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OBJECTIVES




• Explain the basic differences between digital and analog quantities


• Show how voltage levels are used to represent digital quantities


• Describe various parameters of a pulse waveform such as rise time, fall time, pulse width, frequency, period, and duty cycle


• Explain the logic operations of NOT, AND, and OR


• Describe several types of logic functions


• Describe programmable logic, discuss the various types, and describe how PLDs are programmed using VHDL and Verilog with system software


• Describe the basics of a microcontroller


• Identify fixed-function digital integrated circuits according to their technology and the type of packaging


• Discuss how various logic functions are used in a digital system


• Recognize various instruments and understand how they are used in measurement and troubleshooting digital devices and systems
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INTRODUCTION


The term digital is derived from the way operations are performed, by counting digits. For many years, applications of digital electronics were confined to computer systems. Today, digital technology is applied in a wide range of systems in addition to computers. Such applications as television, communications systems, radar, navigation and guidance systems, military systems, medical instrumentation, industrial process control, and consumer electronics use digital techniques. Over the years digital technology has progressed from vacuum-tube circuits to fixed-function integrated circuits to programmable logic and embedded microcontrollers.


This chapter introduces you to digital electronics and provides a broad overview of many important concepts, applications, and methods.





1 DIGITAL AND ANALOG SIGNALS AND SYSTEMS


Electronic systems can be divided into two broad categories, digital and analog. Digital electronics involves quantities with discrete values, and analog electronics involves quantities with continuous values. Although you will be studying digital fundamentals in this text, you should also know something about analog because many applications require both; and interfacing between analog and digital is important.


After completing this section, you should be able to




• Define analog


• Define digital


• Explain the difference between digital and analog signals


• State the advantages of digital over analog


• Discuss modulation methods


• Describe two types of digital systems





An analog* quantity is one having continuous values. A digital quantity is one having a discrete set of values. Most things that can be measured quantitatively occur in nature in analog form. For example, the air temperature changes over a continuous range of values. During a given day, the temperature does not go from, say, 70° to 71° instantaneously; it takes on all the infinite values in between. If you graphed the temperature on a typical summer day, you would have a smooth, continuous curve similar to the curve in Figure 1. Other examples of analog quantities are time, pressure, distance, and sound.


Rather than graphing the temperature on a continuous basis, suppose you just take a temperature reading every hour. Now you have sampled values representing the temperature at discrete points in time (every hour) over a 24-hour period, as indicated in Figure 2. You have effectively converted an analog quantity to a form that can now be digitized by representing each sampled value by a digital code. It is important to realize that Figure 2 itself is not the digital representation of the analog quantity.




*The bold terms in color are key terms and are included in a Key Term glossary at the end of the chapter.







FIGURE 1 Graph of an analog quantity (temperature versus time).


[image: image]







FIGURE 2 Sampled-value representation (quantization) of the analog quantity in Figure 1. Each value represented by a dot can be digitized by representing it as a digital code that consists of a series of 1s and 0s.


[image: image]





THE DIGITAL ADVANTAGE


Digital representation has certain advantages over analog representation in electronics applications. For one thing, digital data can be processed and transmitted more efficiently and reliably than analog data. Also, digital data has a great advantage when storage is necessary. For example, music when converted to digital form can be stored more compactly and reproduced with greater accuracy and clarity than is possible when it is in analog form. Noise (unwanted voltage fluctuations) does not affect digital data nearly as much as it does analog signals.


Analog Signals


An analog quantity, such as voltage, that is repetitive or varies in a certain manner is an analog signal. An analog signal can be a repetitive waveform, such as the sine wave in Figure 3(a), or a continuously varying audio signal that carries information (music, the spoken word, or other sounds), as shown in part (b). Other examples of analog signals are amplitude-modulated signals (AM) and frequency-modulated signals (FM), as illustrated in parts (c) and (d). In AM, a lower-frequency information signal, such as voice, varies the amplitude of a high-frequency sine wave. In FM, the information signal varies the frequency of the sine wave.




FIGURE 3 Examples of analog signals.
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Digital Signals


A digital signal is a representation of a sequence of discrete values that are coded into a stream of 1s and 0s. A bit stream appears as a train of pulses or voltage levels where a high voltage level conveys a binary 1 and a low voltage level conveys a binary 0. Bit streams are used in telecommunications, computers, and other system applications. Figure 4 illustrates one type of digital signal. The duration of each bit (bit time) is indicated by the hash marks.




FIGURE 4 Example of a digital waveform.


[image: image]





DIGITAL MODULATION


In some applications, analog and digital signals are combined with a sine wave, called a carrier, by amplitude modulating the sine wave with the digital waveform. A common example is a modem that turns digital data from a computer into modulated signals in the voice frequency range for transmission over telephone lines. A digital-modulated signal is shown in Figure 5 where the digital signal (bit stream) in Figure 4 modulates the sine wave. Dashed lines mark the bit times. The frequency of the sine wave is shown arbitrarily low in relation to the digital-modulating signal for illustration.




FIGURE 5 Example of a digital-modulated signal.
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PULSE-CODE MODULATION (PCM)


A PCM signal represents sampled analog signals with a sequence of digital codes. It is used in computers for digital audio, in Blu-ray, compact disc and DVD formats, and in digital telephone systems. The sampling process results in a “stair-step” voltage as shown in Figure 6. The analog signal is sampled at each step, and each sampled value is converted (quantized) to a digital code. The digital signal would be the time sequence of the digital codes where the binary numbers shown for each step appear in sequence beginning at the left. The more steps there are the more accurate is the digital representation. The length of the code depends on the number of steps.


Digital Systems


A digital system is an arrangement of the individual logic functions connected to perform a specified operation or produce a defined output. An example of a digital system is a computer, as shown in Figure 7 in basic block diagram form. A computer processes, transfers, and stores data in digital form (1s and 0s). To make a complete system, the computer is interfaced with peripheral devices such as a modem, a mouse, a keyboard, and a monitor.




FIGURE 6 Illustration of pulse-code modulation.
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FIGURE 7 Basic block diagram of a computer.
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Figure 8, another example of a digital system, shows the traffic light controller. All of the digital signals that the system uses to properly sequence the traffic light are internally generated, making the controller a type of finite state machine.




FIGURE 8 A digital traffic light controller.
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Analog Systems



An analog system is one that processes data in analog form only. One example is a public address system, used to amplify sound so that it can be heard by a large audience. The basic diagram in Figure 9 illustrates that sound waves, which are analog in nature, are picked up by a microphone and converted to a small analog voltage called the audio signal. This voltage varies continuously as the volume and frequency of the sound changes and is applied to the input of a linear amplifier. The output of the amplifier, which is an increased reproduction of input voltage, goes to the speaker(s). The speaker changes the amplified audio signal back to sound waves that have a much greater volume than the original sound waves picked up by the microphone.




FIGURE 9 A basic audio public address system.
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Another example of an analog system is the FM receiver. The system processes the incoming frequency-modulated carrier signal, extracts the audio signal for amplification, and produces audible sound waves. A block diagram is shown in Figure 10 with a representative signal shown at each point in the system.




FIGURE 10 Block diagram of superheterodyne FM receiver.
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A Combination Digital and Analog System


The compact disk (CD) player is an example of a system in which both digital and analog elements are used. The simplified block diagram in Figure 11 illustrates the basic system. Music in digital form is stored on the compact disk. A laser diode optical system picks up the digital data from the rotating disk and transfers it to the digital-to-analog converter (DAC). The DAC changes the digital data into an analog signal that is an electrical reproduction of the original music. This signal is amplified and sent to the speaker for you to enjoy. When the music was originally recorded on the CD, a process, essentially the reverse of the one described here, using an analog-to-digital converter (ADC) was used.




FIGURE 11 Simplified diagram of a compact disk player.
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SECTION 1 CHECKUP*




1. Define analog.


2. Define digital.


3. Explain the difference between a digital quantity and an analog quantity.


4. Give an example of a system that is analog and one that is a combination of both digital and analog. Name a system that is entirely digital.







*Answers are at the end of the chapter.







2 BINARY DIGITS, LOGIC LEVELS, AND DIGITAL WAVEFORMS


Digital systems involve operations in which there are only two possible states. These states are represented by two different voltage levels: A HIGH and a LOW. The two states can also be represented by current levels or pits and lands on a CD or DVD. In digital systems such as computers, combinations of the two states, called codes, are used to represent numbers, symbols, alphabetic characters, and other types of information. The two-state number system is called binary, and its two digits are 0 and 1. A binary digit is called a bit.


After completing this section, you should be able to




• Define binary


• Define bit


• Name the bits in a binary system


• Explain how voltage levels are used to represent bits


• Explain how voltage levels are interpreted by a digital circuit


• Describe the general characteristics of a pulse


• Determine the amplitude, rise time, fall time, and width of a pulse


• Identify and describe the characteristics of a digital waveform


• Determine the amplitude, period, frequency, and duty cycle of a digital waveform


• Explain what a timing diagram is and state its purpose


• Explain serial and parallel data transfer and state the advantage and disadvantage of each






Binary Digits



Each of the two digits in the binary system, 1 and 0, is called a bit, which is a contraction of the words binary digit. In digital circuits, two different voltage levels are used to represent the two bits. Generally, 1 is represented by the higher voltage, which we will refer to as a HIGH, and a 0 is represented by the lower voltage level, which we will refer to as a LOW. This is called positive logic.


HIGH = 1 and LOW = 0


Another system in which a 1 is represented by a LOW and a 0 is represented by a HIGH is called negative logic.


Groups of bits (combinations of 1s and 0s), called codes, are used to represent numbers, letters, symbols, instructions, and anything else required in a given application.




[image: image] SYSTEM NOTE


The concept of a digital computer can be traced back to Charles Babbage, who developed a crude mechanical computation device in the 1830s. John Atanasoff was the first to apply electronic processing to digital computing in 1939. In 1946, an electronic digital computer called ENIAC was implemented with vacuum-tube circuits. Even though it took up an entire room, ENIAC didn’t have the computing power of your handheld calculator.





Logic Levels


The voltages used to represent a 1 and a 0 are called logic levels. Ideally, one voltage level represents a HIGH and another voltage level represents a LOW. In a practical digital circuit, however, a HIGH can be any voltage between a specified minimum value and a specified maximum value. Likewise, a LOW can be any voltage between a specified minimum and a specified maximum. There can be no overlap between the accepted range of HIGH levels and the accepted range of LOW levels.


Figure 12 illustrates the general range of LOWs and HIGHs for a digital circuit. The variable VH(max) represents the maximum HIGH voltage value, and VH(min) represents the minimum HIGH voltage value. The maximum LOW voltage value is represented by VL(max), and the minimum LOW voltage value is represented by VL(min). The voltage values between VL(max) and VH(min) are unacceptable for proper operation. A voltage in the unacceptable range can appear as either a HIGH or a LOW to a given circuit. For example, the HIGH input values for a certain type of digital circuit technology called CMOS may range from 2 V to 3.3 V and the LOW input values may range from 0 V to 0.8 V. If a voltage of 2.5 V is applied, the circuit will accept it as a HIGH or binary 1. If a voltage of 0.5 V is applied, the circuit will accept it as a LOW or binary 0. For this type of circuit, voltages between 0.8 V and 2 V are unacceptable.




FIGURE 12 Logic level ranges of voltage for a digital circuit.
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Digital Waveforms


Digital waveforms consist of voltage levels that are changing back and forth between the HIGH and LOW levels or states. Figure 13(a) shows that a single positive-going pulse is generated when the voltage (or current) goes from its normally LOW level to its HIGH level and then back to its LOW level. The negative-going pulse in Figure 13(b) is generated when the voltage goes from its normally HIGH level to its LOW level and back to its HIGH level. A digital waveform is made up of a series of pulses.


THE PULSE


As indicated in Figure 13, a pulse has two edges: a leading edge that occurs first at time t0 and a trailing edge that occurs last at time t1. For a positive-going pulse, the leading edge is a rising edge, and the trailing edge is a falling edge. The pulses in Figure 13 are ideal because the rising and falling edges are assumed to change in zero time (instantaneously). In practice, these transitions never occur instantaneously, although for most digital work you can assume ideal pulses.




FIGURE 13 Ideal pulses.


[image: image]





Figure 14 shows a nonideal pulse. In reality, all pulses exhibit some or all of these characteristics. The overshoot and ringing are sometimes produced by stray inductive and capacitive effects. The droop can be caused by stray capacitance and circuit resistance, forming an RC circuit with a low time constant.


The time required for a pulse to go from its LOW level to its HIGH level is called the rise time (tr), and the time required for the transition from the HIGH level to the LOW level is called the fall time (tf). In practice, it is common to measure rise time from 10% of the pulse amplitude (height from baseline) to 90% of the pulse amplitude and to measure the fall time from 90% to 10% of the pulse amplitude, as indicated in Figure 14. The bottom 10% and the top 10% of the pulse are not included in the rise and fall times because of the nonlinearities in the waveform in these areas. The pulse width (tPW) is a measure of the duration of the pulse and is often defined as the time interval between the 50% points on the rising and falling edges, as indicated in Figure 14.




FIGURE 14 Nonideal pulse characteristics.
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WAVEFORM CHARACTERISTICS


Most waveforms encountered in digital systems are composed of series of pulses, sometimes called pulse trains, and can be classified as either periodic or nonperiodic. A periodic pulse waveform is one that repeats itself at a fixed interval, called a period (T). The frequency (f) is the rate at which it repeats itself and is measured in hertz (Hz). A nonperiodic pulse waveform, of course, does not repeat itself at fixed intervals and may be composed of pulses of randomly differing pulse widths and/or randomly differing time intervals between the pulses. An example of each type is shown in Figure 15.




FIGURE 15 Examples of digital waveforms.
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The frequency (f) of a pulse (digital) waveform is the reciprocal of the period. The relationship between frequency and period is expressed as follows:








	f=1T


	(1)
















	T=1f


	(2)










An important characteristic of a periodic digital waveform is its duty cycle, which is the ratio of the pulse width (tPW) to the period (T). It can be expressed as a percentage.








	Duty cycle=(tPWT)100%


	(3)












EXAMPLE 1


A portion of a periodic digital waveform is shown in Figure 16. The measurements are in milliseconds. Determine the following:




(a) period


(b) frequency


(c) duty cycle







FIGURE 16


[image: image]





SOLUTION




(a) The period is measured from the edge of one pulse to the corresponding edge of the next pulse. In this case T is measured from leading edge to leading edge, as indicated. T equals 10 ms.


(b) f=1T=110 ms=100 Hz


(c) Duty cycle=(tPWT)100%=(1 ms10 ms)100%=10%





RELATED PROBLEM*


A periodic digital waveform has a pulse width of 25 μs and a period of 150 μs. Determine the frequency and the duty cycle.




*Answers are at the end of the chapter.







A Digital Waveform Carries Binary Information


Binary information that is handled by digital systems appears as waveforms that represent sequences of bits. When the waveform is HIGH, a binary 1 is present; when the waveform is LOW, a binary 0 is present. Each bit in a sequence occupies a defined time interval called a bit time.




[image: image] SYSTEM NOTE


The speed at which a computer can operate depends on the type of microprocessor used in the system. The speed specification, for example 3.5 GHz, of a computer is the maximum clock frequency at which the microprocessor can run.





THE CLOCK


In digital systems, all waveforms are synchronized with a basic timing waveform called the clock. The clock is a periodic waveform in which each interval between pulses (the period) equals the time for one bit.


An example of a clock waveform is shown in Figure 17. Notice that, in this case, each change in level of waveform A occurs at the leading edge of the clock waveform. In other cases, level changes occur at the trailing edge of the clock. During each bit time of the clock, waveform A is either HIGH or LOW. These HIGHs and LOWs represent a sequence of bits as indicated. A group of several bits can be used as a piece of binary information, such as a number or a letter. The clock waveform itself does not carry information.




FIGURE 17 Example of a clock waveform synchronized with a waveform representation of a sequence of bits.


[image: image]





TIMING DIAGRAMS


A timing diagram is a graph of digital waveforms showing the actual time relationship of two or more waveforms and how each waveform changes in relation to the others. By looking at a timing diagram, you can determine the states (HIGH or LOW) of all the waveforms at any specified point in time and the exact time that a waveform changes state relative to the other waveforms. Figure 18 is an example of a timing diagram made up of four waveforms. From this timing diagram you can see, for example, that the three waveforms A, B, and C are HIGH only during bit time 7 (shaded area) and they all change back LOW at the end of bit time 7.




FIGURE 18 Example of a timing diagram.


[image: image]






Data Transfer



Data refers to groups of bits that convey some type of information. Binary data, which are represented by digital waveforms, must be transferred from one circuit to another within a digital system or from one system to another in order to accomplish a given purpose. For example, numbers stored in binary form in the memory of a computer must be transferred to the computer’s central processing unit in order to be added. The sum of the addition must then be transferred to a monitor for display and/or transferred back to the memory. In computer systems, as illustrated in Figure 19, binary data are transferred in two ways: serial and parallel.




FIGURE 19 Illustration of serial and parallel transfer of binary data. Only the data lines are shown.
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When bits are transferred in serial form from one point to another, they are sent one bit at a time along a single line, as illustrated in Figure 19(a) for the case of a computer-to-modem transfer. During the time interval from t0 to t1, the first bit is transferred. During the time interval from t1 to t2, the second bit is transferred, and so on. To transfer eight bits in series, it takes eight time intervals.




[image: image] SYSTEM NOTE


Universal Serial Bus (USB) is a serial bus standard for device interfacing. It was originally developed for the personal computer but has become widely used on many types of handheld and mobile devices. USB is expected to replace other serial and parallel ports. USB operated at 12 Mbps (million bits per second) when first introduced in 1995, but it now operates at up to 5 Gbps.





When bits are transferred in parallel form, all the bits in a group are sent out on separate lines at the same time. There is one line for each bit, as shown in Figure 19(b) for the example of eight bits being transferred from a computer to a printer or other device. To transfer eight bits in parallel, it takes one time interval compared to eight time intervals for the serial transfer.


To summarize, an advantage of serial transfer of binary data is that a minimum of only one line is required. In parallel transfer, a number of lines equal to the number of bits to be transferred at one time is required. A disadvantage of serial transfer is that it can take longer to transfer a given number of bits than with parallel transfer at the same clock frequency. For example, if one bit can be transferred in 1 μs, then it takes 8 μs to serially transfer eight bits but only 1 μs to parallel transfer eight bits. A disadvantage of parallel transfer is that it takes more lines than serial transfer.




EXAMPLE 2




(a) Determine the total time required to serially transfer the eight bits contained in waveform A of Figure 20, and indicate the sequence of bits. The left-most bit is the first to be transferred. The 1 MHz clock is used as reference.


(b) What is the total time to transfer the same eight bits in parallel?







FIGURE 20
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SOLUTION




(a) Since the frequency of the clock is 1 MHz, the period is


T=1f=11 MHz=1μs


It takes 1 μs to transfer each bit in the waveform. The total transfer time for 8 bits is


8 × 1 μs = 8 μs


To determine the sequence of bits, examine the waveform in Figure 20 during each bit time. If waveform A is HIGH during the bit time, a 1 is transferred. If waveform A is LOW during the bit time, a 0 is transferred. The bit sequence is illustrated in Figure 21. The left-most bit is the first to be transferred.




FIGURE 21
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(b) A parallel transfer would take 1 μs for all eight bits.





RELATED PROBLEM


If binary data are transferred on a USB at the rate of 480 million bits per second (480 Mbps), how long will it take to serially transfer 16 bits?







SECTION 2 CHECKUP




1. Define binary.


2. What does bit mean?


3. What are the bits in a binary system?


4. How are the rise time and fall time of a pulse measured?


5. Knowing the period of a waveform, how do you find the frequency?


6. Explain what a clock waveform is.


7. What is the purpose of a timing diagram?


8. What is the main advantage of parallel transfer over serial transfer of binary data?









3 LOGIC OPERATIONS



In its basic form, logic is the realm of human reasoning that tells you a certain proposition (declarative statement) is true if certain conditions are true. Propositions can be classified as true or false. Many situations and processes that you encounter in your daily life can be expressed in the form of propositional, or logic, functions. Since such functions are true/false or yes/no statements, digital circuits with their two-state characteristics are applicable.


After completing this section, you should be able to




• List three basic logic operations


• Define the NOT operation


• Define the AND operation


• Define the OR operation





Several propositions, when combined, form propositional, or logic, functions. For example, the propositional statement “The light is on” will be true if “The bulb is not burned out” is true and if “The switch is on” is true. Therefore, this logical statement can be made: The light is on only if the bulb is not burned out and the switch is on. In this example the first statement is true only if the last two statements are true. The first statement (“The light is on”) is then the basic proposition, and the other two statements are the conditions on which the proposition depends.


In the 1850s, the Irish logician and mathematician George Boole developed a mathematical system for formulating logic statements with symbols so that problems can be written and solved in a manner similar to ordinary algebra. Boolean algebra, as it is known today, is applied in the design and analysis of digital system.


The term logic is applied to digital circuits used to implement logic functions. Several kinds of digital logic circuits are the basic elements that form the building blocks for such complex digital systems as the computer. We will now look at these elements and discuss their functions in a very general way.


Three basic logic operations (NOT, AND, and OR) are indicated by standard distinctive shape symbols in Figure 22. The lines connected to each symbol are the inputs and outputs. The inputs are on the left of each symbol and the output is on the right. A circuit that performs a specified logic operation (AND, OR) is called a logic gate. AND and OR gates can have any number of inputs, as indicated by the dashes in the figure.




FIGURE 22 The basic logic operations and symbols.
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In logic operations, the true/false conditions mentioned earlier are represented by a HIGH (true) and a LOW (false). Each of the three basic logic operations produces a unique response to a given set of conditions.


NOT




FIGURE 23 The NOT operation.
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The NOT operation changes one logic level to the opposite logic level, as indicated in Figure 23. When the input is HIGH (1), the output is LOW (0). When the input is LOW, the output is HIGH. In either case, the output is not the same as the input. The NOT operation is implemented by a logic circuit known as an inverter.


AND


The AND operation produces a HIGH output only when all the inputs are HIGH, as indicated in Figure 24 for the case of two inputs. When one input is HIGH and the other input is HIGH, the output is HIGH. When any or all inputs are LOW, the output is LOW. The AND operation is implemented by a logic circuit known as an AND gate.




FIGURE 24 The AND operation.
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OR


The OR operation produces a HIGH output when one or more inputs are HIGH, as indicated in Figure 25 for the case of two inputs. When one input is HIGH or the other input is HIGH or both inputs are HIGH, the output is HIGH. When both inputs are LOW, the output is LOW. The OR operation is implemented by a logic circuit known as an OR gate.




FIGURE 25 The OR operation.
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SECTION 3 CHECKUP




1. When does the NOT operation produce a HIGH output?


2. When does the AND operation produce a HIGH output?


3. When does the OR operation produce a HIGH output?


4. What is an inverter?


5. What is a logic gate?









4 COMBINATIONAL AND SEQUENTIAL LOGIC FUNCTIONS



The three basic logic elements AND, OR, and NOT can be combined to form various types of logic functions: comparison, arithmetic, code conversion, encoding, decoding, data selection, counting, and storage. This section provides an overview of important logic functions and illustrates how they can be used in a specific system.


After completing this section, you should be able to




• List several types of logic functions


• Describe comparison and list the four arithmetic functions


• Describe code conversion, encoding, and decoding


• Describe multiplexing and demultiplexing


• Describe the counting function


• Describe the storage function





The Comparison Function


Magnitude comparison is performed by a logic circuit called a comparator. A comparator compares two quantities and indicates whether or not they are equal. For example, suppose you have two numbers and wish to know if they are equal or not equal and, if not equal, which is greater. The comparison function is represented in Figure 26. One number in binary form (represented by logic levels) is applied to input A, and the other number in binary form (represented by logic levels) is applied to input B. The outputs indicate the relationship of the two numbers by producing a HIGH level on the proper output line. Suppose that a binary representation of the number 2 is applied to input A and a binary representation of the number 5 is applied to input B. A HIGH level will appear on the A < B (A is less than B) output, indicating the relationship between the two numbers (2 is less than 5). The wide arrows represent a group of parallel lines on which the bits are transferred.




FIGURE 26 The comparison function.
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The Arithmetic Functions


ADDITION


Addition is performed by a logic circuit called an adder. An adder adds two binary numbers (on inputs A and B) with a carry input Cin and generates a sum (∑) and a carry output (Cout), as shown in Figure 27(a). Figure 27(b) illustrates the addition of 3 and 9. You know that the sum is 12; the adder indicates this result by producing the code for 2 on the sum output and 1 on the carry output. Assume that the carry input in this example is 0.


SUBTRACTION


Subtraction is also performed by a logic circuit. A subtracter requires three inputs: the two numbers that are to be subtracted and a borrow input. The two outputs are the difference and the borrow output. When, for instance, 5 is subtracted from 8 with no borrow input, the difference is 3 with no borrow output.




FIGURE 27 The addition function.
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MULTIPLICATION


Multiplication is performed by a logic circuit called a multiplier. Numbers are always multiplied two at a time, so two inputs are required. The output of the multiplier is the product. Because multiplication is simply a series of additions with shifts in the positions of the partial products, it can be performed by using an adder in conjunction with other circuits.




[image: image] SYSTEM NOTE


In a microprocessor, the arithmetic logic unit (ALU) performs the operations of add, subtract, multiply, and divide as well as the logic operations on digital data as directed by a series of instructions. A typical ALU is constructed of many thousands of logic gates.





DIVISION


Division can be performed with a series of subtractions, comparisons, and shifts, and thus it can also be done using an adder in conjunction with other circuits. Two inputs to the divider are required, and the outputs generated are the quotient and the remainder.


The Code Conversion Function


A code is a set of bits arranged in a unique pattern and used to represent specified information. A code converter changes one form of coded information into another coded form. Examples are conversion between binary and other codes such as the binary coded decimal (BCD) and the Gray code.


The Encoding Function


The encoding function is performed by a logic circuit called an encoder. The encoder converts information, such as a decimal number or an alphabetic character, into some coded form. For example, one certain type of encoder converts each of the decimal digits, 0 through 9, to a binary code. A HIGH level on the input corresponding to a specific decimal digit produces logic levels that represent the proper binary code on the output lines.




FIGURE 28 A calculator keystroke encoded into a binary code for processing by the calculator system.
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Figure 28 is a simple illustration of an encoder used to convert (encode) a calculator keystroke into a binary code that can be processed by the calculator circuits.



The Decoding Function



The decoding function is performed by a logic circuit called a decoder. The decoder converts coded information, such as a binary number, into a noncoded form, such as a decimal form. For example, one particular type of decoder converts a 4-bit binary code into the appropriate decimal digit.


Figure 29 is a simple illustration of one type of decoder that is used to activate a 7-segment display. Each of the seven segments of the display is connected to an output line from the decoder. When a particular binary code appears on the decoder inputs, the appropriate output lines are activated and light the proper segments to display the decimal digit corresponding to the binary code.




FIGURE 29 A decoder used to convert a special binary code into a 7-segment decimal readout.
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The Data Selection Function


Two types of circuits that select data are the multiplexer and the demultiplexer. The multiplexer, or mux for short, is a logic circuit that switches digital data from several input lines onto a single output line in a specified time sequence. Functionally, a multiplexer can be represented by an electronic switch operation that sequentially connects each of the input lines to the output line. The demultiplexer (demux) is a logic circuit that switches digital data from one input line to several output lines in a specified time sequence. Essentially, the demux is a mux in reverse.


Multiplexing and demultiplexing are used when data from several sources are to be transmitted over one line to a distant location and redistributed to several destinations. Figure 30 illustrates this type of application where digital data from three sources are sent out along a single line to three terminals at another location.




FIGURE 30 Illustration of a basic multiplexing/demultiplexing application.
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In Figure 30, data from input A are connected to the output line during time interval Δt1 and transmitted to the demultiplexer that connects them to output D. Then, during interval Δt2, the multiplexer switches to input B and the demultiplexer switches to output E. During interval Δt3, the multiplexer switches to input C and the demultiplexer switches to output F.


To summarize, during the first time interval, input A data go to output D. During the second time interval, input B data go to output E. During the third time interval, input C data go to output F. After this, the sequence repeats. Because the time is divided up among several sources and destinations where each has its turn to send and receive data, this process is called time division multiplexing (TDM).


The Memory and Storage Functions


Memory and storage are functions that are required in most digital systems, and their purpose is to retain binary data for a period of time. Generally, memory refers to relatively short-term data retention, and storage refers to long-term data retention. A storage device can “memorize” a bit or a group of bits and retain the information as long as necessary. Memories include flip-flops, registers, and semiconductor memory. Storage includes magnetic disks (hard drives), optical disks (CDs), and magnetic tape.


FLIP-FLOPS


A flip-flop is a bistable (two stable states) logic circuit that can store only one bit at a time, either a 1 or a 0. The output of a flip-flop indicates which bit it is storing. A HIGH output indicates that a 1 is stored and a LOW output indicates that a 0 is stored. Flip-flops are implemented with logic gates.


REGISTERS


A register is formed by combining several flip-flops so that groups of bits can be stored. For example, an 8-bit register is constructed from eight flip-flops. In addition to storing bits, registers can be used to shift the bits from one position to another within the register or out of the register to another circuit; therefore, these devices are known as shift registers.


The two basic types of shift registers are serial and parallel. The bits are stored in a serial shift register one at a time. A good analogy to the serial shift register is loading passengers onto a bus single file through the door. They also exit the bus single file. The bits are stored in a parallel register simultaneously from parallel lines. For this case, a good analogy is loading and unloading passengers on a roller coaster where they enter all of the cars in parallel and exit in parallel.


SEMICONDUCTOR MEMORIES


Semiconductor memories are devices typically used for storing large numbers of bits. In one type of memory, called the read-only memory or ROM, the binary data are permanently or semipermanently stored and cannot be readily changed. In the random-access memory or RAM, the binary data are temporarily stored and can be easily changed.


MAGNETIC MEMORIES


Magnetic disk memories are used for mass storage of binary data. An example is the computer’s internal hard disk. Magneto-optical disks use laser beams to store and retrieve data. Magnetic tape is still used in memory applications and for backing up data from other storage devices.




[image: image] SYSTEM NOTE


The internal computer memories, RAM and ROM, as well as the smaller caches are semiconductor memories. The registers in a microprocessor are constructed of semiconductor flip-flops. Opto-magnetic disk memories are used in the internal hard drive and for the CD-ROM.





The Counting Function


A counter is a sequential device and is a type of state machine because it has a unique internal sequence of states. The counting function is important in digital systems. There are many types of digital counters, but their basic purpose is to count events or to generate sequences represented by changing levels or pulses. To count, the counter must “remember” the present number so that it can go to the next proper number in sequence. Therefore, storage capability is an important characteristic of all counters, and flip-flops are generally used to implement them. Figure 31 illustrates the basic idea of counter operation.




FIGURE 31 Illustration of basic counter operation.
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SECTION 4 CHECKUP




1. What does a comparator do?


2. What are the four basic arithmetic operations?


3. Describe encoding and give an example.


4. Describe decoding and give an example.


5. Explain the basic purpose of multiplexing and demultiplexing.


6. Name four types of memory and storage devices.


7. What does a counter do?








5 PROGRAMMABLE LOGIC


A programmable logic device (PLD) is a type of integrated circuit (IC) that starts as a “blank slate” and into which a logic design is programmed. Programmable logic requires both hardware and software. PLDs can be programmed to perform specified logic functions by the manufacturer or by the user. One advantage of programmable logic over fixed-function logic is that the devices use much less board space for an equivalent amount of logic. Another advantage is that, with programmable logic, designs can be readily changed without rewiring or replacing components. Also, a logic design can generally be implemented faster and with less cost with programmable logic than with fixed-function ICs.


After completing this section, you should be able to




• State the major types of programmable logic and discuss the differences


• Discuss methods of programming


• List the major programming languages used for programmable logic


• Discuss the programmable logic design process





Types of Programmable Logic Devices (PLDs)


Many types of programmable logic devices are available, ranging from small devices that can replace a few fixed-function devices to complex high-density devices that can replace thousands of fixed-function devices. Two major categories of user-programmable logic are PLD (programmable logic device) and FPGA (field-programmable gate array), as indicated in Figure 32. PLDs are either SPLDs (simple PLDs) or CPLDs (complex PLDs).


SIMPLE PROGRAMMABLE LOGIC DEVICE (SPLD)


The SPLD was the original PLD and is still available for small-scale applications. Generally, an SPLD can replace up to ten fixed-function ICs and their interconnections, depending on the type of functions and the specific SPLD. Most SPLDs are in one of two categories: PAL and GAL. A PAL (programmable array logic) is a device that can be programmed one time. It consists of a programmable array of AND gates and a fixed array of OR gates, as shown in Figure 33(a). A GAL (generic array logic) is a device that is basically a PAL that can be reprogrammed many times. It consists of a reprogrammable array of AND gates and a fixed array of OR gates with programmable ouputs, as shown in Figure 33(b). A typical SPLD package is shown in Figure 34 and generally has from 24 to 28 pins.




FIGURE 32 Programmable logic hierarchy.
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FIGURE 33 Block diagrams of simple programmable logic devices (SPLDs).
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COMPLEX PROGRAMMABLE LOGIC DEVICE (CPLD)




FIGURE 34 A typical SPLD package.
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FIGURE 35 General block diagram of a CPLD.
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As technology progressed and the amount of circuitry that could be put on a chip (chip density) increased, manufacturers were able to put more than one SPLD on a single chip and the CPLD was born. Essentially, the CPLD is a device containing multiple SPLDs and can replace many fixed-function ICs. Figure 35 shows a basic CPLD block diagram with four logic array blocks (LABs) and a programmable interconnection array (PIA). Depending on the specific CPLD, there can be from two to sixty-four LABs. Each logic array block is roughly equivalent to one SPLD.


Generally, CPLDs can be used to implement any of the logic functions discussed earlier, for example, decoders, encoders, multiplexers, demultiplexers, and adders. They are available in a variety of configurations, typically ranging from 44 to 160 pin packages. Examples of CPLD packages are shown in Figure 36.




FIGURE 36 Typical CPLD packages.
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FIELD-PROGRAMMABLE GATE ARRAY (FPGA)


An FPGA is generally more complex and has a much higher density than a CPLD, although their applications can sometimes overlap. As mentioned, the SPLD and the CPLD are closely related because the CPLD basically contains a number of SPLDs. The FPGA, however, has a different internal structure (architecture), as illustrated in Figure 37. The three basic elements in an FPGA are the logic block, the programmable interconnections, and the input/output (I/O) blocks.




FIGURE 37 Basic structure of an FPGA.
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The logic blocks in an FPGA are not as complex as the logic array blocks (LABs) in a CPLD, but generally there are many more of them. When the logic blocks are relatively simple, the FPGA architecture is called fine-grained. When the logic blocks are larger and more complex, the architecture is called coarse-grained. The I/O blocks are on the outer edges of the structure and provide individually selectable input, output, or bidirectional access to the outside world. The distributed programmable interconnection matrix provides for interconnection of the logic blocks and connection to inputs and outputs. Large FPGAs can have tens of thousands of logic blocks in addition to memory and other resources. A typical FPGA ball-grid array package is shown in Figure 38. These types of packages can have over 1000 input and output pins.




FIGURE 38 A typical ball-grid array (BGA) package.
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The Programming Process


An SPLD, CPLD, or FPGA can be thought of as a “blank slate” on which you implement a specified system design using a certain process. This process requires a software development package installed on a computer to implement a circuit design in the programmable chip. The computer must be interfaced with a development board or programming fixture containing the device, as illustrated in Figure 39.




FIGURE 39 Basic setup for programming a PLD or FPGA.
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(Photo courtesy of Digilent, Inc.)







Several steps, called the design flow, are involved in the process of implementing a digital logic design in a programmable logic device. A block diagram of a typical programming process is shown in Figure 40. As indicated, the design flow has access to a design library.



DESIGN ENTRY



This is the first programming step. The circuit or system design must be entered into the design application software using text-based entry, graphic entry (schematic capture), or state diagram description. Design entry is device independent. Text-based entry is accomplished with a hardware description language (HDL) such as VHDL, Verilog, or AHDL. Graphic (schematic) entry allows prestored logic functions from a library to be selected, placed on the screen, and then interconnected to create a logic design. State-diagram entry requires specification of both the states through which a sequential logic circuit progresses and the conditions that produce each state change.


Once a design has been entered, it is compiled. A compiler is a program that controls the design flow process and translates source code into object code in a format that can be logically tested or downloaded to a target device. The source code is created during design entry, and the object code is the final code that actually causes the design to be implemented in the programmable device.




FIGURE 40 Basic programming flow block diagram.
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FUNCTIONAL SIMULATION


The entered and compiled design is simulated by software to confirm that the logic circuit functions as expected. The functional simulation will verify that correct outputs are produced for a specified set of inputs. A device-independent software tool for doing this is generally called a waveform editor. Any flaws demonstrated by the simulation would be corrected by going back to design entry and making appropriate changes.


SYNTHESIS


Synthesis is where the design is translated into a netlist, which has a standard form and is device independent.


IMPLEMENTATION


Implementation is where the logic structures described by the netlist are mapped into the actual structure of the specific device being programmed. The implementation process is called fitting or place and route and results in an output called a bitstream, which is device dependent.


TIMING SIMULATION


This step comes after the design is mapped into the specific device. The timing simulation is basically used to confirm that there are no design flaws or timing problems due to propagation delays.


DOWNLOAD


Once a bitstream has been generated for a specific programmable device, it has to be downloaded to the device to implement the software design in hardware. Some programmable devices have to be installed in a special piece of equipment called a device programmer or on a development board. Other types of devices can be programmed while in a system—called in-system programming (ISP)—using a standard JTAG (Joint Test Action Group) interface. Some devices are volatile, which means they lose their contents when reset or when power is turned off. In this case, the bitstream data must be stored in a memory and reloaded into the device after each reset or power-off. Also, the contents of an ISP device can be manipulated or upgraded while it is operating in a system. This is called “on-the-fly” reconfiguration.


The Microcontroller


A microcontroller is different than a PLD. The internal circuits of a microcontroller are fixed, and a program (series of instructions) directs the microcontroller operation in order to achieve a specific outcome. The internal circuitry of a PLD is programmed into it, and once programmed, the circuitry performs required operations. Thus, a program determines microcontroller operation, but in a PLD a program determines the logic function. Microcontrollers are generally programmed with either the C language or the BASIC language.


A microcontroller is basically a special-purpose small computer. Microcontrollers are generally used for embedded system applications. An embedded system is one that is designed to perform one or a few dedicated functions. By contrast, a general-purpose computer, such as a laptop, is designed to perform a wide range of functions and applications.


Embedded microcontrollers are used in many common applications. The embedded microcontroller is part of a complete system, which may include additional electronics and mechanical parts. For example, a microcontroller in a television set displays the input from the remote unit on the screen and controls the channel selection, audio, and various menu adjustments like brightness and contrast. In an automobile a microcontroller takes engine sensor inputs and controls spark timing and fuel mixture. Other applications include home appliances, thermostats, cell phones, and toys.




SECTION 5 CHECKUP




1. List three major categories of programmable logic devices and specify their acronyms.


2. How does a CPLD differ from an SPLD?


3. Name the steps in the programming process.


4. Briefly explain each step named in question 3.


5. What are the two main functional characteristics of a microcontroller?








6 FIXED-FUNCTION LOGIC DEVICES


All the logic elements and functions that have been discussed are generally available in integrated circuit (IC) form. A fixed-function device is one that cannot be programmed like a PLD. Digital systems have incorporated ICs for many years because of their small size, high reliability, low cost, and low power consumption. It is important to be able to recognize the IC packages and to know how the pin connections are numbered, as well as to be familiar with the way in which circuit complexities and circuit technologies determine the various IC classifications.


After completing this section, you should be able to




• Recognize the difference between through-hole devices and surface-mount fixed-function devices


• Identify dual in-line packages (DIP)


• Identify small-outline integrated circuit packages (SOIC)


• Identify plastic leaded chip carrier packages (PLCC)


• Identify leadless ceramic chip carrier packages (LCC)


• Determine pin numbers on various types of IC packages


• Explain the complexity classifications for fixed-function ICs





A monolithic integrated circuit (IC) is an electronic circuit that is constructed entirely on a single small chip of silicon. All the components that make up the circuit—transistors, diodes, resistors, and capacitors—are an integral part of that single chip. Fixed-function logic and programmable logic are two broad categories of digital ICs. In fixed-function logic, the logic functions are set by the manufacturer and cannot be altered.


Figure 41 shows a cutaway view of one type of fixed-function IC package with the circuit chip shown within the package. Points on the chip are connected to the package pins to allow input and output connections to the outside world.




FIGURE 41 Cutaway view of one type of fixed-function surface-mount IC package, showing the chip mounted inside and connections to input and output pins.
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IC Packages



Integrated circuit (IC) packages are classified according to the way they are mounted on printed circuit (PC) boards as either through-hole mounted or surface mounted. The through-hole type packages have pins (leads) that are inserted through holes in the PC board and can be soldered to conductors on the opposite side. The most common type of through-hole package is the dual in-line package (DIP) shown in Figure 42(a). The DIP is useful in lab work because it plugs in easily to a protoboard.


Most IC packages use surface-mount technology (SMT). Surface mounting is a space-saving alternative to through-hole mounting. The holes through the PC board are unnecessary for SMT. The pins of surface-mounted packages are soldered directly to conductors on one side of the board, leaving the other side free for additional circuits. Also, for a circuit with the same number of pins, a surface-mounted package is much smaller than a dual in-line package because the pins are placed closer together. An example of a surface-mounted package is the small-outline integrated circuit (SOIC) shown in Figure 42(b).




FIGURE 42 Examples of through-hole (DIP) and surface-mounted devices. The DIP is larger than the SOIC with the same number of leads.
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Various types of SMT packages are available in a range of sizes, depending on the number of leads (more leads are required for more complex circuits and lead configurations). Examples of several types are shown in Figure 43. As you can see, the leads of the SSOP (shrink small-outline package) are formed into a “gull-wing” shape. The leads of the PLCC (plastic-leaded chip carrier) are turned under the package in a J-type shape. Instead of leads, the LCC (leadless ceramic chip) has metal contacts molded into its ceramic body. The LQFP also has gull-wing leads. Both the CSP (chip scale package) and the FBGA (fine-pitch ball grid array) have contacts embedded in the bottom of the package.
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