated with the source and drain p-n junctions. The abso-
lute values of these currents should be minimized, and their
variation with temperature should be considered [1].

A potential source of parasitic current in MOS circuits is
the current associated with the thick field oxide MOS transis-
tors which have a thick (field) oxide. This current increases
exponentially as the gate voltage approaches the threshold
voltage of the field-oxide MOSFETs. The threshold voltage
of the field-oxide MOSFETs can be increased by increasing
the surface doping density under the field oxide.

In MOS circuits, breakdown can occur by different mecha-
nisms. Avalanche breakdown can occur in the reverse-biased
drain-substrate junction. Punch-through breakdown can also
occur if the depletion region of the drain-substrate junction
reaches the source-substrate junction. Either type of break-
down may predominate for a given MOS structure, e.g., punch-
through breakdown couid be the predominate for short
channel MOSFETs. Although both types of breakdowns are
related to the p-n junction characteristics, they are strongly
affected by the presence of a gate oxide and a conducting
gate {4]).

3. THE StaTic NMOS INVERTER

The NMOS inverter, as shown in Fig. 4(a), consists of an
enhancemnent type driver transistor and a load. The load is one
of the following: (a) a saturated enhancement-type NMOS
device, (b} a nonsaturated enhancement-type NMOS device,
{¢} a depletion-type NMOS device, or (d) a polysilicon resistor.

Figure 4{b) shows the load lines of the above four loads super-
imposed on the /pg vs. Vps of the driver. The intersection of
the load line with the driver characteristic for Ves = Vin =
Vo, gives Vps = Vgyt = Vi where V; is the low voltage level
representing logical ‘0" (see Appendix B), Vo < Vyp, Vip is
the threshold voltage of the driver and V, is the high voltage
level representing togical ‘1’ Similarly, the intersection of the
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Fig. 4. (a) NMOS inverter with different loads; {b) load lines superim-
posed on the driver transistor /pg vs. Vpg characteristic. VGG for
case 1b2) > V¢ for case (bq).
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oo Vi Yo

Vps

load line with the driver characteristics for Vs = Vin = V4,
gives Vpg = Vourt = V.

3.1 DC Analysis
3.1.1 Saturated Enhancement-type Load

The saturated enhancement-type foad was used in the early
digital MOS integrated circuits. Figure 5 shows an inverter
using NMOS devices. The load device has its gate connected to
its drain (ie., Vps=Vgs), and operates in the saturation
region when it conducts, since Vpg > (Vgs - V7 ), where
V7L is the threshold voltage of the ioad device.

I
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Fig. 5. (a) NMOS inverter with saturated enhancement-type load;
(b) 1o0ad line superimposed on the driver Ips vs. Vpg characteristic,
showing the operating current /g when VouT = ¥g.

The dc circuit operation is explained as follows:
(a) when Wiy = V,, Vo < Vyp, the driver is off, / ~ 0 and

Voutr=Vi =Vpp - VL (6)




(b) when Vin =V, V) > Vrp, the driver is operating in the
nonsaturation region, the load device is in saturation and
{=/q where: *

“(7),

[(Vpp - Vo) - V12 (7a)

AW 1
=K <—> [tVy - Vp) Vo - = V2l (7b)
L/p 2

If Vo << Vpp and Vy << V| - Vrp then (7) can be sim-

plified:
w
< (Z) «(7)
lo =~ et h (Vop - Vi )? = ——*L v, (8a)
2 2
(W
~ K <—> (Vi1 - Vo)V (8b)
L /p
From {8) we obtain:
o
L D Vi
=l 5L 9
(ﬂ) = 2V, (9)
L/
and
Vo = 0 (10)
K'(‘“) (Vy - Vrp)
L/p

Thus f (9) if Vi/V, is taken to be 10 (ﬁl*) /(ﬂ)
us from if Vi/V, is taken to AT\ L

should be = 5. Because the ratio of (W/L) of the driver to that
of the load must be greater than unity, the circuit is referred
to as '‘a ratioed circuit.,”” To summarize: the voltage leyels of
the NMOS inverter V,, V,, V;, where V; is the logic threshold
of the inverter (see Appendix B) and the dc power dissipation
are given by:

Vi=Vpp-VrL
lo

AW
K (——) Vi - Vrp)
L/p
Ve 2 Vrp
Ppc (@ Vouyt = V1) =0

1R

Vo

(11

Foc (@ Vout = V) = /o Vpp
where /, is given by (8a).

In (11) / is determined by transient considerations or by
the allowable power dissipation. Vpp is usually fixed by sub-
system design considerations and today it is typically =5 V.

It is clear that V; increases as the power supply voltage Vpp
increases. The maximum allowable Vpp must be less than the
junction breakdown voltage of the drain-substrate junction. It
should also be less than the voitage at which the parasitic field-
oxide MOS transistors start to conduct.

Because the substrate-source junction of the load device is
more reverse biased than the driver, Vyy is larger than Vyp
due to the back-gate bias effect. The higher the Vgg value of

the load, the higher the value of Vyy, and the lower the value
of V,. Because V, = Vpp - V., the saturated enhancement-
type MOS load is said to introduce ‘threshold losses’’ in the
value of V. As we explain in the following sections, depletion-
type nonsaturated enhancement type and bootstrapped MOS
loads do not introduce threshold losses,

The low logical voltage level, V,, is a function of the operat-
ing current /y. As [, increases, the dc powsr dissipation in-
creases and the speed of operation also increases as we explain
in 3.2. V, can be reduced (hence increasing the logic swing and
the NM, noise margin) by increasing the geometrical ratio
{W/L)p of the driver transistor, hence increasing its size, with
respect to {W/L) . '

The threshold voltage V; of the inverter (see Appendix B) is
2 Vrp. The higher the ratio [{W/L)p/(W/L), ] is, the closer
V¢ to Vyp becomes, If the driver is replaced with a number of
stacked transistors connected in a series, as in the case of an
MOS NAND gate (see 4), then Vyp and hence V1 of the
upper input transistors are higher than that of the lower
transistors because of the back-gate bias effect. This is a draw-
back for using NAND gates in NMOS logic design.

3.1.2 Nonsaturated Enhancement-type Load

One drawback of using a saturated enhancement-type load
is the threshaold voltage losses caused by the load, resulting
inV, =Vpp - Vrr.

This situation can be rectified if the load is operating in the
nonsaturation region by connecting its gate to Vg where
Vg > (Vpp + Vrz). In this case V; can be made close to
Vpp by increasing Vg as shown in Fig. 4(b). The inverter dc
circuit operation is exptained as fotlows:

{al when VIN=V,, Vo<VTD, the driver is off, the load is
nonsaturated and Vout = Vi = Vpp - VYDS|;y,q where
Vplicad is the voltage drop across the load device. If
the inverter is driving only MOS gates, which i1s usually
the case with high input impedances, then Vpslioag =
0Oand V, ® Vpp.

It should be noted that Vpg | ,,q ¢an be reduced for a given
load current by increasing (W/L), or (Vgg - Vr.) at the
expense of increasing the gate power dissipation.

(bl when Viy = V4, V| > Vyp, the driver is operating in the
nonsaturation region, the load is nonsaturated and / = o
where

(W
lo =K (T)L (V66 - Vi - Vo) (Vpp - Vo)

1
- E(VDD - V2] {(12a)
L (w 1
=K (—) (Vi - Vip) Vo - =Vl {12b)
L/p 2

If Vo << Vpp, Vo << V) -~ Vrp, Vg - VL >> Vpp then
(12) can be simplified:

W
lp =K (T)L (Vgg - Vre Wop (13a)
(W .
2"I( (‘) (V1 - VTD)VO (13b)
L/p




