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CHAPTER GOALS

Introduce binary digital logic concepts
Explore the voltage transfer characteristics of ideal
and nonideal inverters

e Define logic levels and logic states at the input and
output of logic gates
Present goals for logic gate design
Understand the need for noise rejection and the
concept of noise margin

e Introduce measures of dynamic performance of logic
gates including rise time, fall time, propagation delay,
and power-delay product

e Review Boolean algebra and the NOT, OR, AND, NOR,
and NAND functions

e Explore simple transistor implementations
of the inverter

Introduce diode logic and diode-transistor logic circuits
Explore the design of MOS logic gates employing single
transistor types — either NMOS or PMOS transistors
(known as single-channel technology)

e Learn basic inverter design; discover why transistors
are used in place of resistors

e Understand design and performance differences
between saturated load, linear load, and
depletion-mode load circuits
Present examples of noise margin calculations
Learn to design multiinput NAND and NOR gates
Learn to design complex logic gates including
sum-of-products representations

e Develop expressions and approximation techniques for
calculating rise time, fall time, and propagation delay
of the various single-channel logic families

Digital electronics has had a profound effect on our lives
through the pervasive application of microprocessors and
microcontrollers in consumer and industrial products. The
microprocessor chip forms the heart of personal comput-
ers and workstations, and digital signal processing is the
basis of modern telecommunications. Microcontrollers are
found in everything from CD/MP3 players to refriger-
ators to washing machines to vacuum cleaners, and in
today’s luxury automobiles often more than 50 micro-
processors work together to control the vehicle. In fact,
as much as 40 to 50 percent of the total cost of lux-
ury cars is projected to come from electronics in the near
future.

The digital electronics market is dominated by far by
complementary MOS, or CMOS, technology. However,
as pointed out in previous chapters, the first successful man-
ufacturing processes were developed for bipolar devices and
the first integrated circuits utilized bipolar transistors. The
rapid advance in the application of digital electronics was
facilitated by circuit designers who developed early bipo-
lar logic families called resistor-transistor logic (RTL) and
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diode-transistor logic (DTL). These families were subsequently replaced with highly robust bipo-
lar logic families including transistor-transistor logic (TTL) and emitter-coupled logic (ECL)
that could be easily interconnected to form highly reliable digital systems. High-performance
forms of TTL and ECL remain in use today.

It took almost a decade to develop viable MOS manufacturing processes. The first high-
density MOS integrated circuits utilizing PMOS technology appeared around 1970. The landmark
development of the microprocessor is attributed to Ted Hoff who convinced Intel to develop the
4-bit 4004 microprocessor chip containing approximately of 2300 transistors that was introduced
in 1971.

As with many advances, work on single-chip processors started rapidly in research and
development laboratories around the world. In the following 30 years, the industry went on to
develop microprocessor chips of incredible complexity. As this edition is written, the [A-64
chip employing more than 25 million transistors has been introduced, and the ITRS projections in
Chapter 1 predict microprocessors with more than a billion transistors will appear by the year 2010.

By the mid 1970s, PMOS was being rapidly replaced by the higher-performance NMOS
technology. The Intel 8080, 8085, and 8086 were all implemented in NMOS logic. A significant
advance in NMOS circuit performance was achieved with the introduction of the depletion-mode
load device, and this work was formally recognized when Dr. Toshiaki Masuhara of Hitachi
received the 1990 IEEE Solid-State Circuits Technical Field Award for this work.

But by the mid 1980s, power dissipation levels associated with NMOS microprocessors had
reached unmanagable levels, and the industry made a transition to CMOS technology almost
overnight. CMOS has remained the dominant technology since that time.

In this chapter, we begin our study of digital logic circuits with the introduction of a number
of important concepts and definitions related to logic circuits. Then the chapter looks in detail
at the design of MOS logic circuits built using only a single transistor type — either NMOS or
PMOS — referred to as “single-channel technology.” Complementary MOS (CMOS) logic, that
uses both NMOS and PMOS transistors, is discussed in Chapter 7, and MOS memory and storage
circuits are introduced in Chapter 8. Bipolar logic circuits are discussed in Chapter 9.
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This chapter explores the requirements and general characteristics of digital logic gates. Sub-
sequent chapters investigate the detailed implementation of logic gates in both MOS and bipolar
technologies. The initial discussion in this chapter focuses on the characteristics of the inverter.
Important logic levels associated with binary logic are defined, and the concepts of the voltage
transfer characteristic and noise margin are introduced. Later, the temporal behavior and time
delays of the gates are addressed. A review of Boolean algebra, used for representation and
analysis of logic functions, is included, and simple AND gates, OR gates, and NAND gates are
implemented using diode logic and bipolar transistors.

6.1 IDEAL LOGIC GATES

We begin our discussion of logic gates by considering the characteristics of the ideal logical
inverter. Although we cannot achieve the ideal behavior, the concepts and definitions form the
basis for our study of actual circuit implementations of MOS and bipolar logic families in Chap-
ters 7, 8, and 9.

In the discussions in this book, we limit consideration to binary logic, which requires only two
discrete states for operation. In addition, the positive logic convention will be used throughout:
The higher voltage level will correspond to a logic 1, and the lower voltage level will correspond
to a logic 0.

The logic symbol and voltage transfer characteristic (VTC) for an ideal inverter are given
in Fig. 6.1. The positive and negative power supplies, shown explicitly as V. and V_, respectively,
are not included in most logic diagrams. For input voltages v; below the reference voltage V ggr,
the output v, will be in the high logic level at the gate output V. As the input voltage increases
and exceeds Vygr, the output voltage changes abruptly to the low logic level at the gate output V..
The output voltages corresponding to Vg and V, generally fall between the supply voltages V.
and V_ but may not be equal to either voltage. For an input equal to V., or V_, the output does not
necessarily reach either V_ or V.. The actual levels depend on the individual logic family, and
the reference voltage Vrgr is determined by the internal circuitry of the gate.

In most digital designs, the power supply voltage is predetermined either by technology con-
straints or system-level power supply criteria. For example, V, =5.0 V (with V_ = 0) represented
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Figure 6.1 (a) Voltage transfer characteristic for an ideal inverter. (b) Inverter logic symbol.
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the standard power supply for logic for many years. However, because of the power-dissipation,
heat-removal, and breakdown-voltage limitations of advanced technology, a new power supply
voltage equal to 3.3 V is in widespread use. In addition, many low-power systems must be de-
signed to operate from battery voltages as low as 1.0 to 1.5 V, and many ICs now operate from
supply voltages of 1.8 to 2.5 V.

6.2 LOGICLEVEL DEFINITIONS AND NOISE MARGINS

Now, let us look at electronic implementations of the inverter. Conceptually, the basic inverter
circuit consists of a load resistor and a switch controlled by the input voltage v,, as indicated in
Fig. 6.2(b). When closed, the switch forces vy to V., and when open, the resistor sets the output
to V. In Fig. 6.2(b), for example, V, =0V and V; = V..

Vi Vi Vi
v, R R R
2 Vo X Vo
Vo Vo ip lc
Uy Uy Uy
O—I 1 Mg

O Qs

() (b) (© (d

Figure 6.2 (a) Inverter operating with power supplies of 0 V and V.. (b) Simple inverter circuit
comprising a load resistor and switch. (c) Inverter with NMOS transistor switch. (d) Inverter with BJT
switch.

The voltage-controlled switch can be realized by either the MOS transistor in Fig. 6.2(c) or the
bipolar transistor in Fig. 6.2(d). Transistors Mg and Qg switch between two states: nonconducting
or “off,” and conducting or “on”. Load resistor R sets the output voltage to Vy = V. when
switching transistor Mg or Qg is off. If the input voltage exceeds the threshold voltage of Mg
or the turn-on voltage of the base-emitter junction of Qg, the transistors conduct a current that
causes the output voltage to drop to V.. When transistors are used as switches, as in Figs. 6.2(c)
and (d), V., # 0 V. Detailed discussion of the design of these circuits appears later in this chapter
and in Chapter 9.

In the inverter circuit, the transition between Vg and V;, does not occur in the abrupt manner
indicated in Fig. 6.1 but is more gradual, as indicated by the more realistic transfer characteristic
shown in Fig. 6.3(a). A single, well-defined value of Vrgr does not exist. Instead, several additional
input voltage levels are important.

When the input v; is below the input low-logic-level V;;, the output is defined to be in
the high-output or 1 state. As the input voltage increases, the output voltage v, falls until it
reaches the low output or O state as v; exceeds the voltage of the input high-logic-level V; . The
input voltages V;, and V;y are defined by the points at which the slope of the voltage transfer
characteristic equals —1. Voltages below V;, are reliably recognized as logic Os at the input of
a logic gate, and voltages above V; are recognized reliably as logic 1s at the input. Voltages
corresponding to the region between V;, and V5 do not represent valid logic input levels and
generate logically indeterminate output voltages. The transition region of high negative slope
between these two points' represents an undefined logic state. The voltages labeled as V,; and

" This region corresponds to a region of relatively high voltage gain. See Probs. 6.6 and 6.7.
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Figure 6.3 (a) Voltage transfer characteristic for the inverters in Fig. 6.2 with V_ = 0. (b) Voltage levels
and logic state relationships for positive logic.

Von represent the gate output voltages at the —1 slope points and correspond to input levels of
Vg and V;, respectively.

In Part IIT of this book, we will find that the region of the VTC with a high negative slope
between V;; and V;y corresponds to a large “voltage gain,” and we actually use this region for
amplification of analog signals. The gain is the slope of the voltage transfer characteristic. The
higher the gain, the narrower will be the voltage range corresponding to the undefined logic state
in Fig. 6.3.

An alternate representation of the voltages and voltage ranges appears in Fig. 6.3(b), along
with quantities that represent the voltage noise margins. The various terms are defined more fully
next.

6.2.1 LoGIC VOLTAGE LEVELS

V. The nominal voltage corresponding to a low-logic state at the output of a logic
gate for v; = V. Generally, V_ < V.

Vi The nominal voltage corresponding to a high-logic state at the output of a logic
gate for v; = V. Generally, Vg < V,.

Vi1 The maximum input voltage that will be recognized as a low input logic level.
Viy The minimum input voltage that will be recognized as a high input logic level.
Von The output voltage corresponding to an input voltage of V;,.
Vor The output voltage corresponding to an input voltage of V;y.
For subsequent discussions of MOS logic, V_ will usually be taken to be 0 V, and V, will
be either 3.3 V or 5 V. These voltages are also commonly used in bipolar logic. However, other
values are possible. For example, emitter-coupled logic, discussed in Chapter 9 on bipolar logic

design, has historically used V., =0V and V. = —5.2 V or —4.5 V, and new low-power ECL
gates have been developed to operate with a total supply voltage span of only 2 V.
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6.2.2 NOISE MARGINS

The noise margin in the high state NMy and noise margin in the low state NM,, represent
“safety margins” that prevent the gate from producing erroneous logic decisions in the presence of
noise sources. The noise margins are needed to absorb voltage differences that may arise between
the outputs and inputs of various logic gates due to a variety of sources. These may be extraneous
signals coupled into the gates or simply parameter variations between gates in a logic family.

Figure 6.4 shows several interconnected inverters and illustrates why noise margin is impor-
tant. The signal and power interconnections on a printed circuit board or integrated circuit, which
we most often draw as zero resistance wires (or short circuits), really consist of distributed RLC
networks. In Fig. 6.4 the output of the first inverter, vy, and the input of the second inverter, v;,,
are not necessarily equal. As logic signals propagate from one logic gate to the next, their charac-
teristics become degraded by the resistance, inductance, and capacitance of the interconnections.
Rapidly switching signals may induce transient voltages and currents directly onto nearby signal
nodes and lines through capacitive and inductive coupling indicated by C. and M. In an RF
environment, the interconnections may even act as small antennae that can couple additional ex-
traneous signals into the logic circuitry. Similar problems occur in the power distribution network.
Both direct current and transient currents during gate switching generate voltage drops across the
various components (R, L,, C,) of the power distribution network.

Figure 6.4 Inverters embedded in a signal and power and distribution network.

There are a number of different ways to define the noise margin [1-3] of a logic gate. In this
text, we will use a definition based on the input and output voltages at the —1 slope points on the
inverter voltage transfer characteristic, as identified in Fig. 6.3:

NM, The noise margin associated with a low input level is defined by

NM, = Vi.—Vor (6.1)
NMpy The noise margin associated with a high input level is defined by

NMy = Vou—Vin (6.2)

The noise margins represent the voltages necessary to upset the logic levels in along chain (actually
an infinite chain) of inverters, or in the cross-coupled flip-flop storage elements that we explore
in Chapter 8. The definitions in Egs. (6.1) and (6.2) can be shown [1-3] to maximize the sum of
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the two noise margins.> These definitions provide a reasonable metric for comparing the noise
margins of different logic families and are relatively easy to understand and calculate. The method
for actually finding the worst-case noise margins for a logic family uses a graphical approach
described in [1]. However, it is much more cumbersome to describe and difficult to implement.

The noise margins also help absorb parameter variations that occur between individual logic
gates. During manufacture, there will be unavoidable variations in device and circuit parameters,
and variations will occur in the power supply voltages and operating temperature during appli-
cation of the logic circuits. Normally, the logic manufacturer specifies worst-case values for Vy,
Vi, Vi, Voo, Vig, and Vpog. In our analysis, however, we will generally restrict ourselves to
finding nominal values of these voltages.

EXERCISE: A certain TTL gate has the following values for its logic levels: Vo, = 3.6V,
VoL =04V, V,y =20V, V. =0.8V.What are the noise margins for this TTL gate?

ANSWERS: NMy =1.6V; NM, = 0.4V

6.2.3 LoGic GATE DESIGN GOALS

As we explore the design of logic gates, we should keep in mind a number of goals.

1. From Fig. 6.1, we see that the ideal logic gate is a highly nonlinear device that
attempts to quantize the input signal into two discrete output levels. In the actual gate
in Figs. 6.2 and 6.3, we should strive to minimize the width of the undefined input
voltage range, and the noise margins should generally be as large as possible.

2. Logic gates should be unidirectional in nature. The input should control the output to
produce a well-defined logic function. Voltage changes at the output of a gate should
not affect the input side of the circuit.

3. The logic levels must be regenerated as the signal passes through the gate. In other
words, the voltage levels at the output of one gate must be compatible with the input
voltage levels of the same or similar logic gates.

4. The output of one gate should also be capable of driving the inputs of more than one
gate. The number of inputs that can be driven by the output of a logic gate is called
the fan-out capability of that gate. The term fan in refers to the number of input
signals that may be applied to the input of a gate.

5. In most design situations, the logic gate should consume as little power (and area in
an IC design) as needed to meet the speed requirements of the design.

6.3 DYNAMIC RESPONSE OF LOGIC GATES

In today’s environment, even the general public is familiar with the seemingly endless increase in
logic performance as we are bombarded with marketing of the latest microprocessors in terms of
their clock frequencies, 500 MHz, 750 MHz, 1 GHz, and so on. The clock rate of a processor is
ultimately set by the dynamic performance of the individual logic circuits. In engineering terms,
the time domain performance of a logic family is cast in terms of its average propagation delay,
rise time, and fall time as defined in this section.

2 In some cases, this simple definition can yield a negative value for one of the noise margins.
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(b)

Figure 6.5 Switching waveforms for an idealized inverter: (a) input voltage signal, (b) output voltage
waveform.

Figure 6.5 shows idealized time domain waveforms for an inverter. The input and output
signals are switching between the two static logic levels Vy; and V. Because of capacitances
in the circuits, the waveforms exhibit nonzero rise and fall times, and propagation delays occur
between the switching times of the input and output waveforms.

6.3.1 RISE TIME AND FALL TIMES

The rise time ¢, for a given signal is defined as the time required for the signal to make the transition
from the “10 percent” point to the “90 percent’ point on the waveform, as indicated in Fig. 6.5.
The fall time #; is defined as the time required for the signal to make the transition between the
90 percent point and the 10 percent point on the waveform. The voltages corresponding to the
10 percent and 90 percent points are defined in terms of V; and Vj and the logic swing AV:

Viow = VL +0.1 AV
Voo = VL +09AV =V —0.1 AV

(6.3)

where AV = Vy — V.. Rise and fall times usually have unequal values; the characteristic shapes
of the input and output waveforms also differ.
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6.3.2 PROPAGATION DELAY

Propagation delay is measured as the difference in time between the input and output signals
reaching the ‘50 percent” points in their respective transitions. The 50 percent point is the
voltage level corresponding to one-half the total transition between Vy and V:

Vi +V,
Vsoo, = % (6.4)

The propagation delay on the high-to-low output transition is 7p 5 and that of the low-to-
high transition is 7p, 5. In the general case, these two delays will not be equal, and the average
propagation delay tp is defined by

o= TPLH "; TPHL (6.5)

Average propagation delay is one figure of merit that is commonly used to compare the perfor-
mance of different logic families. In Chapters 6, 7, and 9 we explore the propagation delays for
various MOS and bipolar logic circuits.

EXERCISE: Suppose the waveforms in Fig. 6.5 are those of an ECL gate with V;, = —2.6 V
and Vy = -06V,andt; =100 ns, t, =105 ns, t3 = 150 ns, and t;, = 153 ns. What are the
values of V10%, Vgo%, V50%, g and tf"

ANSWERS: —2.4V; —-0.8V; -1.6V;3ns;5ns

6.3.3 POWER-DELAY PRODUCT

The overall performance of a logic family is ultimately determined by how much energy is required
to change the state of the logic circuit. The traditional metric for comparing various logic families
is the power-delay product, which tells us the amount of energy that is required to perform a basic
logic operation.

Figure 6.6 shows the behavior of the average propagation delay of a general logic gate
versus the average power supplied to the gate. The power consumed by a gate can be changed
by increasing or decreasing the sizes of the transistors and resistors in the gate or by changing
the power supply voltage. At low power levels, gate delay is dominated by intergate wiring
capacitance, and the delay decreases as power increases. As device size and power are increased
further, circuit delay becomes limited by the inherent speed of the electronic switching devices,
and the delay becomes independent of power. In bipolar logic technology, the properties of the
transistors begin to degrade at even higher power levels, and the delay can actually become worse
as power increases further, as indicated in Fig. 6.6.

In the low power region, the propagation delay decreases in direct proportion to the increase
in power. This behavior corresponds to a region of constant power-delay product (PDP),

PDP = Prtp (6.6)
in which P is the average power dissipated by the logic gate. The PDP represents the energy

(Joules) required to perform a basic logic operation and is another figure of merit widely used to
compare logic families.
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Figure 6.6 Logic gate delay versus power dissipation.

Early logic families had power-delay products of 10 to 100 pJ (1 pJ = 107!2 J), whereas
many of today’s IC logic families now have PDPs in the 10 to 100 fJ range (1 fJ = 101 J). It
has been estimated that the minimum energy required to reliably differentiate two logic states is
on the order of (In2)kT, which is approximately 4 x 1072° J at room temperature [4]. Thus even
today’s best logic families have power-delay products that are many orders of magnitude from
the ultimate limit [5].

EXERCISE: (a) Whatis the power-delay product at low power for the logic gate characterized
by Fig. 6.6? (b) What is the PDP at P = 3 mW? (c) At 20 mW?

ANSWERS: 1 pJ; 3 pJ; 40 pJ

6.4 REVIEW OF BOOLEAN ALGEBRA

In order to be able to effectively deal with logic system analysis and design, we need a mathe-
matical representation for networks of logic gates. Fortunately, way back in 1849, G. Boole [6]
presented a powerful mathematical formulation for dealing with logical thought and reasoning,
and the formal algebra we use today to manipulate binary logic expressions is known as Boolean
algebra. Tables 6.1 to 6.6 and the following discussion summarize Boolean algebra.

Table 6.1 lists the basic logic operations that we need. The logic function at the gate output
is represented by variable Z and is a function of logical input variables A and B: Z = f (A, B).
To perform general logic operations, a logic family must provide logical inversion (NOT) plus at
least one other function of two input variables, such as the OR or AND functions. We will find
in Chapter 7 that NMOS logic can easily be used to implement NOR gates as well as NAND
gates, and in Chapter 9 we will see that the basic TTL gate provides a NAND function whereas
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TABLE 6.1
Basic Boolean Operations

TABLE 6.2
OPERATION BOOLEAN REPRESENTATION NOT (Inverter) Truth Table
NOT Z=A
OR Z=A+B _
AND Z—=A-B=AB A Z=A
NOR Z=A+B 0 1
NAND Z=A-B=AB 1 0
TABLE 6.3 TABLE 6.4
OR Gate Truth Table AND Gate Truth Table
A B Z=A+8B A B Z=AB
0 0 0 0 0 0
0 1 1 0 1 0
1 0 1 1 0 0
1 1 1 1 1 1

OR/NOR logic is provided by the basic ECL gate. Note in Table 6.1 that the NOT function is
equivalent to the output of either a single input NOR gate or NAND gate.

Truth tables and logic symbols for the five functions in Table 6.1 appear in Tables 6.2 to
6.6 and Figs. 6.7 to 6.9. The truth table presents the output Z for all possible combinations of
the input variables A and B. The inverter, Z = A, has a single input, and the output represents
the logical inversion or complement of the input variable, as indicated by the overbar (Table 6.2;
Fig. 6.7).

Tables 6.3 and 6.4 are the truth tables for a two-input OR gate and a two-input AND gate,
respectively, and the corresponding logic symbols appear in Fig. 6.8. The OR operation is indicated
by the 4 symbol; its output Z is a 1 when either one or both of the input variables A or B is a 1.
The output is a 0 only if both inputs are 0. The AND operation is indicated by the - symbol, as
in A - B, or in a more compact form as simply A B, and the output Z is a 1 only if both the input
variables A and B are in the 1 state. If either input is O, then the output is 0. We shall use AB to
represent A AND B throughout the rest of this text.

A O Z=A+B Ao
O
B O B O

(@ ()

g

A o—] Ao

A E Z=A

Figure 6.7 Inverter
symbol.

B 0—
(b)
Figure 6.8 (a) OR gate

symbol. (b) AND gate
symbol.

B 0—
(b)

Figure 6.9 (a) NOR gate
symbol. (b) NAND gate
symbol.
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TABLE 6.5 TABLE 6.6

NOR Gate Truth Table NAND Gate Truth Table

A B Z=A+B A B Z =AB
0 0 1 0 0 1

0 1 0 0 1 1

1 0 0 1 0 1

1 1 0 1 1 0

Tables 6.5 and 6.6 are the truth tables for the two-input NOR gate and the two-input NAND
gate, respectively, and the logic symbols appear in Fig. 6.9. These functions represent the comple-
ments of the OR and AND operations — that is, the OR or AND operations followed by logical
inversion. The NOR operation is represented as Z = A 4 B, and its output Z is a 1 only if both
inputs are 0. For the NAND operation, Z = AB, output Z is a 1 except when both the input
variables A or B are in the 1 state.

In this chapter and Chapter 8, we will find that a major advantage of MOS logic is its capability
to readily form more complex logic functions, particularly logic expressions represented in a
complemented sum-of-products form:

Z=AB+CD+E or Z=ABC+ DE (6.7)
The Boolean identities that are shown in Table 6.7 can be very useful in finding simplified logic
expressions, such as those expressions in Eq. (6.7). This table includes the identity operations as
well as the basic commutative, associative, and distributive laws of Boolean algebra.

TABLE 6.7
Useful Boolean Identities

A+0=A

A+B=B+A
A+B+C)=(A+B)+C

A+ BC=(A+B)(A+0)

A+A=1
A+A=A
A+1=1
A+B=AB

LOGIC EXPRESSION SIMPLIFICATION

Al=A
AB = BA
A(BC) = (AB)C
A(B+C)=AB + AC

A

o> >
Il

A
A.
AB

Il
O 2

Identity operation
Commutative law
Associative law
Distributive law
Complements
Idempotency

Null elements
DeMorgan’s theorem

Here is an example of the use of Boolean identities to simplify a logic expression.

Use the Boolean relationships in Table 6.7 to show that the expression

Z =ABC + ABC + ABC

can be reduced to

Z =(A+ B)C.

Known Information and Given Data: Two expressions for Z just given; Boolean identities in

Table 6.7
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Unknowns: Proof that Z is equivalent to (A + B)C

Approach: Apply various identities from Table 6.7 to simplify the formula for Z
Assumptions: None

Analysis:

Z = ABC + ABC + ABC
Z =ABC+ ABC + ABC + ABC  using ABC = ABC + ABC

Z =A(B+ B)C + (A+ A)BC using distributive law

Z =A()C+ (1)BC using (B+B)=(B+B) =1
Z =AC+ BC since A(1)C = AC(1) = AC
Z=(A+B)C using distributive law

Check of Results: We have reached the desired answer. A double check indicates the sequence
of steps appears valid.

EXERCISE: Simplify the logic expression Z = (A + B)(B + C)
ANSWER: Z=B+ AC

6.5 DIODE LOGIC AND DTL

Diode logic is one of the simplest circuit techniques that can be used to implement the AND and
OR functions. Although of somewhat limited utility, diode logic provides a simple introduction to
logic circuit implementation and can be used in circuit design to logically combine several input
signals.

6.5.1 DiobpE OR GATE

Figure 6.10 is the circuit diagram of a simple diode OR gate along with circuit voltages for the
case A = lor5Vand B = 0 or 0 V. In Fig. 6.10(b), diode D, is conducting, diode D, is
reverse-biased, and the output voltage is one diode voltage drop below the 5 V input at A. Using

+06V -

D, A=1 "p,

D, VA ov _D» V=44V
B S) B0 o
Vo - Z=1

(@ (b)

Figure 6.10 (a) Diode OR gate. (b) OR gate with A = 1 and B = 0.
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the constant-voltage-drop model from Chapter 3 with V,, = 0.6 V, vy =5V —-0.6 V=44V
and Z = 1. Although the output voltage is not equal to the full 5-V input level, 4.4 V is usually
sufficiently large to be interpreted as a logical 1. If at least one of the inputs in the circuit in
Fig. 6.10 is at +5 'V, then the output of this gate will be at 4.4 V. If both inputs are at 0 V, then
D and D, will both be nonconducting and vy = 0. Thus, the diode circuit in Fig. 6.10 is a basic
form of OR logic.

6.5.2 DiobpeE AND GATE

By reversing the diodes and power supply, as in Fig. 6.11, the circuit becomes an AND gate. In
Fig. 6.11(b), we again look at the circuit for the case A = 1 (5 V) and B = 0 (0 V). Diode D,
is now reverse-biased, diode D, is conducting, and the output voltage is one diode voltage drop
above ground potential:

w=0+06 V=06V and Z=0

Although the output voltage is not equal to 0 V, the 0.6-V level is sufficiently low to be interpreted
as a logical 0. If either one or both of the inputs is at 0 V, then the output of the gate is 0.6 V.
Only if both inputs are at +5 V will the output also be at +5 V, corresponding to Z = 1. Thus,
the circuit in Fig. 6.11 functions as a basic AND gate.

+5V ;4—5\/
R
R 44V _
; sy * vy=0.6V
Oo— O
A 0— O =
< D, z A=l D, Z=0

D
D, B(iz)/ < :
B o—< -

(@ (b)

Figure 6.11 (a) Diode AND gate. (b) AND gate withA=1,B=0, and Z=0.

Although the diode OR and AND gates provide simple implementations of their respective
logic function, they both suffer from the same problem. The gates do not satisfy design goal 3
discussed in Sec. 6.2 because the logic levels are not regenerated at the output of the gate. When
several similar gates are connected in series, the output level is degraded one diode drop by each
gate in the chain. If too many diode logic gates are cascaded, then the output voltage no longer
represents the proper binary state. However, there are often cases where the circuit designer would
like to form the AND or OR combination of several logical variables in a simple control circuit,
and diode logic will suffice.

6.5.3 A DioDE-TRANSISTOR Loaic (DTL) GATE

The level-restoration problem associated with diode logic can be solved by adding a diode and
transistor to form the diode-transistor logic (DTL) gate shown schematically in Fig. 6.12. We
will analyze bipolar logic gates in detail in Chapter 9; here is a brief overview of the operation of
this gate.

The situation in Fig. 6.13(a) corresponds to the case in which both inputs are in the logical
I state, Vi = V, = 3.3 V. In this particular circuit, diodes D, and D, are both off, whereas D;
and Q; are on. Node 1l isat 1.3 V:

Vi=Vps+Vge=06V+07V=13V
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o

(a)

+
Off - B <

D,
(b)

Figure 6.13 A diode-transistor NAND gate: (a) both inputs high, (b) one input low.

The current / through resistor Rz and diode D; becomes the base current I of transistor Q. The
value of Ip is designed to cause Q; to saturate so that vp = Vcgsar (for example, 0.05 to 0.1 V).

In Fig. 6.13(b), input B is now at 0 V, corresponding to a logical 0. Diode D, is conducting,
holding node 1 at 0.6 V. Now diode Dj and transistor Q; must both be off, because the voltage at
node 1 is now less than the two diode voltage drops required to turn on both D5 and Q. The base
current of O, is now zero; O, will be off with I = 0, and the output voltage will be at +3.3 V,
corresponding to a logical 1. A similar situation holds for the circuit if both inputs are low. The
truth table for this gate is identical to Table 6.6. The DTL circuit represents a two-input NAND
gate with Z = AB.

EXERCISE: What is the base current in transistor Q in Fig. 6.13(a) if Rs = 100 kQ?
ANSWER: 20 pA

6.6 NMOS LOGIC DESIGN

The rest of Chapter 6 focuses on understanding the design of MOS logic gates that use only
n-channel MOS transistors (NMOS logic) or p-channel MOS transistors (PMOS logic). Study
of these circuits employing single-channel technology provides a background for understanding
many important logic circuit concepts as well as the improvements gained by going to CMOS
circuitry, which is the topic for Chapter 7. The discussion begins by investigating the design
of the MOS inverter in order to gain an understanding of its voltage transfer characteristic and
noise margins. Inverters with four different load configurations are considered: the resistor load,
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saturated load, linear load, and depletion-mode load circuits. NOR, NAND, and more complex
logic gates can be easily designed as simple extensions of the reference inverter designs. Later,
the rise time, fall time, and propagation delays of the gates are analyzed.

The drain current of the MOS device depends on its gate-source voltage vgs, drain-source volt-
age vps, and source-bulk voltage vsg, and on the device parameters, which include the transcon-
ductance parameter K, threshold voltage V7, and width-to-length or W/L ratio. The power
supply voltage constrains the range of vgs and vps, and the technology sets the values of K| and
Vry. Thus, the circuit designer’s job is to choose the circuit topology and the W/L ratios of the
MOS transistors to achieve the desired logic function.

In most logic design situations, the power supply voltage is predetermined by either tech-
nology reliability constraints or system-level criteria. For example, as mentioned in Sec. 6.1,
Vpp® = 5.0 V has been the standard power supply for logic for many years. However, a new
3.3-V power supply level is now gaining widespread use as well. In addition, many portable
low-power systems, such as cell phones and PDAs, must operate from battery voltages as low as
1.0to 1.5 V.

We begin our study of MOS logic circuit design by considering the detailed design of the
NMOS inverter with the resistor load that was introduced in Chapter 5. Although we will seldom
use this exact circuit, it provides a good basis for understanding operation of the basic logic gate.
In integrated logic circuits, the load resistor occupies too much silicon area, and is replaced by a
second NMOS transistor. This “load device” can be connected in three different configurations
called the saturated load, linear load, and depletion-mode load circuits. We will explore the design
of the NMOS load configurations in detail in this and Secs. 6.7 through 6.10.

6.6.1 NMOS INVERTER WITH RESISTIVE LOAD

Complex digital systems can consist of millions of logic gates, and it is helpful to remember
that each individual logic gate is generally interconnected in a larger network. The output of one
logic gate drives the input of another logic gate, as shown schematically by the four inverters in
Fig. 6.14. Thus, a gate has vp = Vy when an input voltage v; = V, is applied to its input, and
vice versa. For MOS design, we first need to find V and then apply it as an input to the gate in
order to determine V.

The basic inverter circuit shown in Fig. 6.15 consists of an NMOS switching device Mg
designed to force vy to V,, and a resistor load element to “pull” the output up toward the power
supply Vpp. The NMOS transistor is designed to switch between the triode region for v; = Vg
and the cutoff (nonconducting) state for v; = V.. The circuit designer must choose the values
of the load resistor R and the W/L ratio of switching transistor Mg so the inverter meets a set
of design specifications. In this case, these two design variables permit us to choose the V;, level
and set the total power dissipation of the logic gate.

Let us explore the inverter operation by considering the requirements for the design of such
a logic gate. Writing the equation for the output voltage, we find

vo = vps = Vpp —ipR (6.8)
When the input voltage is at a low state, v; = V;, Mg should be cut off, with i, = 0, so that
vo=Vpp=Vy (6.9)

Thus, in this particular logic circuit, the value of Vy is set by the power supply voltage Vpp =5 V.

3 Vpp and Vss have traditionally been used to denote the positive and negative power supply voltages in MOS circuits.
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3 +Vop
Vy v,
v, 0V,
Voo
O VL _
Figure 6.15 NMOS
Figure 6.14 A network of inverters. inverter with resistive load.
U=V, <Vpy v;=Vy=5V

(@) (b)

Figure 6.16 Inverters in the (a) v; = V. (0) and (b) v; = Vy (1) logic states.
To ensure that transistor My is cut off when the input is equal to V, as in Fig. 6.16(a), the
gate-source voltage of M5 (vgs = Vi) must be less than its threshold voltage Vyy.For Voy =1V,

a normal design point would be for V, to be in the range of 25 to 50 percent of V;y or 0.25 to
0.50 V to ensure adequate noise margins. Let us assume a design value of V;, = 0.25 V.

DESIGN DESIGN OF v,

M= NoTE

To ensure that switching transistor My is cut off when the input is in the low logic state, V,
is designed to be 25 to 50 percent of the threshold voltage of switch M. This choice also
provides a reasonable value for noise margin NM; .

6.6.2 DESIGN OF THE W/L RATIO OF Mg

The value of W/L required to set V;, = 0.25 V can be calculated if we know the parameters of the
MOS device. For now, the values Vyy =1V and K|, = 25 x 10-° A/V? will be used. In addition,
we need to know a value for the desired operating current of the inverter. The current is determined
by the permissible power dissipation of the NMOS gate when vy = V. Using P = 0.25 mW (see
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Probs. 6.44 and 6.45),* the current in the gate can be found from P = V5, x Ip. For our circuit,
025x 103 =5x1Ipp or  Ipp=50pA=ip

Now we can determine the value for the W /L ratio of the NMOS switching device from the
MOS drain current expression using the circuit conditions in Fig. 6.16(b). In this case, the input is
set equal to Vy = 5V, and the output of the inverter should then be at V. The expression for the
drain current in the triode region of the device is used because vgs — Vry =5V -1V =4V,
and vps = Vp = 0.25 V, yielding vps < vgs — Vrn.

. (W
Ilp = Kn <f) (U(;s — VTN — 0.51)[)5) Ups (610)
N
or
_s 6 A w
5x10°A=(25x 1075 ) () V=1V =-0125V)(025V)
N

Solving Eq. (6.10) for (W/L)g gives (W/L)s = 2.06/1.

6.6.3 LOAD RESISTOR DESIGN

The value of the load resistor R is chosen to limit the current when vp = V and is found from

_Vop=V._ (5-025)V

R =
Ip 5x 107 A

=95k 6.11)

These design values are shown in the circuit in Fig. 6.16(b).

EXERCISE: Redesign the logic gate in Fig. 6.16 to operate at a power of 0.5 mW while main-
taining V;, = 0.25 V.

ANSWER: (W/L)s=4.12/1; R = 47.5 kR

6.6.4 LOAD-LINE VISUALIZATION

An important way to visualize the operation of the inverter is to draw the load line on the MOS
transistor output characteristics as in Fig. 6.17. Equation (6.8), repeated here, represents the
equation for the load line:

vps = Vpp —ipR

When the transistor is cut off, ip = 0 and vpg = Vpp = 5V, and when the transistor is on, the
MOSFET is operating in the triode region, with vgs = Vy =5V and vps =vp =V, =025 V.
The MOSFET switches between the two operating points on the load line, as indicated by the
circles in Fig. 6.17. At the right-hand end of the load line, the MOSFET is cut off. At the
Q-point near the left end of the load line, the MOSFET represents a relatively low resistance,
and the current is determined primarily by the load resistance. (Note how the Q-point is nearly
independent of vgs.)

4 It would be worth exploring these problems before continuing.
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80 uA
" 5
60 “’A VGS: 25V
5
E
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=
a Vgs=20V
20 pA
Vgs=15V
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OV 10V 20V 30V 40V 50V 60V

VDS

Figure 6.17 MOSFET output characteristics and load line.

DESIGN OF AN INVERTER WITH RESISTIVE LOAD
Design a resistively loaded NMOS inverter to operate from a 3.3-V power supply.

Design an inverter with a resistive load for Vpp = 3.3 Vand P = 0.1 mW with V;, = 0.2 V.
Assume K/ = 60 wA/V? and Vry = 0.75 V.

Known Information and Given Data: Circuit topology in Fig. 6.15; Vpp = 3.3V, P=
0.1mW, V;, =0.2V, K. = 60 pA/V?, and Vry = 0.75 V

Unknowns: Value of load resistor R; W /L ratio of switching transistor M

Approach: Use the power dissipation specification to find the current Ipp for vp = V.
Use Vpp, Vi, and Ipp to calculate R. Determine V. Use Vi, Vi, and Ipp to find (W/L)s.

Assumptions: My is off for v; = V;; My is in the triode region for vy = V.

Analysis: Using the power specification with the inverter circuit in Fig. 6.15, we have

o1 2 W
=y T 33y ok
- 3-02V
R=VDD 7 =0 — =102k
IDD 30.3 }.LA

For v; = V; = 0.2V, the MOSFET will be off since 0.2 V is less than the threshold voltage,
and the output high level will be Vi = Vpp = 3.3 V. The triode region expression for the
MOSFET drain current with vgs = v; = Vg and vps = vp = V| is

L=k (Y Vi — V. i)y
D—nLSHTNzL
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Equating this expression to the drain current yields

W 0.2 W 1.03
30.3 pA = (60 x 107°) (—) <3.3 —0.75 — —> 02— <_) -
L), 2 L), 1

Thus our completed design values are R = 102 k2 and (W/L)s = 1.03/1.

Check of Results: We should check the triode region assumption for the MOSFET forvy = V.:
Vos — Vry = 3.3 — 0.75 = 2.55 V, which is indeed greater than Vps = 0.2 V. Let us also
double check the value of W/L by using it to calculate the drain current:

1.03 0.2
Ip = (60 x 107°) (T) (3.3 —0.75 — 7) 02=303pA ¢V

Discussion: This new design for a reduced voltage and reduced power requires a larger value
of load resistor to limit the current, but a smaller device to conduct the reduced level of current.

Computer-Aided Analysis: Let us verify our design values with SPICE. The circuit drawn with
a schematic capture tool is given below. The NMOS transistor uses the LEVEL = 1 model
with KP = 6.0E-5, VTO = 1, W = 1.03U, and L = 1U. The Q-point of the transistor is
(30.4 nA, 0.201 V), which agrees with the design specifications.

R
102K

+ VDD
MS - J33v

1.03
1
VIN
33V

=

EXERCISE: (a) Redesign the inverter in Ex. 6.2 to have V; = 0.1 V with R = 102 k<. (b) Verify
your design with SPICE.

ANSWER: (W/L)s = 2.09/1

6.6.5 ON-RESISTANCE OF THE SWITCHING DEVICE

When the logic gate output is in the low state, the output voltage can also be calculated from a
resistive voltage divider formed by the load resistor R and the on-resistance R,, of the MOSFET,
as in Fig. 6.18.

(6.12)

where

Ron = = (613)




EXAMPLE 6.3

PROBLEM

SOLUTION

6.6 NMOS Logic Design 379

Vop Vop
R R
Vi Vi
v =V ---» v;=Vg---»
R, R,

() (b)

Figure 6.18 Simplified representation of an inverter: (a) the off or nonconducting state, (b) the on or
conducting state.

R,, must be much smaller than R in order for V; to be small. It is important to recognize that R,
represents a nonlinear resistor because the value of R, is dependent on vpg, the voltage across
the resistor terminals. All the NMOS gates that we study in this chapter demonstrate “ratioed”
logic — that is, designs in which the on-resistance of the switching transistor must be much smaller
than that of the load resistor in order to achieve a small value of V; (R,, < R).

ON-RESISTANCE CALCULATION
Find the on-resistance for the MOSFET in the completed inverter design in Fig. 6.16(b).

What is the value of the on-resistance for the NMOS FET in Fig. 6.16 when the output voltage
isat V. ?

Known Information and Given Data: K, = 25 MA/V2, Vin =1V, W/L =2.06/1, Vps =
V., =025V

Unknowns: On-resistance of the switching transistor
Approach: Use the known values to evaluate Eq. (6.13).
Assumptions: The transistor is in the triode region of operation.
Analysis: R,, can be found using Eq. (6.13).

1
Ron = = 5.0k

AN /2 2
25 x 1062 ) (220 (s 22 y
V2 1 2

Check of Results: We can check this value by using it to calculate V:

Ron 5k

V=Vpp—" =5V~
L= PR 1R 5kQ + 95 kQ

=025V

R, = 5 kQ does indeed give the correct value of V;. Note that R,, < R. Checking the triode
region assumption: Vgg — Voy =5—1=4Vand Vps =V, =025V. ¢
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EXERCISE: What value of R,, is indeed to set V;, = 0.20 V? What is the new value of W/L
needed for the MOSFET to achieve this value of R,,?

ANSWERS: 3.96 k; 2.59/1

EXERCISE: What is the value of R,, for the MOSFET in Ex. 6.2? Use R,, to find V,.
ANSWERS: 6.61 k; 0.201 V

6.6.6 NOISE MARGIN ANALYSIS

Figure 6.19 is a SPICE simulation of the voltage transfer function for the completed inverter
design from Fig. 6.16. Now we are in a position to find the values of V., Vo, Vig, and Vo that
correspond to the points at which the slope of the voltage transfer characteristic for the inverter
is equal to —1, as defined in Sec. 6.2. Our analysis begins with the expression for the load line,
repeated here from Eq. (6.8):

Vo = VDD — ZDR (614)

NMOS inverter with resistor load
60V

VHZSV
50V /

Vou

40V

30V

Output voltage

20V

1.0V -1
Vor Vp =025V
oV Ve Vie | | | J
ov 1.0V 20V 30V 40V 50V 60V
Uy

Figure 6.19 Simulated voltage transfer characteristic of an NMOS logic gate with resistive load.

6.6.7 CALCULATION OF V,; AND Vjpy

Referring back to Fig. 6.15 with v; = V;,, vgs (= vy) is small and vps (= vo) is large, so we
expect the MOSFET to be operating in saturation, with drain current given by

ip = (K,/2)(vgs — Von)>  where K, = K, (W/L) and vgs = v;
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Substituting this expression for i, in load-line Eq. (6.14),

K, 2
vo = Vpp — 7(01 —Vry)'R

and taking the derivative of v, with respect to v; results in

dUO

=—K,(v; — Vry)R
dU]

Setting this derivative equal to —1 for v, = V; yields

1
with VOH = VDD —

V=V
L=V + K, R 2K, R

381

(6.15)

(6.16)

(6.17)

We see that the value of V; is slightly greater than V7, since the input must exceed V7 for Mg
to begin conduction, and Vyp is slightly less than V5. The 1/K, R terms represent the ratio of
the transistor’s transconductance parameter to the value of the load resistor. As K, increases for

a given value of R, V;, decreases and V,p increases.

EXERCISE: Show that (1/K,R) has the units of voltage.

6.6.8 CALCULATION OF V, AND Vg,

For v; = Vg, vgs is large and vpy is small, so we now expect the MOSFET to be operating in
the triode region with drain current given by ip = K,[vgs — Vry — (vps/2)]vps. Substituting

this expression for i, into Eq. (6.14) and realizing that vpo = vpg yields

Vo
vo = Vpp — K, R (UI —Vry — 7) Vo
or
2
Vg 1 Vop
—= — -V =0
2 e [v’ ™t KHR} :
Solving for vy and then setting dvo/dv; = —1 for v; = Vg yields
Vob ) 2Vpp
Viw = Von — 1.63 th Vor =
=N et KR oL =N\ 3K, R

In this case, we find that the values of V,; and V; depend on the ratio Vpp /K, R.

NOISE MARGIN CALCULATION FOR THE RESISTIVE LOAD INVERTER
Find the noise margins associated with the inverter design in Fig. 6.16(b).

PROBLEM Calculate the noise margins for the inverter in Fig. 6.16(b).

(6.18)

(6.19)
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SOLUTION Known Information and Given Data: The NMOS inverter circuit with resistor load in Fig. 6.15

with R = 95kQ, (W/L)s =2.06/1, K, =25 wA/V2 and Vyy =1V
Unknowns: The values of Vi, Vou, Viu, Vor, NMy, and NMy

Approach: Use the given data to evaluate Eqgs. (6.17) and (6.18). Use the results to find the
noise margins: NMy = Vog — Vig and NM; = V;, — V1.

Assumptions: Equation (6.17) assumes saturation region operation; Eq. (6.18) assumes triode
region operation.

Analysis: For the inverter design in Fig. 6.16(b),

% 2.06 pA A
Viv =1V K= =252 2P _ 5 5B b 95k
"L 1 V2 V2

Evaluating Eq. (6.17),

1 1
1 —120V and Voy=5-— -
t 515 pA) (95 k) an o 2(51.5 pA) (95 kQ)

Vie = 490V

and Eq. (6.18),

5
Vin =1— +1.63 =244V
(51.5 pA) (95 k) (51.5 pA) (95 kS2)
2(5)
Voo = —0.83V
3(51.5 pA) (95 k)

The noise margins are found to be
NMy =490—-244 =246V and NM, =120-083 =037V

Check of Results: The values of V;;, Vou, Vg, and V. all agree well with the simulation
results in Fig. 6.19. Equation (6.17) is based on the assumption of saturation region operation.
We should check to see if this assumption is consistent with the results in Eq. (6.17): vps = 4.90
and vgs — Vry = 1.2 — 1.0 = 0.2. Because vps > (vgs — Vry), our assumption was correct.
Similarly, Eq. (6.18) is based on the assumption of triode region operation. Checking this
assumption, we have vpg = 0.83 and vgs — Vry = 2.44—1.0 = 1.4. Since vps < (vgs — Vrw),
our assumption was correct.

Discussion: Our analysis indicates that a long chain of inverters can tolerate electrical noise
and process variations equivalent to 0.37 V in the low-input state and more than 2.4 V in the
high state. Note that it is common for the values of the two noise margins to be substantially
different, as illustrated here.

EXERCISE: (a) Find the noise margins for the inverter in Ex. 6.2. (b) Verify your results with
SPICE.

ANSWERS: NM, = 0.32 V; NM,, = 1.45V (V,, = 0.090 V, Voy = 3.22V, V;yy = 1.77 V,
VoL = 0.591 V)
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As mentioned earlier, V;r, Vor, Vig, and Vg, as specified by a manufacturer, actually
represent guaranteed specifications for a given logic family and take into account the full range of
variations in technology parameters, temperature, power supply, loading conditions, and so on.
In Ex. 6.4, we have computed only V;;, Vo, Vi, and Vo and the noise margins under nominal
conditions at room temperature.

6.6.9 LOAD RESISTOR PROBLEMS

The NMOS inverter with resistive load has been used to introduce the concepts associated with
static logic gate design. Although a simple discrete component logic gate could be built using this
circuit, IC realizations do not use resistive loads because the resistor would take up far too much
area.

To explore the load resistor problem further, consider the rectangular block of semiconductor
material in Fig. 6.20 with a resistance given by

L
Ro PL

= (6.20)

where p =resistivity
L, W, t =length, width, thickness of resistor, respectively

b

g

-

w

Figure 6.20 Geometry for a simple rectangular resistor.

In an integrated circuit, a resistor might typically be fabricated with a thickness of 1 pmina
silicon region with a resistivity of 0.001 €2 - cm. For these parameters, the 95-k€2 load resistor in
the previous section would require the ratio of L/ W to be

L Rt (9.5x10*Q)(1x 10™*cm) 9500

w o op 0.001 € - cm 1

If the resistor width W were made a minimum line width of 1 pm, which we will call the minimum
feature size F, then the length L would be 9500 wm, and the area would be 9500 pm?.

For the switching device Mg, W/L was found to be 2.06/1. If the device channel length is
made equal to the minimum feature size of 1 wm, then the gate area of the NMOS device is only
2.06 pm?. Thus, the load resistor would consume more than 4000 times the area of the switching
transistor M. This is simply not an acceptable utilization of area in IC design. The solution to
this problem is to replace the load resistor with a transistor.

6.6.10 TRANSISTOR ALTERNATIVES TO THE LOAD RESISTOR

The two-terminal resistor is replaced with a three-terminal MOSFET, and four possibilities are
shown in Fig. 6.21. One possibility is to connect the gate to the source, as in Fig. 6.21(a). However,
for this case vgs = 0, and MOSFET M, will be nonconducting, assuming it is an enhancement-
mode device with Vyy > 0. A similar problem exists if the gate is grounded, as in Fig. 6.21(b).
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ves = — 0g5<0
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vo———1 My vy I Mg
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Figure 6.21 NMOS inverter load device options: (a) NMOS inverter with gate of the load device
connected to its source, (b) NMOS inverter with gate of the load device grounded, (c) saturated load
inverter, (d) linear load inverter, and (e) Depletion load inverter. Note that (a) and (b) are not useful.

Here again, the connection forces vgs < 0, and the load device is turned off. Neither of these two
connections work because an enhancement-mode load device can never conduct current under
these conditions.

A workable choice is to connect the gate to the drain, as in Fig. 6.21(c). Here vps = vgy, and
the load device will operate in the saturation region because vgs — Vry = vps — Vry < vps for
Vry > 0. Because the connection forces the load transistor to always operate in the saturation
region, we refer to this inverter as the saturated load inverter. Another solution, called the linear
load inverter, is shown in Fig. 6.21(d). In this circuit, the gate of the load device is biased by a
second voltage that maintains M in the triode (linear) region.

The circuit configuration in Fig. 6.21(a) can be made to work if load transistor M/ is converted
to a depletion-mode device (i.e., Vry < 0), as redrawn in Fig. 6.21(e). This form of NMOS
logic provides that highest performance at the cost of additional fabrication process, because
the threshold of M; must be modified to convert it from an enhancement-mode transistor to a
depletion-mode device.

Saturated load logic played an important role in the history of electronic circuits. This form
of logic was used in the design of the early microprocessors, first in PMOS and later in NMOS
technology, and this logic family provides a basic foundation for understanding many of the issues
related to MOS VLSI design. Thus, we explore its design in Sec. 6.7.

6.7 STATIC DESIGN OF THE NMOS SATURATED
LOAD INVERTER

Figure 6.22(a) shows the circuit diagram for the saturated load inverter, and Fig. 6.22(b) shows
the cross section of the inverter in integrated circuit form. Here we see a very important aspect of
the structure. The substrate is common to both transistors; thus, the substrate voltage must be the
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Figure 6.22 (a) Saturated load inverter. (b) Cross section of two integrated MOSFETs forming
an inverter.

same for both Mg and M| in the inverter, and the substrate terminal of M, cannot be connected to
its source as originally indicated in Fig. 6.21(c). This extra substrate terminal is most commonly
connected to ground (0 V) (although voltages of —5 V and —8 V have been used in the past).
For a substrate voltage of 0 V, vgp for the switching device is always zero, but vgp for the load
device M| changes as vp changes. In fact, vgg = vg, as indicated in Fig. 6.22(a). The threshold
voltages of transistors Mg and M, will no longer be the same, and we will indicate the different
values by Vrys and Vyy ., respectively.

For the design of the saturated load inverter, we use the same circuit conditions that were
used for the case of the resistive load (Ipp = 50 wA with Vpp =5 Vand V, = 0.25 V). We first
choose the W /L ratio of M, to limit the operating current and power in the inverter. Because M,
is forced to operate in saturation by the circuit connection, its drain current is given by

K (W
ip=—" <Z)L (vgs — Vrnr)? (6.21)

For the circuit conditions in Fig. 6.23, load device M, has vy = 4.75 V when vy = 0.25 V.

Before we can calculate W /L, we must find the value of threshold voltage V7., which is
determined by the body effect relation represented by Eq. (4.26) in Chapter 4:

Vin = Vro + v (Vvss + 20r — /26¢r) (6.22)

+5V
+
ML
+ - Ups =475V
\% —
ves=475v | P
. _
- Vo=V, =025V
+
v o—|| M
! L , $ vps =025V

Figure 6.23 Saturated load inverter with vy = V.
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TABLE 6.8
NMOS ENHANCEMENT-MODE NMOS DEPLETION-MODE
DEVICE PARAMETERS DEVICE PARAMETERS
Vro 1V -3V
y 0.5V 0.5V
208 0.6V 0.6V
K, 25 pA/V? 25 nA/V?

where V7o = zero bias value of Vry (V)
y =body effect parameter (v/'V)
2¢r = surface potential parameter (V)

For the rest of the discussion in this chapter, we use the set of device parameters given in Table 6.8.
For the load transistor, we have

Vsp=Vs— v =025V-0V =025V
and

Vrne =1+0.5(+/025+0.6 — v0.6) = 1.07V

Now, we can find the W/L ratio for the load transistor:

(6.23)

< W) B 2ip _ 2-50 pA 1
— ) == — > = N

L), K(vgs— Vrn) 25%(4'75 —1.07) 3.39
Note that the length of this load device is larger than its width. In most digital IC designs, one of
the two dimensions will be made as small as possible corresponding to the minimum feature size

in one direction. The W/L ratio is usually written with the smallest number normalized to unity.
For F = 1 pm, the gate area of M is now only 3.52 um?, which is comparable to the area of M.

6.7.1 CALCULATION OF V4

Unfortunately, the use of the saturated load device has a detrimental effect on other characteristics
of the logic gate. The value of Vy will no longer be equal to Vpp. In order to understand this
effect, it is helpful to imagine a capacitive load attached to the logic gate, as in Fig. 6.24. Consider
the logic gate with v; = V| so that My is turned off. When M turns off, load device M, charges
capacitor C until the current through M; becomes zero, which occurs when vgs = Vry:

vgs = Vpp — Vg = Vry or Vi =Vpop — Vrn (6.24)

Thus, for the NMOS inverter using a saturated load, the output voltage reaches a maximum value
equal to one threshold voltage drop below the power supply voltage Vpp. Without body effect,
the output would reach Vg = 5 — 1 = 4 V. Compared to the original inverter with a resistive
load, the high output level is degraded from 5 V to 4 V.
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Figure 6.24 (a) Inverter with load capacitance. (b) High output level is reached when v; = V, and My
is off.

Body effect makes the situation even worse. As the output voltage increases toward Vi, vsp
increases, the threshold voltage increases above V7 (see Eq. 6.22), and the steady-state value of
Vy is less than 4 V. When v, reaches Vy, this relationship must be true because vgp = Vy:

Ve = Vop — Vene = Voo — [Vro + v (V/ Vi + 2¢r — /2¢r)] (6.25)

Vy is found using this quadratic formula

B —V/B?—-4C .
Vy = — with
, (6.26)

B =2|Vpp— Vro+yv20r + % and  C = (Vpp — Vro)? + 2v/26r (Voo — Vo)

Using Eq. (6.25) with the parameters from Table 6.8 and Vpp = 5V, we can solve for Vy,
which yields the following quadratic equation:

(Vi —4—0.5v0.6)° = 0.25(Vy +0.6)
Solving for Vy gives
Vi =339V, 564V

In this circuit, the steady-state value of Vg cannot exceed the power supply voltage Vpp
(actually it cannot exceed Vpp — Vryr), so the answer must be Vi = 3.39 V. We can check our
result for Vo u by computing the threshold voltage of the load device using Eq. (6.22):

Vive = 1V4+0.5vV(1/(339+0.6) V-+0.6V) =161V

and
Ve=Vpp—Vrnt =5—-161=339V ¥

which checks with the previous calculation of Vy.

6.7.2 CALcuLATION OF (W/L)s

Now we are in a position to complete the inverter design by calculating W /L for the switching
transistor. The bias conditions for vy = V. appear in Fig. 6.25 in which the drain current of My
must equal the design value of 50 pA. For Vg = 3.39V, Vps = 0.25 V, and Vyys = 1V, the
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O—l' Mg v,=025Vv

v = V=339V
V,=025Vand V=339V

Figure 6.25 Bias conditions used to Figure 6.26 Inverter design
determine (W/L)s. with saturated load devices.

switching transistor is operating in the triode region. Therefore,

. (W Ups
ip =K, <f) (UGS — Vrns — T)UDS
s

AW 0.25
s50pa =258 () (339 -1-222) 025 V2
v2\1), 2

W\ 353
L)y 1

The final inverter design appears in Fig. 6.26 in which (W/L)s = 3.53/1 and (W/L), =
1/3.39. The size of the switching device has been increased over that of the resistive load case to
compensate for the reduced logic high level of 3.39 V.

EXERCISE: Find Vy for the inverter in Fig. 6.22(a) if V7o = 0.75 V. Assume the other para-
meters remain constant.

ANSWER: 3.60V

EXERCISE: (@) What value of (W/L)s is required to achieve V, = 0.15 V in Fig. 6.25? Assume
thatip = 50 pA. What is the new value of Vry, forve = V. ? What value of (W/L), is required
to setip = 50 pA for V, = 0.15 V? (b) Repeat for V;, = 0.10 V.

ANSWER: (a) 5.76/1,1.05V, 1/3.61; (b) 8.55/1, 1.03V, 1/3.74

Figure 6.27 shows the results of SPICE simulation of the voltage transfer function for the
final design in Fig. 6.26. For low values of input voltage, the output is constant at 3.4 V. As the
input voltage increases, the slope of the transfer function abruptly changes at the point at which
the switching transistor begins to conduct, as the input voltage exceeds the threshold voltage of
M. As the input voltage continues to increase, the output voltage decreases rapidly and ultimately
reaches the design value of 0.25 V for an input of 3.4 V.
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NMOS inverter with saturated load
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Figure 6.27 SPICE simulation of the voltage transfer function for the NMOS inverter with saturated
load.

DESIGN STATIC LOGIC INVERTER DESIGN STRATEGY

NOTE

DESIGN
EXAMPLE 6.5

PROBLEM

SOLUTION

1. Given design values of Vpp, Vi, and the power level, find Ipp from Vpp and power.

2. Assume switching transistor My is off, and find the high output voltage level V.

3. Apply Vy to the inverter input and calculate (W/L)g of the switching transistor based
upon design values of V; and Ipp.

4. Calculate load resistor value or (W /L), for the load transistor based on design values

of VL and / DD-

Check operating region assumptions for Mg and M, for vp = V.

6. Check overall design with SPICE simulation.

W

DESIGN OF AN INVERTER EMPLOYING A SATURATED LOAD DEVICE

Now let’s design a saturated load inverter to operate from a 3.3-V supply including the influence
of body effect on the transistor design.

Design a saturated load inverter similar to that of Fig. 6.26 with Vpp =3.3Vand V; =02 V.
Assume Ipp =30 pA, K, =25 }LA/VQ, Vin =0.75V,y =0.5 \/V, and 2¢r = 0.6 V.

Known Information and Given Data: Circuit topology in Fig. 6.26; Vpp = 3.3V, Ipp =
30 pA, VL =02V, K/ =25 pA/V?, Vrp =075V, y = 0.5V, and 2¢r = 0.6 V

Unknowns: W/L ratios of the load and switching transistors Mg and M,

Approach: First determine Vy including the influence of body effect on the load transistor
threshold voltage by evaluating Eq. (6.25). Use Vy, and the specified values of V, and I, to
find (W/L)s. Use I and the voltages in the circuit to find (W /L), .
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Assumptions: Mj is off for v; = V. For vop = V;, My is in the triode region, and M, is in
the saturation region.

Analysis: For the values associated with this technology, Eq. (6.25) becomes

Vi =33 —[0.75+0.5(1/Vy + 0.6 — +/0.6)]

and rearranging this equation gives
V2 —6.125Vy +8.476 =0  for which Vg =2.11V, 46+V

Since, V cannot exceed Vpp, the correct choice must be Vi = 2.11 V. Note that an extra digit
was included in the calculation to increase the precision of the result.

The transistor operating conditions for the load and switching transistors appear in the circuit
below for vp = V. The triode region expression for the switching transistor drain current with

vy = "H and Vo = ‘/[ is
IDg =K’ [/H VT [/l
L s N 2

+3.3V -
|i||<M;—|_3.1 \%

vo=V,
v=Vy +

Sy

1 Mg
211V ‘—:I_ 02V

Equating this expression to the drain current yields

w 0.2 w 4.76
30 nA = (25 x 1079) (—) (2.11 —-0.75 — —) 0.2 — (-) =
L) 2 L)

To find the W/L ratio for the load device, the saturation region expression is evaluated at a
drain current of 30 wA. We must recalculate the threshold voltage since the body voltage of the
loadis 0.2 Vwhenvp =V, =02 V.

w

IDL === <_) (VGSL - VTNL)2
L L

Vine = 0.75 4+ 0.5(+/0.2+ 0.6 — +/0.6) = 0.81 V

A
30 pA = — ) 33-02-081)°— (— ] =—
2 L), L), 219

Our completed design values are (W/L)g = 4.76/1 and (W /L), = 1/2.19.

Check of Results: We must check the triode and saturation region assumptions for the two
MOSFETs: For the switch, Vgs — Vpy = 2.11 — 0.75 = 1.36 V, which is greater than
Vps = 0.2V, and the triode region assumption is correct. For the load device, Vs — Vry =
3.1 —0.81 = 2.29 V and Vps = 3.1 V, which is consistent with the saturation region of
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operation. We can double check our Vj calculation by using it to find the threshold of M, :
Vrne =0.75+0.5(v/2.11+ 0.6 — v/0.6) = 1.19 V

This is correct since Vg + Vryp = 2.11 + 1.19 = 3.3 V, which must equal the value of Vpp.
Let us also double check the values of W /L by using them to recalculate the drain currents:

4.76 0.2
Ip = (25 x 107%) (T) (2.11 -0.75 - 7) 02=30.0pA Vv
A
25—*\32 . i
Ipy = — ] (33-02-081)>=299uA ¢
DL ) (2'19> ( ) W

Both results agree within round off error.

Computer-Aided Analysis: To verify our design with SPICE, we draw the circuit with a
schematic capture tool. Two inverters are cascaded in order to get both V5 and V, with one
simulation. The NMOS transistors use the LEVEL = 1 model with KP = 2.5E-5, VTO =
0.75V, GAMMA = 0.5, and PHI = 0.6 V. The transistor sizes are specified as W = 4.76 U and
L=1Ufor Mg,and W =1 Uand L = 2.19 U for M, . SPICE dc analysis gives Vy = 2.11 V
and V; = 0.196 V. The drain current of transistor Mg, is 30.1 wA. All the values agree with
the design specifications.

C) VDD
MS1 MS2 - /33V

EXERCISE: Redesign the inverter in Ex. 6.5 to have V, = 0.1 V.

ANSWER: (W/L)s = 9.16/1; (W/L), = 1/2.44 (Note Vyy, = 0.871V)

EXAMPLE 6.6 LOGIC LEVEL ANALYSIS FOR THE SATURATED LOAD INVERTER
Designing our own inverter involves a somewhat different thought process than finding the logic
levels associated with someone else’s design. Here we find V and V,, for a specified inverter
design.

PROBLEM Find the high and low logic levels and the power supply current for a saturated load inverter
with (W/L)s = 10/1 and (W/L); = 2/1. The inverter operates with Vpp = 2.5 V. Assume
K, =25 wA/V2, Voy = 0.60 V, y = 0.5 v/V, and 2¢ = 0.6 V.
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SOLUTION Known Information and Given Data: Circuit topology in Fig. 6.26; Vpp = 2.5V, (W/L)s =

10/1, (W/L), =2/1, K, =25 RA/VZ, Vio =0.60V,y = 0.5V, and 2¢ = 0.6 V.
Unknowns: Vy, V;, and Ipp for both logic states

Approach: First, determine Vy. Include the influence of body effect on the load transistor
threshold voltage by solving Eq. (6.25). Use Vi and the specified transistor parameters to find
V. by equating the drain currents in the switching and load transistors. Use V; to find the .

Assumptions: Mj is off for v; = V,. For vy = V,, M operates in the triode region, and M,
is in the saturation region.

Analysis: First we find Vy, and then we use it to find V. For the values associated with this
technology, Eq. (6.25) becomes

Vi =2.5—[0.60 +0.5(1/Vy + 0.6 — +/0.6)]

Rearranging this equation gives
Vi —4.824Vy +5.082 =0 for which Vg =306Vor1.55V

Since, Vg cannot exceed Vpp, the correct choice must be Vi = 1.55 V. Note that an extra digit
was included in the calculation to increase the precision of the result. Since My is off, there is
no path for current from Vpp and Ipp = 0 for vp = Vy.

At this point we should check our result to avoid propagation of errors in our calculations.
We can use Vy to find V7 and see if it is consistent with the value of Vy:

Vrwe = 0.60 +0.5(v/1.55 + 0.6 — v/0.6) = 0.946 V
Vi =2.5—0.946 = 1.55 V

We see that the value of V is correct.

To find V; , we use the condition that /s must equal /p; in the steady state. The load transistor
is saturated by connection, and we expect the switching transistor to be in the triode region since
its drain-source voltage should be small. (Vps = V;.)

Veg=VL —
vo=V,
v;=Vy
T II Vps=VL
.55V Mg -
10 Vi K, (2 ,

For IDS = IDL,wehave K’; T VGSS — VTNS — 7 VL = 7 T (25— VL — VTNL)
where VTNL =0.60 + 0.5(\/ VL + 0.6 — ~/ 06)

From the circuit shown, Vg5 = 1.55 V and V7 ys = 0.60 V, since there will be no body effect in
M. Unfortunately, Vyy, is a function of the unknown voltage V; , since the source-bulk voltage
of My is equal to Vj.
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Approach 1: Since we expect V, to be small, its effect on Vry; will also be small, and one
approach to finding V; is to simply ignore body effect in the load transistor. For this case,
equating Ipg and Ip; gives

10 1% K (2
K (=) (15-06——L)v,=—=(2)@5-V,—06)
1 2 2 \1

which can be rearranged to yield a quadratic equation for which
Vi, = +86-¥, 0.33 V

V. = 0.33 V since the other root is not consistent with the assumed regions of operation of the
transistors. For this value of V;, the current in My is

Ips = ZS}LA 10 1.55-0.6 033 (0.33) V? = 64.8 pA
DS = V2 I : : > . =648 n

Approach 2: For a more exact result, we can find the simultaneous solution to the drain current
and threshold voltage equations with the solver in a calculator, with a spreadsheet, or by direct
iteration. The result is V;, = 0.290 V with V7, = 0.68 V. Using the value of V;, we can find
the current in Mjy:

A\ /10 0.29
Ips = (25%) <T) (1.55 —0.6— T) (0.29) V2 = 58.4 pA

The approximate values in Approach 1 over estimate the more exact values in Approach 2 by
approximately 10 percent. In most cases, this would be a negligible error.

Check of Results: Note that we double checked the value of Vy earlier. For V;, we should
check our triode and saturation region assumptions for the two MOSFETs: For the switching
transistor, Vs — Vry = 1.55—0.6 = 0.96 V, which is greater than Vpg = 0.29 V, and the triode
region assumption is correct. For the load device, Vs — Vry = 2.5 —0.29 — 0.68 = 1.53 V
and Vpg = 2.5 — 0.29 = 2.21, which are consistent with the saturation region of operation. We
can further check our results by finding the drain current in M :

In= (222 (2) 25— 029 — 0.68)° = 58.5 wA
L=\ 52 1 . . . =58.5m
This value agrees with /g within round-off error.

Computer-Aided Analysis: To verify our design with SPICE, we draw the circuit with a
schematic capture tool. Two inverters are cascaded in order to get both Vy and V; with one
simulation. The gate of MS1 is grounded to force MS1 to be off. The NMOS transistors use the
LEVEL = 1 model with KP = 2.5E-5, VTO = 0.60 V, GAMMA = 0.5, and PHI = 0.6 V. The
transistor sizes are specifiedas W = 10U and L = 1 U for Mg, and W =2 U and L = 1 U for
M, . SPICE dc analysis gives Vg = 1.55 V and V; = 0.289 V. The current in Vpp is 58.3 pA.
All the values agree with the hand calculations.

ML1 _ - ML2

] O
=

27
=
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EXERCISE: Use the “Solver” on your calculator to find Vy in Ex. 6.6.

EXERCISE: Repeat the calculations with y = 0. Check your results with SPICE.

ANSWERS: 1.90V; 0 A; 0.235V; 69.3 pA

6.7.3 NOISE MARGIN ANALYSIS

We now explore the values of V;z, Vor, Vi, and Vo for the inverter with a saturated load
device. Remember that these voltages are defined by the points in the transfer function at which
the slope is equal to —1. In Fig. 6.27, the slope of the transfer function abruptly changes as Mg
begins to conduct at the point where v; = V7. This point defines V;, :

V]L = VTNS =1V for V()H = VH = VDD — VTNL =34V (627)

Next let us find V; 5 and V. To find a relationship between v; and v, we observe that the
drain currents in the switching and load devices must be equal. At v; = V;p, the input is at a
relatively high voltage and the output is at a relatively low voltage. Thus, we can guess that Mg
will be in the triode region, and we already know that the circuit connection forces M, to operate
in the saturation region. Equating drain currents in the switching and load transistors:

iDS = iDL
v K
Ky (UI = Vrns — 7())1)0 = TL(VDD —vo — Vrnr)? (6.28)
74 w
KS K/ and KL = K,/l —
L s L,
The point of interestis dvo /dv; = — 1. Solving for the corresponding value of vy is fairly involved,

so we will state the results here. The detailed calculations can be found on the MCD website.

Vop — Vrwne (W/L)S
Vo, = ———— with V, =V V 20F — /2 d K
oL 73K, wi TNL ro +v (v VoL +2¢r — \/2¢r) an R= (W/L),
(6.29)
(Voo — VoL — Vrne)®

Via =V +
1H TNS 2 2KnVor

Substituting the values from our saturated load inverter design gives

5-V.
Voo = L with  Vryg = 1+ 0.5(y/Vor +0.6 — +0.6)

V' 1+3(3.53)(3.39)

These equations can be rearranged into a quadratic equation just as was done to find Vg for the
saturated load inverter, but here we will use an iterative update process to find the solution to these
equations with our calculator or a spreadsheet. The steps in the iteration process are

1. Choose a starting guess for V.
2. Calculate the corresponding value of Vyy, .
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3. Update the value of V.

4. Repeat steps 2 and 3 until convergence is obtained.

395

Table 6.9 provides an example of the iteration process for the inverter design in Fig. 6.26 with

K = 3.53(3.39) = 12.0.

TABLE 6.9

ITERATION NUMBER Voo
1 0.5000
2 0.6359
3 0.6307
4 0.6309

VTNL

1.1371
1.1686
1.1674
1.1674

Vou
0.6359
0.6307
0.6309
0.6309

Thus we have Vy; = 0.63 V with Vyy, = 1.17 V, and these values are used to find V; .

0.63 (5—0.63—1.17)°

Vig =14+ —+

2 2(3.53)(3.39)(0.63) -

1.9V

The values of V; ; and V, agree well with the transfer characteristic simulation results in Fig. 6.27.

The noise margins are given by

NML = V[L - V()L == 1 —063 = 037V

NMy =Vouy —Vig =339-199=140V

Compared to the inverter with the resistor load, the value of NM, is unchanged, but the value of
NMy has deteriorated because of the reduction of the high output level V. In Eq. (6.29), Kr
compares the transconductance of My to that of M, and we see that the noise margins improve

as the value of Ky increases.

EXAMPLE 6.7 NOISE MARGIN CALCULATION FOR THE SATURATED LOAD INVERTER
Use the results of the noise margin analysis to find numerical values of the noise margins for

the 3.3-V saturated load inverter design from the last example.

PROBLEM Calculate the noise margins for the inverter in Design Example 6.5.

SOLUTION Known Information and Given Data: The NMOS saturated load inverter circuit in Design
Ex. 6.5 with V,, = 3.3V, (W/L)s = 4.76/1, (W/L), = 1/2.19, K| = 25 pA/V?, Vrp =

0.75V,y = 0.5, and 2¢y = 0.6 V

Unknowns: The values of V[L, VOH’ V]H, VOL, NML, NMH

Approach: Use the given data to evaluate Egs. (6.29); use the results to find the noise margins:

NMH = VOH — V[H and NML = V]L — VOL

Assumptions: Equation (6.28) assumes M|, is in the saturation region and Mj is in the triode
region. Assume V;; = Vrys and Vou = Vy as in Fig. 6.27.
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Analysis: Based on these assumptions, noting that Vyyg = V7ro = 0.75 'V, and finding Vy =
2.11 Vin Ex. 6.6, we have

V1L=O75V and VOHZVH=211V
To find V1 and V; g, we first need to find the simultaneous solution to Eq. (6.29)

_ Vop — Vrae _ 33— Vrae _ 33— Ve
V1 +3Kg 1+ 3(4.76)(2.19) 5.68

Vor

and the threshold voltage expression for the load device.

Viwe = 0.75 + 0.5(v/Vor + 0.6 — ~/0.6)

Using our calculator or computer to help find the solution gives Vo, = 0.428 V with Vyy, =
0.870 V. V;y can now be calculated:
Vor  (Vpp — Vor — Vryr)?

Vian = Vrys + — +
1H TNS 2 2KiVor

Vo o5y 08, G3-043— 0.87)°
= 2 2(2.19)(4.76)(0.43)

Using the values just calculated, the noise margins are

NMy =Vouy —Vig=21-141=0.69V

141V

and
NM; =V;; —Vor =0.75-043 =032V

Check of Results: The noise margins are smaller than those calculated for the inverter in
Fig. 6.26(b), that was designed with a 5-V power supply but appear reasonable. We need to
check the assumptions underlying Eq. (6.29). For V;y and Vy,,

For Mj: Ves — Vrn = Vig — Vry = 1.41 — 0.75 = 0.66 V
and
Vps = Vor = 0.43 V ¢ Triode region is correct
For M : Ves — Ven = Vop — Voo — Veiy =33 -043 —-0.87 =2.00V
and
Vps = Vpp — Vor =3.3—-0.43 =2.87V ¢ Saturation region is correct

Discussion: Our analysis indicates that a long chain of inverters can tolerate electrical noise and
process variations equivalent to 0.32 V in the low input state and 0.69 V in the high state. We
again observe that the values of the two noise margins are not equal.

Computer-Aided Analysis: The circuit shown here can be used to find the nose margins by
plotting the voltage transfer characteristic for the inverter. A dc sweep analysis is used to change
the value of VS from 0 V to 2.5 V in 10 mV steps. The NMOS transistors use the LEVEL = 1
model with KP = 2.5E-5, VTO = 0.75 V, GAMMA = 0.5, and PHI = 0.6 V. The transistor
sizes are specifiedas W =4.76 Uand L = 1 U for Mg, and W = 1 U and L = 2.19 U for M;.
SPICE gives Vg = 2.11 V and V;, = 0.196 V. The VTC values agree closely with our hand
calculations.
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EXERCISE: (a) Use your calculator to perform a “trial-and-error” analysis to find Vo, and
Vrne = 0.87 V beginning with a guess of Vo, = 0.80 V. (b) Verify that Vo, = 0.429 V and
Vrne = 0.87 V indeed satisfy the two simultaneous equations in this example.

ANSWERS: Vg, sequence: 0.800V, 0.413V, 0.429 V, 0.428 V

6.8 NMOS INVERTER WITH A LINEAR LOAD DEVICE

Figure 6.21(d) provides a second workable choice for the load transistor M. In this case, the
gate of the load transistor is connected to a separate voltage V. Vi is normally chosen to be
at least one threshold voltage greater than the supply voltage Vpp:

Vee = Vop + Ve

For this value of V¢, the output voltage in the high output state Vj is equal to Vpp.
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Figure 6.28 Linear load inverter design.

The region of operation of M in Fig. 6.28 can be found by comparing Vs — Vryr to Vps.
For the load device with its output at vp and Vg > Vpp + Vrye:

vgs — Vrne = Voo —vo — Vrne

Vop + Vrne —vo — Vrwe (6.30)

v

> Vpp —vo

So vgs — Vrnr = Vpp — vg, but vpgs = Vpp — v, which demonstrates that the load device
always operates in the triode (linear) region.

The W/L ratios for Mg and M, can be calculated using methods similar to those in the
previous sections; the results are shown in Fig. 6.28. Because Vj is now equal to Vpp =5V,
M is again 2.06/1. However, for vy = Vi, vgs of M is large, and (W /L), must be reduced to
(1/9.03) in order to limit the current to the desired level. (Verification of these values is left for
Prob. 6.76.)

Introduction of the additional power supply voltage Vs overcomes the reduced output
voltage problem associated with the saturated load device. However, the cost of the additional
power supply level as well as the increased wiring congestion introduced by distribution of the
extra supply voltage to every logic gate cause this form of load topology to be used rarely.

6.9 NMOS INVERTER WITH A DEPLETION-MODE LOAD

The saturated load and linear load circuits were developed for use in integrated circuits because all
the devices had the same threshold voltages in early NMOS and PMOS technologies. However,
once ion-implantation technology was perfected, it became possible to selectively adjust the
threshold of the load transistors to alter their characteristics to become those of NMOS depletion-
mode devices with V7 < 0, and the use of the circuit in Fig. 6.29 became feasible.

The circuit topology for the NMOS inverter with a depletion-mode load device is shown
in Fig. 6.29. Because the threshold voltage of the NMOS depletion-mode device is negative,
a channel exists even for vgs = 0, and the load device conducts current until its drain-source
voltage becomes zero. When the switching device My is off (v; = V1), the output voltage rises
to its final value of Vi = Vpp.

For v; = Vyu, the output is low at vo = V. In this state, current is limited by the depletion-
mode load device, and it is normally designed to operate in the saturation region, requiring:

Vps = vgs — Vrne =0 — Vrag or Ups = —VrwL
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6.9.1 DESIGN oF THE W/L RATIO OF M,

As an example of inverter design, if we assume Vpp =5V, Vp = 0.25 V,and Vyy, = -3V,
then the operating voltage for the load device with vy = V. is Vpg = 4.75 V, which is greater
than —Vyy, = 3V, and the MOSFET operates in the saturation region. The drain current of the
depletion-mode load device operating in the saturation region with Vg = 0 is given by

. K,/L w K,; w
IpL = 7 <Z)L (vgsr — VTNL)2 = 7 <T)L (VTNL)2 (6.31)

Just as for the case of the saturated load inverter, body effect must be taken into account
in the depletion-mode MOSFET, and we must calculate V7, before (W/L), can be properly
determined. For depletion-mode devices, we use the parameters in Table 6.8, and

Vive = =3V +0.5vV(1/(0254+0.6) V—-+0.6 V) = —2.93V

Using the design current of 50 pA with K| = 25 wA/ V2 and the depletion-mode threshold voltage
of —2.93 V, we find

(W/L), = 0.466/1 = 1/2.15

6.9.2 DESIGN OF THE W/L RATIO OF Mg

When v, = Vi = Vpp, the switching device once again has the full supply voltage applied to its
gate, and its W/ L ratio will be identical to the design of the NMOS logic gate with resistor load:
(W/L)s = 2.06/1. The completed depletion-mode load inverter design appears in Fig. 6.29, and
the logic levels of the final design are V;, = 0.25 Vand Vy =5.0 V.

Figure 6.30 shows the results of SPICE simulation of the voltage transfer function for the
final inverter design with the depletion-mode load. For low values of input voltage, the output is
5 V. As the input voltage increases, the slope of the transfer function gradually changes as the
switching transistor begins to conduct for an input voltage exceeding the threshold voltage. As the

6.0V
NMOS inverter with depletion-mode load
Vi
5.0V
-1
Vou
40V r
Vo 3.0V}
20V r
1.0V VoL |
Vi
1% V,
0 V 1 IL 1 IH 1 I J
ov 10V 20V 30V 40V 50V 60V
vy

Figure 6.30 SPICE simulation results for the voltage transfer function of the NMOS depletion-load
inverter of Fig. 6.29.
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input voltage continues to increase, the output voltage decreases rapidly and ultimately reaches
the design value of 0.25 V for an input of 5.0 V.

6.9.3 NOISE MARGINS FOR THE INVERTER WITH
DEPLETION-MODE LOAD

The approach to finding the noise margins for the depletion load inverter is similar to that used
for the other NMOS inverters. Again, remember that we are interested in the points in the transfer
function at which the slope is —1, and only the results are presented here. The detailed calculations
for Vi1, Vou, Vin, and Vo can be found on the MCD website.

K .
Vou = Vpp + Vrae <1 /7 +1;{ ) with  Vryr = Vro + V(\/VOH +2¢r — V2¢r)
R
v (6.32)
Vi = Vins — ——

VK:+ Kg

In these expressions, Kx = (W/L)s/(W/L).. The results in Eqs. (6.32) assume that transistor
My is saturated and that M| is in the triode region.

-V
VoL = J3TTNRL with Vine = Vro +v (v Vor + 2¢r — /2¢r)

2VrnL
V3K

The results in Egs. (6.33) assume that transistor M is saturated and that M is in the triode region.

(6.33)

VIH = VTNS -

Finding Vypp and V;

The relations for Vyy and V. can each be rearranged into a quadratic equation just as was done
in order to find Vy for the saturated load inverter. For the 5-V depletion-mode inverter design, we
have Kz = 2.06(2.15) = 4.43. Equation set (6.32) becomes

VTNL

4.90

Vor =5+ 0.1Vry, Vine = =3+0.5(1/Vou +0.6 —+/0.6) Vip = Veys —
Solving for Vo, we get this quadratic equation
Viu —9.327Voy +21.73 =0

and the solution is Vo = 4.78 V, Vynr = —2.23 V, and V;; = 1.46 V. The second root,
Von = 4.53 'V, does not provide a consistent solution to the original two equations.

As always, the operating region assumptions of the transistors should be checked. For Vo =
4.78 V, the values of vps for Mg and M are 4.78 V and 0.22 V, respectively. For, Mg, vgs— Vrys =
1.46—1 =0.46 Vand vpgy = 4.78 V. In this case, vps > (vgs — Vrns), S0 My is saturated. ¢ For,
M;,vgs — Vrne = 0—(—2.23) = 2.23 Vand vpg = 0.22 V. In this case, vps < (vgs — Vrys),
so M, operates in the triode region. ¢/ Both regions are consistent with the assumptions used to
develop the noise margin equations.

Fllldlng VOL and VIH
Similarly, Egs. (6.33) become

o 2V,
VoL = INL Ve = =3+ 0.5( Vor +0.6 — m) Vie = Vrys — 3T61;L
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Solving for Vo, we have
V5, —1.877Vop +0.852 =0

for which the solution is Vo, = 0.769 V, Vyy, = —2.80V, and V; 5 = 2.53 V. Again, the second
root, Vo, = 1.108 V, does not satisfy the two original equations.

Again, the operating region assumptions of the transistors should be checked. For Vy, =
0.79V, the values of v s for Mgand M, are 0.79 V and 4.21 V, respectively. For, Mg, vgs — Vrys =
2.53 — 1 =1.53 Vand vpg = 0.79 V. In this case, vps < (vgs — Vrns), SO Mg operates in the
triode region. ¢ For M}, vgs — Vryr = 0 — (—2.80) = 2.80 V and vps = 4.21 V. In this case,
vps > (vgs — Vrws), so M is saturated. ¢ Both regions are consistent with the assumptions
used to develop the noise margin equations.

NML and NMH
Now, the noise margins can be calculated for the design in Fig. 6.29, using the results just derived:

NML - V]L - VOL = 146 - 077 - 069 V
NMy = Vou — Vig =478 =253 =225V

Note that the values of calculations for V;;, Vou, Vig, Vor, and the noise margins agree with
the simulation results in Fig. 6.30.

Because of its overall advantages, the inverter with the depletion-mode load device became
the most widely used form of NMOS logic, so let us explore the noise margins for this circuit
in more detail. Figure 6.31 depicts the results of calculations of the noise margins versus the
parameter Ky for the inverter with a depletion-mode load. As Ky increases, NMy monotonically
increases, whereas NM; decreases quickly reaching an almost constant value for Kz > 3. The
values in the graph agree well with the hand calculations for our inverter design with K = 4.43.
Note that NMy becomes negative for values of Kz less than approximately 0.9, and the circuit
will no longer function properly as a logic inverter.

Noise margin (volts)
T

Kr

Figure 6.31 Noise margins versus Kz = Ks/K for the NMOS inverter with a depletion-mode load.
Vop = 5V, Vios = 0.75, Vior = -3V, Yy = 0.5 VO'S, and 2¢F =0.6V.
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DESIGN
EXAMPLE 6.8

PROBLEM

SOLUTION

EXERCISE: Verify that Vo = 4.53 V and Vo, = 1.108 V do not satisfy their respective
equation sets as stated above.

NMOS INVERTER WITH DEPLETION-MODE LOAD

Now we will redesign the depletion-load inverter for operation with a lower power supply
voltage.

Design the inverter with depletion-mode load of Fig. 6.29 for operation with Vpp, = 3.3 V.
Assume V5o = 0.7 V for the switching transistor and V7o, = —3 V for the depletion-mode
load. Keep the other design parameters the same (i.e., V, = 0.25 V and P = 25 mW.)

Known Information and Given Data: Circuit topology in Fig. 6.29; Vpp = 33V, P =
25mW, V, = 0.25 V, K/ = 25 pA/V?, Vros = 0.70 V, Vrop = =3V, y = 0.5 V'V, and
2¢r = 0.6 V for both transistor types

Unknowns: Power supply current Ipp, W/L ratios of the load and switching transistors Mg
and M,

Approach: Find V. Use Vy, Ipp, and the specified value of V, and to find (W/L)s. Calculate
Vrne- Use Ipp, Vryi, and the voltages in the circuit to find (W/L), .

Assumptions: Mj is off for v; = V. For vp = V;, My is in the triode region, and M is in
the saturation region.

Analysis: First, we need to know the power supply current for vo = V, in order to calculate
the W/L ratios of both transistors.

P 0.25 mW
Voo 33V

The value of Vy will be equal to Vpp as long as the threshold of the depletion-mode device
remains negative for vp = Vpp. Checking the value of Vyy;:

Vine = =3+ 0.5(v/334 0.6 — V/0.6) = —240V ¢

Therefore, Vy = Vpp = 3.3 V. Now the size of the switching transistor can be determined.
The transistor has Vg = Vi = 3.3 Vand Vps = V;, = 0.25V, as shown in the figure.

IDD = =75.8 }LA




6.9  NMOS Inverter with a Depletion-Mode Load 403

In order to design the load transistor, we calculate its threshold voltage withvy =V, = 0.25V,
and then use Vry; to find W/L (note that Vsg = V;, = 0.25 V):

Vrne = —=340.5(+/0.25+ 0.6 — v/0.6) = —2.926 V

25 pA (W 1% 1
758pA = 2P (Y (oo s (2) =
2 \1), L), 141

Check of Results: We must check the triode and saturation region assumptions for the two
MOSFETs. For the switch, Vgs—Vry = 3.3—0.70 = 2.6 V, which s greater than Vs =0.25'V,
and the triode region assumption is correct. For the load device, Vg — Vyy =0 — (—2.96) =
2.96 V, and Vps = 3.3 — 0.25 = 3.05 V, which are consistent with the saturation region
of operation. Let us also double check the values of W/L by directly calculating the drain
currents:

4.90 0.25
Ips = (25 x 107%) ( . > (3.3 —0.70 — T) 0.25=758pA Vv

Tt (141)[0 (—2.926)P =759 pA v

Both results agree within round-off error.

Discussion: Comparing our new design with that of Fig. 6.29, we find that the reduced value
of Vy requires a larger W /L ratio for Mg in order to maintain the required value of V, at the
same operating current. The smaller value of threshold voltage modifies W /L only slightly.
The lower value of Vy reduces the body effect in the load device which reduces the value of L
required to limit the drain current to the design value.

Computer-Aided Analysis: Let us verify our design with SPICE. Here again, two inverters
are cascaded in order to get both Vy and V; with one simulation. The enhancement-mode
transistors use the LEVEL = 1 model with KP = 2.5E-5, VTO = 0.70 V, GAMMA = 0.5,
and PHI = 0.6 V. For the depletion mode devices, VTO is changed to VIO = —3 V. The
transistor sizes are specifiedas W =4.90Uand L = 1 U for Mg,and W = 1 UandL=1.41U
for M; . SPICE gives Vy = 3.30 V and V; = 0.250 V with I, = 75.9 p.A for transistor M.
All the values confirm our design calculations.

MLl
C) VDD
MS1 — sz 33V

i
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EXAMPLE 6.9

PROBLEM

SOLUTION

EXERCISE: What are the new W/L ratios for the transistors in Ex. 6.8 if V7o, = —2 V?

ANSWERS: (W/L)s=4.90/1; (W/L), =1.64/1

DEPLETION-MODE INVERTER NOISE MARGIN CALCULATION

Use the analysis in Section 6.9 to find numeric values of the noise margins. Compare the results
to SPICE simulations.

Calculate the noise margins for the inverter from Design Ex. 6.8. Use SPICE simulation to
confirm the noise margin calculations.

Known Information and Given Data: Circuit topology in Fig. 6.29; Vpp =3.3V, P =25 mW,
Vi =025V, K, =25 nA/V?, Vs =0.70V, Vo = =3V, y =0.5 VV,and 2¢; = 0.6V
for both transistor types; (W/L)s = 4.90/1, (W/L), = 1/1.41

Unknowns: The values of Vi, Vou, Viu, Vor, NM;, and NMy

Approach: Use a computer or calculator to find the solution to Egs. (6.32) for V;, and Vyy,
and Eqs. (6.33) for V;, and V(. Use the results to find the noise margins: NMy = Vo — Viy
and NML = V[L — VOL'

Assumptions: Equations (6.32) are based on the assumptions that M is operating in the satu-
ration region and M| is in the triode region, whereas Eqs. (6.33) assume that M is operating in
the triode region and M is saturated.

Analysis: First, let us find the values of V;; and Vo y. We must find values of Vyoy and Vry,
that represent the common solution to Eqgs. (6.32). Then Vry; can be used to find the value of
V.. For the inverter design in question, Kx = 4.90-1.41 = 6.91, and substituting the known
data into Eqgs. (6.32) gives

/' 6.91
Vou =33+ V. 1—4/——— | =3.3+0.065V,
OH + Vrae ( T 6.91) + TNL

Vene = =3+ 0.5(y/Vou + 0.6 — ~/0.6)

and
VTN IL

V(6.91)2 + 6.91

Using a computer or calculator yields Vog = 3.14 V, Vry, = —2.42 V,and V;, = 1.03 V.
To determine the values of V;y and V., a common solution must be found to Egs. (6.33).
Then V7, can be used to find the value of V; . Equations (6.33) become

Vi =0.70 — =0.70 = 0.135Vyn,

Vo — — Vrne =_VTNL
oL V3691 4.55

Vine = =3+ 0.5(v/Vor + 0.6 — +/0.6)

and
2VrnL

Vg =0.70 —
m 4.55
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Using a computational aid yields Vo, = 0.623 V, Vyy, = —2.83 V,and V;; = 1.95 V, and
the noise margins are

NMy =Vouy —Vig =3.14-195=1.19V
NM, =V, — Vo =1.03-0.62=041V

Check of Results: We must check the triode and saturation region assumptions for the two
MOSFETs.

For V;; and Vo
Mg: Vgs— Vry =1.03—-040=0.63V and Vps = 3.14 V — Saturated ¢/
Mp: Vs —Viy=0—(-2.42) =242V and Vps =0.16 V — Triode ¢
For V;y and Vy,

Ms: Vgs—Vry=195-0.70=125V and Vps =0.62V — Triode ¢
Mp: Vs — Vey =0—(=2.25) =225V and Vps = 2.68 V — Saturated ¢/

Discussion: As a result of this design, we observe that the inverter with the 3.3-V power supply
voltage has lower noise margins than the one using the 5-V supply. From an inspection of
Eq. (6.32), we see that Vyy is directly dependent on Vpp.

Computer-Aided Analysis: The circuit below can be used to find the noise margins by plotting
the voltage transfer characteristic for the inverter. A dc sweep analysis is used to change the
value of VS from O V to 3.3 V in 5 mV steps. The transistors use the LEVEL = 1 model with
KP = 2.5E-5, GAMMA = 0.5, and PHI = 0.6 V. For Mg, VTO = 0.70 V, and for M,
VTO = —3 V. The transistor sizes are specified as W = 4.90 U and L = 1 U for Mg, and
W =1Uand L = 1.41 U for M,. The VTC values from the graph agree well with our hand

calculations.
ML1
*+\ VDD
MS1 - /33V

1
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Voltage transfer characteristic for depletion load inverter

EXERCISE: Use quadratic equations instead of numeric iteration to find V., Vou, Viu,
and Vo, .

6.10 NMOS INVERTER SUMMARY AND COMPARISON

Figure 6.32 and Table 6.10 summarize the four NMOS inverter designs discussed in Secs. 6.6 to
6.9. The gate with the resistive load takes up too much area to be implemented in IC form. The
saturated load configuration is the simplest circuit, using only NMOS transistors. However, it has
a disadvantage in that the high logic state no longer reaches the power supply. Also, in Sec. 6.14,
the speed of the saturated load gate will be demonstrated to be poorer than that of other circuit
implementations. The linear load circuit solves the logic level and speed problems but requires
an additional costly power supply voltage that causes wiring congestion problems in IC designs.
Also note the poor value of NM; .

Following successful development of the ion-implantation process and invention of depletion-
mode load technology, NMOS circuits with depletion-mode load devices quickly became the
circuit of choice. From Fig. 6.32 and Table 6.10, we see that the additional process complexity

5V +5V HV +5V
M, 1 Al M,

3.39 2.1
95 kQ %=975100 H—_l +75VO—|
2.06
v,0—]

_
‘_

W

..J.

2.06 Uzo—ll Mg 353 UIO_I 2.06

L] Moo A hn L] T
@ ) © @

Figure 6.32 Comparison of various NMOS inverter designs: (a) Inverter with resistor load, (b) saturated
load inverter, (c) linear load inverter, (d) inverter with depletion-mode load.
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TABLE 6.10
Inverter Characteristics

INVERTER WITH

INVERTER WITH SATURATED LINEAR LOAD DEPLETION-MODE
RESISTOR LOAD LOAD INVERTER INVERTER LOAD
Vu 50V 34V 50V 50V
Vi 025V 025V 025V 025V
Nur 0.34V 032V 0.02V 0.69 V
Nuynu 143V 0.69 V 278V 225V
Area (um?) 9500 6.92 9.36 4.21

is traded for a simple inverter topology that gives Vy = V), p with the smallest overall transistor
sizes. At the same time, the depletion-load gate yields the best combination of noise margins. At
the end of the chapter, we will find that the depletion load gate also yields the highest speed of the
four circuit configurations. The depletion-mode load in Sec. 6.14 tends to act as a current source
during most of the output transition, and it will be found that depletion-mode logic is therefore
the fastest of the four inverter configurations. We will refer to the gate designs of Fig. 6.32 as
our reference inverter designs and use these circuits as the basis for more complex designs in
subsequent sections.

Because of its many advantages, depletion-mode NMOS logic was the dominant technology
for many years in the design of microprocessors. However, the large static power dissipation
inherent in NMOS logic eventually limited further increases in IC chip density, and a rapid shift
took place to the more complex CMOS technology, which is discussed in detail in the next
chapter.

6.11 NMOS NAND AND NOR GATES

A complete logic family must provide not only the logical inversion function but also the ability
to form some combination of at least two input variables such as the AND or OR function. In
NMOS logic, an additional transistor can be added to the simple inverter to form either a NOR or
a NAND logic gate. The NOR gate represents the combination of an OR operation followed by
inversion, and the NAND function represents the AND operation followed by inversion. One of
the advantages of MOS logic is the ease with which both the NOR and NAND functions can be
implemented. The switching devices inherently provide the inversion operation, whereas series
and parallel combinations of transistors produce the AND and OR operations, respectively.

In the following discussion, remember that we use the positive logic convention to relate
voltage levels to logic variables: a high logic level corresponds to a logical 1 and a low logic level
corresponds to a logical 0:

Ve=1 and Vi=0

6.11.1 NOR GATES

In Fig. 6.33, switching transistor M of the inverter has been replaced with two devices, M4 and
Mg, to form a two-input NOR gate. If either, or both, of the inputs A and B is in the high logic
state, a current path will exist through at least one of the two switching devices, and the output
will be in the low logic state. Only if inputs A and B are both in the low state will the output of
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Figure 6.33 (a) Two-input NMOS NOR gate: ¥ = A + B.

g
L

p———O Y TABLE6.11

\ NOR Gate Truth Table
MB
o—l i
206 Y-A1B

SO Oo ~ >

(b)

—_——_ 0o X
—_— o= O W

(b) Simplified model with switching transistor A on.

the gate be in the high logic state. The truth table for this gate, Table 6.11, corresponds to that of
the NOR function Y = A + B.

We will pick the size of the devices in our logic gates based on the reference inverter design
defined at the end of Sec. 6.9 [Fig. 6.32(d)]. The size of the various transistors must be chosen to
ensure that the gate meets the desired logic level and power specifications under the worst-case
set of logic inputs.

Consider the simplified schematic for the two-input NOR gate in Fig. 6.33(b). The worst-
case condition for the output low state occurs when either M, or Mp is conducting alone, so
the on-resistance R,, of each individual transistor must be chosen to give the desired low output
level. Thus, (W/L) 4 and (W/L)p should each be equal to the size of My in the reference inverter
(2.06/1). If M4 and Mp both happen to be conducting (A = 1 and B = 1), then the combined
on-resistance will be equivalent to R,,/2, and the actual output voltage will be somewhat lower
than the original design value of V;, = 0.25 V.

When either M4 or My is conducting alone, the current is limited by the load device, and
the voltages are exactly the same as in the reference inverter.’ Thus, the W/L ratio of the load
device is the same as in the reference inverter (1/2.15). The completed NOR gate design is given
in Fig. 6.32(a).

EXERCISE: Draw the schematic of a three-input NOR gate. What are the W/L ratios for the
transistors based on Fig. 6.33?

ANSWERS: 1/2.15;2.06/1;2.06/1;2.06/1

6.11.2 NAND GATES

In Fig. 6.34(a), a second NMOS transistor has been added in series with the original switching
device of the basic inverter to form a two-input NAND gate. Now, if inputs A and B are both
in a high logic state, a current path exists through the series combination of the two switching
devices, and the output is in a low logic state. If either input A or input B is in the low state, then

5 Actually, the worst-case situation for current in the load device occurs when M, and Mg are both on because the
voltage is slightly higher across the load device, and its value of Vsg is smaller. However, this effect is small enough
to be neglected. See Prob. 6.87.
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Figure 6.34 Two-input NMOS NAND gate: ¥ = AB.

the conducting path is broken and the output of the gate is in the high state. The truth table for
this gate, Table 6.12, corresponds to that of the NAND function Y = AB.

Selecting the Sizes of the Switching Transistors

The sizes of the devices in the NAND logic gate are again chosen based on the reference inverter
design from Fig. 6.32(d). The W/ L ratios of the various transistors must be selected to ensure that
the gate still meets the desired logic level and power specifications under the worst-case set of
logic inputs. Consider the simplified schematic for the two-input NAND gate in Fig. 6.34(b). The
output low state occurs when both M, and My are conducting. The combined on-resistance will
now be equivalent to 2R,,, where R, is the on-resistance of each individual transistor conducting
alone. In order to achieve the desired low level, (W /L) 4 and (W/L) g must both be approximately
twice as large as the W/L ratio of My in the reference inverter because the on-resistance of each
device in the triode region is inversely proportional to the W/L ratio of the transistor:

1
Ry, = DS — (6.34)

] w v
Lp K,iz<UGS_VTN_£)

2

A second way to approach the choice of device sizes is to look at the voltage across the two
switching devices when vy, is in the low state. For our design, V;, = 0.25 V. If we assume that
one-half of this voltage is dropped across each of the switching transistors and that (vgs — Vry) >
vps/2, then it can be seen from

. (W ~ o (W
ip=K, (f) (vgs — Vry — 0.5vps)vps = K, (z) (vgs — Vrn)vps (6.35)
s s

that the W/ L of the transistors must be approximately doubled in order to keep the current at the
same value. Figure 6.35(a) shows the NAND gate design based on these arguments.

Two approximations have crept into this analysis. First, the source-bulk voltages of the two
transistors are not equal, and therefore the values of the threshold voltages are slightly different
for MA and MB- Second, VGSA # VGSB~ From Flg 635(3), VGSA =5 V, but VGSB =4.875 V.
The results of taking these two effects into account are shown in Fig. 6.35(b). (Verification of
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Figure 6.35 NMOS NAND gate: ¥ = AB: (a) approximate design, (b) corrected design.

these W/ L values is left for Prob. 6.88.) The corrected device sizes have changed by only a small
amount. The values in Fig. 6.35(a) represent an adequate level of design for most purposes.

Choosing the Size of the Load Device

When both M4 and My are conducting, the current is limited by the load device, but the voltages
applied to the load device are exactly the same as those in the reference inverter design. Thus, the
W /L ratio of the load device is the same as in the reference inverter. The completed NAND gate
design, based on the simplified device sizing, is given in Fig. 6.35(a).

EXERCISE: Draw the schematic of a three-input NAND gate. What are the W/L ratios for
the transistors based on Fig. 6.35(a).

ANSWERS: 1/2.15;6.18/1;6.18/1;6.18/1

6.11.3 NOR AND NAND GATE LAYOuTS IN NMOS
DEPLETION-MODE TECHNOLOGY

Sample layouts for two-input NOR and two-input NAND gates appear in Fig. 6.36 based on
ground rules similar to those discussed in Chapter 4. The metal overlap has been reduced in the
layout to make the figure clearer.

The NOR gate has the sources and drains of switching transistors A and B connected in
parallel using the n layer. The source of the load device is also connected to the common drain
region of the switching transistors using the n layer. The gate of the load device is connected to
the switching transistors using the metal layer, which also is the output terminal.

Input transistors A and B are stacked above each other in the NAND gate layout. Note that
the source of transistor A and the drain of transistor B are the same n™ region; no contacts are
required between the transistors. The widths of transistors A and B have been made twice as
wide to maintain the desired low output level, whereas the size of the load transistor remains
unchanged.
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Figure 6.36 Possible layouts for (a) two-input NOR gate and (b) two-input NAND gate.

ELECTRONICS IN ACTION

Silicon Art

Successful integrated circuit designers are typically a very creative group of people. In the
course of a large chip design project, engineers generate numerous innovations. The process
involves many long hours leading up to the release of the chip layout data to manufacturing.

A train found on an analog shift
register from a LeCroy MVV200
integrated circuit.

A small herd of buffalo added to a Hewlett-
Packard 64-bit combinatorial divider created
by HP engineer Dick Vlach.
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A compass placed on a prototype
optical navigation chip by Hewlett-
Packard Labs designer Travis Blalock.

A roadrunner drawn in aluminum on silicon
by Dan Zuras of Hewlett-Packard.
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As the end of the design process nears, exhausted designers often want to add a more personal
imprint on their work. Traditionally this has taken the form of using patterns in the metal layers
of the chip layout to create graphical images relating to the chip’s internal code name.

Sadly, most modern IC foundries are now forbidding designers to express themselves
in this way over concerns about design rule violations and potential processing problems.
Designers tell us that this has forced them to become covert with their doodles and they are
sometimes embedding the graphics directly into functional design structures.

6.12 COMPLEX NMOS LOGIC DESIGN

A major advantage of MOS logic over various forms of bipolar logic comes through the ability
to directly combine NAND and NOR gates into more complex configurations. Three examples
of complex logic gate design are discussed in this section.

Consider the circuit in Fig. 6.37. The output ¥ will be in a low state whenever a conducting
path is developed through the switching transistor network. For this circuit, the output voltage
will be low if any one of the following paths is conducting: A or BC (B and C) or BD (B and D).
The output Y is represented logically as

Y=A+BC+BD o Y=A+BC+BD o Y=A+B(C+D)

which directly implements a complemented sum-of-products logic function.

+5V
M 1
| A
- oY
Switching
network |—I 412
Bo—1 M, 22
M M M
— Ma c D
A o—|| C o—|| D o—||
L:|_2.06 4.12 4.12
1 1 1

Figure 6.37 Complex NMOS logic gate: Y = A + BC + BD.

Device sizing will again be based on the worst-case logic state situations. Referring to the
reference inverter design, device M4 musthave W /L = 2.06/1 because it must be able to maintain
the output at 0.25 V when it is the only device that is conducting. In the other two paths, Mz will
appear in series with either M¢ or M. Thus, in the worst case, there will be two devices in series
in this path, and the simplest choice will be Mgy = M = Mp = 4.12/1. The load device size
remains unchanged.

The circuit in Fig. 6.38 provides a second example of transistor sizing in complex logic gates.
There are two possible conducting paths through the switching transistor network: AB (A and B)
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Figure 6.38 (a) NMOS implementation of Y = AB +CDB or Y = (A + CD)B. (b) An alternate
transistor sizing for the logic gate in (a).

or CDB (C and D and B). The output will be low if either path is conducting, resulting in
Y =AB+CDB or Y =AB+CDB or Y=(A+CD)B

Transistor sizing can be done in two ways. In the first method, we find the worst-case path
in terms of transistor count. For this example, path C D B has three transistors. By making each
transistor three times the size of the reference switching transistor, the C DB path will have an
on-resistance equivalent to that of M in the reference inverter. Thus, each of the three transistors
should have W/L = 6.18/1.

The second path contains transistors M, and Mpg. In this path, we want the sum of the
on-resistances of the devices to be equal to the on-resistance of M in the reference inverter:

ROl’l ROH ROH
— (6.36)

w + w W

L), L)y L)
In Eq. (6.36), R,, represents the on-resistance of a transistor with W/L = 1/1. Because (W/L)p
has already been chosen,

ROH ROH ROH

WY 618 206
L A

Solving for (W/L), yields a value of 3.09/1. Because the operating current of the gate is to
be the same as the reference inverter, the geometry of the load device remains unchanged. The
completed design values appear in Fig. 6.38(a).

(6.37)
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PROBLEM

SOLUTION

A slightly different approach is used to determine the transistor sizes for the same logic gate
in Fig. 6.38(b). The switching circuit can be partitioned into two sub-networks connected in series:
transistor B in series with the parallel combination of A and C D. We make the equivalent on-
resistance of these two subnetworks equal. Because the two subnetworks are in series, (W/L)p =
2(2.06/1) = 4.12/1. Next, the on-resistance of each path through the (A 4+ C D) network should
also be equivalent to that of a4.12/1 device. Thus (W/L), = 4.12/1and (W/L)c = (W/L)p =
8.24/1. These results appear in Fig. 6.38(b).

6.12.1 SELECTING BETWEEN THE TwO DESIGNS

If the unity dimension corresponds to the minimum feature size F, then the total gate area of
the switching transistors for the design in Fig. 6.38(b) is 24.7 F2. The previous implementation
of Fig. 6.38(a) had a total gate area of 21.6F2. With this yardstick, the second design requires
14 percent more area than the first. Minimum area utilization is often a key consideration in IC
design, and the device sizes in Fig. 6.38(a) would be preferred over those in Fig. 6.38(b).

TRANSISTOR SIZING IN COMPLEX LOGIC GATES

Choose the transistor sizes for a complex logic gate based on a given reference inverter design.

Find the logic expression for the gate in Fig. 6.39. Design the W/L ratios of the transistors
based on the reference inverter in Fig. 6.32(d).

Known Information and Given Data: Logic circuit diagram in Fig. 6.39; reference inverter
design in Fig. 6.32(d) with (W/L)s = 2.06/1 and (W/L); = 1/2.15.

&

Design Results
(w) L
oy L), 215

] (¥), o
L JapcoE 1

AO—IEMA

BO—I:_MB
1

Eo—|1 M,
1

Figure 6.39 NMOS implementation of Y = AB + CDB + CE + ADE.
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Unknowns: Logic expression for output Y'; W/L ratios for all the transistors

Approach: Identify the conducting paths that force the output low; output Y can be represented
as a complemented sum-of-products function of the conducting path descriptions. Size the
transistors in each path to yield the same on-resistance as the reference inverter.

Assumptions: Neglect the effects of the small source-bulk voltages on the switching transistors.
Neglect Vi differences among the switching transistors.

Analysis: Comparing the circuit in Fig. 6.39 to that in 6.38, we see that a fifth transistor has
been added to the switching network. Now there are four possible conducting paths through
the switching transistor network: AB or CDB or CE or ADE. The output will be low when
any one of these paths is conducting, resulting in

Y =AB+CDB+ CE + ADE or Y =AB+CDB+ CE + ADE

We desire the current and power to be the same in the circuit when the output is in the low state.
Thus the load device will be identical to that of the inverter. The switching transistor network
cannot be broken into series and parallel branches, and transistor sizing will follow the worst-
case path approach. Path C D B has three transistors in series, so each W /L will be set to three
times that of the switching transistor in the reference inverter, or 6.18/1. Path ADE also has
three transistors in series, and, because D has (W/L) = 6.18/1, the W/L ratios of A and E
can also be 6.18/1. All transistors are now 6.18/1 devices.

Check of Results: The remaining paths, AB and CE, must be checked to ensure that the
low output level will be properly maintained. Each has two transistors with W/L = 6.18/1
in series for an equivalent W/L = 3.09/1. Because the W/L of 3.09/1 is greater than
2.06/1, the low output state will be maintained at V; < 0.25 V when paths AB or CE are
conducting.

Discussion: Note that the current traverses transistor D in one direction when path C DB is
conducting, but in the opposite direction when path ADE is active! Remember from the device
cross section in Fig. 6.32(b) that the MOS transistor is a symmetrical device. The only way
to actually tell the drain terminal from the source terminal is from the values of the applied
potentials. For the NMOS transistor, the drain terminal will be the terminal at the higher voltage,
and the source terminal will be the terminal at the lower potential. This bidirectional nature of
the MOS transistor is a key to the design of high-density dynamic random access memories
(DRAMSs), which are discussed in Chapter 8.

Computer-Aided Design: Now we can use SPICE to find the actual values of V; for different
input combinations including the influence of body effect and nonzero source voltages on the
operation of the gate. For the circuit below with VTO = 0.75, KP = 25E-6, GAMMA = 0.5,
PHI = 0.6, W = 6.18 U, and L = 1 U for the switching devices and VTO = —3, KP = 25E-6,
GAMMA = 0.5,PHI = 0.6, W = 1 U, and L = 2.15 U for the load device, SPICE gives these
results:

ABCDE Y (mV) Node 2 (mV) Node 3 (mV) Ipp(nA)

11000 158 77.9 0 50.7
01110 236 155 76.7 49.9
00101 158 0 77.9 50.7

11111 79.2 394 39.4 51.5
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EXERCISE: (a) Calculate the power supply current /pp if the voltage at node Y is 158 mV.
(b) Repeat for 79.2 mV. (c) Repeat for 236 mV.

ANSWERS: (a) 50.7 pA; (b) 51.5 pA; (c) 49.9 pA

EXERCISE: Make a complete table for node voltages Y, 2, and 3 and /pp for all 32 possible
combinations of inputs for the circuit in Ex. 6.10. Fill in the table entries based on the SPICE
simulation results presented in the example.

6.13 POWER DISSIPATION

In this section we consider the two primary contributions to power dissipation in NMOS inverters.
The first is the steady-state power dissipation that occurs when the logic gate output is stable in
either the high or low states. The second is power that is dissipated in order to charge and discharge
the total equivalent load capacitance during dynamic switching of the logic gate.

6.13.1 STATIC POWER DISSIPATION

The overall static power dissipation of a logic gate is the average of the power dissipations of
the gate when its output is in the low state and the high state. The power supplied to the logic gate
isexpressed as P = Vppipp, where i pp is the current provided by the source Vpp. In the circuits
considered so far, i pp is equal to the current through the load device, and the total power supplied
by source Vpp is dissipated in the load and switching transistors. The average power dissipation
depends on the fraction of time that the output spends in the two logic states. If we assume that
the average logic gate spends one-half of the time in each of the two output states (a 50 percent
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duty cycle), then the average power dissipation is given by

Vopl Vool
P, = DD DDH‘2|‘ pplppL 6.38)

where Ippy = current in gate for vp = Vy
Ippr =current for vp = V.
For the NMOS logic gates considered in this chapter, the current in the gate becomes zero when

the vy reaches V. Thus, Ippy = 0, and the average power dissipation becomes equal to one-half
the power dissipation when the output is low, given by

Vool
P, = % (6.39)

If some other duty factor is deemed more appropriate (for example, 33 percent), it simply changes
the factor of 2 in the denominator of Eq. (6.39).

EXERCISE: What is the average power dissipation of the gates in Fig. 6.32?

ANSWER: 0.125 mW

6.13.2 DYnNnAMIC POWER DISSIPATION

A second, very important source of power dissipation is dynamic power dissipation, which occurs
during the process of charging and discharging the load capacitance of a logic gate. Consider the
simple circuit in Fig. 6.40(a), in which a capacitor is being charged toward the positive voltage
Vpp through a nonlinear resistor (such as a MOS load device).

R,

Switch closes at 1 =0

Nonlinear
resistor

Switch closes at ¢’ =

i(t") 1
Ry v(r)
v(0") =Vpp I

Figure 6.40 Simple circuit model for dynamic power calculation: (a) charging C, (b) discharging C.

i(r)
Vop v(1)

v (0)=0

() (b)

Let us assume the capacitor is initially discharged; at # = 0 the switch closes, and the capacitor
then charges toward its final value. We also assume that the nonlinear element continues to deliver
current until the voltage across it reaches zero (for example, a depletion-mode load). The total
energy Ep delivered by the source is given by

Ep= / h P(t)dt (6.40)
0

The power P(t) = Vppi(t), and because V) is a constant,

ED = VDD /Ool(t)dl (641)
0
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The current supplied by source Vpp, is also equal to the current in capacitor C, and so

o) dvc Ve (o0)
Ep = VDD/ C —dt = CVDD/ dvc (6.42)
0 dt Ve (0)

Integrating from ¢ = 0 to t = oo, with V¢ (0) = 0 and V¢ (00) = Vpp results in
Ep=CV;, (6.43)

We also know that the energy Es stored in capacitor C is given by

CV}
Eg=—2DL2 (6.44)
2
and thus the energy E; lost in the resistive element must be
CVip
EL:ED—ES: 2 (645)

Now consider the circuit in Fig. 6.40(b), in which the capacitor is initially charged to Vpp.
At ¢’ = 0, the switch closes and the capacitor discharges toward zero through another nonlinear
resistor (such as an enhancement-mode MOS transistor). Again, we wait until the capacitor reaches
its final value, V¢ = 0. The energy E that was stored on the capacitor has now been completely
dissipated in the resistor. The total energy E7p dissipated in the process of first charging and then
discharging the capacitor is equal to

CV3, N CV3,
2 2

Erp = =CV3, (6.46)

Thus, every time a logic gate goes through a complete switching cycle, the transistors within
the gate dissipate an energy equal to E7p. Logic gates normally switch states at some relatively
high frequency f (switching events/second), and the dynamic power Pp dissipated by the logic
gate is then

Pp,=CVi,f (6.47)

In effect, an average current equal to (C Vpp f) is supplied from the source Vpp.

EXERCISE: What is the dynamic power dissipated by alternately charging and discharging
a 1-pF capacitor between 5V and 0 V at a frequency of 10 MHz?

ANSWER: 0.25 mW

Note that the power dissipation in the previous exercise is the same as the static power
dissipation that we allocated to the vy = V. state in our original NMOS logic gate design. In
high-speed logic systems, the dynamic component of power can become dominant— we see in
the next chapter that this is in fact the primary source of power dissipation in CMOS logic gates!
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6.13.3 POWER ScALING IN MOS LoGlic GATES

During logic design in complex systems, gates with various power dissipations are often needed
to provide different levels of drive capability and to drive different values of load capacitance at
different speeds. For example, consider the saturated load inverter in Fig. 6.41(a). The static power
dissipation is determined when vy = V. My is operating in the linear region, M, is saturated,
and the drain currents of the two transistors are given by

. I,I ( )2
i —— _ v —_ ‘/'
DL — ) L . GSL TNL

WY (oo oy Vs
L s GSS TNS ) DSS

in which the W/L ratios have been chosen so that ipg = ip, for vo = V. For fixed voltages,
both drain currents are directly proportional to their respective W /L ratios. If we double the W /L
ratio of the load device and the switching device, then the drain currents both double, with no
change in operating voltage levels.

+5V +5V +5V +5V
1 1
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(6.48)
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Figure 6.41 Inverter power scaling. The NMOS inverter of (b) operates at one-third the power of circuit
(a), and the NMOS inverter of (d) operates at twice the power of circuit (c).

Or, if we reduce the W/ L ratios of both the load device and the switching device by a factor
of 3, then the drain currents are both reduced by a factor of 3, with no change in operating voltage
levels. Thus, if the W /L ratios of M and M are changed by the same factor, the power level of
the gate can easily be scaled up and down without affecting the values of Vy and V.. With this
technique, the inverter in Fig. 6.41(b) has been designed to operate at one-third the power of the
inverter of Fig. 6.41(a) by reducing the value of W /L of each device by a factor of 3. This power
scaling is a property of ratioed logic circuits. The power level can be scaled up or down without
disturbing the voltage levels of the design.

Similar arguments can be used to scale the power levels of any of the NMOS gate configura-
tions that we have studied, and the depletion-mode load inverter in Fig. 6.41(d) has been designed
to operate at twice the power of the inverter of that of Fig. 6.41(c) by increasing the value of W /L
of each device by a factor of 2. As we will see shortly, this same technique can also be used to scale
the dynamic response time of the inverter to compensate for various capacitive load conditions.

EXERCISE: What are the new W/L ratios for the transistors in the gate in Fig. 6.41(a) for a
power of 0.1 mW?

ANSWERS: 1/8.48 and 1.41/1
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EXERCISE: What are the new W/L ratios for the transistors in the gate in Fig. 6.41(c) for a
power of 10 mW?

ANSWERS: 18.6/1 and 82.4/1

EXERCISE: What are the W/L ratios of the transistors in the gate in Fig. 6.38(a) required to
reduce the power by a factor of three while maintaining the same value of V, ?

ANSWERS: 1/6.45;1.03/1;2.06/1;2.06/1;2.06/1

6.14 DYNAMIC BEHAVIOR OF MOS LOGIC GATES

Thus far in this chapter the discussion has been concerned with only the static design of NMOS
logic gates. The time domain response, however, plays an extremely important role in the appli-
cation of logic circuits. There are delays between input changes and output transitions in logic
circuits because every node is shunted by capacitance to ground and is not able to change voltage
instantaneously. This section reviews the sources of capacitance in the MOS circuit and then ex-
plores the dynamic or time-varying behavior of logic gates. Calculations of rise time ¢, fall time ¢ ¢,
and the average propagation delay 7, (all defined in Sec. 6.3) are presented, and expressions are
then developed for estimating the response time of various inverter configurations.

6.14.1 CAPACITANCES IN LoGIic CIRCUITS

Figure 6.42(a) shows two NMOS inverters including the various capacitances associated with each
transistor. These capacitances were introduced in Sec. 4.6. Each device has capacitances between
its gate-source, gate-drain, source-bulk, and drain-bulk terminals. Some of the capacitances do
not appear in the schematic because they are shorted out by the various circuit connections (for
example, Csp1, Cgs2, Csps, Cgsq)- In addition to the MOS device capacitances, the figure
includes a wiring capacitance Cy, representing the capacitance of the electrical interconnection
between the two logic gates. For simplicity in analyzing the delay times in logic circuits, the
capacitances on a given node will be lumped together into a fixed effective nodal capacitance C,
as indicated in Fig. 6.42(b), and our hand analysis will cast the behavior of circuits in terms of
this effective capacitance C. The MOS device capacitances are nonlinear functions of the various
node voltages; they are highly dependent on circuit layout in an integrated circuit. We will not
attempt to find a precise expression for C in terms of all the capacitances in Fig. 6.42(a), but
we assume that we have an estimate for the value of C. Simulation tools exist that will extract
values of C from a given IC layout, and more accurate predictions of time-domain behavior can
be obtained using SPICE circuit simulations.

Fan-Out Limitations in NMOS Logic

Since no dc current needs to be supplied to the input of an NMOS logic gate, the fan-out of an
MOS logic gate is not limited by static design constraints. (But, this is not the case for bipolar
design discussed later in Chapter 9.) However, as more and more gates are attached to a given
output as in Figs. 6.42 or 6.14, the value of capacitor C increases, and as we shall see shortly, the
temporal responses of the circuit will decrease accordingly. Thus the fan-out will be limited by
how much degradation can be tolerated in the time delays of the circuit.
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Figure 6.42 (a) Capacitances associated with an inverter pair. (b) Lumped-load capacitance model
for inverters.

6.14.2 DYNAMIC RESPONSE OF THE NMOS INVERTER
WITH A RESISTIVE LOAD

Figure 6.43 shows the circuit from our earlier discussion of the inverter with a resistive load. For
hand analysis, the logic input signal is represented by an ideal step function, and we now calculate
the rise time, fall time, and delay times for this inverter.

Calculation of ¢, and 7p. g

For analysis of the rise time, assume that the input and output voltages have reached their steady-
state levels for r < 0: v; = Vy = 5Vand vp = V, = 0.25 V. At ¢t = 0, the input drops
from v; = 5 V to v; = 0.25 V. Because the gate-source voltage of the switching transistor
drops below Vryg, the MOS transistor abruptly stops conducting. The output then charges from
vo =V, =0.25Vtovg = Vi = Vpp = 5 V. In this case, the waveform is that of the simple
RC network formed by the load resistor R and the load capacitor C. Using our knowledge of
single-time constant circuits:

Vo) = Vi — (Vi — V) exp (—R’—C) = Vi — AV exp (—Rt—c> (6.49)
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Figure 6.43 Model for rise time in resistively loaded inverter.

where Vi is the final value of the capacitor voltage, V; is the initial capacitor voltage, and
AV = (Vg — V}) is the change in the capacitor voltage. For the inverter in Fig. 6.43, Vp = 5.0V,
Vi =0.25V,and AV =475 V.

The rise time is determined by the difference between the time #; when vy (¢;) = V; +0.1 AV
and the time #, when v (1) = V; + 0.9 AV. Using Eq. (6.49),

Vi+0.1AV = Vi — AV exp (1%) yields  # =—RCIn09  (6.50)
Vi+09AV = Vp — AV exp (;—Z) yields t, = —RCIn0.1 (6.51)
and
t,=t —t; = RCln9 =2.2RC (6.52)
The delay time tp, y is determined by v (tpry) = V; + 0.5 AV, which yields

Tpry = —RCIn0.5 =0.69RC (6.53)

Note that these expressions apply only to the simple RC network.

Equations (6.52) and (6.53) represent the classical expressions for the rise time and propa-
gation delay for an RC network. Similar analyses show that t; = 2.2RC and tpy; =0.69RC.
Remember that these expressions only apply to the simple RC network.

The rise and fall times and propagation delays for an RC network are given by

tr th 222RC tPLH ZtPHL 2069RC
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EXERCISE: Find the t, and zp,y for the resistively loaded inverter with C = 0.2 pF and
R = 95 k.

ANSWERS: 41.8 ns; 13.1 ns

EXERCISE: Derive expressions for the fall time and high-to-low propagation delay for an
RC network.

ANSWERS: t; = 2.2RC; tpy, = 0.69RC

Calculation of Tpy and £ ¢

Now consider the other switching situation, with v; = V;, = 0.25 Vandvgp = Vg =5V, as
displayed in Fig. 6.44. At t = 0, the input abruptly changes from v; = 0.25 Vtov; =5 V. At
t =0, Mghas vgs = 5V and vps = 5V, so it conducts heavily and discharges the capacitance
until the value of v, reaches V;.

Vpp=5V

V(0 =5V

. l)[ vO

ip A A

vy v;=5V +5V +5V —

T OTNTT e
- - - - 0 0

- Y%
(a) (b) © (@

—

E— el 4

Figure 6.44 Simplified circuit for determining ¢, and Tpyz. Ny (07) = Vi = Vpp.

Figure 6.45 shows the currents iz and ip in the load resistor and switching transistor as a
function of vy during the transition between Vy and V. The current available to discharge the
capacitor C is the difference in these two currents:

ic =ip—ig

Because the load element is a linear resistor, the current in the resistor increases linearly as
vo goes from Vy to V,. However, when My first turns on, a large drain current occurs, rapidly
discharging the load capacitance C. V| is reached when the current through the capacitor becomes
zero and iz = ip. Note that the drain current is much greater than the current in the resistor for
most of the period of time corresponding to 7pp ;. This leads to values of 7pp; and 7, that are
much shorter than 7p,y and ¢, associated with the rising output waveform. This behavior is
characteristic of single channel (NMOS or PMOS) logic circuits. Another way to visualize this
difference is to remember that the on-resistance of the MOS transistor must be much smaller
than R in order to force Vj, to be a low value. Thus, the apparent “time constant” for the falling
waveform will be much smaller than that of the rising waveform.



4524 Chapter 6 Introduction to Digital Electronics

500 pA T

Ves =5V
400 pA T

300 uA

Current

200 pA ic = ip—ig

100 pA

iR

OA 1 1 1 1 )
ov 10V 20V 30V 40V 50V 60V

Vo

Figure 6.45 Drain current and resistor current versus vo.

Calculation of 7y and Tpp is more complicated here than for the case of the resistor charging
the capacitive load because the NMOS transistor changes regions of operation during the output
voltage transition. Thus, the differential equation that models the V to V, transition changes at
the point at which the transistor changes operating regions.

First, let us simplify our model for the circuit. From Fig. 6.45, we can see that ip > ig
except for vy very near V,. Therefore, the current through the resistor will be neglected so that
we can assume that all the drain current of the NMOS transistor is available to discharge the load
capacitance, as in Fig. 6.44(b). The input signal v, is assumed to be a step function changing to
v; =5Vattr =0. Atr = 0, the output voltage V¢ on the capacitoris Vy = Vpp =5V, and the
gate voltage is forced to Vg =5 V.

The graph in Fig. 6.46 shows the important instants in time that need to be considered. At
time ¢, the output has dropped by 10% of the logic swing AV, and time #, is the time at which

v
o 0.1 AV Saturation region/triode region
\4% transition
Voos f
V [/
0% AV=Vy,-V,
Viow 701 av
Vi
0
0 [P} 3y t

Figure 6.46 Times needed for calculation of Tpy; and t¢ for the inverter. Fall time ¢, = 14 — #;;
propagation delay tpy; = 3.
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the output has dropped by 90% of AV. Thus, 1y = 14 — ;. At 13, the output is at the 50%
point, given by Vsoq, = (Vg + V.)/2, so tpy; = t3. Time 1, is also very important. At this
point vp = Vpp — Vrys, and this is the time at which the transistor changes from saturation
region operation to triode region operation. Thus, the differential equation that models the circuit
behavior changes at this point. This regional approach is used so often that it is referred to as
piecewise analysis.

Piecewise Analysis of 7pp;,

Let us first focus on calculation of tp, and then calculate 7¢. At = 0, the NMOS transistor
in Fig. 6.44(b) is operating in the saturation region, and the capacitor current is described by

K d
TS(UGS V)l = —C % with ve(01) = Vj, (6.54)

in which vgs = Vg and Vyyg are both constant. Thus, the drain current is constant, and the
capacitor discharges at a constant rate until the MOSFET enters the linear region of operation at
time f,, when ve = vgs — Vrys. The MOSFET enters the linear region after the capacitor voltage
drops by one threshold voltage. For these values, the time #, required for the transistor to reach
the linear region is

2CV. V.
= S = DRy C (6.55)
Ks(Vy — Vrys) (Vi — Vrus)
for
1
RonS

~ Ks(Vig — Vrns)

which represents the equivalent on-resistance of the NMOS switching transistor, with vgs = Vpp
and v DS = 0.

Once the transistor enters the triode region, the equation characterizing the discharge changes
to

Ve dUC
K -V - — =-C— 6.56
S (UGS TNS ) ) Uc di ( )

because the vps = v for the MOSFET. Rearranging this equation with vy = Vj and integrating
yields

Vs dl)c '3 KS
/ = / — dt (6.57)
v, 2Vu—Vrys) —veo)ve n 2C

in which the limits of integration are
Vo =vc(tr) = Vi — Vrus and Vi =vc(t3) =0.5(Vy + V1)

The solution to this equation may be found using:

/ dx 1 (x - a>
———— =—1In (6.58)
(a—x)x a X
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Using Eq. (6.58), 3 — 1, can be found to be

V; Via—2(Vy — V.
t—t) = ;ln{<—2> { 3 = 2(Vy TNS)” (6.59)
Ks(Vyg — Vrys) Vi) Vo —2(Vy — Vrns)
VH_VTNS) }
y—thh=RypsCln |4 —— | —1 6.60
3—h onS [ < Vi W, (6.60)

The propagation time tpy is just equal to #3 and is given by

Vg =V, 2V,
TpuL =13 = (13 — 1)) + ty = RopsC {1n {4 <w> - 1} 4T

7} (6.61)
Vy +Vy Vi — Vrs

This is an extremely useful equation. Not only does it describe the behavior of the NMOS circuit,
but we will also see later that Eq. (6.61) characterizes the delay behavior of CMOS logic gates,
which form today’s most widely used logic family.

Piecewise Analysis of ¢
Fall time 7, can be written as:
tr=ty—th =ts—1t) — (b — 1)

During the time interval 1, —#,, the MOSFET is saturated, and the current discharging the capacitor
is constant. Therefore, using

AV
At =C—
I
Vy —01AV) = (Vy =V Vins — 0.1AV (6.62)
l‘2—2‘1=C( H ) ( H TNS)=2RonSC TNS

K

S (Vi = Vrs)® Vi = Vins

During the interval #, to 4, the MOSFET is operating in the triode region, and the circuit is
described by

Vy d 14 K
/ be - / =S (6.63)
v, QWi —Vrys) —ve)ve n 2C

based on Egs. (6.56) and (6.57) in which the limits of integration are now defined by
Vo =ve(t) = Vg — Vrwns and Vi=vc(t3) = Vg —09 AV (6.64)

Using the results from (6.58) and (6.59),

(6.65)

Vu — 2V, 09AV
ty —th = RypsC In ( " TNS T )

Ve —09AV

and our estimate for the fall time is given by

Vg =2V, 0.9AV V; —0.1AV
H TNs T+ > 2( TNS )} (6.66)

tr =1ty —t; = RoypsC |In
f ¢ : S |: ( VH —09AV VH — VTNS
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EXAMPLE 6.11 DYNAMIC PERFORMANCE OF THE INVERTER WITH RESISTOR LOAD

Find numerical values for the dynamic performance measures of the reference inverter in
Fig. 6.32(a).

PROBLEM Find t¢, t,, Tpyr, Tpur, and T, for the resistively loaded inverter in Fig. 6.32 with C = 0.1 pF
and R = 95 kQ.

SOLUTION Known Information and Given Data: Basic resistively loaded inverter circuit in Fig. 6.32;
R =9kQ C =0.1pE Vpp =5V, W/L = 2.06/1, Vg =5V, V, =025V, and
Ks = (2.06)(25 x 107° A/V?)

Unknowns: t, t., Tpur, Tpar, and T,

Approach: Find 7. and 7p; 5 using Egs. (6.52) and (6.53); calculate R,,s and use it to evaluate
Eq. (6.61) and Eq. (6.66); T, = (tpur + Tpar)/2

Assumptions: R is calculated in the triode region.
Analysis: For the resistive load inverter, the rise time and low-to-high propagation delay are
t, = 22RC =2.2(95kR)(0.1 pF) = 20.9 ns
Tprr = 0.69RC = 0.69(95 k2)(0.1 pF) = 6.56 ns

To find #; and 7pp ., we first calculate the value of Rgps:
1 1

= - — 485kQ
sVu =Vrws) 5 06) (25%) 5-1V

RonS =
Substituting the data values into Egs. (6.61) and (6.66):
VH - VTNS 2VTNS
=RypsC<In|4 ——— | —1 _
TPHL onS {n{ <VH+VL> ]+VH—VTNS}

5-1 2
ma(——)—1|+—" =122
[<5+o.25> ] 5-1

tpiL = 1.22RosC = 1.22(4.85 k2)(0.1 pF) = 0.590 ns

Vu — 2V, 09AV Vrns — 0.1 AV
Ir=t4—14H = RonsC |:11’1< il TN + ) 2 (TNS—):|

Vu —09 AV Vi — Vrns

{5 —24 0.9(4.75)] 5 <M> — )57
5-0.9(4.75) 5-1

t7 = 2.57RosC = 2.57(4.85kR)(0.1 pF) = 1.25 ns

6.56 + 0.59
Ty = TeHL + TpLH = + ns = 3.58 ns
P 2 2

Check of Results: A double check of the arithmetic indicates our calculations are correct. We
see the expected asymmetry in the rise and fall times as well as in the two propagation delay
values. For the on-resistance calculation, Vgg — Voy =5—1=4Vand Vps =025V. ¢
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Discussion: Remember that the asymmetry in the rise and fall times and in tpy; and tpy,; will
occur in all single channel technology because the switching device must have a much smaller
on-resistance than that of the load in order to produce the desired value of V;. We see that tp; i
is approximately 11 times tpp,, and that 7, is more than 10 times 7!

Computer-Aided Analysis: Let us check our hand calculations using the SPICE transient
simulation capability. In the circuit schematic, VIN is a pulse source with an initial value of 0,
peak value of 5V, zero delay time, 0.1-ns rise time, 0.1-ns fall time, 9.9-ns pulse width, and a
100-ns period. Note the pulse width is chosen so that the rise time plus the pulse width add up
to a convenient value of 10 ns. The rise and fall times for VIN are chosen to be much smaller
than those expected for the inverter. The transient simulation parameters are a start time of zero,
stop time of 50 ns and a time step of 0.025 ns.

R
95 K
) *\ VDD
MS | -/ 5V
C
0.

+5.000

+4.000

Neooboocoodoccos

+3.000

+2.000 |

+1.000 |

Time (ns)

The SPICE results yield values that are very similar to our hand calculations: 7, = 1.3 ns,
Tpyr = 0.64 ns, 7, = 21 ns, and tp; y = 6.3 ns. (Note: In order to extract these values from the
simulation one must expand the scale for the falling portion of the waveform.)

EXERCISE: Recalculate the values of t;, t., Tpy., TpLH, and Tp if C is increased to 0.25 pF.

ANSWERS: 52.3 ns; 16.4 ns; 1.48 ns; 3.13 ns; 8.95 ns
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6.14.3 NMOS INVERTER WITH A DEPLETION-MODE LOAD

The mathematical complexity of the analysis increases for inverters that use transistors as load
elements. For hand calculations, we obtain useful analytical results by neglecting the body effect.
If more accurate estimates are needed, they can be obtained using circuit simulation with SPICE.
In this section, we will derive estimates of the fall time, rise time, and propagation delay for the
depletion-load inverter, which provides the highest performance of the various NMOS inverters.
As mentioned earlier, static NMOS logic gates are “ratioed” designs, in which the current
drive capability of the switching transistor must be much greater than that of the load transistor in
order to achieve a small value of V. Thus, we are always able to assume that the drain current of
the switching transistor is much greater than that of the load device (ips >> ip;) during the high-
to-low switching transient, except for vy very near V. Therefore, we can assume that all the drain
current of the switching transistor is available to discharge the load capacitance, as in Fig. 6.44.

Fall Time and High-to-Low Propagation Delay Estimates

If we think about the depletion-mode load inverter circuit for a moment, we can save ourselves a
lot of work. Since V; = V) for the depletion load inverter, the conditions during the high-to-low
switching transient are identical to those for the inverter with resistor load. Hence the fall time
and propagation delay time on the negative transistion are equivalent to those already presented
in Egs. (6.66) and (6.61):

Vg — 2V, 0.9AV V. —0.1AV
1 = RopsC |In [ 271N (A (6.67)
Vg —09AV Vu — Vrns
VH — VTNS 2VTNS
=RysC<In|4( ———] -1 _ 6.68
frt S {n{ <VH+VL> ]+VH_VTNS} (6.68)
1

Rps = ————
T Ks(Vi — Viws)

Rise Time and Low-to-High Propagation Delay Estimates

Figure 6.47 shows the inverter with a depletion-mode load. At ¢ = 0, the input signal turns off M.
The current from the source of the load device charges the capacitor from an initial value of V,
to the final value of Vpp =5 V. Figure 6.48 shows important times for the low-to-high switching
transition for the depletion-mode load case. The times #; and 7, correspond to the 10 percent and
90 percent points on the positive transition and determine the rise time. Time #; is the 50 percent
point, and 7p,y =13, assuming that the input signal is a step function. Time #, is the point at
which the depletion-mode device comes out of saturation when its drain-source voltage reaches
Vps = —Vry1 because Vs = 0. In this figure, #, < t3, but it is possible for 73 > f, for some values
of VT NL-

Calculation of Tp; g
We begin calculating tp; 5 by writing the propagation delay tpr g = 13 as
Tprr =h + (13 — 1) (6.69)

because 1, is the time at which the load device changes regions of operation. The depletion-mode
load device operates in saturation for 0 < ¢ < 1,, and is in the triode region for t > ¢,. The
depletion-mode load starts in saturation, and, because vgs = 0,

K
ipp = TL(VTNL)z (6.70)
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Figure 6.48 Important times in the low-to-high
Figure 6.47 Low-to-high switching transient for an inverter with switching transient of an inverter with a depletion-
a depletion-mode load device. mode load device.
as long as
Ups > VGgs — VTNL or Ups > _VTNL because VGs =0

Because vps = Vpp — v, we find that the load device will be in saturation for
vo < Vpp + Vrar

(Remember that V;y,; < O for the depletion-mode device.) Time #, is the time required for the
transistor to reach the edge of saturation:

C 2C
b = —[v(t) — v(0)] or I

= —“[V \% -V, 6.71
oL KL(VTNL)Z[ pp + Vrae (A ( )

During the time interval #, — f3, the load device is operating in the triode region, with vy = 0
and vps = Vpp — vc:

Vpop — v
ipr =K (0 — Vrne — %) (Vbp — ve) (6.72)

.. dvc
Once again, ip;, = C I and we have

Vs d 5K
/ ve _ / ~L (6.73)
v, (=2Vrne —Vpop —ve)(Vop —ve) ), 2C

in which V, = Vpp + Vyyp and V3 = (Vy + V) /2. Using the result in Eq. (6.59),

—V
ts —t; = Ry .C In [4 (ﬂ) - 1} (6.74)

H_VL
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where the on-resistance of the depletion-mode device is given by
1

RonL = = < .
KL (_ VTNL)

Finally

-V Vy + V. -V,
toin = (s — ) 1y = Ront C {m [4 <7> _ 1] LoVt Vv = Ve

} (6.75)
Vy =V, (—=Vrne)

Rise Time Calculation
The rise time is written as
h=t4—t =ty —1)—(t—1)

because the transistor is in saturation during the time between #; and #,, and it is in the triode
region from £, to #4. If we define V, = V¢ (#,), then V, = Vpp + VryL. At 14, the output voltage
is at the 90 percent point and

Voo = Vu — 0.1 AV
Once again using Eq. (6.59) and more algebra,

20VrnL
t4y —th = Rpy.Cln K— AV ) — 1} (6.76)
and
h—t = 2—C[VH + Vene — (VL + 0.1 AV)] (6.77)
K (Vrne)?

Combining Egs. (6.76) and (6.77) gives the rise time

§ = RuC {ln [(_ZOVTNL> B ]] n 2VH + Veny — Ve — 0.1 AV} 6.78)
AV (=Vrar)

Let us look at the time responses a bit further by evaluating the various expressions with
Vea=Vpp=5V,V; =025V, Vzys =1V, and Vyy; = —3 V for which we find

t, = 3.3R,u.C ty = 2.57RysC Tprg = 1.59R,, . C Tpur = 1.22RsC

1 1

Ron Enl— Ron = —
Y ST 4K

First, we observe that the expressions are all proportional to load capacitance C and the on-
resistance of either the load transistor or the switching transistor. The specific constants multiplying
the RC terms differ somewhat from those describing the resistor load inverter, illustrating their
dependence on the details of the technology. In these equations, we see that the depletion load
inverter has more symmetric values for the two propagation delays.

DYNAMIC PERFORMANCE OF THE INVERTER WITH A DEPLETION-MODE LOAD
Evaluate the expressions describing the temporal response of the depletion-load inverter.

Find tpr 5, TpaL, TP, tr, and ¢, for the inverter with a depletion-mode load from Fig. 6.32(d)
with a load capacitance C = 0.1 pF. Ignore body effect.
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SOLUTION Known Information and Given Data: Depletion-load inverter in Fig. 6.32(d) with C = 0.1 pF,
Vins = 1V, Vpp =5V, Veyr = =3V, V., =025V, Kg = (2.06)(25 x 107% A/V?), and
K, = (25 x 107° A/V?)/2.15.
Unknowns: t/, ., Tpyr, Tpar, and Tp

Approach: Use known data to evaluate Eqgs. (6.67), (6.68), (6.75), and (6.78) and tp =
(tpur + truL)/2

Assumptions: Body effect in the load device is neglected in the equations. Vg = Vpp.

Analysis: The known data values are substituted into Eqgs. (6.67), (6.68), (6.75), and (6.78): The
high-to-low propagation delay is found using the on-resistance of the switch:

1 1
Ks(Vy — Vins) WA
SRYH T VINST S (2.06) (%W) 5-1)

VH S VTNS 2‘/TNS
=RysC<Infd| ———— | —1 I L
Frit ° {n[ (VH+VL> :|+VH_VTNS}

5—-1 2(1)
TpaL = RonsC {1n |4 51025 —1| + STI = 1.22RnsC

=4.85kQ

Rons =

Tpur = 1.22(4.85 k€2)(0.1 pF) = 0.590 ns

For this inverter, the logic swing is AV = Vg — V, = 4.75V, and the fall time is

Vy — 2V, 0.9AV V. —0.1AV
t; = RonsC 4 In H Tns t+ 5 [ Vrns
Vg —09AV Vu — Vrns

5—2+4+09@4.75 1—-0.14.75
ty = RonsC < In + ( ) +2 # =2.57TRysC
’ 5—0.94.75) 5—-1

ty =2.57(4.85k2)(0.1 pF) = 1.25 ns
The low-to-high propagation delay is

-V V, V. -V, 1
i = R C {m {4 (&) _ 1} n ZW} Rop—
H — VL (_VTNL) KL(_VTNL)

— pA/V?

3 5-3-0.25 1
In |4 —1|4+2—— =159 Ro = = 28.7kQ
5-0.25 3 25 3)
2.15

tpry = 1.59Ro C = 1.59(28.7 k) (0.1 pF) = 4.56 ns

and the rise time is calculated as

20V, v V. -V, —0.1AV
l‘r=RonLC{1H {(_ TNL>_1:|+2 o+ Vrne L }

AV (=Vrye)
20(—3) 5—-3-0.25-0.475
= e (D) _ ] o) e

t, = 3.30(28.7 k2)(0.1 pF) = 9.47 ns
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Finally, the average propagation delay is given by
Tpyr + TpLy 0.590 + 4.56
T, = = ns = 2.58 ns
2 2
Check of Results: A double check of the arithmetic indicates our calculations are correct. We
observe the expected asymmetry in the rise and fall times as well as in the two propagation delay

values

Discussion: We see that tp; y is approximately 5 times ¢, and also that the rise time is much
longer than the fall time. These results are consistent with our assumption that we can neglect the
load device current with respect to the switching device current during the high-to-low transition.

Computer-Aided Analysis: Let’s compare our hand calculations using the SPICE transient
simulation capability. In the circuit schematic, VIN is a pulse source with an initial value of 0,
a peak value of 5V, zero delay time, 0.1-ns rise time, 0.1-ns fall time, 9.9-ns pulse width, and a
100-ns period. Note the pulse width is chosen so that the rise time plus the pulse width add up
to a convenient value of 10 ns. The rise and fall times for VIN are chosen to be much smaller
than those expected for the inverter. The transient simulation parameters are a start time of zero,
a stop time of 50 ns, and a time step of 0.025 ns.

g T OF

The SPICE results without body effect yield values that are quite similar to our hand calculations:
ty = 1.4ns, tpyr = 0.60ns, t. = 9.5 ns, and 7p y = 4.5 ns. In the second output curve, we
see that body effect degrades both the propagation delay and rise time. The values increase to
t, = 13.7ns and Tp;y = 5.6 ns.

V)

+5.000

+4.000

+3.000

+2.000

+1.000

Time (ns)
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o

EXAMPLE 6.13

PROBLEM

EXERCISE: Suppose we double the size of both transistors in the inverter: (W/L)s = 4.12/1
and (W/L), = 1/1.08. What are the new values of t;, t., 7p; 1y, TpHL, @and tp. What is the new
power dissipation of the logic gate for vo = V| ?

ANSWERS: 0.63 ns; 4.7 ns; 2.3 ns; 0.30 ns; 1.3 ns; 0.50 mW

6.14.4 NMOS INVERTER WITH A SATURATED LOAD

In order to see a good comparison of the various NMOS inverters, we need the time responses for
the saturated load inverter. We will just state the results here. The analyses are similar to those
for the resistor load and depletion load inverter, and the detailed calculations can be found on the
MCD website. A primary difference to keep in mind is that the value of Vy is no longer equal to
power supply voltage Vpp.

Vy =V 2V.
Tppr = RopsC 1n |4 JHTINS ) | 2TTNS
Vy +Vy Vi — Vrns

Vy — 2V, 09AV Vrns — 0.1 AV
t7 = RopsC |In | - THs + p) QREEiL (6.79)
: Vg — 0.9 AV Vu — Vrns
160
Tpra = 2Ron.C 1, = TRonLC
1 1
RonL R — RonS

K (Vg —Vp) ~ Ks(Vi — Vrns)

Let us evaluate these expressions with numbers from our 5-V design, Vy =3.39V,V, =0.25V,

and Vyys = 1V, for which we find

t, = 17.8Rn.C tr =2.61RosC Tpry = 2.00R,,.C Tpur = 1.36RoysC

1 1
T 3.14K, S T 239K

onL

Once again, we observe that the expressions are all proportional to load capacitance C and
the on-resistance of either the load transistor or the switching transistor. The specific constants
multiplying the RC terms are again dependent on the details of the technology, but one large
difference does stand out. The rise time is significantly larger than the other forms of inverters, and
this occurs because the current of the saturated load device decreases quadratically as the output
voltage rises toward V. In effect, the on-resistance of the load transistor increases dramatically
as vp gets closer to V. Note, however, that the propagation delay time (the time to the 50 percent
point) is only lengthened slightly compared to the depletion-load inverter.

DYNAMIC PERFORMANCE OF A SATURATED LOAD INVERTER

Here we calculate numeric values for the dynamic performance of an NMOS inverter with a
saturated load device.

Find tprp, TP, Tp, 1, and t; for the inverter with a saturated load from Fig. 6.32 with a load
capacitance C = 0.1 pF.
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SOLUTION Known Information and Given Data: Saturated load inverter in Fig. 6.32(b) with C = 0.1 pF,
Vop = 5V, Vy =339V, V, =025V, and Kg = (3.53)(25 x 107° A/V?), K, =
(25 wA/V?)/3.39

Unknowns: T, by, TPHL, TPHL and 7p

Approach: Use known data to calculate R.,s and R,, and to evaluate Egs. (6.79). Then
Tp = (TpuL + TruL)/2

Assumptions: Body effect in the load device was neglected in the equations. However, we will
use the up-level calculation including body-effect to get a more realistic estimate of 7, and Tp, .

Analysis: We now substitute the known data values into Egs. (6.79). The high-to-low propaga-
tion delay is found using the on-resistance of the switch:

1 1

Ros = _ , — 474KQ
Ks(Vg — Vrys) 3.53)(25 pA/NT)(B3.39-1) V
VH = VTNS 2VTNS
=RypysC<In|d4{ — | —1 _
frt S {n{ (VH+VL> ]+VH—VTNS}

3.394+0.25 3.39 — 1
Tpyr = 1.36R,sC = 1.36(4.74 k2) (0.1 pF) = 0.645 ns
For this inverter, the logic swing AV = 3.39 — 0.25 = 3.14 V, and the fall time is

Vi — 2V 0.9AV Vins — 0.1 AV
t = RonsC {m ( il TNS ) +2 <—TNS )}
Vu — 0.9 AV Vi — Vrns

B 3.39 — 2(1) + 0.9(3.14) 1—0.1(3.14)
tr = RansC {h‘ ( 3.39 — 0.9(3.14) ) 2 ( 339 — 1 )}

17 = 2.61RoysC = 2.61(4.74kQ)(0.1 pF) = 1.24 ns

339 — 1 2(1)
TPHL = RonSC h4|l ——F7— -1+, = 1.36R0nsc

The low-to-high propagation delay and the rise time are found to be

1 1
Tpruw = 2Ron.C Rt = = =432 kQ
K. (Vy =V 25 nA/V?
LV = Vo) (25BANTA 309 05y v
3.39
Tpry = 2Ron . C = 2(43.2k2)(0.1 pF) = 8.64 ns
160
t = TROHLC = 17.8(43.2kQ)(0.1 pF) = 76.9 ns

Finally, the average propagation delay is given by

0.645 + 8.64
Ty = Grtats T s = i ns = 4.64 ns
2 2
Check of Results: A double check of the arithmetic indicates our calculations are correct. We
see the expected asymmetry in the rise and fall times as well as in the two propagation delay

values.

Discussion: We see that tp; 5 is an order of magnitude greater than 7py; and also that the rise
time is much longer than the fall time. These results are consistent with our assumption that
we can neglect the load device current with respect to the switching device current during the



436

Chapter 6

Introduction to Digital Electronics

high-to-low transition. As mentioned earlier, the rise time is much greater than tp; 5 because the
pull-up transient takes a long time to approach final value as the saturated load device approaches
cutoff.

Computer-Aided Analysis: Let’s compare our hand calculations using the SPICE transient
simulation capability. In the circuit schematic, VIN is a pulse source with an initial value of 0, a
peak value of 3.39 V, zero delay time, 0.1-ns rise time, 0.1-ns fall time, 9.9-ns pulse width, and
a 100-ns period. Note the pulse width is chosen so that the rise time plus the pulse width add up
to a convenient value of 10 ns. The rise and fall times for VIN are chosen to be much smaller
than those expected for the inverter. The transient simulation parameters are a start time of zero,
stop time of 80 ns, and a time step of 0.025 ns.

C
VIN 0.1P
"1 T
T .
NCV 0] R NSRS — F— N I . S
+3.000 f----memeefeeeneeeee i SR
B T N .
AT | b DA — [ — S SIS
+1.500 L B SuLu G Tt EEERTRESS EPPRPREE
| N A S SNSSRONR U SR S N
o A SN NN NN N N
: AN SR N
30 40 50 60 70
Time (ns)

The SPICE results yield values that are similar to our hand calculations: t; =1.5 ns, Tpy; =
0.65 ns, t, = 62 ns, and 7p,y = 6.5 ns. The largest discrepancies are on the rising transition
where our formulas are over estimating the effective value of R, . On the rising transition, note
that the waveform reaches the 50 percent point relatively quickly, but a long time is required
to go from the 50 percent point to the 90 percent point. As mentioned previously, this long tail
represents another one of the problems with saturated load logic.

EXERCISE: Recalculate the values of t;, t., Tpy., TpLH, and Tp if C is increased to 0.25 pF.

ANSWERS: 3.10 ns; 192 ns; 1.61 ns; 21.6 ns; 11.6 ns
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6.15 AFINAL COMPARISON OF LOAD DEVICES

Figure 6.49 is a comparison of the i-v characteristics of the various load devices that we have
studied, with and without the influence of body effect on the transistor characteristics. The device
sizes have been chosen so that the output current in each load is 50 wA when vy, is at the output
low level of 0.25 V. As a reference for comparison, curve (e) is the straight line corresponding to
the constant 95-k€2 load resistor.

60 LA

50 HA

40 uA -
g No body effect
£
3 30pA [ Load
2 resistor
: O

\ Depletion-mode
20 UA - loads
Linear (triode) loads
oua F No body effect )
Saturated loads
0 pA | | ]
ov 1V 2V 3V 4V 5V 6V

Output voltage

Figure 6.49 A comparison of NMOS load device characteristics with current normalized to 50 A for
v, = Vor = 0.25 V: (a) saturated load device including body effect, (b) saturated load device with no body
effect, (c) linear (triode) load device including body effect, (d) linear (triode) load device with no body
effect, (e) 95-kS2 resistor load, (f) depletion-mode load device including body effect, (g) depletion-mode
load device without body effect.

For all the MOS load device cases, body effect degrades the performance of the load device.
Both saturated load characteristics, (@ and b in Fig. 6.49) deliver substantially less current than the
resistor throughout the full output voltage transition. Thus, we expect gates with saturated loads
to have the poorest values of tp; ;. We also can observe that the load current of the saturated load
devices goes to zero before the output reaches 5 V. The linear loads ¢ and d are an improvement
over the saturated load devices but still provide less current than the resistive load. The depletion-
mode load devices f and g provide the largest current throughout the transition, and thus they
should exhibit the smallest value of 7p, . The ideal depletion-mode load g functions as a current
source for vy < 2.1 V. Note, however, that body effect substantially degrades the current source
characteristics of the depletion-mode device.
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TABLEG6.13
Summary of Dynamic Responses of NMOS Inverters

ty and 7 pg; : The expressions for fall time 7 and high-to-low propagation delay tp . are the iden-
tical for all the inverters (Remember, however, that the values of V; and V, are circuit dependent):

Vy — 2V, 0.9AV V. —0.1AV
1) = RonsC |:ln( H TNS + >+2< TNS >

Vg —0.9AV Vi — Vrus
VH — VTNS 2VTNS
=RypsC<In |4 —— | —1 _
friL s { [ (VH+VL> ]+VH—VTNS}
1
RonS =

Ks(Viu — Vrns)
t, and 7p p: The expressions for rise time 7, and low-to-high propagation delay tp; 5y depend on
the load device. (AV = Vy — V)

Resistor load:
t. =2.2RC and Tpry = 0.69RC

Saturated load:
160
t = TRonLC and Tprr = 2Ron.C
1 1

RonL = =
Ki(Ve — VL)  Kp(AV)

Depletion-mode load:

— 0.9AV +V,
ty = Ron.C {111 {20@ - 1] + 2&}

AV (=Vrar)
(=Vryr) AV + Vryp
=RyuyC<ln |[4——— — 1 22—
TPLH onL { n |: AV + —Vons)
R — 1
T Ko (—Vrar)

In our hand calculations, we neglected body effect. Based on the curves in Fig. 6.49, we can
expect that the equations that were derived for ¢, and tpy; may show substantial disagreement
with actual measurements. This figure reinforces the need for circuit simulation if detailed analysis
of digital logic circuits is required.

Table 6.13 collects together the delay equations derived for the various inverters analyzed
in Sec. 6.14. The equations provide reasonable first-order estimates of the time responses of the
various forms of NMOS inverters. Although, the equations appear somewhat cumbersome, they
can be reduced to much simpler form once the circuit voltage parameters have been selected
@i.e., Vpp, Vry, Vi, AV, etc.). Table 6.14 provides such a reduction for the 5-V designs that were
analyzed in Sec. 6.14.

Each of the time responses is determined by an RC product consisting of the load capacitance
and on-resistance of the switch or load transistor. The constants in front of the RC terms are
determined by the various circuit voltages, although they are not strong functions of the voltages
due to logarithmic dependencies.

Note that the time responses are inversely proportional to carrier mobility since the on-
resistances contain mobility in Ky and K. Thus, we expect NMOS logic to be approximately
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TABLE 6.14
Simplified Inverter Temporal Responses*

RESISTOR LOAD SATURATED LOAD DEPLETION-MODE LOAD
TPHL 1.2R0nsc 1.4R0nsC 1.2R(msc
Iy 2.6R,sC 2.6R,sC 2.6RsC
TPLH 0.69RC 2.OR0nLC 1'6R0nLC
t 2.2RC 18R, C 33Ron.C
1 1
Rons = V———— RonL

" Ki(Vost — Venr)

where Vi, is the gate-source voltage of the load device at the beginning of the
low-high transition.

Ks(Ve — Vrys)

*Coefficients calculated for Vpp =5V, V;, =0.25V, Vyy = 1 V for enhancement-mode devices, Vyy =
—3 V for depletion-mode transistors. Body effect is ignored.

2.5 times faster than PMOS circuits operating at equivalent voltages. This fact was the main reason
for the rapid switch to NMOS technology from PMOS as soon as the manufacturing problems
were overcome. Note the approximate 2 x relationship between ¢, and tpy, for all three inverters.
A similar relationship applies to 7. and 7p y for the depletion-load inverter. We will make use of
this factor of two relationship in our design of CMOS inverters in Chapter 7.

Figures 6.50 and 6.51 present the results of circuit simulations of the response of the three
types of inverters including body effect. It can be seen in Fig. 6.50 that the fall times and prop-
agation delay times of the various inverter configurations are all similar, because the current in
the switching transistor is the primary factor determining the characteristics of these waveforms.
Much greater differences appear in the waveforms in Fig. 6.51 because of the large differences
in the currents supplied by the load devices.

6.0V 6.0V
Depletion-mode load
50V S0Vr
Resistor load
40V Depletion-mode load oV
Yo 30V |

Vo 3.0V Saturated load

20V 20V

Saturated load

1.0V Resistor load 1.0V
0 V | 1 L | L O V | Il Il Il I}
0s 05ns 1.0ns 1.5ns 2.0ns 25ns 3.0ns 50 ns 60 ns 70 ns 80 ns 90 ns 100 ns

Time

Figure 6.50 SPICE simulation results for fall time and
Tpy for the inverters with resistor load, saturated load, and
depletion-mode load for a load capacitance C = 0.1 pF.

Time

Figure 6.51 SPICE simulation results for rise time and
Tpru for the inverters with resistor load, saturated load, and
depletion-mode load for a load capacitance C = 0.1 pF.
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PROBLEM

TABLE 6.15
Analytical Inverter Delay Estimates (C = 0.1 pF)

TPHL TpLH Tp ty L
Resistor load 0.6 ns 6.6 ns 3.7 ns 1.3 ns 21.0 ns
Saturated load 0.6 ns 8.6 ns 4.6 ns 1.2 ns 77.0 ns
Depletion-mode load 0.6 ns 4.6 ns 2.6 ns 1.2 ns 9.6 ns

TABLE 6.16
SPICE Simulation of Inverter Delays Including Body Effect (C = 0.1 pF)

TPHL TPLH Tp 143 L
Resistor load 0.8 ns 6.6 ns 3.7 ns 1.3 ns 21 ns
Saturated load 0.4 ns 6.5 ns 3.5ns 1.1 ns 65 ns
Depletion-mode load 0.7 ns 5.5ns 3.1ns 1.5 ns 13 ns

Tables 6.15 and 6.16 contain values of inverter delay based on the delay equations and the
SPICE simulation results. The results of our hand calculations are surprisingly good. The biggest
discrepancy appears in the rise time estimate for the depletion-mode load device, but this should
not be a surprise after seeing the results in Fig. 6.49. We see that the depletion-mode load provides
the best propagation delay and that the saturated load is similar to a gate with a resistor load,
except for the long rise time.

PROPAGATION DELAY DESIGN FOR AN INVERTER

The logic gates that drive signals off an integrated-circuit chip are typically loaded by relatively
large capacitances. This example determines the size of an inverter that is required to drive a
large load capacitor with a small value of propagation delay.

Design a depletion-load inverter to provide an average propagation delay of 2 ns when driving
a 10-pF capacitor. Use the reference inverter design in Fig. 6.32 as described by the equations
in Tables 6.13 and 6.14. Find the rise and fall times for the logic gate.

Known Information and Given Data: Depletion-mode reference inverter design in Fig. 6.32(d)
with C = 10 pF, VDD = V, Krlz =25 }LA/Vz, VTNS =1 V, VTNL = -3 V, VH = V,
Vi =025V, (W/L)s =2.06/1,and (W/L), = 1/2.15

Unknowns: (W/L)s, (W/L)., t;, and t,

Approach: Use the results in Table 6.14 to find the required values of R, and R,,s. Determine
the W/L ratios from the on-resistance values and the reference inverter design.

Assumptions: Remember that body effect in the load device was neglected in the equations
derived for the propagation delay of this circuit.
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SOLUTION Method 1: Using the equations in Table 6.14 for the depletion-mode inverter, we can write an
expression for the average propagation delay.

1.2R0nsC + 1.6 R,y . C C 1.2 1.6
'L'P = =

+
2 2K, | Ks _ (Vest — Vrwar)
X (Vu — Vrus)
L

From the reference inverter we have Kg/K; = 2.06(2.15) = 4.43. Solving for K; and the
W /L ratios of the two transistors yields

_ 10pF 1.2 N 1.6
L7 20ns) [44365-1) 1 (0+3)

w K,  60.1 w w 266
I —) =443 (=) ===
L), ,skA L) L), 1

The rise and fall times can also be estimated using the equations in Table 6.14:

A
] =1.503 x 103 —
Vz

3.3(10 pF 2.6(10 pF
b= R T S = 0.977 ns

" LA LA
60.1 ZSW 3V) 266 ZSW S-1HV

Method 2: An alternate approach is based on our knowledge of how the delay scales with inverter
size, and if we are careful, we can also include the influence of body effect. From the simulation
results in Table 6.16 we see that 7p for the reference depletion-load inverter is 3.1 ns when
driving a 0.1-pF capacitor. We desire a 2-ns delay for a 10-pF load capacitor. Thus the transistor
sizes must be increased by a scale factor of @ = (3.1 ns/2 ns)(10 pF/0.1 pF) = 155. The new
transistor sizes are (W/L)s = 155(2.06/1) =319/1 and (W/L), = 155(1/2.15) = 72.1/1.
We see that the device sizes must be increased to account for the delay degradation that results
from body effect in the load transistor.

The rise and fall times can be found by scaling the results in Table 6.16. (Remember that we
are increasing the speed of the gate relative to the reference design.)

2 ns 2ns
t, = 13 ns ( ) =8.4ns and tr =1.5ns < ) =0.97 ns

3.1 ns 3.1ns

Check of Results: We have found the unknowns, and the values appear reasonable. The best
check will be to simulate the transient response of the new inverter design using SPICE.

Discussion: Large transistor sizes are required to achieve the low propagation delay with a large
capacitive load. The input capacitance to this inverter will also be large and require another
large driver stage. The optimum form of these “cascade” buffers will be described in Chapter 7.

Computer-Aided Analysis: Now we confirm the behavior of our design using SPICE transient
simulation. In the circuit schematic, VIN is a pulse source with initial value of 0, peak value of
5V, zero delay time, 0.05-ns rise time, 0.05-ns fall time, 9.9-ns pulse width, and a 25-ns period.
The pulse width is chosen so that the rise time plus the pulse width add up to a convenient
value of 10 ns. The rise and fall times for VIN are chosen to be much smaller than the expected
values of the inverter rise and fall times. The transient simulation parameters are a start time of
zero, a stop time of 25 ns, and a time step of 0.025 ns.
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From the graph of the transient response, we find 7py; = 0.42 ns and 7p,y = 3.6 ns, yielding
7p = 2.0 ns. The rise and fall times are 8.8 ns and 1.0 ns, respectively. The values all agree
well with the design goals and estimates. Note that had we used the formula values, our gate
would have been slower by approximately 16 percent.

EXERCISE: What is the static power dissipation in the inverter in Ex. 6.14? What is the
dynamic power dissipation if the inverter is switching on and off every 2 ns?

ANSWERS: 38.8 mW; 125 mW!

EXERCISE: What would be the transistor sizes in Ex. 6.14 if the inverter was required to
drive 20 pF with an average propagation delay of 1 ns (a 1-GHz rate)? What is the dynamic
power consumption of this inverter?

ANSWERS: 1280/1;288/1; 0.5 W

6.16 PMOS LOGIC

In the previous sections of this chapter, we have concentrated on understanding NMOS logic cir-
cuits. However, as already mentioned several times, PMOS logic historically preceeded NMOS
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logic, but was quickly replaced by the higher-performance NMOS logic as soon as NMOS tech-
nology could be reliably manufactured. This section presents a brief discussion of PMOS logic
circuits.

6.16.1 PMOS INVERTERS

PMOS logic circuits mirror those presented for NMOS logic as exhibited in Fig. 6.52 which
presents the PMOS equivalents of the inverter designs in Fig. 6.32. In these circuits, the power sup-
ply has been changed to —5 V and each NMOS transistor has been replaced with a PMOS device.
Each circuit has been designed to have the same power level as the equivalent NMOS circuit:
P = 0.25 mW. Note that for the circuit in Fig. 6.52(a), V;, = —5 V and Vg = —0.25 V. In the
saturated load circuit in Fig. 6.52(b), V, = —4 V and Vi = —0.25 V, assuming the value of
Vrp = —1 V. The W/L ratios have been found by simply scaling the W /L ratios of the NMOS
inverters by the mobility ratio u, /@, = 2.5, not by going through detailed calculations.

-5V —SIV—T SV
1 1
i jML 136 Voo | ML 361

(b) (© (@

Figure 6.52 PMOS inverters: (a) resistive load, (b) saturated load, (c) linear load, and
(d) depletion-mode load.

6.16.2 NOR AND NAND GATES

The PMOS NOR and NAND gates in Fig. 6.53 mirror the NMOS circuits in Figs. 6.33 and 6.34.
The power supply has been changed to —5 V, and each NMOS transistor has been replaced with
a PMOS device. The W/ L ratios are scaled by the mobility ratio of 2.5, as described in Sec. 6.15.

5V
M. 116
| I
-5V = .
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IgML L6 Y
| —
! po—1 M, 103

p———————— oY
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(a) (b)

Figure 6.53 Two-input PMOS gates: (a) NOR gate and (b) NAND gate.
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Complex logic gates are built up in a manner analogous to the NMOS case. As noted previously,
NMOS logic will have a 2.5 x speed advantage over PMOS logic for a given capacitance and
power level. The various delay times can be calculated using the formulas presented in Table 6.13.

. UL ELECTRONICS IN ACTION

MEMS-Based Computer Projector

Microelectromechanical systems (MEMS) devices are becoming increasingly important in
a variety of applications. MEMS allow one to design mechanical devices controllable by
electrical signals and micromachined using tools and techniques similar to those used in the
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(a) Details of the micro-mirror pixel structure. (b) Three dimensional view of two adjacent pixels.
(c) Magnified view of 9 micro-mirror pixels. The middle mirror and yoke have been removed.

Device photos and drawings are courtesy of Texas Instruments, Inc.
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microelectronics industry. MEMS devices are used in applications such as air-bag accelerom-
eters, radio frequency filters, and electrically addressable light modulators.

These figures show a MEMS-based technology developed at Texas Instruments and used
at the core of many computer-driven projectors. The device has a large array of 12 to 16 pwm
mirrors, each of which is controlled by a CMOS SRAM memory cell located underneath each
mirror. The mirror rotates about the torsion hinge shown. Depending on the digital value stored
in each cell, voltages are driven onto the address electrodes creating electrostatic forces that
rotate the mirror into one of two positions. Combined with the appropriate optics, light is
directed onto the device and reflected onto a projection screen. Writing appropriate data values
in each pixel allows any arbitrary pattern to be created on the screen.

This scheme allows one to turn on or off each pixel. To also include grayscale, the ON
time of each pixel is varied by writing different data into the cells during a single display
interval. If a mirror is held in the ON position for 20% of a display interval, the human eye
will perceive a pixel with an intensity of 20%. Color is created by a sequence of red, green,
and blue illumination sources used in rapid sequence to create three sequential color frames.
Again, the eye integrates the three color signals and creates the perception of a vast palette
of colors. A few projection systems use three separate display chips to create the three-color
image frames simultaneously, allowing for greater total optical power to be projected onto very
large screens.

The combination of microscale movable mirrors with microelectronics has made possible
anew technique for the projection of high resolution and high quality digital images and video.
The integration of MEMS and microelectronics is enabling new applications in fields as diverse
as medicine, science, transportation, and consumer electronics.

SUMMARY

Chapter 6 introduced a number of concepts and definitions that form a basis for logic gate design.
NMOS technology was then used as a vehicle to explore detailed logic circuit design. The geometry
of the load device, (W /L)y, is designed to limit the current and power dissipation of the logic
gate to the desired level, whereas the geometry of the switching device, (W/L)g, is chosen to
provide the desired value of V. Transistors are usually designed with either W or L set equal to
the minimum feature size achievable in a given technology.

* Binary logic states: Binary logic circuits use two voltage levels to represent the Boolean
logic variables 1 and 0. In the positive logic convention used throughout this book, the
more positive voltage represents a 1, and the more negative level represents a 0. The output
of an ideal logic gate would take on only two possible voltage levels: V corresponding to
the 1 state, and V;, corresponding to the O state.

 Logic state transitions: The output of the ideal gate would abruptly change state as the input
crossed through a fixed reference voltage Vrgr. However, such an abrupt transition cannot
be achieved (it requires infinite gain devices). Logic gates implemented with electronic
circuits can only approximate this ideal behavior. The transition between states as the input
voltage changes is much more gradual, and a precise reference voltage is not defined.
Vi. and V4 are defined by the input voltages at which the slope of the voltage transfer
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characteristic is equal to —1, and these voltages define the boundaries of the transition
region between the logical 1 and 0 levels.

Noise margins: Noise margins are very important in logic gates and represent a measure of
the gate’s ability to reject extraneous signals. The high-state and low-state noise margins
are defined by NMy = Voyu — Viy and NM, = V,;; — Vg, respectively. Voltages Vo,
and V4 represent the gate output voltages at the —1 slope points and correspond to the
input levels V;y and V;, respectively. The unwanted signals can be voltages or currents
coupled into the circuit from adjacent logic gates, from the power distribution network, or
by electromagnetic radiation. The noise margins must also absorb manufacturing process
tolerance variations and power supply voltage variations.

Logic design goals: Keep in mind a number of logic gate design goals.

1. The logic gate should quantize the input signal into two discrete output levels and
minimize the width of the undefined input voltage range.

The gate should be unidirectional in nature.

Logic levels must be regenerated as the signal passes through the gate.

Logic gates should have significant fan-in and fan-out capability.

Minimum power and area should be used to meet the speed requirements of the design.
Noise margins generally should be as large as possible.

Nk

Logic delays: In the time domain, the transition between logic states cannot occur instanta-
neously. Capacitances exist in any real circuit and slow down the state transitions, thereby
degrading the logic signals. Rise time #, and fall time 7, characterize the time required
for a given signal to change between the 0 and 1 or 1 and O states, respectively, and the
average propagation delay 7p characterizes the time required for the output of a given gate
to respond to changes in its input signals. The propagation delays on the high-to-low (tpy )
and low-to-high (tp; z) transitions are typically not equal, and 7p is equal to the average
of these two values.

Power-delay product: The power-delay product PDP, expressed in picojoules (pJ) or fem-
tojoules (fJ), is an important figure of merit for comparing logic families. At low power
levels, the power-delay product is a constant, and the propagation delay of a given logic
family decreases as power is increased. At intermediate power levels, the propagation delay
becomes independent of power level, and at high power levels, the propagation delay of
bipolar logic families actually degrades as power is increased.

Boolean algebra: Boolean algebra, developed by G. Boole in the mid-1800s, is a powerful
mathematical tool for manipulating binary logic expressions. Basic logic gates provide
some combination of the NOT, AND, OR, NAND, or NOR logic functions. A complete
logic family must provide at least the NOT function and either the AND or OR functions.

Diode and DTL logic: Simple AND and OR gates can be constructed using diodes, but a
transistor must be added to achieve the inversion operation. The combination of a diode
AND gate and a bipolar transistor forms a DTL NAND gate.

NMOS inverter with resistor load: Basic inverter design was introduced by considering
the static behavior of an inverter using an NMOS switching transistor and a resistor load.
Although simple in concept, the resistor is not feasible for use as a load element in ICs
because it consumes too much area.

IC inverters: In integrated circuits, the resistor load in the logic gate is replaced with a
second MOS transistor, and three possibilities were investigated in detail: the saturated
load device, the linear load device, and the depletion-mode load device.

Saturated load: The saturated load device is the most economical configuration
because it does not require any modification to the basic MOS fabrication process.
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However, saturated load circuits offer the poorest performance in terms of propagation
delay.

Linear load: The linear load configuration offers improved performance but requires an
additional power supply voltage, which is both expensive and causes substantial wiring
congestion in ICs.

Depletion-mode load: Depletion-mode load circuits require additional processing in order
to create MOSFETSs with a second value to threshold voltage. However, substantial per-
formance improvement can be obtained, and NMOS depletion-mode load technology was
the workhorse of the microprocessor industry for many years.

NOR and NAND gates: Multi-input NOR and NAND gates can both easily be implemented
in MOS logic. The NOR gate is formed by placing additional transistors in parallel with
the switching transistor of the basic inverter, whereas the NAND gate is formed by several
switching devices connected in series.

Complex logic gates: An advantage of MOS logic is its ability to implement complex
sum-of-products and product-of sums logic equations in a single logic gate, by utilizing
both parallel and series connections of the switching transistors. A single load device is
required for each logic gate, and one switching transistor is required for each logic input
variable.

Reference inverter based design: Once the reference inverter for a logic family is designed,
NAND, NOR, and complex gates can all be designed by applying simple scaling rules to
the geometry of the reference inverter.

MOS body effect: The influence of the MOSFET body effect cannot be avoided in integrated
circuits, and it plays an important role in the design of NMOS (or PMOS) logic gates. Body
effect reduces the value of Vj in saturated load logic and generally degrades the current
delivery capability of all the load device configurations, thereby increasing the delay of
all the logic gates. The MOS body effect has a minor influence on the design of the W /L
ratios of the switching transistors in complex logic gates.

Rise time, fall time, and propagation delay: Equations were developed for the rise time,
fall time, and propagation delays of the various types of NMOS logic gates, and it was
shown that all the time delays of MOS logic circuits are directly proportional to the total
equivalent capacitance connected to the output node of the gate. The total effective ca-
pacitance is a complicated function of operating point and is due to the capacitance of
the interconnections between gates as well as the capacitances of the MOS devices, which
include the gate-source (Cgs), gate-drain (Cgp), drain-bulk (Cpp), and source-bulk (Csp)
capacitances.

Static and dynamic power dissipation: Power dissipation of a logic gate has a static
component and a dynamic component. Dynamic power dissipation is proportional to
the switching frequency of the logic gate, the total capacitance, and the square of
the logic voltage swing. At low switching frequencies, static power dissipation is most
important, but at high switching rates the dynamic component becomes dominant. For a
given load capacitance, the power and speed of a logic gate can be changed by pro-
portionately scaling the geometry of the load and switching transistors. For example,
doubling the W/L ratios of all devices doubles the power of the gate without chang-
ing the static voltage levels of the design. This behavior is characteristic of “ratioed” MOS
logic.

PMOS logic: PMOS logic gates are mirror images of the NMOS gates. In order to equal the
performance of NMOS, the size of the transistors must be increased in order to compensate
for the lower mobility of holes compared to electrons.
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KEY TERMS

AND gate

Average propagation delay (t,,)
Boolean algebra

Complementary MOS (CMOS) technology
Complex logic gates

Depletion load inverter

Diode logic

Diode-transistor logic (DTL)

Dynamic power dissipation
Emitter-coupled logic (ECL)

Fall time ¢

Fan in

Fan out

High logic level at the gate input (V,y)
High logic level at the gate output (V)
Linear load inverter

Load transistor

Low logic level at the gate input (V)
Low logic level at the gate output (V)
Minimum feature size (F)

MOS device capacitances

NAND gate

Noise margin in high state (NM)
Noise margin in low state (NM )

Power-delay product (PDP)

Power scaling

Propagation delay — high-to-low transition
(tpHL)

Propagation delay — low-to-high transition
(trLm)

Ratioed logic

Reference inverter design

Reference voltage (Vrgr)

Resistor load inverter

Rise time ¢,

Saturated load inverter

Single-channel technology

Static power dissipation

Sum-of-products logic function
Sum-of-products representation

Switching transistor

Transistor-transistor logic (TTL)

Truth table

Vou — The output voltage corresponding to
an input voltage of V;

Vo — The output voltage corresponding to
an input voltage of V;y

Voltage transfer characteristic (VTC)

NOR gate 10 percent point
On-resistance 50 percent point
OR gate 90 percent point
Output high logic level (V) W/L ratio

Output low logic level (V)
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PROBLEMS

Use K; =25 pA/V?, K = 10 pA/V?, Viy =1V,
and Vzp = —1 V unless otherwise indicated.

General Introduction

6.1.

6.2.

Integrated circuit chips packaged in plastic can
typically dissipate only 1 W per chip. Suppose we
have an IC design that must fit on one chip and re-
quires 100,000 logic gates. (a) What is the average
power that can be dissipated by each logic gate on
the chip? (b) If a supply voltage of 5 V is used,
how much current can be used by each gate?

A high-performance microprocessor design re-
quires 10 million logic gates and is placed in a
package that can dissipate 40 W. (a) What is the
average power that can be dissipated by each logic
gate on the chip? (b) If a supply voltage of 3.3 V
is used, how much current can be used by each
gate? (c) What is the total current required by the
IC chip?

6.1-6.2 Ideal Gates, Logic Level Definitions,
and Noise Margins

6.3.

6.4.

6.5.

6.6.

6.7.

(a) The ideal inverter in Fig. 6.2(b) has R=
100k and V, = 5 V. Whatare Vy and V; ? What
is the power dissipation of the gate for vp = Vg
and vp = V.. ? (b) Repeat for V, =3.3 V.

Plot a graph of the voltage transfer characteristic
for an ideal inverter with V, =3.3 V, V_ =0,
and Vggp=1.1 V. Assume Vy =V, and V, =V_.

(a) Plot a graph of the overall voltage transfer func-
tion for two cascaded ideal inverters if each indi-
vidual inverter has a voltage transfer characteris-
tic as defined in Prob. 6.4. (b) What is the overall
logic expression Z = f(A) for the two cascaded
inverters?

Plot a graph of the voltage gain A, of the ideal in-
verter in Fig. 6.1 as a function of input voltage v;.
(Ay = dvo/dvy)

The voltage transfer characteristic for an inverter is
given in Flg 6.54. What are VH, VL, V[H, V]L, and
the voltage gain A, of the inverter in the transition
region? (A, = dvp/dv;)

6.8.

6.9.

6.10.

6.11.

Vo

3V

vy

ov | |
1V 2V 3V

Figure 6.54

Plot a graph of the overall voltage transfer char-
acteristic for two cascaded inverters if each indi-
vidual inverter has the voltage transfer function
defined in Fig. 6.54.

Suppose Vy =5V, V, =0V, and Vggg = 2.0V
for the ideal logic gate in Fig. 6.1. What are the
values of Vg, Vor, Vir, Vou, NMy, and NM ?

Suppose Vy = 3.3 Vand V, = 0V for the ideal
logic gate in Fig. 6.1. Considering noise margins,
what would be the best choice of Vigr, and why
did you make this choice?

The static voltage transfer characteristic for a prac-
tical CMOS inverter is given in Fig. 6.55. What are
the values of VH, VL, V()H, VOL» V[H, V[L, NMH,
and NM_ ?

Vo
40V |-
20V
((AA
| | | |
ov 1.0V 20V 3.0V 40V
Uy
Figure 6.55
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6.12.

Voltage

6.13.

Voltage

6.14.

Chapter 6 Introduction to Digital Electronics

The graph in Fig. 6.56 gives the results of a SPICE
simulation of an inverter. What are Vy and V,, for
this gate?

6.0V |-
Uy
v
40V H 0
20V i
0Vo
! ! ! ! !
Os 10 ns 20 ns 30 ns 40 ns 50 ns
Time
Figure 6.56

The graph in Fig. 6.57 gives the results of a SPICE
simulation of an inverter. What are V and V; for
this gate?

-05V
i
-1.0V
Vo
15V | | | | | |
~ 0s 10ns 20ns 30ns 40ns 50ns 60 ns
Time
Figure 6.57

An ECL gate exhibits the following character-
istics: Vog = —08 YV, Vor = —2.0 V, and
NMy = NM; = 0.5 V. What are the values of
V[ H and V[ L?

6.3 Dynamic Response of Logic Gates

6.15.

6.16.

Alogic family has a power-delay product of 100 {J.
If a logic gate consumes a power of 100 W, esti-
mate the propagation delay of the logic gate.

Integrated circuit chips packaged in plastic can
typically dissipate only 1 W per chip. Suppose we

6.17.

6.18.

*6.19.

6.20.

6.21.

have an IC design that must fit on one chip and re-
quires 250,000 logic gates. (a) What is the average
power that can be dissipated by each logic gate on
the chip? (b) If a supply voltage of 5 V is used,
how much current can be used by each gate? (¢) If
the average gate delay for these circuits must be
2 ns, what is the power-delay product required for
the circuits in this design?

A high-performance microprocessor design re-
quires 8 million logic gates and is placed in a pack-
age that can dissipate 40 W. (a) What is the average
power that can be dissipated by each logic gate on
the chip? (b) If a supply voltage of 3.3 V is used,
how much current can be used by each gate? (¢) If
the average gate delay for these circuits must be
1 ns, what is the power-delay product required for
the circuits in this design?

Plot the power-delay product versus power for the
logic gate with the power-delay characteristic de-
picted in Fig. 6.6.

(a) Derive an expression for the rise time of the
circuit in Fig. 6.58(a) in terms of the circuit time
constant. Assume that v(z) is a 1-V step function,
changing state at ¢+ = 0. (b) Derive a similar ex-
pression for the fall time of the capacitor voltage in
Fig. 6.58(b) if the capacitor has an initial voltage
of 1 Vatr =0.

R R

u(?) C C

(a) (b)

Figure 6.58

The graph in Fig. 6.56 gives the results of a SPICE
simulation of an inverter. (a) What are V and V;,
for this gate? (b) What are the rise and fall times
for v; and v ? (¢c) What are the values of 7py; and
tprp? (d) What is the average propagation delay
for this gate?

The graph in Fig. 6.57 gives the results of a SPICE
simulation of an inverter. (a) What are Vy and V;
for this gate? (b) What are the rise and fall times
for v; and vy ? (¢) What are the values of 7py; and
tprr? (d) What is the average propagation delay
for this gate?



6.4 Review of Boolean Algebra

6.22. Use the results in Table 6.2 to prove that (A + B)
-(A+C)=A+BC.

6.23. Use the results in Table 6.2 to simplify the logic
expression Z = ABC + ABC + ABC.

6.24. Make a truth table for the expression in Prob. 6.23.

6.25. Use the results in Table 6.2 to simplify the logic
expression Z = ABC + ABC + ABC + ABC.

6.26. Make a truth table for the expression in Prob. 6.25.

6.27. Make a truth table and write an expression for the
logic function in Fig. 6.59.

A O—

B 0— zZ

C 00—

D 0—
Figure 6.59

6.28. Make a truth table and write an expression for the
logic function in Fig. 6.60.

A O—
p
B O—

Figure 6.60

6.29. (a) What is the fan out of the NAND gate in
Fig. 6.60? (b) Of each NAND gate in Fig. 6.59?

6.5 Diode Logic and DTL

6.30. What logic functions Z are provided by the two
circuits in Fig. 6.61?

<
yo k] po o
<

(a) (b)

Figure 6.61

_%%

Problems 451

6.31. Whatlogic functions Z are provided by the two cir-
cuits in Fig. 6.62? Assume the input voltage levels
are ]l =0Vand0=-2V.

L A
- D,
R
DZ
A o—< oz B ©Z
D,
R
G
B 0—
-2V
(a) (b)
Figure 6.62

6.32. (a) The DTL gate in Fig. 6.13(a) has Rc = 3 k€2,
RB =10 kQ, and VCESAT = 0.05 V. What are
the values of the base current Iz and collector
current I¢? Is this transistor saturated if Br =
20?7 (b) What is the value of / in Fig. 6.13(b)?
(c) What is the power dissipation in the circuit in
Fig. 6.13(a)? (d) In Fig. 6.13(b)?

6.33. The DTL gate in Fig. 6.13(a) has R¢c = 3 k2 and

Q Rp = 30 k2. What is the minimum value of Br
for which the transistor is saturated?

6.34. Add a diode to the circuit in Fig. 6.12 to form a
three-input DTL NAND gate.

6.35. Two stages of diode logic precede the ideal inverter
in Fig. 6.63. What is the expression for the logic
output variable Z = f(A, B, C)?

+5V +5V
g R £ R +5V
12 o z
NN
D, =

D, Ideal inverter
c

n stages of diode logic

Figure 6.63

*6.36. The ideal inverter in Fig. 6.63 has a reference volt-

Q age of 2.5 V. What is the maximum number of

diode logic circuits that may be cascaded ahead of

the inverter without producing logic errors if the
forward voltage of the diode is 0.75 V?



452

*6.37.

6.38.

Chapter 6 Introduction to Digital Electronics

Four stages of diode logic circuits are cascaded
ahead of the ideal inverter in Fig. 6.63. If the for-
ward voltage of the diodes is 0.70 V, what must be
the minimum reference voltage of the inverter if it
is to yield valid logic signals at its output?

Find the base current and calculate the actual sat-
uration voltage of transistor O in Fig. 6.13(a) us-
ing Eq. (5.54) if the collector current is 200 pA,
Br = 60 and Rz = 50 k2. Show that /3 and I
satisfy the conditions needed for saturation. What
is the value of R-?

General Problems

6.39.

6.40.

*6.41.

A high-speed microprocessor must drive a 64-bit
data bus in which each line has a capacitive load
C of 40 pF, and the logic swing is 3.3 V. The bus
drivers must discharge the load capacitance from
33V to 0 Vin 1 ns, as depicted in Fig. 6.64.
Draw the waveform for the current in the output
of the bus driver as a function of time for the in-
dicated waveform. What is the peak current in the
microprocessor chip if all 64 drivers are switching
simultaneously?

V(0

+3.3V

ov
]
1 ns

Figure 6.64 Bus driver and switching waveform.

Repeat Prob. 6.39 for a processor with a 1-GHz
clock. Assume that the fall time must be 0.1 ns
instead of 1 ns, as depicted in Fig. 6.64.

A particular interconnection between two logic
gates in an IC chip runs one-half the distance across
a7.5-mm-wide die. The interconnection line is in-
sulated from the substrate by silicon dioxide. If
the line is 1.5 pm wide and the oxide (g,x = 3.9¢,
and &, = 8.85 x 10~'* F/cm) beneath the line is
1 pm thick, what is the total capacitance of this

6.42.

*6.43

line assuming that the capacitance is three times
that predicted by the parallel plate capacitance for-
mula? Assume that the silicon beneath the oxide
represents a conducting ground plane.

Ideal constant-electric-field scaling of a MOS
technology reduces all the dimensions and volt-
ages by the same factor «. Assume that the circuit
delay AT can be estimated from

AV
AT:CT

in which the capacitance C is proportional to
the total gate capacitance of the MOS transistor,
C = C, WL, AV is the logic swing, and I is the
MOSFET drain current in saturation. Show that
constant-field scaling results in a reduction in de-
lay by a factor of « and a reduction in power by a
factor of a? so that the PDP is reduced by a fac-
tor of . Show that the power density actually
remains constant under constant-field scaling.

For many years, MOS devices were scaled to
smaller and smaller dimensions without changing
the power supply voltage. Suppose that the width
W, length L, and oxide thickness T, of a MOS
transistor are all reduced by a factor of 2. Assume
that Vry, vgs, and vpg remain the same. (a) Cal-
culate the ratio of the drain current of the scaled
device to that of the original device. (b) By what
factor has the power dissipation changed? (c) By
what factor has the value of the total gate capac-
itance changed? (d) By what factor has the cir-
cuit delay AT changed? (Use the delay formula in
Prob. 6.42.)

6.6 NMOS Logic Design

6.44.

6.45.

Integrated circuit chips packaged in plastic DIPs
(dual-in-line packages) can typically dissipate 1 W
per chip. Suppose that we have an IC design that
must fit on one chip and requires 100,000 logic
gates. Assume that one-half the logic gates on
the chip are conducting current at any given time.
(a) Whatis the average power that can be dissipated
by each logic gate on the chip? (b) If a supply volt-
age of 5 V is used, how much current can be used
by each gate?

A high-performance microprocessor design re-
quires 5 million logic gates and will be placed in
a package that can dissipate 20 W. (a) What is the
average power that can be dissipated by each logic
gate on the chip? (b) If a supply voltage of 3.3 V is



6.46.

6.47.

6.48.

6.49.

6.50.

6.51.

used, how much current can be used by each gate?
Assume that two-thirds of the logic gates on the
chip are in the conducting state at any given time.

Design a resistive load inverter to operate from a
2.5-V power supply with a power dissipation of
50 wW. Assume Vyy = 0.60 V.

(a) Find Vy, V;, and the power dissipation (for

vo = V,) for the logic inverter with resistor load
in Fig. 6.65(a). (b) Repeat for Fig. 6.65(b).

+5V +5V

200 kQ 400 kQ

Vo Vo

RO T VR R S W
S1 ST

ul

(@) (b)

ul

Figure 6.65

A manufacturing problem caused Vry = 0.8 Vin-
stead of 1.0 V for the inverter in Fig. 6.65. (a) What
are the values of Vg, V., and power dissipation?
(b) Repeat for Vyy = 1.2 V.

(a) What are the noise margins for the circuit in
Fig. 6.65(a)? (b) Fig. 6.65(b)?

(a) Find Vg, Vi, and the power dissipation (for
vo = Vp)forthelogicinverter with resistor load in
Fig. 6.65(b). (b) A manufacturing problem caused
Vry = 0.85 V instead of 1.0 V. What are the new
values of Vg, V., and power dissipation? (c) Re-
peat for Vry = 1.15 V.

(a) What are the noise margins for the circuit in
Fig. 6.65(b)? (b) What percentage increase in Kg
will result in N;; = O for the resistive load in-
verter in Fig. 6.65(b)?

. The resistive load inverter in Fig. 6.16 is to be re-

designed for V; = 0.5 V. (a) What are the new
values of R and (W/L)g assuming that the power
dissipation remains the same? (b) What are the
values of NM; and NM?

. (a) Redesign the resistive load inverter of Fig. 6.16

for operation at a power level of 0.25 mW with
Vpop = 3.3 V. Assume V7o = 0.7 V. Keep the
other design parameters the same. What is the new
size of Mg and the value of R? (b) What are the
values for NMy and NM, ?

6.54.
v
6.55.
E-5
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Design an inverter with a resistive load for Vpp =
3Vand V, = 0.25 V. Assume Ipp = 33 pA,
K/ = 60 pA/V?, and Vry = 0.75 V.

(a) Design an inverter with a resistive load
for Vpp=2.0 V and V,=0.15 V. Assume
IDD =10 MA, Kr/1 =75 MA/Vz, and VTN =0.6 V.
(b) Confirm the validity of your design with
SPICE.

6.7 Static Design of the NMOS Saturated
Load Inverter

6.56.

6.57.

6.58.

6.59.

6.60.

6.61.

(a) Calculate the on-resistance of an NMOS tran-
sistor with W/L = 10/1 for Vgs =5V, Vg =0,
Vro = 1V, and Vpg = 0 V. (b) Calculate the on-
resistance of a PMOS transistor with W/L = 10/1
for VSG =5 V, VSB = O, VT() = —1 V, and
Vsp = 0 V. (c) What do we mean when we say that
a transistor is “on” even though Ip and Vpg = 0?
(d) What must be the W/ L ratios of the NMOS and
PMOS transistors if they are to have the same on-
resistance as parts (a) and (b) with | V5| = 3.0 V?

Find Vj for an NMOS logic gate with a saturated
loadif V7o = 0.75V,y = 0.75+/V,2¢r = 0.7V,
and VDD =5V

Find Vy for an NMOS logic gate with a saturated
load if Vyo = 0.6V, y = 0.6 V'V, 2¢r = 0.6V,
and VDD =33V

Find Vy for an NMOS logic gate with a saturated
load if V7o = 0.5V, y = 0.85/V,2¢r = 0.6V,
and VDD =3V

Find Vg, V., and the power dissipation (for
vo = V) for the logic inverter with the saturated
load in Fig. 6.66. Assume y = 0.

j+ 3V
1
ML§

(98]

Figure 6.66

A manufacturing problem caused Vry = 0.8 Vin-
stead of 1.0 V in the inverter in Fig. 6.66. What are
the new values of Vi, V;, and power dissipation?
(c) Repeat for Vyy = 1.2 V.
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*6.62.

6.63.

6.64.

6.69.

*6.70.

6.71.
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What are the noise margins for the circuit in
Fig. 6.66?

(a) Find Vg, Vi, and the power dissipation (for
v, = V) for the logic inverter with the saturated
load in Fig. 6.66 if the transistor sizes are changed
to (W/L)s = 8/1 and (W/L), = 1/1. (b) What
are the noise margins for the circuit? (c) A man-
ufacturing problem caused Vyy = 0.8 V instead
of 1.0 V. What are the new values of Vg, V;, and
power dissipation?

The value of K, can vary widely due to manufac-
turing process variations. (a) For the circuit design
in Fig. 6.16(b), what value of K/ will cause Ny »
to become zero? (b) Repeat for Ny,

. (a)Redesign the saturated load inverter of Fig. 6.26

for operation at a power level of 0.25 mW with
Vop = 3.3 V. Assume Vyo = 0.7 V. Keep the
other design parameters the same. What are the
new sizes of M; and Mg? (b) What are the new
values for NMy and NM, ?

. Redesign the NMOS logic gate with saturated load

of Fig. 6.26 to give V, =0.5 V and P =0.5 mW
forvp =V;.

. (a) Design a saturated load inverter similar to that

of Fig. 6.21(c) with Vpp =3.3Vand Vy, =0.2 V.
Assume Ipp = 33 pA. (b) Recalculate the values
of W/L including body effect, as in Fig. 6.26.

(a) Design a saturated load inverter similar to that
of Fig. 6.26(a) with Vpp =2.0Vand V, =0.15V.
Assume Ipp =10 pA and Vyy = 0.6 V. (b) Recal-
culate the values of W/L including body effect, as
in Fig. 6.32(b) if V7o = 0.6 V, y = 0.6 V/V,
and 2¢r = 0.6 V. (c) Confirm the validity of your
designs with SPICE.

The logic input of the saturated load inverter of
Fig. 6.21(c) is connected to +5 V. What is v for
this input voltage?

The logic input of the saturated load inverter of
Fig. 6.26 is connected to +5 V. What is v, for this
input voltage? (This problem will probably require
an iterative solution.)

The saturated load inverter of Fig. 6.32(b) was
designed using K/ = 25 wA/V2, but due to pro-
cess variations during fabrication, the value ac-
tually turned out to be K, = 18 pA/V2. What
will be the new values of Vy, V., and the
power dissipation in the gate for this new value
of K7

6.72.

6.73.

6.74.

6.75.

E-5

The saturated load inverter of Fig. 6.32(b) was
designed using K/ = 25 wA/V?, but due to pro-
cess variations during fabrication, the value actu-
ally turned out to be K/, = 40 pA/V2. What will
be the new values of Vy, V;, and the power dissi-
pation in the gate for this new value of K/ ?

Plot the noise margins for the saturated load in-
verter similar to the design of Fig. 6.32(b) versus
Kr = Ks/K_ (see the graph in Fig. 6.31). Note
that V; will be changing.

Plot the noise margins for the saturated load
inverter similar to the design in Ex. 6.5 versus
Kr = Ks/K, (see the graph in Fig. 6.31). Note
that V; will be changing.

The inverter designs in Fig. 6.32 assume 1 =0.
(a) Does Vy depend upon the value of 1? (b) Use
SPICE to find Ipp and V;, for the saturated load in-
verterin Fig. 6.32(b)if A = 0.02,0.05,and 0.1 V™!,

6.8 NMOS Inverter with a Linear Load Device

6.76.

6.77.

6.78.

6.79.

Calculate the W/ L ratio for the linear load device
using the circuit and device parameters that apply
to Sec. 6.8, and show that the values presented in
Fig. 6.28 are correct.

What is the minimum value of Vi required for
linear region operation of M, in Fig. 6.32(c) if
Vio=1V,y =0.5+/V,and 2¢r = 0.6 V.
Find Vy, Vi, and the power dissipation (for vy =
Vo) for the linear load inverter in Fig. 6.67.

V=60V ’—T Vop =50V
1
M, L
L3

Vo
)

o———1 My
1

—lw

Figure 6.67

What is the minimum value of Vs in the cir-
cuit in Fig. 6.67 if Vrp = 0.6 V, y = 0.6 V/V,
2¢r = 0.6 V,and Vpp =3.3V?

(a) Design a linear load inverter similar to that
of Fig. 6.67 with Vpp = 33V, V, = 0.20V,
and P = 100 pW. Assume V7o = 0.6 V,
y = 0.6 v/V,2¢; = 0.6 V. (b) Confirm the valid-
ity of your design using SPICE.



6.9 NMOS Inverter with a Depletion-Mode Load

6.81.

6.82.

6.84.

We know that body effect deteriorates the behavior
of NMOS logic gates with depletion-mode loads.
Assume that the depletion-mode load device has
Vro = —3 V and is operating in an inverter cir-
cuit with Vpp = 5 V. What is the largest value
of the body-effect parameter y that still will allow
Voun = Vpp?

The depletion load inverter of Fig. 6.32(d) was
designed using K/ = 25 pA/V?, but due to pro-
cess variations during fabrication, the value actu-
ally turned out to be K, = 40 pA/V>. What will
be the new values of Vi, Vi, and the power dissi-
pation in the gate for this new value of K ?

. (a)Redesign the inverter with depletion-mode load

of Fig. 6.32(d) for operation with Vpp = 3.3 V.
Assume V7o = 0.6 V for the switching tran-
sistor and V7o = =3 V, ¥y = 0.5 'V, and
2¢r = 0.6 V for the depletion-mode load. Design
for V; =0.20 Vand P = 0.25 mW. (b) What are
the new values for NMy and NM, ?

Plot the noise margins for the depletion load in-
verter described in Prob. 6.82 versus Kz = K5/ K,
(see the graph in Fig. 6.31).

. (a) Design a depletion load inverter to operate with

Vpp =3.3V,V, =0.20V,and P = 100 pW. As-
sume Vyp = —2V,y = 0.5/ V,and2¢; = 0.6V
for the load transistor and Vyp = 0.6 V for
M. (b) Confirm the validity of your design using
SPICE.

The inverter designs in Fig. 6.32 assume 1 = 0.
(a) Does Vg depend upon the value of 1? (b) Use
SPICE to find Ipp and V for the depletion-load
inverter in Fig. 6.32(d) if A = 0.02, 0.05, and
0.1V~

6.11 NMOS NAND and NOR Gates

6.87.

6.88.

*6.89.

(a) What is the value of V; in the two-input NOR
gate in Fig. 6.33(a) when both A = 1 and B = 1?
(b) What is the current in Vpp for this input
condition?

Calculate the W/ L ratios of the switching devices
in the NAND gate in Fig. 6.35(b) and verify that
they are correct.

The two-input NAND gate in Fig. 6.35 was de-
signed with equal values of R,, (approximately
equal voltage drops) in the two series-connected
switching transistors, but an infinite number of
other choices are possible. Show that the equal

6.90.

6.91.

6.92.

6.93.

Problems
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R,, design requires the minimum total gate area
for the switching transistors.

Draw the schematic for a four-input NOR gate with
asaturated load device. What are the W /L ratios of
all the transistors, based on the reference inverter
in Fig. 6.327

Draw the schematic for a four-input NAND gate
with a depletion-mode load device. What are the
W /L ratios of all the transistors, based on the ref-
erence inverter in Fig. 6.32?

Draw the layout of a two-input NOR gate similar
to that in Fig. 6.37(a) but use a saturated load de-
vice. Be sure to scale the transistor sizes properly
based on Fig. 6.32(b).

(a) Draw the layout of a three-input NOR gate sim-
ilar to that in Fig. 6.37(a). Be sure to scale the tran-
sistor sizes properly. (b) Draw the layout of a three-
input NAND gate similar to that in Fig. 6.37(b).
Be sure to scale the transistor sizes properly.

6.12 Complex NMOS Logic
6.94.

(a) What is the logic function that is implemented
by the gate in Fig. 6.68? (b) What are the W/L
ratios for the transistors, based on the reference
inverter design of Fig. 6.32(d)?
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6.95.

6.96.

6.97.

6.98.

6.99.

6.100.
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(a) Redraw the circuit in Fig. 6.68 using a satu-
rated load transistor. (b) What is the logic function
of the new circuit? (c) What are the W/L ratios
of the transistors based upon the reference inverter
design in Fig. 6.32(b)?

(a) What is the logic function that is implemented
by the gate in Fig. 6.69? (b) What are the W/L
ratios for the transistors, based on the reference
inverter design of Fig. 6.32(d)?
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Figure 6.69

(a) Redraw the circuit in Fig. 6.69 using a satu-
rated load transistor. (b) What is the logic function
of the new circuit? (c) What are the W/L ratios
of the transistors based upon the reference inverter
design in Fig. 6.32(b)?

(a) What is the logic function that is implemented
by the gate in Fig. 6.707 (b) What are the W /L
ratios for the transistors if the gate is to dissipate
three times as much power as the reference inverter
design of Fig. 6.32(d)?

(a) Redraw the circuit in Fig. 6.70 using a satu-
rated load transistor. (b) What is the logic function
of the new circuit? (c) What are the W/L ratios
of the transistors based on the reference inverter
design in Fig. 6.32(b)?

Design a depletion-load gate that implements the
logic function Y = A[B + C(D + E)], based on
the reference inverter design of Fig. 6.32(d).

6.101.

6.102.

6.103.

6.104.

6.105.

v

6.106.

*6.107.

5V

Figure 6.70

Design a depletion-load gate that implements the
logic function Y = A(BC + DE) and consumes
one-half the power of the reference inverter design
of Fig. 6.32(d).

Design a saturated-load gate that implements the
logic function ¥ = A(BC + DE), based on the
reference inverter design of Fig. 6.32(b).

Design a saturated-load gate that implements the
logic function ¥ = A(B + CD) + E, based on
the reference inverter design of Fig. 6.32(b).

What is the logic function for the gate in Fig. 6.71?
Whatare the W/ L ratios of the transistors that form
the gate if the gate is to consume twice as much
power as the reference inverter in Fig. 6.32(d)?

(a) Design a depletion-load gate that implements
the logic function ¥ + A(B + CD) + E, based
on the reference inverter design of Fig. 6.32(d).
(b) Redesign the W/L ratios of this gate to ac-
count for body effect and differences in values of
Vps for the various transistors.

Recalculate the W/ L ratios of the transistors in the

gate in Fig. 6.37 to account for the body effect and
differences in the Vg of the various transistors.

Recalculate the W/L ratios of the transistors in
the gate in Fig. 6.38(a) to account for the body
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*6.109.

*6.110.

_Il

O~

1|
L | 1
R i B P

i
i

Ao_|.LjT_

Figure 6.71

effect and differences in the Vpg of the various
transistors.

Recalculate the W/L ratios of the transistors in
the gate in Fig. 6.38(b) to account for the body
effect and differences in the Vpg of the various
transistors.

Recalculate the W/ L ratios of the transistors in the
gate in Fig. 6.39 to account for the body effect and
differences in the Vpg of the various transistors.

A new logic gate design is presented in Fig. 6.72.
Find Vy and V, for this design. (Hint: For V,,
note that the drain currents of M and M; must be
equal, one device will be operating in the triode
region, and one will be operating in the saturation

region.)
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Figure 6.72
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*6.111. (a) What is the truth table for the logic function ¥
for the gate in Fig. 6.737 (b) Write an expression
for the logical output of this gate. (c) What are the
sizes of the transistors Mg and Mp in order for
Vor < 0.25V?(d) Qualitatively describe how the
sizes of Mg and Mp will change if body effect is
included in the models for the transistors. () What
is the name for this logic function?
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6.13 Power Dissipation

6.112. Scale the sizes of the resistors and transistors in
the four inverters in Fig. 6.32 to change the power
dissipation level to 1 mW.

What are the W/L ratios of the transistors in the
gate in Fig. 6.71 if the gate is to consume four
times as much power as the reference inverter in
Fig. 6.32(d)?

What are the W/L ratios for the transistors in
Fig. 6.68 if the gate is to dissipate one-quarter as
much power as the reference inverter design of
Fig. 6.32(d)?

(a) Scale the transistor sizes in Fig. 6.38(a) to in-
crease the gate power by a factor of three. (b) Scale
the transistor sizes in Fig. 6.38(a) to decrease the
gate power by a factor of five.

6.113.

6.114.

6.115.
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6.116.

6.117.

*6.118.

6.119.
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(a) Scale the transistor sizes in Fig. 6.38(b) to de-
crease the gate power by a factor of 10. (b) Scale
the transistor sizes in Fig. 6.38(b) to increase the
gate power by a factor of 2.5.

(a) Scale the transistor sizes in Fig. 6.39 to quadru-
ple the gate power. (b) Scale the transistor sizes in
Fig. 6.39 to decrease the gate power by a factor of
three.

For many years, MOS devices were scaled to
smaller and smaller dimensions without chang-
ing the power supply voltage. Suppose that the
width W, length L, and oxide thickness 7,4 are all
reduced by a factor of 2. Assume that Vyy, vgs,
and vpg remain the same. Calculate the ratio of
the drain current of the scaled device to that of
the original device. How has the power dissipa-
tion changed?

A high-speed NMOS microprocessor has a 64-bit
address bus and performs a memory access every
50 ns. Assume that all address bits change dur-
ing every memory access, and that each bus line
represents a load of 10 pF. (a) How much power
is being dissipated by the circuits that are driving
these signals if the power supply is 5 V? (b) 3.3 V?

6.14 Dynamic Behavior of MOS Logic Gates

6.120.

6.121.

6.122.

6.123.

The capacitive load on a logic gate becomes domi-
nated by the channel capacitance as the transistors
are made wider and wider. Assume that W is very
large and show that tpy and tpy become inde-
pendent of W and are both proportional to (L?/p),
where L is the channel length. This result shows the
importance of achieving as small a channel length
as possible.

Alogic family has a power-delay product of 100 £J.
If a logic gate consumes a power of 100 wW, what
is the expected propagation delay of the logic gate?

The graph in Fig. 6.74 gives the results of a SPICE
simulation of an inverter. (a) What are the rise and
fall times for v; and v, ? (b) What are the values
of tpy and tpy 7 (c) What is the average propa-
gation delay for this gate?

One method to estimate the average propagation
delay of an inverter is to construct a long ring of
inverters, as shown in the Fig. 6.75. This circuit is
called a ring oscillator, and the output of any in-
verter in the chain will be similar to a square wave.
(a) Suppose that the chain contains 301 inverters
and the average propagation delay of an inverter is

6.0V
50V
40V
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0 V 1 1 1 1
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Time
Figure 6.74
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Figure 6.75 Ring oscillator formed from a chain of an odd
number of inverters.

100 ps. What will be the period of the square wave
generated by the oscillator? (b) Why should the
number of inverters be odd? What could happen if
an even number of inverters were used in the ring
oscillator?

Resistor Load

6.124. What are the rise time, fall time, and average prop-
agation delay of the NMOS gate in Fig. 6.16(b) if
a load capacitance C = 0.5 pF is attached to the
output of the gate?

6.125. What are the rise time, fall time, and average prop-
agation delay of the NMOS gate in Fig. 6.16(b) if
a load capacitance C = 0.5 pF is attached to the
output of the gate and Vpp is reduced to 3.3 V?



6.126.

6.127.

E-3

Design an NMOS inverter with resistor load
(Vpp =5V, V, = 0.25 V) to have an average
propagation delay of 2.5 ns with a capacitive load
of 1 pF. What is the average static power dissipa-
tion of this gate?

Repeat the simulation of Ex. 6.11 with A = 0.04/V.
Compare the new values rise time, fall time, and
propagation delays with those of the example.

Saturated Load

6.128.

6.129.

6.130.

6.131.

6.132.

*6.133.
5

What are the rise and fall times and average prop-
agation delays of the NMOS gate in Fig. 6.76 if
C=05pFand Vpp =5V?

VDD

Figure 6.76

What are the rise and fall times and average prop-
agation delays of the NMOS gate in Fig. 6.76 if
C =03pFand Vpp =3.3V?

Design an NMOS saturated load inverter (Vpp =
5V, V., = 0.25 V) to have an average propaga-
tion delay of 2 ns with a capacitive load of 1 pF.
What is the average static power dissipation of this
gate?

Repeat the simulation in Ex. 6.12 with A = 0.04/V.
Compare the new values rise time, fall time, and
propagation delays with those of the example.

Use SPICE to determine the characteristics of the
NMOS inverter with a saturated load device for
the design given in Fig. 6.32(b). (a) Simulate the
voltage transfer function. (b) Determine ¢,, fy,
Tpu,and tpy y for this inverter with a square wave
input and C = 0.25 pF. Compare your results to
the formulas developed in the text.

Use SPICE to simulate the behavior of a chain
of five saturated load inverters from Fig. 6.32(b).
The input to the first inverter should be a square
wave with 0.1-ns rise and fall times and a period
of 100 ns. (a) Calculate t,, 7, Tppz, and Tpr H US-
ing the input and output waveforms from the first

Problems
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inverter in the chain, and compare your results to
the formulas developed in the text. What value
of C [Fig. 6.42(b)] did you use? (b) Determine
s ty, Tpur, and Tppy from the waveforms at the
input and output of the fourth inverter in the chain,
and compare your results to the formulas devel-
oped in the text. What value of C [Fig. 6.42(b)]
did you use? (c) Discuss the differences between
the results in (a) and (b).

Linear Load

6.134.

6.135.

Use SPICE to determine the characteristics of the
NMOS inverter with a linear load device for the
design given in Fig. 6.32. (a) Simulate the voltage
transfer function. (b) Determine ¢,, t, Tpyy, and
7p p for this inverter with a square wave input and
C =0.15 pF.

Use SPICE to simulate the behavior of a chain of
five linear load inverters from Fig. 6.32. The input
to the first inverter should be a square wave with
0.1-ns rise and fall times and a period of 100 ns.
(a) Calculate t,, tf, Tpyr, and Tp, g using the in-
put and output waveforms from the first inverter
in the chain. (b) Determine #,, t7, Tpgr, and Tpr g
from the waveforms at the input and output of the
fourth inverter in the chain. (c) Discuss the differ-
ences between the results in (a) and (b).

Depletion-Mode Load

6.136.

6.137.

6.138.

6.139.
5

What are the sizes of the transistors in the NMOS
depletion-mode load inverter if it must drive a
1-pF capacitance with an average propagation
delay of 3 ns? Assume Vpp = 3.0 Vand V, =
0.25 V. What are the rise and fall times for the
inverter? Use Vry, = =3V (y =0).

Design an NMOS depletion load inverter (Vpp =
33V, VL, =020V, Vyrns = 075V, Veyp =
—2V, y = 0) to have an average propagation de-
lay of 1 ns with a capacitive load of 0.2 pF. What
is the average static power dissipation of this gate?

Repeat the simulation in Ex. 6.13 with A = 0.04/V.
Compare the new values rise time, fall time, and
propagation delays with those of the example.

Use SPICE to determine the characteristics of the
NMOS inverter with a depletion-mode load device
for the design given in Fig. 6.32(d). (a) Simulate
the voltage transfer function. (b) Determine ¢, ¢,
Tpur,and tpp g for thisinverter with a square wave
inputand C = 0.2 pF. Compare your results to the
formulas developed in the text.
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Use SPICE to simulate the behavior of a
chain of five depletion-mode load inverters from
Fig. 6.32(d). The input to the first inverter should
be a square wave with 0.1-ns rise and fall times
and a period of 100 ns. (a) Calculate t,, t¢, Tpuz,
and tppy using the input and output waveforms
from the first inverter in the chain, and compare
your results to the formulas developed in the text.
What value of C [Fig. 6.42(b)] did you use? (b) De-
termine t,,t¢, Tpyy, and Tpy y from the waveforms
at the input and output of the fourth inverter in the
chain, and compare your results to the formulas
developed in the text. (c) Discuss the differences
between the results in (a) and (b).

Use SPICE to determine the characteristics of the
two-input NMOS NAND gate with a depletion-
mode load device for the design given in
Fig. 6.35(b). (a) Simulate the voltage transfer func-
tion by varying the voltage at input A with the
voltage at input B fixed at 5 V. (b) Repeat the sim-
ulation in (a), but now vary the voltage at input B
with the voltage at input A fixed at 5 V. Plot the
results from (a) and (b) and note any differences.
(c) Determine t,, ty, Tpyr, and Tpp g for this in-
verter with a square wave input at input A with the
voltage at input B fixed at 5 V. (d) Determine ¢,
t¢, Tpur, and Tppp for this inverter with a square
wave input at input B with the voltage at input A
fixed at 5 V. (e) Compare the results from (c) and
(d). (f) Determine t,, ts, Tpyr, and Tpyp for this
inverter with a single square wave input applied to
both inputs A and B. Compare the results to those
in (c) and (d).

6.15 A Final Comparison of Load Devices

6.142.

6.143.

Currents in the various load devices are shown in
Fig. 6.49. The resistor load has a value of 95 k<.
The W/ L ratios of the devices were chosen to set
the current in each load device to 50 wA when
vo = Vp = 0.25 V. Calculate the values of the
W /L ratios of the load devices that were used in
the figure for the: (a) saturated load device includ-
ing body effect, (b) saturated load device with no
body effect, (c) linear load device including body
effect, (d) linear load device with no body effect,
(e) depletion-mode load device including body ef-
fect, (f) depletion-mode load with no body effect.

Create a table similar to Table 6.14 for a technol-
ogy with Vpp =33V, V, =025V, Vrys =
0.75 V, and VTNL =-2V.

6.144.

Create a table similar to Table 6.14 for a technol-
ogy with VDD =25 V, VL = 0.20 V, VTNS =
0.60 V, and VTNL =—15V.

6.16 PMOS Problems

6.145.

*6.146.

6.147.

6.148.

*6.149.

6.150.

Design four PMOS logic gates similar to the ones
in Fig. 6.32. Do not do a complete mathematical
redesign, but design the PMOS circuits by scal-
ing the W/L ratios in Fig. 6.32, assuming that
K, =10 RA/VZ.

What are the values of V; and Vj for the inverter
in Fig. 6.77?

Figure 6.77

Calculate the noise margins for the circuit in
Fig. 6.77.

Design the transistors in the inverter of Fig. 6.78 so
that Vi = —0.33 V and the power dissipation =
0.1 mW. Use the values in Table 6.8 on page 386,
except Vro = —0.7 V and K}, = 10 pA/V?,

Figure 6.78

What are the noise margins for the circuit in
Prob. 6.148?

What are the values of V and V; for the inverter of
Fig. 6.79? Use the values in Table 6.8 on page 386,
except Vro = —1 Vand K/, = 10 pA/V?,



Figure 6.79

6.151. What is the logic function Y for the gate in
Fig. 6.80?
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Figure 6.80

6.152. What is the logic function Y for the gate in
Fig. 6.81?

6.153.

6.154.

6.155.

6.156.

6.157.
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Figure 6.81

Simulate the voltage transfer characteristic for the
PMOS gate in Fig. 6.77, and compare the results
to those of Prob. 6.146.

Simulate the voltage transfer characteristic for the
PMOS gate in Fig. 6.78, and compare the results
to those of Prob. 6.148.

Simulate the voltage transfer characteristic for the
PMOS gate in Fig. 6.79, and compare the results
to those of Prob. 6.150.

Simulate the delay of the PMOS gate in Fig. 6.77
with a load capacitance of 1 pF, and determine the
rise time, fall time, and average propagation delay.
Simulate the delay of the PMOS gate in Fig. 6.79
with a load capacitance of 1 pF, and determine the
rise time, fall time, and average propagation delay.



