Chapter 3: Digital Circuitry
and Interfacing

Now we turn our attention to the physical circuitry and electrical quantities that are used to represent
and operate on the binary codes 1 and 0. In this chapter we begin by looking at how logic circuits are
described and introduce the basic set of gates used for all digital logic operations. We then look at the
underlying circuitry that implements the basic gates including digital signaling and how voltages are used
to represent 1s and 0s. We then look at interfacing between two digital circuits and how to ensure that
when one circuit sends a binary code, the receiving circuit is able to determine which code was sent.
Logic families are then introduced and the details of how basic gates are implemented at the switch level
are presented. Finally, interfacing considerations are covered for the most common types of digital loads
(i.e., other gates, resistors, and LEDs). The goal of this chapter is to provide an understanding of the
basic electrical operation of digital circuits.

Learning Outcomes—After completing this chapter, you will be able to:

3.1 Describe the functional operation of a basic logic gate using truth tables, logic expressions,
and logic waveforms.
3.2 Analyze the DC and AC behavior of a digital circuit to verify that it is operating within

specification.

3.3 Describe the meaning of a logic family and the operation of the most common technologies
used today.

34 Determine the operating conditions of a logic circuit when driving various types of loads.

3.1 Basic Gates

The term gate is used to describe a digital circuit that implements the most basic functions possible
within the binary system. When discussing the operation of a logic gate, we ignore the details of how the
1s and Os are represented with voltages and manipulated using transistors. We instead treat the inputs
and output as simply ideal 1s and Os. This allows us to design more complex logic circuits without going
into the details of the underlying physical hardware.

3.1.1 Describing the Operation of a Logic Circuit
3.1.1.1 The Logic Symbol

A logic symbol is a graphical representation of the circuit that can be used in a schematic to show
how circuits in a system interface to one another. For the set of basic logic gates, there are uniquely
shaped symbols that graphically indicate their functionality. For more complex logic circuits that are
implemented with multiple basic gates, a simple rectangular symbol is used. Inputs of the logic circuit are
typically shown on the left of the symbol and outputs are on the right. Figure 3.1 shows two example logic
symbols.
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Fig. 3.1
Example logic symbols

3.1.1.2 The Truth Table

We formally define the functionality of a logic circuit using a truth table. In a truth table, each and
every possible input combination is listed and the corresponding output of the logic circuit is given. If a
logic circuit has n inputs, then it will have 2" possible input codes. The binary codes are listed in
ascending order within the truth table mimicking a binary count starting at 0. By always listing the input
codes in this way, we can assign a row number to each input that is the decimal equivalent of the binary
input code. Row numbers can be used to simplify the notation for describing the functionality of larger
circuits. Figure 3.2 shows the formation of an example 3-input truth table.
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Fig. 3.2
Truth table formation

3.1.1.3 The Logic Function

A logic expression (also called a logic function) is an equation that provides the functionality of each
output in the circuit as a function of the inputs. The logic operations for the basic gates are given a
symbolic set of operators (e.g., +,., ), the details of which will be given in the next sections. The logic
function describes the operations that are necessary to produce the outputs listed in the truth table. A
logic function is used to describe a single output that can take on only the values 1 and 0. If a circuit
contains multiple outputs, then a logic function is needed for each output. The input variables can be

included in the expression description just as in an analog function. For example, “F(A,B,C) = ...” would
state that “F is a function of the inputs A, B, and C.” This can also be written as “Fag.c = ....” The input
variables can also be excluded for brevity as in “F = ... .” Figure 3.3 shows the formation of an example

3-input logic expression.
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Logic Expression Formation
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Fig. 3.3
Logic function formation

3.1.1.4 The Logic Waveform

A logic waveform is a graphical depiction of the relationship of the output to the inputs with respect to
time. This is often a useful description of behavior since it mimics the format that is typically observed
when measuring a real digital circuit using test equipment such as an oscilloscope. In the waveform,
each signal can only take on a value of 1 or 0. It is useful to write the logic values of the signal at each
transition in the waveform for readability. Figure 3.4 shows an example logic waveform.

Logic Waveform Format
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Fig. 3.4
Example logic waveform

3.1.2 The Buffer

The first basic gate is the buffer. The output of a buffer is simply the input. The logic symbol, truth
table, logic function and logic waveform for the buffer are given in Fig. 3.5.
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Fig. 3.5
Buffer symbol, truth table, logic function, and logic waveform



40 <+ Chapter 3: Digital Circuitry and Interfacing

3.1.3 The Inverter

The next basic gate is the inverter. The output of an inverter is the complement of the input. Inversion
is also often called the not operation. In spoken word, we might say “A is equal to not B”; thus this gate is
also often called a not gate. The symbol for the inverter is the same as the buffer with the exception that
an inversion bubble (i.e., a circle) is placed on the output. The inversion bubble is a common way to show
inversions in schematics and will be used by many of the basic gates. In the logic function, there are two
common ways to show this operation. The first way is by placing a prime (') after the input variable (e.g.,
Out = In’). This notation has the advantage that it is supported in all text editors but has the drawback
that it can sometimes be difficult to see. The second way to indicate inversion in a logic function is by
placing an inversion bar over the input variable (e.g., Out = In). The advantage of this notation is that it is
easy to see but has the drawback that it is not supported by many text editors. In this text, both
conventions will be used to provide exposure to each. The logic symbol, truth table, logic function, and
logic waveform for the inverter are given in Fig. 3.6.

Inverter
Waveform
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Fig. 3.6
Inverter symbol, truth table, logic function, and logic waveform

3.1.4 The AND Gate

The next basic gate is the AND gate. The output of an AND gate will only be true (i.e., a logic 1) if all
of the inputs are true. This operation is also called a logical product because if the inputs were
multiplied together, the only time the output would be a 1 is if each and every input was a 1. As a result,
the logic operator is the dot (-). Another notation that is often seen is the ampersand (&). The logic
symbol, truth table, logic function, and logic waveform for a 2-input AND gate are given in Fig. 3.7.

AND Gate f
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Fig. 3.7
2-Input AND gate symbol, truth table, logic function, and logic waveform

Ideal AND gates can have any number of inputs. The operation of an n-bit, AND gates still follows
the rule that the output will only be true when all of the inputs are true. Later sections will discuss the
limitations on expanding the number of inputs of these basic gates indefinitely.
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3.1.5 The NAND Gate

The NAND gate is identical to the AND gate with the exception that the output is inverted. The “N” in
NAND stands for “NOT,” which represents the inversion. The symbol for a NAND gate is an AND gate
with an inversion bubble on the output. The logic expression for a NAND gate is the same as an AND
gate but with an inversion bar over the entire operation. The logic symbol, truth table, logic function, and
logic waveform for a 2-input NAND gate are given in Fig. 3.8. Ideal NAND gates can have any number of
inputs with the operation of an n-bit, NAND gate following the rule that the output is always the inversion
of an n-bit, AND operation.

NAND Gate
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Symbol Truth Table Logic Function
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Fig. 3.8
2-Input NAND gate symbol, truth table, logic function, and logic waveform

3.1.6 The OR Gate

The next basic gate is the OR gate. The output of an OR gate will be true when any of the inputs
are true. This operation is also called a logical sum because of its similarity to logical disjunction in which
the output is true if at least one of the inputs is true. As a result, the logic operator is the plus sign (+). The
logic symbol, truth table, logic function, and logic waveform for a 2-input OR gate are given in Fig. 3.9.
Ideal OR gates can have any number of inputs. The operation of an n-bit, OR gates still follows the rule
that the output will be true if any of the inputs are true.

OR Gate
Symbol Truth Table Logic Function

A
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Fig. 3.9
2-Input OR gate symbol, truth table, logic function, and logic waveform

3.1.7 The NOR Gate

The NOR gate is identical to the OR gate with the exception that the output is inverted. The symbol
for a NOR gate is an OR gate with an inversion bubble on the output. The logic expression for a NOR
gate is the same as an OR gate but with an inversion bar over the entire operation. The logic symbol,
truth table, logic function, and logic waveform for a 2-input NOR gate are given in Fig. 3.10. Ideal NOR
gates can have any number of inputs with the operation of an n-bit, NOR gate following the rule that the
output is always the inversion of an n-bit, OR operation.
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Fig. 3.10

2-Input NOR gate symbol, truth table, logic function, and logic waveform

3.1.8 The XOR Gate

The next basic gate is the exclusive-OR gate, or XOR gate for short. This gate is also called a
difference gate because for the 2-input configuration, its output will be true when the input codes are
different from one another. The logic operator is a circle around a plus sign (€0). The logic symbol, truth
table, logic function, and logic waveform for a 2-input XOR gate are given in Fig. 3.11.

XOR Gate -
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Fig. 3.11

2-Input XOR gate symbol, truth table, logic function, and logic waveform

Using the formal definition of an XOR gate (i.e., the output is true if any of the input codes are
different from one another), an XOR gate with more than two inputs can be built. The truth table for a
3-bit, XOR gate using this definition is shown in Fig. 3.12. In modern electronics, this type of gate has
found little use since it is much simpler to build this functionality using a combination of AND and OR
gates. As such, XOR gates with greater than two inputs do not implement the difference function.
Instead, a more useful functionality has been adopted in which the output of the n-bit, XOR gate is the
result of a cascade of 2-input XOR gates. This results in an ultimate output that is true when there is an
ODD number of 1s on the inputs. This functionality is much more useful in modern electronics for error
correction codes and arithmetic. As such, this is the functionality that is seen in modern n-bit, XOR gates.
This functionality is also shown in Fig. 3.12.
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Fig. 3.12

3-Input XOR gate implementation

3.1.9 The XNOR Gate

The exclusive-NOR gate is identical to the XOR gate with the exception that the output is inverted.
This gate is also called an equivalence gate because for the 2-input configuration, its output will be true
when the input codes are equivalent to one another. The symbol for an XNOR gate is an XOR gate
with an inversion bubble on the output. The logic expression for an XNOR gate is the same as an XOR
gate but with an inversion bar over the entire operation. The logic symbol, truth table, logic function, and
logic waveform for a 2-input XNOR gate are given in Fig. 3.13. XNOR gates can have any number of
inputs with the operation of an n-bit, XNOR gate following the rule that the output is always the inversion
of an n-bit, XOR operation (i.e., the output is true if there is an ODD number of 1s on the inputs).
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Fig. 3.13

2-Input XNOR gate symbol, truth table, logic function, and logic waveform
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CC3.1 Given the following logic diagram, which is the correct logic expression for F?
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3.2 Digital Circuit Operation

Now we turn our attention to the physical hardware that is used to build the basic gates just
described and how electrical quantities are used to represent and communicate the binary values
1 and 0. We begin by looking at digital signaling. Digital signaling refers to how binary codes are
generated and transmitted successfully between two digital circuits using electrical quantities (e.g.,
voltage and current). Consider the digital system shown in Fig. 3.14. In this system, the sending circuit
generates a binary code. The sending circuit is called either the transmitter (Tx) or driver. The transmitter
represents the binary code using an electrical quantity such as voltage. The receiving circuit
(Rx) observes this voltage and is able to determine the value of the binary code. In this way, 1s and Os
can be communicated between the two digital circuits. The transmitter and receiver are both designed to
use the same digital signaling scheme so that they are able to communicate with each other. It should be
noted that all digital circuits contain both inputs (Rx) and outputs (Tx) but are not shown in this figure for
simplicity.

Generic Digital Transmitter / Receiver Circuit

Transmitting | 2 1 ) —n Receiving
Circuit Circuit
(Tx) 1's and 0's represented (Rx)
as voltages

Fig. 3.14
Generic digital transmitter/receiver circuit

3.2.1 Logic Levels

A logic level is the term to describe all possible states that a signal can have. We will focus explicitly
on circuits that represent binary values, so these will only have two finite states (1 and 0). To begin, we
define a simplistic model of how to represent the binary codes using an electrical quantity. This model
uses a voltage threshold (Vy,) to represent the switching point between the binary codes. If the voltage of
the signal (Vsig) is above this threshold, it is considered a logic HIGH. If the voltage is below this
threshold, it is considered a logic LOW. A graphical depiction of this is shown in Fig. 3.15. The terms
HIGH and LOW are used to describe which logic level corresponds to the higher or lower voltage.
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Definition of Logic Levels (HIGH and LOW)

Logic HIGH

Vinreshold (Vin) (Vsig > Vth)
Logic LOW Logic LOW
(Vsig < Vth) Vsig < Vi)

Fig. 3.15
Definition of logic HIGH and LOW

It is straightforward to have the HIGH level correspond to the binary code 1 and the LOW level
correspond to the binary code 0; however, it is equally valid to have the HIGH level correspond to the
binary code 0 and the LOW level correspond to the binary code 1. As such, we need to define how the
logic levels HIGH and LOW map to the binary codes 1 and 0. We define two types of digital assignments:
positive logic and negative logic. In positive logic, the logic HIGH level represents a binary 1 and the
logic LOW level represents a binary 0. In negative logic, the logic HIGH level represents a binary 0 and
the logic LOW level represents a binary 1. Table 3.1 shows the definition of positive and negative logic.
There are certain types of digital circuits that benefit from using negative logic; however, we will focus
specifically on systems that use positive logic since it is more intuitive when learning digital design for the
first time. The transformation between positive and negative logic is straightforward and will be covered
in Chap. 4.

Definition of Positive and Negative Logic

. Logic Value
Logic Level - - - -
Positive Logic Negative Logic
LOW 0 1
HIGH 1 0

Table 3.1
Definition of positive and negative logic

3.2.2 Output DC Specifications

Transmitting circuits provide specifications on the range of output voltages (Vo) that they are
guaranteed to provide when outputting a logic 1 or 0. These are called the DC output specifications.
There are four DC voltage specifications that specify this range: Von-max: VoH-min» YoL-max» @and Vo -min-
The Von-max and Von-min Specifications provide the range of voltages the transmitter is guaranteed to
provide when outputting a logic HIGH (or logic 1 when using positive logic). The Vo .max and Vor min
specifications provide the range of voltages the transmitter is guaranteed to provide when outputting a
logic LOW (or logic 0 when using positive logic). In the subscripts for these specifications, the “O”
signifies “output” and the “L” or “H” signifies “LOW” or “HIGH,” respectively.
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The maximum amount of current that can flow through the transmitter’s output (Io) is also specified.
The specification loy.max is the maximum amount of current that can flow through the transmitter’s output
when sending a logic HIGH. The specification lo_.max is the maximum amount of current that can flow
through the transmitter’s output when sending a logic LOW. When the maximum output currents are
violated, it usually damages the part. Manufacturers will also provide a recommended amount of current
for 1o that will guarantee the specified operating parameters throughout the life of the part. Figure 3.16
shows a graphical depiction of these DC specifications. When the transmitter output is providing current
to the receiving circuit (a.k.a., the load), it is said to be sourcing current. When the transmitter output is
drawing current from the receiving circuit, it is said to be sinking current. In most cases, the transmitter
sources current when driving a logic HIGH and sinks current when driving a logic LOW. Figure 3.16
shows a graphical depiction of these specifications.

DC Specifications of a Digital Circuit
VCC VCC
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Transmitting Vo V. Receiving
Circuit Interconnect Circuit - Circuit
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this range the input
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V. a logic HIGH logic HIGH
H-mi AR
OH-min Noise Margin HIGH within this
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""" == ViHmin
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Fig. 3.16

DC specifications of a digital circuit

3.2.3 Input DC Specifications

Receiving circuits provide specifications on the range of input voltages (V,) that they will interpret as
either a logic HIGH or LOW. These are called the DC input specifications. There are four DC voltage
specifications that specify this range: Viiimax, ViH-mins ViL-max, @Nd Vi min- The Viiimax and Vigmin
specifications provide the range of voltages that the receiver will interpret as a logic HIGH (or logic
1 when using positive logic). The V| _max and V__min Specifications provide the range of voltages that the
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receiver will interpret as a logic LOW (or logic 0 when using positive logic). In the subscripts for these
specifications, the “I” signifies “input.”

The maximum amount of current that the receiver will draw, or take in, when connected is also
specified ). The specification | ;4_max is the maximum amount of current that the receiver will draw when it
is being driven with a logic HIGH. The specification |j _nax is the maximum amount of current that the
receiver will draw when it is being driven with a logic LOW. Again, Fig. 3.16 shows a graphical depiction
of these DC specifications.

3.2.4 Noise Margins

For digital circuits that are designed to operate with each other, the Vopmax and Viimax
specifications have equal voltages. Similarly, the Vo_.min @nd V|__min Specifications have equal voltages.
The Von-max @and Vor-min OUtput specifications represent the best-case scenario for digital signaling as
the transmitter is sending the largest (or smallest) signal possible. If there is no loss in the interconnect
between the transmitter and receiver, the full voltage levels will arrive at the receiver and be interpreted
as the correct logic states (HIGH or LOW).

The worst-case scenario for digital signaling is when the transmitter outputs its levels at Vop.min and
VoL-max- These levels represent the furthest away from an ideal voltage level that the transmitter can
send to the receiver and are susceptible to loss and noise that may occur in the interconnect system. In
order to compensate for potential loss or noise, digital circuits have a predefined amount of margin built
into their worst-case specifications. Let’s take the worst-case example of a transmitter sending a logic
HIGH at the level Vou_min. If the receiver was designed to have Vy_min (i.€., the lowest voltage that would
still be interpreted as a logic 1) equal to Vop_min, then if even the smallest amount of the output signal was
attenuated as it traveled through the interconnect, it would arrive at the receiver below Vi nin and would
not be interpreted as a logic 1. Since there will always be some amount of loss in any interconnect
system, the specifications for V|4 min are always less than Vou.min. The difference between these two
quantities is called the noise margin. More specifically, it is called the noise margin HIGH (or NMy) to
signify how much margin is built into the Tx/Rx circuit when communicating a logic 1. Similarly, the V| __max
specification is always higher than the Vo __max specification to account for any voltage added to the
signal in the interconnect. The difference between these two quantities is called the noise margin LOW
(or NM, ) to signify how much margin is built into the Tx/Rx circuit when communicating a logic 0. Noise
margins are always specified as positive quantities, and thus the order of the subtrahend and minuend in
these differences:

NMy = Vou-min — ViH-min

NML = VIL-max - VOL-max

Figure 3.16 includes the graphical depiction of the noise margins. Notice in this figure that there is a
region of voltages that the receiver will not interpret as either a HIGH or a LOW. This region lies between
the Vih.min and V_max Specifications. This is the uncertainty region and should be avoided. Signals in
this region will cause the receiver’s output to go to an unknown voltage. Digital transmitters are designed
to transition between the LOW and HIGH states quickly enough so that the receiver does not have time to
react to the input being in the uncertainty region.
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3.2.5 Power Supplies

All digital circuits require a power supply voltage and a ground. There are some types of digital
circuits that may require multiple power supplies. For simplicity, we will focus on digital circuits that only
require a single power supply voltage and ground. The power supply voltage is commonly given the
abbreviations of either V¢ or Vpp. The “CC” or “DD” have to do with how the terminals of the transistors
inside of the digital circuit are connected (i.e., “collector to collector” or “drain to drain”). Digital circuits will
specify the required power supply voltage. Ground is considered an ideal Ov. Digital circuits will also
specify the maximum amount of DC current that can flow through the Vcc (Icc) and GND (Ignp) pins
before damaging the part.

There are two components of power supply current. The first is the current that is required for the
functional operation of the device. This is called the quiescent current (l5). The second component of the
power supply current is the output currents (Io). Any current that flows out of a digital circuit must also
flow into it. When a transmitting circuit sources current to a load on its output pin, it must bring in that
same amount of current on another pin. This is accomplished using the power supply pin (Vcc)-
Conversely, when a transmitting circuit sinks current from a load on its output pin, an equal amount of
current must exit the circuit on a different pin. This is accomplished using the GND pin. This means that
the amount of current flowing through the Vc and GND pins will vary depending on the logic states that
are being driven on the outputs. Since a digital circuit may contain numerous output pins, the maximum
amount of current flowing through the V¢ and GND pins can scale quickly and care must be taken not to
damage the device.

The quiescent current is often specified using the term Icc. This should not be confused with the
specification for the maximum amount of current that can flow through the V¢ pin, which is often called
Icc.max- It is easy to tell the difference because Icc (or Ig) is much smaller than lccmax for CMOS parts.
Icc (or ly) is specified in the pA to nA range while the maximum current that can flow through the V¢ pin
is specified in the mA range. Example 3.1 shows the process of calculating the Icc and Ignp currents
when sourcing multiple loads.
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Example: Calculating lcc and lgnp when Sourcing Multiple Loads

Given: The driver is specified to have a quiescent current of 1mA and is driving a logic
HIGH on two of its output pins. Each of the two loads on the output pins is being sourced
with 4mA of current from the driver.

Voo 4| tec

. |Vou low=dmA
Transmitting
Circuit -
(Tx) Vo lo@=4mA
GND | fono
Find: lcc and leno

Solution: The current into the device must equal the current out of the device. The
quiescent current of 1mA is used for the functional operation of the transistors within the
transmitter and will flow into the device through the V¢ pin and out of the device on the
GND pin. The output currents that are being sourced by the driver exit the circuit on the
two output pins Vo) and Vogz). An equal amount of current must also flow into the device
(logty * log) = 8mA), which enters the device on the V¢ pin. This means the total amount of
current flowing into the circuit on the Ve pin is:

lec = |q + |0(1) + ’o(z; =1mA + 4mA + 4mA = 9mA
The total amount of current flowing out of the circuit on the GND pin is simply the quiescent

current |g.
lenp = |q = 1mA

Voo T l lec = g + log) * logz) = 1MA + 4mA + 4mA = 9mA

Vv |Q(1'=4mA
log | sl

V, lo @= 4mA
low | °®

GNDl Jtoro = 1o = 1ma

Check: Does the total amount of current entering the circuit equal the total amount of
current exiting the circuit?

Yes, there is 9mA entering the circuit through the Vec pin. There is also 9mA exiting the
circuit using the Vo), Vozy and GND pins.

Example 3.1
Calculating lcc and Ignp When Sourcing Multiple Loads
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Example 3.2 shows the process of calculating the Icc and Ignp currents when both sourcing and
sinking loads.

Example: Calculating lcc and lgyp When Both Sourcing and Sinking Loads

Given: The driver is specified to have a quiescent current of 0.5mA and is driving a logic
HIGH on one of its output pins and a logic LOW on two of its output pins. The driver is
sourcing 1mA when driving a HIGH and sinking 2mA when driving a LOW.

Voo 4| tec

VO(ﬂ |0(1)=1mA
Transmitting Vo lo@=2mA
Circuit —
{TX) VO @ IQ[3} =2mA
GND J' |
Find: lcc and leno l GNO

Solution: The current into the device must equal the current out of the device. The
quiescent current of 0.5mA enters the circuit on the V¢ pin and exits on the GND pin. The
output current for V(1) enters the circuit on the Ve pin and exits the circuit on the Vg pin.
The output current for Vo) and Vg enters the circuit on the Vo) and Vo pins and exits
the circuit on the GND pin. This means the total amount of current flowing into the circuit

on the Ve pin is:
lcc = lg + logty = 0.5mA + 1mA = 1.5mA

The total amount of current flowing out of the circuit on the GND pin is the quiescent
current |y plus the current being sunk from the pins Vo2 and Vo)

lGND = |q + |0(2) + |0(3) = 0.5mA + 2mA + 2mA = 4.5mA

Vo T llcc = Iy + logy = 0.5mA + 1mA = 1.5mA

'Q m= 1mA
lo 1) " Vo) —p
lo @= 2mA
ly low@ Vo
V, fo 3= 2mA
low 0(3)
hbd d

GND ¢ l lono = lq + logz) + lo = 0.5MA + 2mA + 2mA = 4.5mA

Example 3.2
Calculating Icc and Ignp When Both Sourcing and Sinking Loads



3.2 Digital Circuit Operation =+ 51

3.2.6 Switching Characteristics

Switching characteristics refer to the transient behavior of the logic circuits. The first group of
switching specifications characterize the propagation delay of the gate. The propagation delay is the
time it takes for the output to respond to a change on the input. The propagation delay is formally defined
as the time it takes from the point at which the input has transitioned to 50 % of its final value to the point
at which the output has transitioned to 50 % of its final value. The initial and final voltages for the input are
defined to be GND and V¢, while the output initial and final voltages are defined to be Vo and Vop.
Specifications are given for the propagation delay when transitioning from a LOW to HIGH (tp ) and
from a HIGH to LOW (tp ). When these specifications are equal, the values are often given as a single
specification of t,4. These specifications are shown graphically in Fig. 3.17.

The second group of switching specifications characterize how quickly the output switches between
states. The transition time is defined as the time it takes for the output to transition from 10 to 90 % of the
output voltage range. The rise time (t;) is the time it takes for this transition when going from a LOW to
HIGH, and the fall time (t;) is the time it takes for this transition when going from a HIGH to LOW. When
these specifications are equal, the values are often given as a single specification of t. These
specifications are shown graphically in Fig. 3.17.

Switching Characteristics of a Digital Circuit

|nput 50% \50\%
: R i Ip

Output

VCC

Fig. 3.17
Switching characteristics of a digital circuit

3.2.7 Data Sheets

The specifications for a particular part are given in its data sheet. The data sheet contains all of the
operating characteristics for a part, in addition to functional information such as package geometries and
pin assignments. The data sheet is usually the first place a designer will look when selecting a part.
Figures 3.18, 3.19, and 3.20 show excerpts from an example data sheet highlighting some of the
specifications just covered.



52

Chapter 3: Digital Circuitry and Interfacing

Data Sheet Excerpt (1)

Courtesy Texas Instruments

Qf,"nz:ms

SN34HCO4, SNT4HCO4

HEX INVERTERS

Check for Samples: SHSAHCO4, SNT4HCO4

FEATURES

+  Wide Operating Voltage Range of 2 Vo 6V
+  Outputs Can Drive Up To 10 LSTTL Loads
*  Low Power Consumption, 20-uA Max L.
Typical g =8 ns

+ #4-mA Output Drive at 5V

+ Low Input Cufrent of 1 A Max

The “Features”
section gives a brief

The part number gives information
about the manufacturer,
functionality and other parts that
will work with this device. A data
sheet often covers the operation of
multiple implementations of a
particular circuit.

overview of the part.

gEuEY
2F¢Z2

2gepap s

DESCRIPTION/ORDERING INFORMATION
The "HCO4 devices contain six independent inverters. They perform the Boolean function Y = A in positive logic.
ORDERING INFORMATION

(1) Package drawings, standard packing quantibes, thermal data. symbolizabon, and PCB design guidelines are avadable at
www i coniscipackage.

A FPlease te aware that an important nobice conceming avalabity, standard warmanty. and use in critcal appiicasons of Texas
d products 5 appears ol the end of this data sheet

Copyrght © 1982-2010, Texas Instrumants Incorperated

PACOUCTIGN DATA nfaraton & ument a8 of pusicaton e
Produs st B er T lerTs of Te Tew
Fermees shedxd o fet

ALY AT W S 31 e

Ta PACKAGE') ODERABLE PART NUMBER TOP-SIDE MARKING
PO - N Reel of 1000 SNT4HCOIN SNT4HCO4N \
Reel of 1000 SNT4HCO4DES .
S0IC -0 Reel of 2500 SNT4HCOSDRG HCO4 The same digital
Tube of 250 SNT4HCOLDT . . :
T circuit can come with
wcesse |FM Rleelof 2000 [Strancosnsros pen different temperature
$50P-0B Rablof 2000 e Heoe specifications,
Tube of 20 SNTAHCOIPW package styles, and
TS50F - P Reel of 2000 SHTAHCO4PWR HCD4 i i 7
e L Sk shipping options.
COIP-J Reel of 1000 SNJSAHCD4)
=55°C 1o 125°C CFP =W Reel of 900 SHJSAHCDAW
LCCC -FK |Ml of 200 SHJSEHCOMFK.

Example Packaging Options
“Plastic Dual-In-Line Package”
(PDIP). This is an older technology
and requires mounting holes for the :
part to be soldered in. This part can
be plugged into a breadboard so is
often used for low-speed prototypes

and university lab exercises.

to surface pads.

“Small Outline Integrated
Circuit” (SOIC). Thisis a
more modern package
technology and is soldered

Fig. 3.18
Example

data sheet excerpt (1)
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Data Sheet Excerpt (2) Courtesy Texas Instruments

SN54HC04, SNT4HCO4 W Toxss s
Elﬂ:!—“m m:—nmowoun.mo H

Table 1. FUNCTION TABLE
(EACH INVERTER)

INPUT OUTPUT
A ¥
H L
LS H “Absolute Maximum”
This part can LOGIC DIAGRAM (POSITIVE LOGIC) are the specifications
source/sink 25mA R . that if violated, will
on each of its Dc damage the part.
output pins (lo) /
Absol Ratings'",

MiH MAX UNIT
Ve Suply voRtage range 05 rl v
I Iingut clamp curment = Vi€ 0or V> Vee =20 i
Output clamp current™! Vg<l +20
[¢ Continuous output current Vo= 00 Ve ma
‘current thiough Vezor GND =0]  mA
This part can only D package o
) N package L]
have 50mA flow G Package o =
through the Ve or FW package e
GND pin at any given I»:-?L——M—'ﬂ-’ ”“‘mmm — m‘*’: — ‘Wm":
% & 3 Stresses bayond “absoiute MAXITUM FANGS” Mary CaUSE DErManent damage 1o 3 are
time. This means if only, and fanconal operation of B device at fhese o any oéer condtons |

mﬁhn'hwuirﬂuﬂ con s for i
all 6 of the outputs [ @ e ieut and ouput oegusve-vonsge ratngs may be excesded f e ot a0 cuput clamp-cume a8ngs o couerved

: 3 The
were sourcing or

m
sinking 25mA, it Recommandsd Opsrating Conditions — e
would damage the W now _wax| wmnow _wax| U
[Vee _Supaly vokage 25 s 2z s & v
part. Veg "2V 15 15
Vi Highlevel input voltage Vg =45V 315 315 v
,b\ Veg=BY 42 42
Veg=2V o0s 0s
\\-:J Low-level ingut voltage Vg =45V 1.35 138 v
Vg =BV 18 18
Vi Ingut voage [] Vee [ Vel ¥
Vg Outhut voltage ] [ [ Vi v
Vg =2V 1000 1000
it fal rate Vec =48V 500 E
Vec =6V 400 400
Ts  Opersng 55 128] a0 8| ¢
(U] inputs of the e heid ot Ve of GND operation. Fefer to the Tl appiication report,
Impications of Slow or Fidating CAMOS Inputs, Merature number SCBADM
2 Sutvnit Documentation Feedback Copyrght © 1H82-2010, Texds Insirumenss incoeporated
Product Folder Link(s): SNS4HCOJ, SNT4HCOS

“Recommended Conditions” are the | | The input DC specifications |«
specifications that you should follow to are given for multiple i
get the full lifetime of the part. You values of Vee. Ifthe partis | o) —
can, however, operate between the powered at a different Zu /
recommended and maximum voltage (e.g., +3.4v or +5v),| = —
specifications without damaging the an interpretation must be |
part. You will just not get the full made asto the levels that | " > . + + .+
lifetime out of the part. the part will operate at. e
Fig. 3.19

Example data sheet excerpt (2)
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Data Sheet Excerpt (3)

W s SN54HCO4, SNTAHCO4
e b com SCLIOTHE -DECEMBER 1042 -REVISED OCTOBER 2010
- Electrical C|
Again, the output | over operating free-ar iess otmenaise noted
specifications are TESTC Veo “*a 'rfp‘c o "5'."“..'“ ‘:‘"":‘u o
given for multiple Vee 7 v 19 19 s 0
values and an vhever /|0 asv 44 4% 7 7
interpretation must bef | /" [% e buy e = = ’
made if operating at a lonm52mA || 6V 548 58 52 534
: | 2v 0002 01 [X] 0.1
dlﬁe re nt su ppl)‘r Iy = 20 pA I 45V 0.001 0.1 01 0.1
voltage. o f [V ] [T [X] 01| v
log = 4 mA 45V 017 02 04 0.33
] low =528 / [ 015 028 04 [E)
The amount of 4 [Vi=Vogord €V 012100 =1000 s000] na
ke D) |Vi=Vecor0,(lo=0 ) &V 2 40 0] w
current that the part '_c—c," i V6V 30 10] 0] _oF
sources/sinks
influences the output | S¥tehing Character
I PULY o operating tee-ax temperature range. ¢, = 50 pF (nless otnerwse notes) (see Fipue 1)
voltage. As aresult, | [ .amerer] FRO® 10 Ve T = 25T SHEAHCOA | swrancMd |
1 NPUT) (OUTPUT) MIN TYP  MAX MIN  MAX MM MAX
the putput voltagg is = . = =
provided for a variety w A ¥ asv s Bl u| .
&V 816 2| 20
of output currents. = — = =
11 ¥ 45V 8 15 2 19 ns
&V ] 13 19| %
Operating Characteristics
T,=25°C
T TEST CONDITIONS | Tve[  unr |
[Cox  Power disspation capacitance per inverter | Ho load 1 20| oF

The lcc current is given for when 1o=0A. This is the
quiescent current. It is up to the designer to calculate how
much current will actually flow through the Vez and GND
pins based on the output load configuration.

Copyright © 1682-2010. Texas instruments Incorporaied
PProduct Folder Link{s): SNS4HCO4, SNT4HCO4

Swbmit Documentaton Feedback 3

Fig. 3.20

Example data sheet excerpt (3)

Courtesy Texas Instruments




3.2 Digital Circuit Operation

55

CC3.2(a) Given the following DC specifications for a driver/receiver pair, in what situation may a
logic signal transmitted not be successfully received?

VoH-max = +3.4v ViH-max = +3.4v
VoH-min = +2.5V ViH-min = +2.5v
VoL-max = +1.5v ViL-max = +2.0v
VoL-min = OV ViL-min = OV

A) Driving a HIGH with V,=+3.4v

B) Driving a HIGH with V,=+2.5v

C) Driving a LOW with Vo=+1.5v

D) Driving a LOW with V,=0v

CC3.2(b) For the following driver configuration, which of the following is a valid constraint that
could be put in place to prevent a violation of the maximum power supply currents
(ICC-max and |GND-max)?

Vee

lec.mm=25mA l T

+— lg(y; = +/- 10mA
Transmitting | +— lo@ =+/- 10mA
l;=~0A Circuit
(TK) +—> g »= +/- 10mA

+— lg g = +/-10mA

ot =25mA | ¢

GND

A) Modify the driver transistors so that they can’t provide more than 5mA on any
output.

B) Apply a cooling system (e.g., a heat sink or fan) to the driver chip.

C) Design the logic so that no more than half of the outputs are HIGH at any given
time.

D) Drive multiple receivers with the same output pin.

CC3.2(c) Why is it desirable to have the output of a digital circuit transition quickly between the
logic LOW and logic HIGH levels?

A) So that the outputs are not able to respond as the input transitions through the
uncertainty region. This avoids unwanted transitions.

B) So that all signals look like square waves.
C) To reduce power by minimizing the time spent switching.
D) Because the system can only have two states, a LOW and a HIGH.




56 <+ Chapter 3: Digital Circuitry and Interfacing

3.3 Logic Families

It is apparent from the prior discussion of operating conditions that digital circuits need to have
comparable input and output specifications in order to successfully communicate with each other. If a
transmitter outputs a logic HIGH as +3.4v and the receiver needs a logic HIGH to be above +4v to be
successfully interpreted as a logic HIGH, then these two circuits will not be able to communicate. In order
to address this interoperability issue, digital circuits are grouped into logic families. A logic family is a
group of parts that all adhere to a common set of specifications so that they work together. The logic
family is given a specific name and once the specifications are agreed upon, different manufacturers
produce parts that work within the particular family. Within a logic family, parts will all have the same
power supply requirements and DC input/output specifications such that if connected directly, they will be
able to successfully communicate with each other. The phrase “connected directly” is emphasized
because it is very possible to insert an interconnect circuit between two circuits within the same logic
family and alter the output voltage enough so that the receiver will not be able to interpret the correct logic
level. Analyzing the effect of the interconnect circuit is part of the digital design process. There are many
logic families that exist (up to 100 different types!) and more emerge each year as improvements are
made to circuit fabrication processes that create smaller, faster, and lower power circuits.

3.3.1 Complementary Metal Oxide Semiconductors

The first group of logic families we will discuss is called complementary metal oxide
semiconductors, or CMOS. This is currently the most popular group of logic families for digital circuits
implemented on the same integrated circuit (IC). An integrated circuit is where the entire circuit is
implemented on a single piece of semiconductor material (or chip). The IC can contain transistors,
resistors, capacitors, inductors, wires, and insulators. Modern integrated circuits can contain billions of
devices and meters of interconnect. The opposite of implementing the circuit on an integrated circuit is to
use discrete components. Using discrete components refers to where every device (transistor, resistor,
etc.) is its own part and is wired together externally using either a printed circuit board (PCB) or jumper
wires as on a breadboard. The line between ICs and discrete parts has blurred in the past decades
because modern discrete parts are actually fabricated as an IC and regularly contain multiple devices
(e.g., four logic gates per chip). Regardless, the term discrete is still used to describe components that
only contain a few components where the term IC typically refers to a much larger system that is custom
designed.

The term CMOS comes from the use of particular types of transistors to implement the digital
circuits. The transistors are created using a metal oxide semiconductor (MOS) structure. These
transistors are turned on or off based on an electric field, so they are given the name metal oxide
semiconductor field effect transistors, or MOSFETs. There are two transistors that can be built using this
approach that operate complementary to each other, thus the term complementary metal oxide
semiconductors. To understand the basic operation of CMOS logic, we begin by treating the MOSFETs
as ideal switches. This allows us to understand the basic functionality without diving into the detailed
electronic analysis of the transistors.

3.3.1.1 CMOS Operation

In CMOS, there is a single power supply (V¢ or Vpp) and a single ground (GND). The ground signal
is sometimes called Vss. The maximum input and output DC specifications are equal to the power
supply (Veec = Vormax = ViH-max)- The minimum input and output DC specification are equal to ground
(GND = 0V = VoL min = ViLmin)- In this way, using CMOS simplifies many of the specifications.
If you state that you are using “CMOS with a +3.4v power supply,” you are inherently stating that
Vee = Vor-max = ViH-max = 13.4v and that Vo _min = ViL.min = Ov. Many times the name of the logic
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family will be associated with the power supply voltage. For example, a logic family may go by the
name “+3.3v CMOS” or “+2.5v CMOS.” These names give a first-level description of the logic family
operation, but more details about the operation must be looked up in the data sheet.

There are two types of transistors used in CMOS. The transistors will be closed or open based on an
input logic level. The first transistor is called an N-type MOSFET, or NMOS. This transistor will turn on, or
close, when the voltage between the gate and source (Vgs) is greater than its threshold voltage. The
threshold voltage (V) is the amount of voltage needed to create a conduction path between the drain
and the source terminals. The threshold voltage of an NMOS transistor is typically between 0.2v and 1v
and much less than the V¢ voltage in the system. The second transistor is called a P-type MOSFET, or
PMOS. This transistor turns on, or closes, when the voltage between the gate and the source (Vgs) is
less than V1, where the V1 for a PMOS is a negative value. This means that to turn on a PMOS transistor,
the gate terminal needs to be at a lower voltage than the source. The type of transistor (i.e., P-type or
N-type) has to do with the type of semiconductor material used to conduct current through the transistor.
An NMOS transistor uses negative charge to conduct current (i.e., Negative-Type) while a PMOS uses
positive charge (i.e., Positive-Type). Figure 3.21 shows the symbols for the PMOS and NMOS, the
fabrication cross sections, and their switch-level equivalents.

Complementary Metal Oxide Field Effect Semiconductor (CMOS) Transistors

PMOS Transistor NMOS Transistor
PMOS Symbol Source (S) NMOS Symbol Drain (D) ON
Ves-
+ when when
Gate (G) = Vg 2V Gate (G) —] Vos 2 Vs
(Vr is negative) Ves® (V7 is positive)
Drain (D) Source (S)
Fabrication Cross-Section Fabrication Cross-Section
Gate Gate
Source ? Drain Drain ? Source

Metal Metal

| Oxide T | Oxide |
P \._/_ : P [ I n \_/ n

= L I =,
~ ~

~ ~
~ “

Current Flow
When ON
Switch Level Equivalent
Closed when In=0

Open when In=1

o—w

G —
(Input)

p-type Semiconductor >

v

GND
Switch Level Equivalent

Closed when In=1
Open when In=0

o—— O

G —
(Input)

S

lsurren! Flow
When ON

Fig. 3.21
CMOS transistors
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The basic operation of CMOS is that when driving a logic HIGH the switches are used to connect the
output to the power supply (Vcc), and when driving a logic LOW the switches are used to connect the
output to GND. In CMOS, V¢ is considered an ideal logic HIGH and GND is considered an ideal logic
LOW. V¢ is typically much larger than V4, so using these levels can easily turn on and off the transistors.
The design of the circuit must never connect the output to Vcc and GND at the same time or else the
device itself will be damaged due to the current flowing directly from V¢ to GND through the transistors.
Due to the device physics of the MOSFETS, PMOS transistors are used to form the network that will
connect the output to V¢ (a.k.a., the pull-up network), and NMOS transistors are used to form the
network that will connect the output to GND (a.k.a., the pull-down network). Since PMOS transistors are
closed when the input is a 0 (thus providing a logic HIGH on the output) and NMOS transistors are closed
when the inputis a 1 (thus providing a logic LOW on the output), CMOS implements negative logic gates.
This means that CMOS can implement inverters, NAND, and NOR gates but not buffers, AND, and OR
gates directly. In order to create a CMOS AND gate, the circuit would implement a NAND gate followed
by an inverter and similarly for an OR gate and buffer.

3.3.1.2 CMOS Inverter

Let's now look at how we can use these transistors to create a CMOS inverter. Consider the
transistor arrangement shown in Fig. 3.22.

CMOS Inverter Schematic
Transistor-Level Schematic Switch-Level Schematic
Vee Vee
- Closed when In=0
.- Open when In=1
| M2 M2
. out In Out
M1 M1 )
GND GND

Fig. 3.22
CMOS inverter schematic

The inputs of both the PMOS and NMOS are connected together. The PMOS is used to connect the
output to Ve and the NMOS is used to connect the output to GND. Since the inputs are connected
together and the switches operate in a complementary manner, this circuit ensures that both transistors
will never be on at the same time. When In = 0, the PMOS switch is closed and the NMOS switch is
open. This connects the output directly to V¢, thus providing a logic HIGH on the output. When In = 1,
the PMOS switch is open and the NMOS switch is closed. This connects the output directly to GND, thus
providing a logic LOW. This configuration yields an inverter. This operation is shown graphically in
Fig. 3.23.
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CMOS Inverter Operation in | Out
In _|>o— out ol 1
1 0
Operation when In=0 Operation when In=1
Vee The output is Vee
connected directly to
Vee, which is a logic
s HIGH in CMOS. st |
M2 IO M2
In=0 Out=1 In=1 Qut=0
) lo The output is
Open [ Closed M1 connected directly to
o GND, which is a
o logic LOW in CMOS.
GND GND
Fig. 3.23

CMOS inverter operation

3.3.1.3 CMOS NAND Gate

Let's now look at how we use a similar arrangement of transistors to implement a 2-input NAND
gate. Consider the transistor configuration shown in Fig. 3.24.

CMOS 2-Input NAND Gate Schematic

r-Level Schemati Switch-Level Schematic
Vee Vee Vee Vee

SR

— Out e [ Out
Q
. mN
(o]
B —|h|d; B---z\n

= =
GND GND

Fig. 3.24
CMOS 2-input NAND gate schematic
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The pull-down network consists of two NMOS transistors in series (M1 and M2) and the pull-up
network consists of two PMOS transistors in parallel (M3 and M4). Let’s go through each of the input
conditions and examine which transistors are on and which are off and how they impact the output. The
first input condition is when A = 0 and B = 0. This condition turns on both M3 and M4 creating two
parallel paths between the output and Vc. At the same time, it turns off both M1 and M2 preventing a
path between the output and GND. This input condition results in an output that is connected to V¢c
resulting in a logic HIGH. The second input condition is when A = 0 and B = 1. This condition turns on
M3 in the pull-up network and M2 in the pull-down network. This condition also turns off M4 in the pull-up
network and M1 in the pull-down network. Since the pull-up network is a parallel combination of PMOS
transistors, there is still a path between the output and V¢ through M3. Since the pull-down network is a
series combination of NMOS transistors, both M1 and M2 must be on in order to connect the output to
GND. This input condition results in an output that is connected to V¢ resulting in a logic HIGH. The third
input condition is when A = 1 and B = 0. This condition again provides a path between the output and
Vcc through M4 and prevents a path between the output and ground by having M2 open. This input
condition results in an output that is connected to V¢ resulting in a logic HIGH. The final input condition
is when A = 1 and B = 1. In this input condition, both of the PMOS transistors in the pull-up network
(M3 and M4) are off preventing the output from being connected to Vc¢. At the same time, this input turns
on both M1 and M2 in the pull-down network connecting the output to GND. This input condition results in
an output that is connected to GND resulting in a logic LOW. Based on the resulting output values
corresponding to the four input codes, this circuit yields the logic operation of a 2-input NAND gate. This
operation is shown graphically in Fig. 3.25.
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CMOS 2-Input NAND Gate Operation

A B
A — 0 0| 1
B — )= Out 0 1| 1
1 0| 1
111 0
Operation when A=0, B=0 Operation when A=0, B=1
Vee Vee Vee Vee
Closed Closed Closed Open I
A=0-- B=0-- A=0-1 B=1-- \?
M3 M4 M3 Ma
p lo p lo
Open OUt=VCC=1 Open OUt=Vcc=1
A=0-+-\° A=0 ---\"’
M1 M
B=0--- 2 B=1 --- E
M2 M2
GND GND

Operation when A=1, B=0

Vee

Open I

Vee

Closed

A=1-{-\" |B=0:-
M3 M4

A=1 =1 E
M1

B=0 ---

c..

lo
OUt=VCC= 1

9]
=
w]

Fig. 3.25

Operation when A=1, B=1

———— Out=GND=0

o]

CMOS 2-input NAND gate operation

Creating a CMOS NAND gate with more than two inputs is accomplished by adding additional
PMGQOS transistors to the pull-up network in parallel and additional NMOS transistors to the pull-down

network in series. Figure 3.26 shows the schematic for a 3-input NAND gate. This procedure is followed
for creating NAND gates with larger numbers of inputs.
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CMOS 3-Input NAND Gate Schematic Vee Vee Vi
A hou Al e[ o
C —_ [ M5 M6

—— Out
A B C|Out A_u;
00 0] 1
00 1] 1
0101 B
01 1] 1 _u;
10 0f 1
10 1] 1 _|
11 0] 1 C
11110 n!;

Fig. 3.26
CMOS 3-input NAND gate schematic

If the CMOS transistors were ideal switches, the approach of increasing the number of inputs could
be continued indefinitely. In reality, the transistors are not ideal switches and there is a limit on how many
transistors can be added in series and continue to operate. The limitation has to do with ensuring that
each transistor has enough voltage to properly turn on or off. This is a factor in the series network
because the drain terminals of the NMOS transistors are not all connected to GND. If a voltage develops
across one of the lower transistors (e.g., M3), then it takes more voltage on the input to turn on the next
transistor up (e.g., M2). If too many transistors are added in series, then the uppermost transistor in the
series may not be able to be turned on or off by the input signals. The number of inputs that a logic gate
can have within a particular logic family is called its fan-in specification. When a logic circuit requires a
number of inputs that exceeds the fan-in specification for a particular logic family, then additional logic
gates must be used. For example, if a circuit requires a 5-input NAND gate but the logic family has a
fan-in specification of 4, this means that the largest NAND gate available only has 4-inputs. The 5-input
NAND operation must be accomplished using additional circuit design techniques that use gates with
4 or less inputs. These design techniques will be covered in Chap. 4.

3.3.1.4 CMOS NOR Gate

A CMOS NOR gate is created using a similar topology as a NAND gate with the exception that the
pull-up network consists of PMOS transistors in series and the pull-down network that consists of NMOS
transistors in parallel. Consider the transistor configuration shown in Fig. 3.27.


http://dx.doi.org/10.1007/978-3-319-34195-8_4
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CMOS 2-Input NOR Gate Schematic
Transistor-Level Schematic =~ Switch-Level Schematic
VCC VCC
o
M3
B-
M4
Out
A-- B--
M1 M2
GND GND

Fig. 3.27
CMOS 2-input NOR gate schematic

The series configuration of the pull-up network will only connect the output to Vcc when both inputs
are 0. Conversely, the pull-down network prevents connecting the output to GND when both inputs are
0. When either or both of the inputs are true, the pull-up network is off and the pull-down network is
on. This yields the logic function for a NOR gate. This operation is shown graphically in Fig. 3.28. As with
the NAND gate, the number of inputs can be increased by adding more PMOS transistors in series in the
pull-up network and more NMOS transistors in parallel in the pull-down network.
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CMOS 2-Input NOR Gate Operation

A B
A 0 0| 1
B :I>°‘ Out 0o 1] o
1 0] 0
1 1] 0
Operation when A=0, B=0 Operation when A=0, B=1
Vee Vee
Closed Closed
A=0-- A=0--
M3 M3
Closed Open
B=0-- t_’: B=1--\"
M4 |O M4
Out=Vec=1 L Out=GND=0

A=0--

M

B=
1

M2

GND GND

Operation when A=1, B=0

Operation when A=1, B=1

Vee

Vee
Open I Open I

A=1 -;g\o A=1 -;‘3\0

Closed Open
o

B=0-- (‘: B=1--

M4 M4\’

L Out=GND=0 L Out=GND=0

1Set Opan l lo Closed lo

B=0-- A=1-- | | B=1-

M2 M1 M2

4 A J

GND GND GND GND

Fig. 3.28
CMOS 2-input NOR gate operation

The schematic for a 3-input NOR gate is given in Fig. 3.29. This approach can be used to increase
the number of inputs up until the fan-in specification of the logic family is reached.
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CMOS 3-Input NOR Gate Schematic Vi
A A-Gl[T
B @o— Qut Ma
C
5[
M5
A B C| Out
00 0f 1
C
0010 —th;
0100 -
0110 Out
1 00| 0
10110
1 1 0 0 A_|M! B_|M[2 C_'IMB
114 1410
GND GND GND

Fig. 3.29
CMOS 3-input NOR gate schematic

3.3.2 Transistor-Transistor Logic

One of the first logic families that emerged after the invention of the integrated circuit was transistor-
transistor logic (TTL). This logic family uses bipolar junction transistor (BJT) as its fundamental switching
item. This logic family defined a set of discrete parts that contained all of the basic gates in addition to
more complex building blocks. TTL was used to build the first computer systems in the 1960s. TTL is not
widely used today other than for specific applications because it consumes more power than CMOS and
cannot achieve the density required for today’s computer systems. TTL is discussed because it was the
original logic family based on integrated circuits, so it provides a historical perspective of digital logic.
Furthermore, the discrete logic pin-outs and part-numbering schemes are still used today for discrete
CMOS parts.

3.3.2.1 TTL Operation

TTL logic uses BJT transistors and resistors to accomplish the logic operations. The operation of a
BJT transistor is more complicated than an MOSFET; however, it performs essentially the same switch
operation when used in a digital logic circuit. An input is used to turn the transistor on, which in turn allows
current to flow between two other terminals. Figure 3.30 shows the symbol for the two types of BJT
transistors. The PNP transistor is analogous to a PMOS and the NPN is analogous to an NMOS. Current
will flow between the Emitter and Collector terminals when there is a sufficient voltage on the Base
terminal. The amount of current that flows between the Emitter and Collector is related to the current
flowing into the Base. The primary difference in operation between BJTs and MOSFETs is that BJTs
require proper voltage biasing in order to turn on and also draws current through the BASE in order to
stay on. The detailed operation of BJTs is beyond the scope of this text, so an overly simplified model of
TTL logic gates is given.
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Bipolar Junction Transistors (BJT)

PNP Transistor NPN Transistor
PNP Symbol Emitter (E) NPN Symbol Collector (C)
Base (B) Base (B)
Collector (C) Emitter (E)
Overly Simplified Switch Overly Simplified Switch
Level Equivalent E Level Equivalent
Closed when Vg<V¢ Closed when Vg>Ve
Open when Vg=>V; Open when V<V,
B — B —
(Input) (Input)
Cc E

Fig. 3.30
PNP and NPN transistors

Figure 3.31 shows a simplified model of how TTL logic operates using BJTs and resistors. This
simplified model does not show all of the transistors that are used in modern TTL circuits but instead is
intended to provide a high-level overview of the operation. This gate is an inverter that is created with an
NPN transistor and a resistor. When the input is a logic HIGH, the NPN transistor turns on and conducts
current between its collector and emitter terminals. This in effect closes the switch and connects the
output to GND providing a logic LOW. During this state, current will also flow through the resistor to GND
through Q1, thus consuming more power than the equivalent gate in CMOS. When the input is a logic
LOW, the NPN transistor turns off and no current flows between its collector and emitter. This, in effect, is
an open circuit leaving only the resistor connected to the output. The resistor pulls the output up to V¢
providing a logic HIGH on the output. One drawback of this state is that there will be a voltage drop
across the resistor, so the output is not pulled fully to Vcc.
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BJT Inverter Operation (Simplified) Operation when In=1
Vcc VCC
In —I>w Out
lint
R| . Ri
In_| Out
ol 1 Qut _ Out=LOW=0
110 In=1 -, ON I lo
"\ T 2) The output is
. 2 oo connected to GND
TTL Inverter Schematic (Simplified) 1) The input through Q1.
v GND voltage is high G D Notice that there
cc enough to is an internal
turn on Q1. current that flows
through the circuit.
Ri
Operation when In=0
t
o Vee Vee
In =
a5 R4 R4 Iy
GND out _ Out = HIGH = 1
In=0 —{, OFF 2) The output is
connected to Ve
1) The input through the resistor.
GND voltage is too There will be a voltgge
low to turn Q1 drop across Ry which
on. limits how much voltage
is provided at the output.
Fig. 3.31
TTL inverter

3.3.3 The 7400 Series Logic Families

The 7400 series of TTL circuits became popular in the 1960s and 1970s. This family was based on
TTL and contained hundreds of different digital circuits. The original circuits came in either plastic or
ceramic Dual-In-Line packages (DIP). The 7400 TTL logic family was powered off of a +5v supply. As
mentioned before, this logic family set the pin-outs and part-numbering schemes for modern logic
families. There were many derivatives of the original TTL logic family that made modifications to improve
speed and reliability, decrease power, and reduce power supplies. Today’s CMOS logic families within
the 7400 series still use the same pin-outs and numbering schemes as the original TTL family. It is useful
to understand the history of this series because these parts are often used in introductory laboratory
exercises to learn how to interface digital logic circuits.
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3.3.3.1 Part-Numbering Scheme

The part numbering scheme for the 7400 series and its derivatives contains five different fields:
(1) manufacturer, (2) temperature range, (3) logic family, (4) logic function, and (5) package type. The
breakdown of these fields is shown in Fig. 3.32.

7400 Series Part Numbering Scheme
Manufacturer

SN = Texas Instruments S N 74 H C O 0 E

DM = National Semiconductor
DM or MM = Fairchild Semiconductor
TC = Toshiba

Note: This field originally had meaning, but today the same codes
are used for different manufacturers and it is often omitted.

Temperature Range

74 = Commercial
(-40°C to +85°C)

54 = Military
(-55°C to +125°C)
Logic Family
none = TTL “the original” Note: There are over 30 logic families that
L =TTL Low Power have derived from the original 7400 series.
H  =TTL High Speed The term “7400 series” is now used to
LS =TTL Low Power Schottky  describe this cluster of logic families.
C =CMOS

HC = CMOS High Speed

HCT = CMOS, High Speed, TTL compatible
AC =CMOS Advanced

ACH = CMOS Advanced High Speed

Logic Function
04 = Inverter(s)

08 = 2-Input AND Gate(s) Package
;1 fi-::pﬂt 233 g:::{:; N = Plastic Dual-In-Line Package (DIP)
S eohrnoR Gate(s) D = Plastic Small Outline IC (SOIC)

T =i NS = Small-Outline Package (SOP)

4075 = 3-Input OR Gate(s)

00 = 2-Input NAND Gate(s) DB = Shrink Small-Outline Package (SSOP)

PW = Thin-Shrink Small Outline Package(TSSOP)

10 = 3-Input NAND Gate(s)
20 = 4-Input NAND Gate(s)
02 =2-Input NOR Gate(s)

27 =3-Input NOR Gate(s)  Note: There are hundreds of function codes.

4002= 4-Input NOR Gate(s)  Not all logic families implement all functions.
74 = D-Flip-Flop(s)

Fig. 3.32
7400 series part-numbering scheme
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3.3.3.2 DC Operating Conditions

Table 3.2 gives the DC operating conditions for a few of the logic families within the 7400 series.
Notice that the CMOS families consume much less power than the TTL families. Also notice thatthe TTL
output currents are asymmetrical. The differences between the Ioy and I within the TTL families have
to do with the nature of the bipolar transistors and the resistors used to create the pull-up networks within
the devices. CMOS has symmetrical drive currents due to using complementary transistors for the pull-
up (PMQOS) and pull-down networks (NMOS).

DC Operating Conditions for a Sample of 7400 Series Logic Families

DC Operating Condition Speed

Logic
Year (MHz)

Family Vee (Vormax Vormin | Voimax Vormin | ViHmax | Vikmin | Viimax | Vitmin | lec | lomax iy

Orig. (TTL) 1964 +5 +5 | +24  +04 | GND 45 +2 | +0.8 | GND @ 40m  -4/+16m | 25
LS (TTL) 1976 +5 +5 +24 | +04 GND @ +5 +2 +0.8 GND | 88m -4/+Bm 40
HC (CMOS) 1982 +2-6  Vee 0.8Vee 033 | GND | Vee 0.7Vee 0.3Vee GND | 40u | +/-25m 50

AC (CMOS) 1985 +2-6 Vee 0.8Vee 033 | GND | Voo 0.7Vee 0.3Vee GND | 80u | +/-50m 125

Note 1: All voltage specifications have units of volts. All current specifications have units of amps.

Note 2: The Vg and V, specifications for the AC and HC logic families are worst case and vary
depending on the V¢ selection and the output current.

Note 3: All specifications are given for the commercial temperature range (74 series).

Table 3.2
DC operating conditions for a sample of 7400 series logic families

3.3.3.3 Pin-Out Information for the DIP Packages

Figure 3.33 shows the pin-out assignments for a subset of the basic gates from the 74HC logic
family in the Dual-In-Line package form factor. Most of the basic gates within the 7400 series follow these
assignments. Notice that each of these basic gates comes in a 14-pin DIP package, each with a single
Ve and single GND pin. It is up to the designer to ensure that the maximum current flowing through the
Vcc and GND pins does not exceed the maximum specification. This is particularly important for parts
that contain numerous gates. For example, the 74HCO00 part contains four, 2-input NAND gates. If each
of the NAND gates was driving a logic HIGH at its maximum allowable output current (i.e., 25 mA from
Fig. 3.19), then a total of 4-25 mA + I, = ~100 mA would be flowing through its V¢ pin. Since the Vcc
pin can only tolerate a maximum of 50 mA of current (from Fig. 3.19), the part would be damaged since
the output current of ~100 mA would also flow through the V¢ pin. The pin-outs in Fig. 3.33 are useful
when first learning to design logic circuits because the DIP packages plug directly into a standard
breadboard.
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Pin-outs for a subset of Basic Gates from the 74HC Logic Family in DIP Packages

74HCO04 - Inverter 74HC32 - 2-Input OR 74HC4075 - 3-Input OR

HHAHNAABABAHA HHAHBAABAH FHHBHAHAEHRHA
> -1 >

_—D-—‘DI%

) ) ) >
o ] "By o i o
& & 5
M HBEHHEH g HHEHBHH O HEHBHEH
74HCO08 - 2-Input AND 74HC11 - 3-Input AND 74HC21 - 4-Input AND
HAHHAHH Bl HHAHAHBEHAEH LA HHHAEHAEH
S $ $ g
=D, |
) ) )
D D o » o P' o
= = g =
Q o [S]
N HBEHHHH Y HEHHH g HEHHEH
74HCO0 - 2-Input NAND 74HC10 - 3-Input NAND 74HC20 - 4-Input NAND

FAAAAAR AARAAARA FAAABAARA

| [P L
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1T

[CJGND

[CJGND
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[CJGND

dBHdbHHH ddHbHHH ddHHHH
74HC02 2-Input NOR 74HC27 - 3-Input NOR 74HC4002 - 4-Input NOR
EANHBARH HHBEHBHBAAH FHEHA B _Fl _H
| s |CE :

L)
ey U m e

ddHbEHH

[TJGND
[TJGND

Fig. 3.33
Pin-outs for a subset of basic gates from the 74HC logic family in DIP packages
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CC3.3 Why doesn'’t the following CMOS transistor configuration yield a buffer?
Vee = +3.4v Assume that the Vy of the NMOS
is small enough that Vgs > 0 will
D / turn on the transistor.

The output (Out) can only take
on values between Ov and +3.4v

In Out —

The input (In) switches

between Ov and +3.4v Assume that the V; of the PMOS

is small enough that Vgs < 0 will
GND turn on the transistor.

A) In order to turn on the NMOS transistor, Vas needs to be greater than zero. In
the given configuration, the gate terminal of the NMOS (G) needs to be driven
above the source terminal (S). If the source terminal was at +3.4v, then the input
(In) would never be able to provide a positive enough voltage to ensure the
NMOS is on because “In” doesn’t go above +3.4v.

B) There is no way to turn on both transistors in this configuration.

C) The power consumption will damage the device because both transistors will
potentially be on.

D) The sources of the two devices can’t be connected together without causing a
short in the device.

3.4 Driving Loads

At this point we've discussed in depth how proper care must be taken to ensure that not only do the
output voltages of the driving gate meet the input specifications of the receiver in order to successfully
transmit 1s and Os, but that the output current of the driver does not exceed the maximum specifications
so that the part is not damaged. The output voltage and current for a digital circuit depend greatly on the
load that is being driven. The following sections discuss the impact of driving some of the most common
digital loads.

3.4.1 Driving Other Gates

Within a logic family, all digital circuits are designed to operate with one another. If there is minimal
loss or noise in the interconnect system, then 1s and Os will be successfully transmitted and no current
specifications will be exceeded. Consider the example in Example 3.3 for an inverter driving another
inverter from the same logic family.
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Example: Determining if Specifications are Violated When Driving Another Gate as a Load

Given: 74HC04 Specifications +3.4v +3.4v
l.max = 1uA
Iq = 20uA —
IOAmax =25mA IO - [I =1uA

lec.max = S0mMA

GND GND

Find: Were lg.max Or lcc.max Violated?

Solution: The maximum input current of the load (e.g., the receiving inverter) is 1uA. This
means that the | for the driver will be 1uA because the load sets the output current. This is
far below the maximum output current of 25mA so the lo.max Specification is not violated.

The driver will draw |, through its Ve pin to power its functional operation. In addition to I,
the driver will also pull a current equal to lp through the Ve pin while driving a logic HIGH.
This means the maximum current pulled through the Ve pinis I + lo = 20uA + 1uA = 21uUA.
Again, this is well below the specification for the maximum amount of current that can flow
through the Vee pin (50mA) so the lcc-max specification is also not violated.

Example 3.3
Determining if Specifications Are Violated When Driving Another Gate as a Load

From this example, it is clear that there are no issues when a gate is driving another gate from
the same family. This is as expected because that is the point of a logic family. In fact, gates are
designed to drive multiple gates from within their own family. Based solely on the DC specifications for
input and output current, it could be assumed that the number of other gates that can be driven is
simply lo.max/li.max- For the example in Example 3.3, this would result in a 74HC gate being able to drive
25,000 other gates (i.e., 25 mA/1 pA = 25,000). In reality, the maximum number of gates that can be
driven is dictated by the switching characteristics. This limit is called the fan-out specification. The
fan-out specification states the maximum number of other gates from within the same family that can be
driven. As discussed earlier, the output signal needs to transition quickly through the uncertainty region
so that the receiver does not have time to react and go to an unknown state. As more and more gates are
driven, this transition time is slowed down. The fan-out specification provides a limit to the maximum
number of gates from the same family that can be driven while still ensuring that the output signal
transitions between states fast enough to avoid the receivers from going to an unknown state. Example
3.4 shows the process of determining the maximum output current that a driver will need to provide when
driving the maximum number of gates allowed by the fan-out specification.
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Example: Determining the Output Current When Driving Multiple Gates as the Load
II[1|

Given: 74HCO04 Specifications
Fan-out=3

lmax=TUA lo . hi2) by
Driving the maximum gates _DC > 2>
allowed by fan-out.

|lm

YYY

Find: lg
Solution: The fan-out specification is 3, which means that the transmitting inverter can drive
up to 3 other gates from its own logic family. Each of the receivers will draw their input
current of )=1uA, which will be provided by the driver. The total amount of output current
from the driver is 3-1uA = 3uA.

Example 3.4
Determining the Output Current When Driving Multiple Gates as the Load

3.4.2 Driving Resistive Loads

There are many situations where a resistor is the load in a digital circuit. A resistive load can be an
actual resistor that is present for some other purpose such as a pull-up, pull-down, or for impedance
matching. More complex loads such as buzzers, relays, or other electronics can also be modeled as a
resistor. When a resistor is the load in a digital circuit, care must be taken to avoid violating the output
current specifications of the driver. The electrical circuit analysis technique that is used to evaluate how a
resistive load impacts a digital circuit is Ohm’s law. Ohm’s law is a very simple relationship between the
current and voltage in a resistor. Figure 3.34 gives a primer on Ohm’s law. For use in digital circuits, there
are only a select few cases that this technique will be applied to, so no prior experience with Ohm’s law is
required at this point.

A Primer on Ohm's Law

Ohm's Law describes the relationship between current and voltage in a resistor. This
simple equation is used in nearly all electrical circuit analysis. The equation is as follows:

+

V=I'-R \ R ll

A resistor is characterized by its resistance, which describes how much current will flow when
a voltage is present across its two terminals. The units for resistance are Ohms (€2 = Volts /
Amp). The current in Ohm's Law is defined to flow from the + to — of the voltage.

Example: Use Ohm's Law to find the current flowing through the following resistor.

+ Solution: Plugging the parameters directly into Ohm'’s Law
we find:
V=434 & R=1kQ vV = IR
3.4 =1-(1k)
. l | .
1=0.0034 A=3.4mA

Fig. 3.34
A primer on Ohm’s law
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Let's see how we can use Ohm’s law to analyze the impact of a resistive load in a digital circuit.
Consider the circuit configuration in Example 3.5 and how we can use Ohm’s law to determine the output
current of the driver. The load in this case is a resistor connected between the output of the driver and the
power supply (+5v). When driving a logic HIGH, the output level will be approximately equal to the power
supply (i.e., +5v). Since in this situation both terminals of the resistor are at +5v, there is no voltage
difference present. That means when plugging into Ohm’s law, the voltage component is Ov, which gives
0 amps of current. In the case where the driver is outputting a logic LOW, the output will be approximately
GND. In this case, there is a voltage drop of +5v across the resistor (5v-0v). Plugging this into Ohm’s law
yields a current of 50 mA flowing through the resistor. This can become problematic because the current
flows through the resistor and then into the output of the driver. For the 74HC logic family, this would
exceed the o max specification of 25 mA and damage the part. Additionally, as more current is drawn
through the output, the output voltage becomes less and less ideal. In this example, the first order
analysis uses Vo = GND. In reality, as the output current increases, the output voltage will move further
away from its ideal value and may eventually reach a value within the uncertainty region.

Example: Determining the Output Current When Driving a Pull-Up Resistor as the Load
Given: The following circuit configuration. 5V
+5v
Find: lo R= 10002
Solution: We need to solve for
when the driver outputs both a
HIGH and LOW. =
GND
Equivalent Circuit When Driving a HIGH Eguivalent Circuit When Driving a LOW
+5v +5v
+5v R
10002 +5v +5v
IH |H
Vo=+5v R R
= 100Q l 100Q2 l
+5v Ov
GND GND
The voltage across the resistor is the The voltage across the resistor is the
difference between the voltages on its two difference between the voltages on its two
terminals. In this situation, it is (5-5 = Ov). terminals. In this situation, it is (5-0 = 5v).
Plugging into Ohm’s Law we get: Plugging into Ohm'’s Law we get:
V=IR V=IR
0 =1-(100) 5=1-(100)
B v
I=0A 1 =0.05 A=50mA
Since there is no voltage across the This 50mA will flow through the resistor and
resistor, there is no current flowing. into the driver's output pin and then through
the GND pin. Care must be taken that this
current does not exceed the |o specifications
for the driver.
Example 3.5

Determining the Output Current When Driving a Pull-Up Resistor as the Load
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A similar process can be used to determine the output current when driving a resistive load between
the output and GND. This process is shown in Example 3.6.

Example: Determining the Output Current When Driving a Pull-Down Resistor as the Load

GND

The voltage across the resistor is
(3.4-0 = 3.4v). Plugging into Ohm's Law

Given: The following circuit configuration. ~ T9:4V

Find: lo

Solution: We need to solve for - R= 3000

when the driver outputs both a GND

HIGH and LOW. = GND

Equivalent Circuit When Driving a HIGH Equivalent Circuit When Driving a LOW
+3.4v +3.4v

Ov

Ir

R
3000 3000 l

Ov
GND

The voltage across the resistor is

(0-0 = 0v). Plugging into Ohm's Law we

we get: get:
V=IR \
0

IR
3.4 = 1-(300) :
v

1-(300)

o+

1=0.011 A=11mA I=0A
This current flows from the power supply of
the driver through the output pin and then
through the resistor to GND.

No current flows through the resistor in this
situation.

Example 3.6
Determining the Output Current When Driving a Pull-Down Resistor as the Load

3.4.3 Driving LEDs

A light-emitting diode (LED) is a very common type of load that is driven using a digital circuit. The
behavior of diodes is typically covered in an analog electronics class. Since it is assumed that the reader
has not been exposed to the operation of diodes, the behavior of the LED will be described using a highly
simplified model. A diode has two terminals, the anode and cathode. Current that flows from the anode to
the cathode is called the forward current. A voltage that is developed across a diode from its anode to
cathode is called the forward voltage. A diode has a unique characteristic that when a forward voltage is
supplied across its terminal, it will only increase up to a certain point. The amount is specified as the LED’s
forward voltage (v¢) and is typically between 1.5v and 2v in modern LEDs. When a power supply circuit is
connected to the LED, no current will flow until this forward voltage has been reached. Once it has been
reached, current will begin to flow and the LED will prevent any further voltage from developing across
it. Once current flows, the LED will begin emitting light. The more current that flows, the more light that will
be emitted up until the point that the maximum allowable current through the LED is reached and then the
device will be damaged. When using an LED, there are two specifications of interest: the forward voltage
and the recommended forward current. The symbols for a diode and an LED are given in Fig. 3.35.
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Symbols for Diodes and Light Emitting Diodes (LED)
Symbol for a Diode Symbol for a Light Emitting Diode (LED)
Anode
Forward . Forward
Voltage ' l I Current \\'l
Cathode

Fig. 3.35
Symbols for a diode and a light-emitting diode

When designing an LED driver circuit, a voltage must be supplied in order to develop the forward
voltage across the LED so that current will flow. A resistor is included in series with the LED for two
reasons. The first reason is to provide a place for any additional voltage provided by the driver to develop
in the situation that V, > V;, which is most often the case. The second reason for the resistor is to set the
output current. Since the voltage across the resistor will be a fixed amount (i.e., V, — Vs), then the value
of the resistor can be chosen to set the current. This current is typically set to an optimum value that turns
on the LED to a desired luminosity while also ensuring that the maximum output current of the driver is
not violated. Consider the LED driver configuration shown in Example 3.7 where the LED will be turned

on when the driver outputs a HIGH.

Example: Determining the Output Current When driving an LED where HIGH=0ON

Given: V, =+2v i
I (rec) =10mA

Find: R to achieve the recommended forward
current of 10mA through the LED.

Solution: When the driver outputs a logic LOW, it will =
provide Vo=0v. This means there will be no voltage
that develops across the series combination of the Qﬂ
resistor and LED. Since there is not enough voltage

to meet the forward voltage requirements of the LED, =

no current will flow and the LED will be OFF.

When the driver outputs a logic HIGH, it will provide Vo=+5v. This voltage will develop
across the series combination of the resistor and LED. The LED will increase up to its
forward voltage of +2v and then remain there. The rest of the output voltage will develop
across the resistor (e.g., +3v). We can choose the value of the resistor to set the current
that will flow through the series combination using Ohm's Law since we know the voltage
across the resistor and the desired current. In this case, the LED will be ON when the
driver outputs a logic HIGH. +5y

V=IR
3=(10mA)R

R=3000Q

Example 3.7
Determining the Output Current When Driving an LED where HIGH = ON
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Example 3.8 shows another example of driving an LED, but this time using a different configuration
where the LED will be on when the driver outputs a logic LOW.

Example: Determining the Output Current When Driving an LED where LOW=0N

Given: V =+1.8v +3.4v
If (rec) =4mA

Find: R to achieve the recommended forward current R

of 4mA through the LED. +3.4v

Solution: When the driver outputs a logic HIGH, it will %

provide Vo=+3.4v. This means there will be no voltage
that develops across the series combination of the
resistor and LED since the other end of the combination
is also at +3.4. This means when driving a logic HIGH,
the LED will be OFF.

When the driver outputs a logic LOW, it will provide
Vo=0v. Since the resistor is tied to +3.4v, this voltage
will develop across the series combination of the resistor
and LED. The LED will increase up to its forward
voltage of +1.8v and then remain there. The rest of the
output voltage will develop across the resistor (e.g.,
+1.6v). We can choose the value of the resistor to set
the current that will flow through the series combination
using Ohm'’s Law since we know the voltage across the
resistor and the desired current. In this case, the LED
will be ON when the driver outputs a logic LOW.

V=IR
1.6 =(4mA)R
R =400 0Q

Example 3.8
Determining the Output Current When Driving an LED where HIGH = OFF

CC3.4 A fan-out specification is typically around 6-12. If a logic family has a maximum output
current specification of lo-max=25mA and a maximum input current specification of only .
max=1UA, a driver could conceivably source up to 25,000 gates (lo-max/li-max = 25mA/1uA =
25,000) without violating its maximum output current specification. Why isn’t the fan-out
specification then closer to 25,0007

A) The fan-out specification has significant margin built into it in order to protect the
driver.

B) Connecting 25,000 loads to the driver would cause significant wiring congestion
and would be impractical.

C) The fan-out specification is in place to reduce power, so keeping it small is
desirable.

D) The fan-out specification is in place for AC behavior. It ensures that the AC
loading on the driver doesn’t slow down its output rise and fall times. If too many
loads are connected, the output transition will be too slow and it will reside in the
uncertainty region for too long leading to unwanted switching on the receivers.
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Summary

The operation of a logic circuit can be
described using either a logic symbol, a
truth table, a logic expression, or a logic
waveform.

Logic gafes represent the most basic
operations that can be performed on binary
numbers. They are BUF, INV, AND, NAND,
OR, NOR, XOR, and XNOR.

XOR gates that have a number of inputs
greater than two are created using a cascade
of 2-input XOR gates. This implementation
has more practical applications such as arith-
metic and error detection codes.

The logic level describes whether the electri-
cal signal representing one of the two states
is above or below a switching threshold
region. The two possible values that a logic
level can be are HIGH or LOW.

The logic value describes how the logic
levels are mapped into the two binary codes
0 and 1. In positive logic a HIGH = 1 and a
LOW = 0. In negative logic a HIGH = 0 and
aLOW = 1.

Logic circuits have DC specifications that
describe  how input voltage levels
are interpreted as either HIGHs or LOWs
(VIH—maX1 VIH—mina VIL—max: and VIL—min)-
Specifications are also given on what output
voltages will be produced when driving a
HIGH or LOW (VOH-maX1 VOH-minv VOL-maXy
and VOL—min)-

In order to successfully transmit digital infor-
mation, the output voltages of the driver that
represent a HIGH and LOW must arrive at
the receiver within the voltage ranges that
are interpreted as a HIGH and LOW. If the
voltage arrives at the receiver outside of
these specified input ranges, the receiver
will not know whether a HIGH or LOW is
being transmitted.

Logic circuits also specify maximum current
levels on the power supplies (lvcc, lgna),
inputs (I..max), and outputs (lo.max) that may

Exercise Problems

Section 3.1: Basic Gates

3.1.1

3.1.2

Give the truth table for a 3-input AND gate with
the input variables A, B, and C and output F.

Give the truth table for a 3-input OR gate with
the input variables A, B, and C and output F.

not be exceeded. If these levels are
exceeded, the circuit may not operate prop-
erly or be damaged.

The current exiting a logic circuit is equal to
the current entering.

When a logic circuit sources current to a load,
an equivalent current is drawn into the circuit
through its power supply pin.

When a logic circuit sinks current from a load,
an equivalent current flows out of the circuit
through its ground pin.

The type of load that is connected to the
output of a logic circuit dictates how much
current will be drawn from the driver.

The quiescent current (I or l.c) is the current
that the circuit always draws independent of
the input/output currents.

Logic circuits have AC specifications that
describe the delay from the input to the out-
put (tpLh, tprL) @and also how fast the outputs
transition between the HIGH and LOW levels
(th tf)

A logic family is a set of logic circuits that are
designed to operate with each other.

The fan-in of a logic family describes the
maximum number of inputs that a gate
may have.

The fan-out of a logic family describes the
maximum number of other gates from within
the same family that can be driven simulta-
neously by one gate.

CMOS logic is the most popular family series
in use today. CMOS logic uses two
transistors (NMOS and PMOS) that act as
complementary switches. CMOS transistors
draw very low quiescent current and can be
fabricated with extremely small feature sizes.
In CMOS, only inverters, NAND gates, and
NOR gates can be created directly. If it is
desired to create a buffer, AND gate, or OR
gate, an inverter is placed on the output of
the original inverter, NAND, or NOR gate.

Give the truth table for a 3-input XNOR gate
with the input variables A, B, and C and
output F.

Give the logic expression for a 3-input AND
gate with the input variables A, B, and C and
output F.



Exercise Problems =+ 79

Give the logic expression for a 3-input OR gate
with the input variables A, B, and C and
output F.

Give the logic expression for a 3-input XNOR
gate with the input variables A, B, and C and
output F.

Give the logic waveform for a 3-input AND gate
with the input variables A, B, and C and
output F.

Give the logic waveform for a 3-input OR gate
with the input variables A, B, and C and
output F.
Give the logic waveform for a 3-input XNOR
gate with the input variables A, B, and C and
output F.

Section 3.2: Digital Circuit Operation

3.21

3.2.2

3.23

3.24

3.25

3.2.6

3.2.7

Using the DC operating conditions from
Table 3.2, give the noise margin HIGH (NMy)
for the 74LS logic family.

Using the DC operating conditions from
Table 3.2, give the noise margin LOW (NM_)
for the 74LS logic family.

Using the DC operating conditions from
Table 3.2, give the noise margin HIGH (NMy)
for the 74HC logic family with Ve = +5v.

Using the DC operating conditions from
Table 3.2, give the noise margin LOW (NM_)
for the 74HC logic family with Vcc = +5v.

Using the DC operating conditions from
Table 3.2, give the noise margin HIGH (NMy)
for the 74HC logic family with Ve = +3.4v.

Using the DC operating conditions from
Table 3.2, give the noise margin LOW (NM_)
for the 74HC logic family with Vcc = +3.4v.

For the driver configuration in Fig. 3.36, give
the current flowing through the V¢c pin.

Vee
oo™ 7 J, Ti lo= 40uA

Vo ()= HIGH lo(1) = 8mA
—
Voz=HIGH lo@=8mA
-
Transmitting —_—
Circuit Vo = HIGH lo 3) = 8BmA
(Tx) —
Vo (4= HIGH lo ) = 8mA
—
leno=7? l ¢
GND
Fig. 3.36

Driver Configuration 1

3.2.8

3.2.9

ec=7? l

For the driver configuration in Fig. 3.36, give
the current flowing through the GND pin.

For the driver configuration in Fig. 3.37, give
the current flowing through the Vcc pin.

Vee

Tl lg= 1mA

Vo 1= HIGH lo (1) = 10mA

P —_

Transmitting

Circuit Vo (2= LOW lo 2y = 10mA

(Tx) <

lgno=? l ¢
GND
Fig. 3.37

3.2.10

3.2.11

3.2.12

3.2.13

3.2.14

3.2.15

3.2.16

Driver Configuration 2

For the driver configuration in Fig. 3.37, give
the current flowing through the GND pin.

Using the data sheet excerpt from Fig. 3.20,
give the maximum propagation delay (toq) for
the 74HCO04 inverter when powered with
Vee = +2v.

Using the data sheet excerpt from Fig. 3.20,
give the maximum propagation delay from low
to high (tpLn) for the 74HCO4 inverter when
powered with Ve = +2v.

Using the data sheet excerpt from Fig. 3.20,
give the maximum propagation delay from high
to low (tpy.) for the 74HCO4 inverter when
powered with Ve = +2v.

Using the data sheet excerpt from Fig. 3.20,
give the maximum transition time (t) for the
74HC04 inverter when powered with
VCC = +2v.

Using the data sheet excerpt from Fig. 3.20,
give the maximum rise time (t;) for the 74HC04
inverter when powered with Vcc = +2v.

Using the data sheet excerpt from Fig. 3.20,

give the maximum fall time (t;) for the 74HC04
inverter when powered with Ve = +2v.

Section 3.3: Logic Families

3.3.1

3.3.2

3.3.3

3.34

3.3.5

Provide the transistor-level schematic for a

4-input NAND gate.

Provide the transistor-level
4-input NOR gate.

Provide the transistor-level
2-input AND gate.

Provide the transistor-level
2-input OR gate.

Provide the transistor-level
buffer.

schematic for a

schematic for a

schematic for a

schematic for a
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Section 3.4: Driving Loads

3.4.1 In the driver configuration shown in Fig. 3.38,
the buffer is driving its maximum fan-out speci-
fication of 6. The maximum input current for
this logic family is I, = 1 nA. What is the maxi-
mum output current (lp) that the driver will need
to source?

-

YYYYYY

Fig. 3.38
Driver Configuration 3

3.4.2  Forthe pull-down driver configuration shown in
Fig. 3.39, calculate the value of the pull-down
resistor (R) in order to ensure that the output
current does not exceed 20 mA.

+5v

GND

Fig. 3.39
Driver Configuration 4

3.4.3

344

3.4.5

For the pull-up driver configuration shown in
Fig. 3.40, calculate the value of the pull-up
resistor (R) in order to ensure that the output
current does not exceed 20 mA.

+3.4v

GND
Fig. 3.40
Driver Configuration 5

For the LED driver configuration shown in
Fig. 3.41 where an output of HIGH on the driver
will turn on the LED, calculate the value of the
resistor (R) in order to set the LED forward
current to 5 mA. The LED has a forward volt-
age of 1.9v.

+3.4v

GND

¢4

GND

Fig. 3.41
Driver Configuration 6

For the LED driver configuration shown in
Fig. 3.42 where an output of LOW on the driver
will turn on the LED, calculate the value of the
resistor (R) in order to set the LED forward
current to 5 mA. The LED has a forward volt-
age of 1.9v.

+5v

04

GND

Fig. 3.42
Driver Configuration 7
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