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Digital Signal Conditioning 

INSTRUCTIONAL OBJECTIVES 

In this chapter the basic principles of digital signal processing wiU be studied. This includes 
digital-to-analog converters (DAC) and analog-to-digital converters (ADC), as well as the 
characteristics of digital data. After reading this chapter and working through the examples 
and problems at the end of the chapter you will be able to: 

• Develop Boolean equations for multivariable alarms. 
• Design an application using a comparator with hysteresis. 
• Calculate the expected output of a biopolar DAC for a given input. 
• Explain how a successive approximation ADC operates. 
• Describe how a sample-and-hold circuit operates. 
• Explain the operation of a frequency-based ADC. 
• Describe the consequence of sampling rate on data acquisition. 

3.1 INTRODUCTION 

Why digital signal conditioning? And what is digital signal conditioning, anyway? 
The answer to the first question is found in the recognition that digital electronics and 

digital computers have taken a major role in nearly every aspect of life in our modem world . 
Of course digital electronics is at the heart of computers, but there arc lots of direct appli­
cations of digital electronics in our world. Everyday things like automatic door openers in 
stores. motion sensors in security systems, and seat-belt warning systems are implemented 
with digital electronics. All these digital electronic systems require data to be presented to 
them in a digital format (i.e .. the data have to be digitally conditioned). 
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When most people think of a computer, they visualize the common home and office 
personal computer, or PC. In fact, however, one of the most common applications of com­
puters is for controlling something, and we seldom ever even see the computer. When we 
learn that our microwave oven has a microprocessor-based computer inside, it is there for 
the purpose of controlling the operation of the oven. So it is with the use of computers in 
automobiles, washing machines, airplanes, and a vast host of other examples. 

Computers are digital electronic devices and so all the information they work with 
has to be digitally formatted. Therefore, if they are used to control a variable such as tem­
perature, then the temperature has to be represented digitally. So U1at's why we need digi­
tal signal conditioning-to condition process-control signals to be in an appropriate digital 
format. 

The second question is the topic of this chapter. Digital signal conditioning in process 
control means finding a way to represent analog process information in a digital format. We 
will review some common digital electronics principles and then study how analog signals 
are converted into a digital format. 

You should realize that there is no greater accuracy in using digital techniques to rep­
resent data; in fact, accuracy is usually lost. But digital data are much more immune from 
spurious influences that would cause subsequent inaccuracy, such as noise, amplifier gain 
changes, power supply drifts, and so on. 

Use of computers in control systems is particularly valuable for a number of other 
reasons, however: 

1. A computer can control multivariable process-control systems. 
2. Nonlinearities in sensor output can be linearized by the computer. 
3. Complicated control equations can be solved quickly and modified as needed. 
4. Networking of control computers allows a large process-control complex to op­

erate in a fully integrated fashion. 

3.2 REVIEW OF DIGITAL FUNDAMENTALS 

A working understanding of the application of digital techniques to process control requires 
a foundation in basic digital electronics. The design and implementation of control logic 
systems and microcomputer control systems require a depth of understanding that can be 
obtained only by taking several courses devoted to the subject. In this text, we assume a 
sufficient background that the reader can appreciate the essential features of digital elec­
tronic design and its application to process control. A summary of basic digital electronics 
concepts is presented in Appendix 2. 

3.2.1 Digital Information 

The use of digital techniques in process control requires that process variable measure­
ments and control information be encoded into a digital form. Digital signals themselves 
are simply two-state (binary) levels. These levels may be represented in many ways (e.g., 
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two voltages, two currents, two frequencies, or two phases). We speak, then, of the digital 
information as a high state (H, or I ) or a low state (L, or 0) on a wire that carries the digi­
tal signal. 

Digital Words Given the simple binary information that is carried by a single dig­
ital signal, it is clear that multiple signals must be used to describe analog information. 
Generally, this is done by using an assemblage of digital levels to construct a binary num­
ber, often called a word. The individual digital levels are referred to as bits of the word. Thus, 
for example, a 6-bit word consists of six independent digital levels, such as 1010112 , which 
can be thought of as a six-digit base 2 number. An important consideration, then, is how the 
analog information is encoded into this digital word. 

Decimal Whole Numbers One of the most common schemes for encoding ana­
log data into a digital word is to use the straight counting of decimal (or base 10) and bi­
nary number representations. The principles of this process are reviewed in Appendix 2, 
together with octal and hexadecimal representations. 

Find the base I 0 equivalent of the binary whole number 001001112. 

Solution 
As in the base I 0 system, zeros preceding the first significant digit do not contribute. Thus, 
the binary number is actually 1001112, and 11 = 5. To find the decimal equivalent, we use 
Appendix 2 and compute as follows: 

N 10 = a52
5 + a42

4 + ·· · + a 12
1 + a02° 

NIO = (1)25 + (0)24 + (0)23 + (1)22 + ( 1)2 1 + (1)2° (A.2) 

N 10 = 32 + 4 + 2 + l 

N 10 = 39 

EXAMPLE Find the binary equivalent of the base 10 number 47. 
3.2 

Solution 
Starting the successive division, we get 

then 

47 l 2 = 23 with a remainder of 2 so that a0 = 

23 

2 

I 
11 with a remainder of 2 so that a 1 = 1 
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then 

11 I 
- = 5 +- .·. (/ 2 = 
2 2 

5 I - = 2 +- .'. {l ~ = 
2 2 

2 

2 
l + 0 .'. a4 = 0 

1 1 - = 0 +- .'. a5 = 
2 2 

We find that base I 0 number 47 becomes binary number 1011112. 

The representation of negative numbers in binary format takes on several forms. as dis­
cussed in Appendix 2. 

Octal and Hex Numbers 1L is cumbersome for humans to work with digital 
words expressed as numbers in the binary representation. For this reason, it has become 
common to use either the octal (base 8) or hexadecimal (base 16, caiJed hex) representa­
tions, which are reviewed in Appendix 2. Octal numbers are conveniently formed from 
groupings of three binary digits: that is, 0002 is 0 11 and 111 2 is 78• Thus. a binary number 
like 1010112 is equivalent to 538. Hex numbers are formed easily from groupings of four 
binary digits; that is, 00002 is OH and 11112 is FH. The letter H (or h) is used to designate 
a hex number instead of a subscript I 6. Also recall that the hex counting sequence is 0, 
I, 2, 3. 4, 5. 6. 7, 8, 9, A, B, C, D, E. and F to cover the possible states. Because micro­
computers must frequently use either 4-bit, 8-bit, or 16-bit words, the hex notation is 
commonly used with these machines. In hex, a binary number like 101101102 would be 
written B6H. 

3.2.2 Fractional Binary Numbers 

Although not as commonly used, it is possible to define a fractional binary number in the 
same manner as whole numbers, using only the I and 0 of this counting system. Such num­
bers, just as in the decimal framework, represent divisions of the counting system to values 
less than unity. A correlation can be made to decimal numbers in a similar fashion to Equa­
tion (A.2.1 ). as 

where N 10 = base 1 0 number Jess than I 
b1b2 ... b,_1bm = base 2 number less than I 

m = number of digits in base 2 number 

(3.1) 
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Find the base 10 equivalent of the binary number 0.110102. 

Solution 
This can be found most easily by using 

with 

N 10 = b1T
1 + b2T

2 + ··· + bm2-m 

m =5 

N 10 = (1)2-1 + (l)T2 + (0)2-3 + ( 1)2-4 + (0)2-5 

1 1 I 
N =-+ - +-

10 2 4 16 

NIO = 0.8l25 10 

(3.1) 

Converting a base 10 number that is less than l to a binary equivalent requires re­
peated multiplication by 2. The result of each multiplication is a fractional part and either 
a 0 or l whole-number part, which determines whether that digit is a 0 or a 1. The first mul­
tiplication gives the most significant bit, b1, and the last gives either a 0 or a l for the least 
significant bit, bm. 

Find the binary, octal, and hex equivalents of 0.3125 10• 

Solution 
Using successive multiplication, we find 

2(0.3125) = 0.6250 

2(0.625) = l.250 

2(0.25) = 0.5 

2(0.5) = 1.0 

so b1 = 0 
so b2 = I 

so b3 = 0 

so b4 = 1 

Thus, we find that 0.3125 10 is equivalent to 0.01012 . Tt can be represented as 0.0101002, be­
cause trailing zeros are not significant in a number less than I, and thus as 0.24 octal, 
because 0102 = 28 and 1002 ;: 48. Similarly, this is O.SOH. 

3.2.3 Boolean Algebra 

In process control, as well as in many other technical disciplines, action is taken on the ba­
sis of an evaluation of observations made in the environment. In driving an automobile, for 
example, we are constantly observing such external factors as traffic, lights, speed limits, 
pedestrians, street conditions, low-flying aircraft, and such internal factors as how fast we 
wish to go, where we are going, and many others. We evaluate these factors and take ac­
tions predicated on the evaluations. We may see that a light is green, streets are dry, speed 
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is low, there are no pedestrians or aircraft, we are late, and thus conclude that an action of 
pressing on the accelerator is required. Then we may observe a parked police radar unit with 
all other factors the same. negate the aforementioned conclusion, and apply the brake. 
Many of these parameters can be represented by a true or not true observation; in fact, with 
enough definition, all the observations could be reduced to simple true or false conditions. 
When we learn to drive, we are actually setting up internal responses to a set of such 
true/false observations in the environment. 

In the industrial world. an analogous condition exists relative to the external and in­
ternal influences on a manufacturing process. and when we control a process. we are in ef­
fect teaching a control system response to a set of true/false observations. This teaching 
may consist of designing electronic circuits that can logically evaluate the set of true/false 
conditions and initiate some appropriate action. To design such an electronic system, we 
must first be able to mathematically express the inputs, the logical evaluation, and the cor­
responding outputs. Boolean algebra is a mathematical procedure that aJiows the combi­
nations of true/false conditions in various logical operations by equations so that 
conclusions can be drawn. For the purposes of this text. we do not require expertise in 
Boolean technique. but only an operational familiarity with it that can be applied to a 
process-control environment. 

Before a particular problem in industry can be addressed using digital electronics. it 
must be analyzed in terms that are amenable to the binary nature of digital techniques. Gen­
erally, this is accomplished by stating the problem in the form of a set of true/false-type con­
ditions that must be applied to derive some desired result. These sets of conditions are then 
stated in the form of one or more Boolean equations. We will see in Section 3.2.4 that a 
Boolean equation is in a form that is readily implemented with existing digital circuits. The 
mathematical approach of Boolean algebra allows us to write an analytical expression to 
represent these stipulations. The fundamentals of Boolean algebra are summarized in 
Appendix 2. 

Let us consider a simple example of how a Boolean equation may result from a prac­
tical problem. Consider a mixing tank for which there are three variables of interest: liquid 
level, pressure, and temperature. The problem is that we must signal an alarm when cer1ain 
combinations of conditions occur among these variables. Referring to Figure 3.1, we de­
note level by A, pressure by B. and temperature by C. and assume that setpoint values have 
been assigned for each variable so that the Boolean variables are either 1 or 0 as the phys­
ical quantities are above or below the setpoint values. The alarm will be triggered when the 
Boolean variable D goes to the logic true state. The alarm conditions are 

I. Low level with high pressure 
2. High level with high temperature 
3. High level with low temperature and high pressure 

We now define a Boolean expression with AND operations that will give aD = 1 for each 
condition: 

I. D =A· B will give D = 1 for condition I. 
2. D = A · C will give D = 1 for condition 2. 
3. D = A · C · B will give D = 1 for condition 3. 
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Prmure 

Level 

[ 

1 High preaure 
B• 

OLow~re 

f-- -=-=._--=-=Temperature 

[

1 High level 

~"' "' 0 Low level 

FIGURE 3.1 

[

1 On 
AlarmD = 

0 Off 

[

1 High temp 
C= 

0 Low temp 

System for illustrating Boolean applications to control. 

The final logic equation results from combining all three conditions so that if any is true, 
the alarm will sound (D = 1). This is accomplished with the OR operation 

D = A·B+A·C+A · C·B (3.2) 

This equation would now form the starting point for a design of electronic digital circuitry 
that would perform the indicated operations. 

3.2.4 Digital Electronics 

The electronic building blocks of digital electronics are designed to operate on the binary 
levels present on digital signal lines. These building blocks are based on families of types 
of electronic circuits, as discussed in Appendix 2, that have their specific stipulations of 
power supplies and voltage levels of the 1 and 0 states. The basic structure involves the use 
of AND/OR logic and NAND/NOR logic to implement Boolean equations. 

Develop a digital circuit using AND/OR gates that implements Equation (3.2). 

Solution 
The problem posed in Section 3.2.3 (with Figure 3.1) has a Boolean equation solution of 

D = A·B+A·C+A·C·B (3.2) 
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EXAMPLE 
3.6 

Level 
A ~---1------~~ 

Pressure 
Bo---~~1---~~------~ 

Temperature 
c ~-....--t--+--, 

FIGURE 3.2 
Solution for Example 3.5. 

D 

The implementation of this equation using AND/OR gates is shown in Figure 3.2. The 
AND, OR, and inverter are used in a straightforward implementation of the equation. It 
should be noted that Equation (3.2) can be greatly reduced by someone skilled in the art of 
digital logic to: D = A · C + B. The reader can show that this can be implemented by one 
AND gate and one OR gate! 

Repeat Example 3.5 using NAND/NOR gates. 

Solution 
One way to implement the equation in NAND/NOR would be to provide inverters after 
every gate, in effect, to convert the devices back to AND/OR gates. In this case, the circuit 
developed would look like Figure 3.2 but with an inverter after every gate. A second ap­
proach is to use the Boolean theorems to reformulate the equation for better implementa­
tion using NAND/NOR logic. For example, if we are to get the desi red equation forD as 
output from a NAND gate, the inputs must have been 

A·B +A · C 

and 

A·B·C 

because NAND between these produces 

(A· B + A · C) · (A · B ·C) 
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Bo--+--1 

FIGURE 3.3 
Solution for Example 3.6. 

which, by DeMorgan 's theorem, becomes 

A·8+A·C+A·8 · C 

D 

that is. the desired output. Working backward from this result allows the circuit to be real­
ized, as shown in Figure 3.3. However, using the simplified version given in Example 3.5. 
we can use DeMorgan's theorem to write 

D = A · C + 8 = (A · C) · 8 

The reader can now show that thi can be provided by two NAND gates and one inverter. 

3.2.5 Programmable Logic Controllers 

The move toward digital logic techniques and computers in industrial control paralleled the 
development of special controllers called programmable logic controllers (PLCs), or sim­
ply programmable controllers (PCs). These devices are particularly suited to the solution 
control problems associated with Boolean equations and binary logic problems in general. 
They are a computer-based outgrowth of relay sequence controllers. Detailed treatment of 
this type of control system is given in Chapter 8. 

3.2.6 Computer Interface 

Figure 3.4 shows a simple model of a computer system. The processor is connected to ex­
ternal equipment via three parallel sets of digital lines. The data lines carry data to and from 
the processor. The address Lines allow the computer to select external locations for input 
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I Memory I 

Bus 
Data lines " 

' I 
I I 
I ' I ' I I 

I I 

Address lines 
I I 

I ' Processor I I 

' I 

I I 
I I 
I I 
I . 
I I 

Control lines I I 
I I 

I I 

I Display I 
FIGURE3.4 
Generic model of a computer bus system. 

and output. The control lines carry information to and from the computer related to opera­
tions, such as reading, writing, imerrupts, and so on. This coJiection of lines is called the 
bus of the computer. 

The term interface refers to the hardware connections and software operations nec­
essary to input and output data using connections to the bus. All of the equipment connected 
to the computer must share the bus lines. 

It is an important consideration for interface hardware that a bus line not be compro­
mised by some external connection. This means that the external equipment must not hold 
a bus line in a logic state when that equipment is not using the bus. If a data line is held at 
0 by some equipment even when it is not performing data transfer, then no other equipment 
could raise that line to the 1 state during its data transfer operations. This problem is pre­
vented by the use of tri-state buffers. 

Tri-State Buffers Isolation of a bus line is accomplished by making an connec­
tions via a special digital device called a tri-state buffer. This device acts like a simple 
switch. When the switch is closed, the logic level on its input is impressed upon the output. 
When open. the output is placed in a high-impedance state-that is, an open circuit. 

Figure 3.5 shows how two digital signals can both be connected to a single data 
line through tri-state buffers. Normally, both tri-states are disabled-that is, in the high­
impedance state. When the computer needs to input signal A, an enable signal, £ 1, is sent 
to tri-state 1 so that the state of A is placed on the data line. After the computer reads the 
line, tri-state 1 is disabled again. Similarly, when the computer needs the state of signal B, 
an enable, £ 2, is sent to tri-state 2 to place Bon the line. 
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A 

Single data line 

B 

FIGURE 3.5 
Tri-state buffers allow multiple signals to share a single digital line in the bus. 

3.3 CONVERTERS 

The most important digital tool for the process-control technologist is one that translates 
cligital information to analog and vice versa. Most measurements of process variables are 
performed by devices that translate information about the variable to an analog electrical 
signal. To interface this signal with a computer or digital logic circuit, it is necessary first 
to perform an analog-to-digital (AID) conversion. The specifics of this conversion must be 
well known so that a unique, known relationship exists between the analog and digital sig­
nals. Often, the reverse situation occurs, where a digital signal is required to drive an ana­
log device. In this case, a digital-to-analog (D/A) converter is required. 

3.3.1 Comparators 

The most elementary form of communication between the analog and digital is a device 
(usually an IC) called a comparator. This device, which is shown schematically in Figure 
3.6, simply compares two analog voltages on its input terminals. Depending on which volt­
age is larger, the output will be a 1 (high) or a 0 (low) digital signal. The comparator is ex­
tensively used for alarm signals to computers or digital processing systems. This element is 
also an integral part of the analog-to-digital and digital-to-analog converter, to be discussed 
in Section 3.3.2. 

One of the voltages on the comparator inputs, Va or Vb in Figure 3.6, will be the vari­
able input, and the other a fixed value called a trip, trigger, or reference voltage. The reference 

FIGURE 3.6 
A basic comparator compares voltages 
and produces a digital output. 
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T 

p 

FIGURE 3.7 
Diagram of a solution to Example 3.7. 

value is computed from the specifications of the problem and then applied to the appropriate 
comparator input terminal, as illustrated in Example 3.7. The reference voltage may be pro­
vided from a divider using available power supplies. 

EXAMPLE A process-control system specifies that temperature should never exceed l60°C if the pres-
3.7 sure also exceeds 10 kPa. Design an alarm system to detect this condition, using temperature 

and pressure transducers with transfer functions of2.2 mV ;oc and 0.2 VlkPa, respectively. 

Solution 
The alarm conditions will be a temperature signal of (2.2 m V ;oc) ( 160°C) = 0.352 V co­
incident with a pressure signal of (0.2 V / kPa) ( 10 kPa) = 2 V. The circuit in Figure 3.7 
shows how this alarm can be implemented with comparators and one AND gate. The ref­
erence voltages could be provided from dividers. 

Open-Collector Comparators Some comparator models have a special method 
of providing the digital output signal. Figure 3.8a shows that the output terminal of the 
comparator is connected internally to the collector of a transistor in the comparator and 
nowhere else! This is called an open-collector output because it is just that. Of course, even 
if there is base-emitter current in the transistor. no voltage will show up on the collector un­
til it is connected to a supply through some collector resistor. In fact, this is exactly what is 
done in an application. Figure 3.8b shows that an external resistor is connected from the 
output to an appropriate power supply. This is called a collector pull-up resistor. Now the 
output terminal will show either a 0 (0 V) if the internal transistor is ON or 1 (Vs) if the in­
ternal transistor is OFF. 

There are a number of advantages to using the open-collector output: 

I. It is possible to use a different power source for the output. For example, sup­
pose you want to activate a+ 12-V relay with the output of a comparator that op­
erates on +5 V. By using an open-collector model, you can connect the pull-up 
resistor to a+ 12-V supply and power the relay directly from the output. 
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Output 

(a) 

+Vs 

Pull-up 
resistor 

Output 

(b) 

2. It is possible to OR together several comparators' outputs by connecting all open­
collector outputs together and then using a common pull-up resistor. If any one of 
the comparator's output transistors is turned ON, the common output will go low. 

Hysteresis Comparator When using comparators, there is often a problem if the 
signal voltage has noise or approaches the reference value too slowly. The comparator out­
put may "jiggle" back and forth between high and low as the reference level is reached. This 
effect is shown in Figure 3.9. Such fluctuation of output may cause problems with the 
equipment designed to interpret the comparator output signal. 

v..,, 

Time Time 

FIGURE 3.9 
A comparator output will "jiggle" when a noisy signal passes through the reference 
voltage level. 
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a) Hysteresis comparator circuit 

FIGURE 3.10 

o I l I 
, ~ 

.... .. V;n 
VL VH 

R 
VH = Vret VL = V r- - V re Rt o 

b) Hysteresis comparator input-output 
relationship and equations 

A generic DAC diagram, showing typical input and output signals. 

This problem can often be solved by providing a deadband or hysteresis window to 
the reference level around whlch output changes occur. Once the comparator has been trig­
gered high, the reference level is automatically reduced so that the signal must fall to some 
value below the old reference before the comparator goes to the low state. 

There are many ways this hysteresis can be provided, but Figure 3.1 Oa shows one com­
mon technique. Feedback resistor R1 is provided between the output and one of the inputs 
of the comparator, and that input is separated from the signal by another resistor, R. Under 
the condition that R1 >> R, the response of the comparator is shown in Figure 3.10b. 

The condition for which the output will go high (Vo) is defined by the condition 

(3.3) 

Once having been driven high, the condition for the output to drop back to the low (0 V) 
state is given by the relation 

(3.4) 

The deadband or hysteresis is given by (R/ R1 )V0, and is thus selectable by choice of the 
resistors, as long as this relation is satisfied. The response of this comparator is shown 
by the graph in Figure 3.10b. The arrows indicate increasing or decreasing input voltage. 

A sensor converts the liquid level in a tank to voltage according to the transfer function 
(20m V /em). A comparator is supposed to go high (5 V) whenever the level becomes 50 em. 
Splashing causes the level to fluctuate by ±3 em. Develop a hysteresis comparator to pro­
tect against the effects of splashing. 

Solution 
The nominal reference for the comparator occurs at 50 em, which is Vref = 
(20 mV /em) (50 em) = 1 V. The splashing, however, causes a "noise" of {20 mY /em) · 
(:::!:: 3 em) = :::!:: 60 mV. Thls is a total range of 120 mY. We need a deadband of at least 
120 mV, but let us make it 150 mV for security. Thus, we have 

(R/R1)(5V) = 150rnV 
(R/R1) = 0.03 
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If we make R1 - 100 kfl, then R - 3 kfl. Thus, use of these resistors, as shown in 
Figure 3.10, with a reference of I V will meet the requirement. 

3.3.2 Digital-to-Analog Converters (DACs) 

A DAC accepts digital information and transforms it into an analog voltage. The digital in­
formation is in the form of a binary number with some fixed number of digits. Especially 
when used in connection with a computer. this binary number is called a binary word or 
computer word. The digits are called bits of the word. Thus, an 8-bit word would be a bi­
nary number having eight digits, such as 101101102. A unipolar DAC converts a digital 
word into an analog voltage by scaling the analog output to be zero when all bits are zero 
and some maximum value when all bits are one. This can be mathematically represented 
by treating the binary number that the word represents as a fractional number. ln this con­
text, the output of the DAC can be defined using Equation (3.1) as a scaling of some ref­
erence voltage: 

where Vout = analog voltage output 
VR = reference voltage 

b1b2 ••• b11 = n-bit binary word 

(3.5) 

The minimum Yout is zero, and the maximum is determined by the size of the binary word 
because, with all bits set to one, the decimal equivalent approaches VR as the number of bits 
increases. Thus, a 4-bit word has a maximum of 

V = V, (T1 + T 2 + T 3 + 2 4
] = 0 9375ll,; rnax R · R 

and an 8-bit word has a maximum of 

An alternative equation to Equation (3.5) is often easier to use. This is based on 
noting that the expression in brackets in Equation (3.5) is really just the fraction of to­
tal counting states possible with the 11 bits being used. With this recognition, we can 
write 

where 

N v.: --1/ out - 211 YR 

N = base 10 whole-number equivalent of DAC input 

(3.6) 

S uppose an 8-bit converter with a 5.0-V reference has an input of 101001112, or A 7H. lf 
this input is conve11ed to base I 0, we get N = 16710 and 28 = 256. From Equation (3.6), 
the output of the ADC will be 

167 
vout = 256 5.0 = 3.2617 volts 
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3.9 

EXAMPLE 
3.10 

What is the output voltage of a I O-bit DAC with a I 0.0-V reference if the input is (a) 
00101101012 = OB5H. (b) 20FH? What input is needed to get a 6.5-V output? 

Solution 
Let's use Equation (3.5) for part (a) and Equation (3.6) for part (b). Thus, for the OB5H in­
put, we have 

Vout = I 0.0(2-3 + T 5 + 2-6 + T 8 + 2 10
) 

Yout = 10.0[0. 1767578) 

vout = 1.767578 y 

For (b), we have 20FH = 52710 and 2 10 = 1024, so 

~ut = (527/ 1024)10.0 

Yout = (0.514648)10.0 

~ut = 5.14648 V 

We can use Equation (3.6) to determine the input needed to get a 6.5-V output by solving 
forN, 

N = 2"(Yaut/'f?) 
N = 1024(6.5/10) 

N = 665.6 

The fact that there is a fractional remainder tells us that we cannot get exactly 6.5 Y from 
the converter. The best we can do is get an output for N = 665 = 299 H or 666 = 29 AH. 
The outputs for these two inputs are 6.494 V and 6.504 V. respectively. The only way to 
get exactly 6.5 V of output would be to change the value of the reference s lightly. 

Bipolar DAC Some DACs are designed to output a voltage that ranges from plus to 
minus some maximum when the input binary ranges over the counting states. Although com­
puters frequently use 2s complemem to represent negative numbers, this is not common with 
DACs. lnstead, a simple offset-binary is frequently used, wherein the OUlput is simply biased 
by half the reference voltage of Equation (3.6). The bipolar DAC relationship is then given by 

N l 
Yout = 2, ~ - 2 ~ (3.7) 

Notice that if N = 0, the output voltage will be given by the mmJmum value, 
V001 ( min) = - VR/2. However, the maximum value for N is equal to (2"-l ), so that the 
maximum value of output voltage will be 

(2" - 1) 1 1 ~ 
vout(max) = 2" ~ - 2~ = 211? - 2" 

A bipolar DAChas 10 bits and a reference of 5 V. What outputs will result from inputs of 
04FH and 2A4H? What digital input gives a zero output voltage? 
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Solution 
The inputs of04FH and 2A4H can easily be converted to base 10 numbers 79 10 and 67610. 

Then, from Equation (3.7), we find 

v = _]J__(5) - ~ = - 2.1142578 v 
QUI 1024 2 

676 (5) 
v;,Ut = 

1024
(5) - 2 = 0.80078 v 

The zero occurs when Equation (3.7) equals zero. Solving for N gives 

N (5) 
0 = 1024(5) - 2 

or N = 51210 = 200H = 10000000002. 

Conversion Resolution The conversion resolution is a function of the reference 
voltage and the number of bits in the word. The more bits, the smaller the change in analog 
output for a 1-bit change in binary word, and hence the better the resolution. The smallest 
possible change is simply given by 

where .6. V001 = smallest output change 
V R = reference voltage 

n = number of bits in the word 

(3.8) 

Thus, a 5-bit word D/ A converter with a 10-V reference will provide changes of 
.!lVout = (10)(T5

) = 0.3125 V per bit. 

Determine how many bits a D/A converter must have to provide output increments of 
0.04 V or less. The reference is I 0 V. 

Solution 
One way to find the solution is to continually try word sizes until the resolution falls below 
0.04 V per bit. A more analytical procedure is to use Equation (3.8): 

.6. V = 0.04 = ( 10) (T~') 

Any n larger than the integer part of the exponent of two in this equation will satisfy there­
quirement. Taking logarithms 

log(0.04) = log [(IO) (2 ~")] 

log(0.04) = log(lO)- y log2 
log ( 10) - log (0.04) 

y= 
log2 

y = 7.966 
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A generic DAC diagram, showing typical input and output signals. 

Thus, a n = 8 will be satisfactory. This can be proved by Equation (3.8): 

Ll ~111 = ( IO){T8
) 

Ll V 0111 = 0.0390625 V 

DAC Characteristics For modern applications, most DACs are integrated circuit 
(IC) assemblies, viewed as a black box having certain input and output characteristics. In 
Figure 3.ll, we see the essential elements of the DAC in terms of required input and out­
put. The associated characteristics can be summarized as follows by referring to this figure: 

I. Digital input TypicaJJy, digital input is a parallel binary word composed of a 
number of bits specified by the device specification sheet. TIL logic levels are 
usually required, unless otherwise noted. 

2. Power supply The power supply is bipolar at a level of± 12 to ± 18 Vas re­
quired for internal amplifiers. Some DACs operate from a single supply. 

3. Reference supply A reference supply is required to establish the range of out­
put voltage and resolution of the converter. This must be a stable, low-ripple 
source. In some units, an internal reference is provided. 

4. Output The output is a voltage representing the digital input. This voltage 
changes in steps as the digital input changes by bits, with the step determined by 
Equation (3.8). The actual output may be bipolar if the converter is designed to 
interpret negative digital inputs. 
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5. O.ffser Because the DAC is usually implemented with op amps, there may be 
the typical output offset voltage with a zero input (see Section 2.4.2). Typically, 
connections will be provided to facilitate a zeroing of the DAC output with a zero 
word input. 

6. Dara larch Many DACs have a data latch built into their inputs. When a logic 
command is given to latch data, whatever data ru·e on the input bus wiU be 
latched into the DAC, and the analog output will be updated for that input data. 
The output will stay at that value until new digital data are latched into the in­
put. ln this way, the input of the DAC can be connected directly onto the data 
bus of a computer, but it will be updated only when a latch command is given 
by the computer. 

7. Conversion time A DAC perfo1ms the conversion of digital input to analog out­
put virtually instantaneously. From the moment that the digital signal is placed 
on the inputs to the presence of the analog output voltage is simply the propaga­
tion time of the signal through internal amplifiers. Typically, settling time of the 
internal amplifiers will be a few microseconds. 

DAC Structure Generally speaking, a DAC is used as a black box, and no knowl­
edge of the internal workings is required. There is some value, however, in briefly showing 
how such conversion can be implemented. The simplest conversion uses a series of op amps 
for input for which the gains have been selected to provide an output as given by Equa­
tion (3.5). The most common variety, however, uses a resistive ladder nerwork to provide 
the transfer function. This is shown in Figure 3.12 for the case of a 4-bit converter. With the 
R-2R choice of resistors, it can be shown through network analysis that the output voltage 
is given by Equations (3.5) or (3.6). The switches arc analog electronic switches. 

A control valve has a linear variation of opening as the input voltage varies from 0 to I 0 V. 
A microcomputer outputs an 8-bit word to control the valve opening using an 8-bit DAC to 
generate the valve voltage. 

a. Find the reference voltage required to obtain a full open valve (I 0 V). 
b. Find the percentage of valve opening for a 1-bit change in the input word. 

Solution 

a. The full open-valve condition occurs with a l 0-V input. [fa 10-V reference is used, 
a full digital word lll l11112 wi II not quite give I 0 V, so we use a larger reference. 
Thus, we have 

Vout = VR(b 12- ' + b2T
2 + · · · + b82-8) 

10 = v. (.!. + .!. + ... + - 1
-) 

R 2 4 256 

10 
VR = 0.9961 = 10.039 V 
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FIGURE 3.12 
A typical DAC is often implemented us1ng a ladder network of resistors. 

b. The percentage of valve change per step is found first from 

11 \{,Ul = \-k2-S 

Thus, 

percent 

I 
11 Yuut = ( 10.039)

256 

11 ~UI :::: 0.0392 v 

= (0.0392) (100) = 0.392% 
10 

Data Output Boards It is now common and convenient to obtain a printed cir­
cuit board that plugs into a personal computer expansion slot and is a complete data output 
system. The board has all necessary DACs, address decoding, and bus interface. In most 
cases, the supplier of the board also provides elementary software--often written in C. 
BASIC. or assembly language-as necessary to use the board for data output. 
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3.3.3 Analog-to-Digital Converters (ADCs) 

Although there are sensors that provide a direct digital signal output and more are being de­
veloped, most still convert the measured variable into an analog electrical signaL With the 
growing use of digital logic and computers in process control, it is necessary to employ an 
ADC to provide a digitally encoded signal for the computer. The transfer function of the 
ADC can be expressed in a similar way to that of the DAC as given in Equation (3.5). In 
this case, however, the interpretation is reversed. The ADC will find a fractional binary 
number that gives the closest approximation to the fraction formed by the input voltage and 
reference. 

where 

v 
b 2 1 + b z-2 + · · · + b r" < --.!'.!. I 2 II - ~ 

b,b2 .•• b,. = n-bit digital output 
V;n = analog input voltage 
V,? = analog reference voltage 

(3.9) 

We use an inequality in this equation because the fraction on the right can change continu­
ously over all values, but the fraction derived from the binary number on the left can change 
only in fixed increments of llN = T". In other words, the only way the left side can 
change is if the LSB changes from 1 to 0 or from 0 to 1. In either case. the fraction changes 
by only 2-" and nothing in between. Therefore, there is an inherent uncertainty in the input 
voltage producing a given ADC output, and that uncertainty is given by 

(3.10) 

Minimum and Maximum Voltages Equation (3.9) shows that if the ratio of in­
put voltage to reference is Jess than ll V. then the cligital output will be all Os, (i.e., 
0000 ... 0002). The LSB will not change until the input voltage becomes at least equal to 
ll V, and then the output will be 0000 ... 0012. Therefore, if the ADC output is all zeros, you 
know only that V;11 is Jess than VRT", so it could even be a negative voltage, for example. 

Now notice that the MSB changes from 0 to 1 when the input voltage becomes equal 
to or greaterthan VR - ll V . Therefore, if the ADC output is allls (i.e., 1111 ... 11112) then 
you know only that V;11 is greater than VR( l - T"). 

This uncertainty must be taken into account in design applications. if the problem un­
der consideration specifies a certain resolution in analog voltage, then the word size and 
reference must be selected to provide this in the converted digital number. 

Temperature is measured by a sensor with an output of 0.02 V / °C. Determine the required 
ADC reference and word size to measure 0° to l00°C with 0.1 °C resolution. 

Solution 
At thf' maximum temperature of J OO"C. the voltage output i~ 

(0.02 V ;oc) ( 100°C) = 2 V 
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so a 2-Y reference is used. 
A change of 0.1 oc results in a voltage change of 

(O.l°C) (0.02 Y ;oc ) = 2 mY 

so we need a word size where 

Choose a size 11 that is the integer part of y plus 1. Thus, solving with logarithms, we find 

log (2) - log (0.002) 
y = 

log2 

y = 9.996::::: 10 

so a 10-bit word is required for this resolution. A 1 O-bit word has a resolution of 

v = (2) (2-10) 

v = 0.00195 y 

which is better than the minimum required resolution of2 mY. 
Notice that the output actually changes from 11111111102 to 11111111112 at a 

voltage of 

VR(J - Tn) = (2 Y) (I - T 10
) = 1.9980 V 

which corresponds to a temperature of ( 1.9980 V)/(0.02 Y ;oc) = 99.90°C. This means 
we are actually measuring temperature between 0.1 °C and 99.9°C. 

EXAMPLE Find the digital word that results from a 3. 127-V input to a 5-bit ADC with a 5-Y reference. 
3.14 

Solution 
The relationship between input and output is given by Equation (3.9). Thus, we are to en­
code a fractional number of Vin/VR, or 

Using the method of successive multiplication defined in Section 3.2.2, we find 

0.6254(2) = 1.2508 
0.2508(2) = 0.50 16 
0.5016(2) = 1.0032 
0.0032(2) = 0.0064 
0.0064(2) = 0.0 128 

so that the output is 101002. 

:. b 1 = I 
:.b2 = 0 
:. b3 = I 
:. b4 = 0 
:. b5 = 0 
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Equation (3.9) can be written in a simpler fashion by expressing the fractional binary num­
ber as the fraction of counting states, as was done for the DAC. In this case, the base I 0 
value of the digital output can be expressed as 

N = INT(~~2") (3.11) 

where LNT( ) means co take the integer part of the quantity in brackets. This is not a round­
off, but rather a truncation, so that INT(3.3) = 3 and INT(3.99) = 3 also. The value of N 
is then converted to hex and/or binary to demonstrate the ADC output. In the previous ex­
ample, we would have 

N = INT( 3· ~27 25
) = INT(20.0 128) = 2010 

or 14 H = 101002, as already found. 

EXAMPLE The input to a 1 O-bit ADC with a 2.500-V reference is 1.45 V. What is the hex output? Sup-
3.15 pose the output was found to be 1 B4H. What is the voltage input? 

Solution 
We wi II use Equation (3. 11 ) to find the solution to these questions. For the fi rst part, we can 
form the expression 

N = INT(( J.45/2.5)2 10
) 

N = fNT(593.92) 

N ;:: 593 

N ;:: 251 H 

So the output of the ADC is 251 H for a 1.45-V input. To get the voltage input for a I B4H­
output, we solve Equation (3.11) for the voltage: 

N 
V;n = 2" VR 

A conversion yields I B4H = 43610• 

v'" = (436/1024)2.50 

v in = 1.06445 v 
However, it is important to realize that any voltage from this to 1.06445 + 
2.5/1024 ;:: 1.06689 will give the same output, 1B4H. So the correct answer to the ques­
tion is that the input voltage lies in the range 1.06445 to 1.06689 V. 

Bipolar Operation A bipolar ADC is one that accepts bipolar input voltage for 
conversion into an appropriate digital output. The most common bipolar ADCs provide an 
output called offset-binary. This simply means that the normal output is shifted by half the 
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scale so that all-zeros con·esponds to the negative maximum input voltage instead of zero. 
In equation form, the relation would be written as 

N = INT[ (~~ + i)2"] (3.12) 

From this equation, you can see that if Vin = - VR/2, the output is zero, N = 0. If VJ11 = 0, 
the output is half of 2". The output will be the maximum count when the input is VR/2- VR2". 
For example, for 8 bits with a 10.0-V reference, the step size is !::.. V;0 = ( 10)28 ~ 0.039 V. 
Looking at the possible states, we would have 

Vin = -5.000 

Yin= -4.961 
etc. 

Vln = -0.039 

Vin = 0.000 

Yin= + 0.039 
etc. 

Yin= + 4.961 

N = 000000002 

N = 000000012 

N = 011111112 

N = 100000002 

N = 100000012 

N = 111111112 

There is an asymmetry to the result so that the converter cannot represent the full range 
from minus to plus VR/2. 

What are the hex and binary output of a bipolar 8-bit ADC with a 5.00-V reference for in­
puts of -0.85 V and+ 1.5 V? What input voltage would cause an output of 72H? 

Solution 
Using Equation (3.12), we get 

and 

N = INT( ( 1/5.00)[ -0.85 + 2.50]28) 

N == INT(84.48) 

N = 8410 

N == 54H = 010101002 

N = INT((l/5.00)[l.5 + 2.50)256) 

N == fNT(204.8) 
N = 20410 

N = CCH = 110011002 

To get an output of72H, we solve Equation (3.12) for Yin: 
V;n = ( N /2") VR - VR/2 
V;0 = (J 14/256)5.00 - 2.50 

vin = - 0.2734 v 
But of course the actual answer is any voltage between -0.2734 V and ( -0.2734 + 
5/256) = - 0.2539 v. 
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FIGURE 3.13 
A generic ADC diagram, showing typical 1nput 
and output s1gnals and not1ng the convers1on 
t1me. 
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ADC Characteristics Figure 3.13 shows a generic ADC with all the typical con­
nections. It is quite possible, and even appropriate in many cases, to regard the ADC as sim­
ply a black box with certain input and output characteristics. The following list summarizes 
the important characteristics of the ADC: 

J. Analog voltage input This is for connection of the voltage to be converted. As 
will be explained later, it is important that this voltage be constant during the 
conversion process. 

2. Power supplies Generally, an ADC requires bipolar supply voltages for inter­
nal op amps and a digital logic supply connection. 

3. Reference voltage The reference voltage must be from a stable, well-regulated 
source. Special, integrated circuit reference-source voltages are available for this 
purpose. 

4. Digital outputs The converter will haven output lines for connection to digital 
interface circuitry. Generally, the levels are typical TIL values for definition of 
the high and low states. It is common for the output Lines to be tri-state outputs 
so that the ADC can be connected directly to a bus. 

5. Control lines The ADC has a number of control lines that are single-bit digital 
inputs and outputs designed to control operation of the ADC and allow for inter­
face to a computer. The most common lines are: 
a. SC (Start-convert) This is a digital input to the ADC that starts the converter 

on the process of finding the correct digital outputs for the given analog 
voltage input. Typically, convers ion starts on a falling edge. 

b. EOC (End-of-convert) Tbis is a digital output from the ADC to receiving 
equipment, such as a computer. Typically, this line will be high during the 
conversion process. When the conversion is complete, the line will go low. 
Thus, the falling edge incticates that the conversion is complete. 

c. RD (Read) Since the output is typically buffered with tri-states. even though 
the conversion is complete, the correct digital results do not appear on the 
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output lines. The receiving equipment must take the RD line low to enable 
the tri-states and place the data on the output lines. 

6. Conversion time This is not an input or an output, but a very important char­
acteristic of ADCs. A typical ADC does not produce the digital output instanta­
neously when the analog voltage is applied to its input terminal. TheADC must 
sequence through a process to find the appropriate digital output, and this 
process takes time. This is one of the reasons that handshaking lines are re­
quired. Figure 3.14 shows a typical timing diagram for taking a sample of data 
via anADC. 

The existence of a finite conversion time complicates the use of ADCs in data acqui­
sition. The computer cannot have a data input at any time; rather, it must request an input, 
wait for the ADC to perform a conversion, and then input the data. 

ADC Structure Most ADCs are available in the form of integrated circuit (I C) as­
semblies that can be used as a black box in applications. To fully appreciate the character­
istics of these devices, however, it is valuable to examine the standard techniques employed 
to perform the conversions. There are two methods in use that represent very different ap­
proaches to the conversion problem. 

Parallel-Feedback ADC The parallel-feedback AID converter employs a feed­
back system to perform the conversion, as shown in Figure 3.15. Essentially, a comparator 
is used to compare the input voltage, V:r• to a feedback voltage, Vp, that comes from a DAC 
as shown. The comparator output signal drives a logic network that steps the digital output 
(and hence DAC input) until the comparator indicates the two signals are the same within 
the resolution of the conve1ter. The most popular parallel-feedback converter is the 
successive approximation device. The logic circuitry is such that it successively sets and 
tests each bit, starting with the most significant bit of the word. We start with all bits zero. 
Thus, the first operation wiU be to set b 1 = I and test Vp = VRT1 against Vx through the 
comparator. 

If Vt is greater, then b1 will be 1, b2 is set to 1, and a test is made of Vx versus 
Vv = VR(2- 1 + T 2

), and so on. 
If Vx is less than VRT1

, then b 1 is reset to zero, b2 is set to 1, and a test is made for Vx 
versus VRT2. This process is repeated to the least significant bit of the word. The operation 
can be illustrated best through an example. 

FIGURE 3.14 
A typical data-acquisition timing diagram 
using an ADC. The read operation may 
occur at any time after the end-of-convert 
has been issued by the ADC. 
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One common method of implementing an ADC is the successive approximation of parallel­
feedback system using an internal OAC. 

Find the successive approximation ADC output for a 4-bit converter to a 3.2 17-Y input if 
the reference is 5 Y. 

Solution 
Following the procedure outlined, we have the following operations: Let Vx = 3.217: then 

( I ) Set b1 = 1 
v:y > 2.5 

(2) Set b2 = 1 
vx < 3.75 

(3) Set b3 = 1 
vx > 3. 125 

(4) Set b4 = 1 
vx < 3.4375 

VF = 5(T1) = 2.5 v 
leave b1 = 1 

VF = 2.5 + 5(T2
) = 3.75 

reset b2 = 0 

VF = 2.5 + 5(T3
) = 3.125 

leave b3 = 1 

v" = 3.125 + 5(2 4
) 

reset b4 = 0 

By this procedure, we find the output is a binary word of 10102. 
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The dual-slope ADC uses an op amp integrator, comparator, and counter. This is 
commonly used m digital voltmeters. 

The conversion time of successive approximation-type ADCs is on the order of I to 
5 JlS per bit. Thus, a low-pticed 8-bit ADC might require 5 J1S/bit for a total conversion time 
of about 40 JlS. A higher-quality (and price) 12-bit might be able to perform the full con­
version in only 15 JlS. 

These conversion times depend on a clock that is internal to the ADC and not crystal 
controlled. Thus. there will be variation of the conversion time from unit to unit. 

Ramp ADC The ramp-type AID converters essentially compare the input voltage 
against a linearly increasing ramp voltage. A binary counter is activated that counts ramp 
steps until the ramp voltage equals the input. The output of the counter is then the digital 
word representing conversion of the analog input. The ramp itself is typically generated by 
an op amp integrator circuit, discussed in Section 2.5.8. 

Dual-Slope Ramp ADC This ADC is the most common type of ramp converter. 
A simplified diagram of this device is shown in Figure 3.16. The principle of operation is 
based on allowing the input signal to drive the integrator for a fixed time, T" thus generat­
ing an output of 

(3.13) 

or, because V, is constant, 

I 
V1 =- = T1V 

RC ' 
(3.14) 
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FIGURE 3.17 
A typical timing dragram of a dual-slope 
ADC. Since both slopes depend upon R 
and C, the ADC output rs independent of 
the values of these components. 

I 
I 
.s 

v 

After timeT" the input of the integrator i~ electronically switched to the reference supply. 
The comparator then sees an input voltage that decreases from V1 as 

V2 = V1 - RIC f VRdt (3.15) 

or, because VR is constant and V1 is given from Equation (3.14), 

(3.16) 

A counter is activated at timeT, and counts until the comparator indicates V 2 = 0. at which 
timet X [Equation (3. I 6)] indicates that vr will be 

(t 

V:r = Tr VI< (3.17) 

Thus, the counter time, l.r• is linearly related to Vx and is independent of the integrator char­
acteristics- that is, Rand C. This procedure is shown in the timing diagram in Figure 3.17. 
Conversion start and stop digital ignals are also used in these devices. and (in many cases) 
internal or external references may be used. 

A dual-slope ADC as shown in Figure 3.16 has R = I 00 kfl and C = 0.0 l pF. The refer­
ence is I 0 Y, and the fixed integration time is I 0 ms. Find the conversion time for a 6.8-Y 
input. 

Solution 
We find the voltage after an integration time of lO ms as 

1 
V, = RCT1V\ 

( 10 ms) (6.8 V) v = ~-____:__;_ _ __;__ 
I ( 100 kfl) (0.1pF) 

v, = 6.8 v 
Then we find the time required to integrate this to zero as V2 = 0 in 

T,\{ t, 
V1 = RC- RC VR 
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Thus, 

TlVx 
f =--

r VR 

(10ms)(6.8V) 
f = ..;._ _ ___.:_.:.._____.:_ 
\ lOY 

t r = 6.8 ms 

The total conversion time is then I 0 ms + 6.8 ms = 16.8 rns. 

Example 3.18 illustrates an important characteristic of the dual-slope ADC. It has a 
much longer conversion time than a successive approximation type. In fact, the conversion 
time for the dual-slope is frequently from tens to several hundreds of milliseconds. 

One of the most common applications of the dual-slope ADCs is in digital multi­
meters. Here, input circuitry converts the input voltage into an appropriate range for the 
ADC. The ADC performs conversions continuously; that is, when one conversion is fin ­
ished, the output is latched into a display register and another conversion is started. In ap­
plications such as this, a few hundred milliseconds' conversion time is plenty fast and 
allows for the display to be updated several times per second. 

A measurement of temperature using a sensor that outputs 6.5 m V ;oc must measure to 
I 00°C. A 6-bit ADC with a I 0-V reference is used. (a) Develop a circuit to interface the 
sensor and the ADC. (b) Find the temperature resolution. 

Solution 
To measure to l00°C means the sensor output at l00°C will be 

(6.5 mv;oc)(I00°C) = 0.65 v 

a. The interface circuit must provide a gain so that at 100°C the ADC output is 
111111. The input voltage that will provide this output is found from 

V~ = \'n(a 1T
1 + a22-2 + .. · + a62-6) 

v. = 1o(.!. + ..!.. + .. · + -
1 ) 

X 2 4 64 

V.t = 9.84375 v 
Thus, the required gain must provide this voltage when the temperature is 100°C. 

. 9.84375 
ga1n = 

0.65 

gain = 15.14 

The op amp circuit of Figure 3. 18 will provide this gain. 
b. The temperature resolution can be found by working backward from the least 

significant bit (LSB) voltage change of the ADC: 

--
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s.5mvrc 

FIGURE 3.18 

14.14 len 

>--.... ----1 ADC 8 btt 
1---t~ Output 

10V 
R.twence 

Analog circuit for Example 3.19. 

t::.V = VR2-" 
!::. v = ( 10) (2-6) = 0.15625 v 

Working back through the amplifier, this corresponds to a sensor change of 

IJ.V = 
0

'
15625 

= 0.01032V 
T 15.14 

or a temperature of 

- 0.01032 v - 0 

t::.T - o.oo65 v ;oc - 1'59 c 

Conversion-Time Consequences The finite conversion time of the ADC has 
serious consequences on the rate of change of signals presented for conversion. An ADC 
performs the conversion process by referring back to the input signal while the conversion 
is taking place. Obviously, if the input is changing while this process is taking place, errors 
will occur. 

Consequently. the ADC output will be in error if the magnitude of the input voltage 
changes by more than one LSB voltage,!::. V, during the time of conversion, ,.c· This is a se­
rious limitation. Since the change in rime of the input voltage is just the derivative, this con­
dition can be written in the form 

d\tin !::. V VR 
-- < --= --

dt - ,., 211'Tc 
(3.18) 

Consider, for example, a l O-bit ADC with a 5.0-V reference and a 20-f.LS conversion time. 
According to Equation (3.18), the maximum rate of change of the input voltage for this 
converter would be 

STUDENTS-HUB.com

https://students-hub.com


146 I CHAPTER 3 

EXAMPLE 
3.20 

This result, 244 V/s, doesn't seem so bad. Let's put this in perspective by asking what fre­
quency it would correspond to if the input were a sinusoidal voltage, 

V:n = VQsin(wt) 

Taking the derivative and using Equation (3. 18) gives the result 

Vn 
wV0cos(wt) $ -

2
n 

'Tc 

or, since the maximum value of the cosine function is unity, we get the condition 

VR ws--
2n'T,VQ 

or, in terms of frequency where w = 27Tf, 

(3.19) 

(3.20) 

Returning to the 244 V/s, let 's assume that the full range is in use, V0 = VR· Then we find 
that the maximum angular frequency is 

1 
w $ 10( 6) ~ 48.8 rad/s 

2 20 X 10-

or, in terms of frequency, 

w f 5- ~ 7.8Hz 
27T 

This is a remarkable result! It says that this 20-11s converter cannot find a 10-bit represen­
tation of an oscillating signal greater than 7.8 Hz. Yet it is true, and means that if the fre­
quency is greater than this, there wiJJ be errors in the lower-order bits; that is, it is no longer 
converting to 10 bits. 

An 8-bit, bipolar ADC with a 5-V reference will be used to take samples of a triangular 
wave as shown in Figure 3.19. What is the maximum frequency of the wave if the ADC 
conversion time is 1211s? 

FIGURE 3 .19 
Input signal for Example 3.20. 
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Solution 
The solution is found from the condition ex pressed by Equation (3. 18). From 
Figure 3.19 it is clear that the derivative of the input signal is simply the slope of the tri­
angular wave, 

d\ljn 2 8 
dr = T/4 = T = 8/ 

where Tis the period and/ is the frequency. Then, from Equation (3. 18), 

8/ < 
5 

626 - 28(12 X 10-6) = 1 7. Hz 

or f !S; 203.5 Hz. 

Obviously, the limitations on frequency described previously severely limit the ap­
plication of ADCs and computer data-acquisition systems. There is a solution, however. 
What is needed is simply that the signal not change during the conversion process. There­
fore, the answer is to hold the value constant during that process. This is accomplished with 
a sample-and-hold (SIH) circuit. 

Sample-and-Hold The basic concept of the sample-and-hold circuit is shown in 
Figure 3.20, where the S/H is connected to the input of an ADC. When the electronic switch 
is closed, the capacitor voltage will "track" the input voltage, V ... ( t) = V;0 ( t ). At some time, 
t5 , when a conversion of the input voltage is desired, the electronic switch is opened, iso­
lating the capacitor from the input. Thus, the capacitor will hold (stay charged) to the volt­
age when the switch opened, V:. = V; 11(ts) · 

The voltage follower allows this voltage to be impressed upon the ADC input, but the 
capacitor does not discharge because of the very high input impedance of the follower. The 
start-convert is then issued, and the conversion proceeds with the input voltage remaining 
constant, so the problem of Equation (3. J 8) does not arise. 

When the conversion is complete, the electronic switch is reclosed, and tracking con­
tinues until another conversion is needed. Figure 3.2 1 shows how Vin( t) and v ... ( t) would 
appear during a sample collection sequence of a sinusoidal signal. 

Electronic •witch 

:--:=.;---: Vc(l) 
V;. (I) ~; 4~--.-----i 

~--1' ____ : c 

~ 

ADC 

n Vc(t) 

SIB 

FIGURE 3.20 
The basic concept of a sample-and-hold circuit for use with the ADC. 
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FIGURE 3.21 
The sampled signal is literally "held" during the 
ADC conversion process. 

SatapliDa times 

Practical S/H Issues Because of the severe limitations of Equation (3.18), 
ADC systems virtually always use SIH circuits on the input. Whenever an SC is issued to 
the ADC, a "hold" is also issued to the S/H circuit. When the EOC is issued by the ADC, 
this usuaUy automatically switches the S/H back to the "sample" mode. Figure 3.22 shows 
how IC SIH circuits are often implemented using FETs as the electronic switches. 

There are several practical issues associated with the nonideal electrical characteris­
tics of the elements involved in S/H circuits. 

• There is a nonzero resistance path from the input voltage to the capacitor. This re­
sistance consists of the output resistance of the source of Vin and the fmite "ON" 
resistance of the electronic switch (the FET, for example). 

Figure 3.23a shows a model of the sample mode of the SIH. You can see that this con­
stitutes a low-pass filter with R = R.v + RoN and the capacitor. Therefore, there will be a 
limitation on the frequency that the system can track. The capacitor voltage will be down 
3 dB (0.707) at the critical frequency given by 

f. = 27r(Rs + R0 N)C (3.21) 

Most commercial SIH circuits reduce this limitation by using a voltage follower be­
fore the switch, since it has very low output resistance. 

FIGURE 3.22 
A S/H often uses a FET as an electromc 
switch. 

Sample and hold voltage 
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a) Sampling b) Holding 

FIGURE 3.23 
During (a) sampling and (b) holding, equivalent circuit resistance creates nonideal effects. 

• During the hold mode, the capacitor is shunted by the parallel combination of the 
"OFF" resistance of the switch and the input resistance of the voltage follower, as 
shown in Figure 3.23b. In this case, there will be a gradual discharge, or "droop," 
of the capacitor voltage. The droop time constant for this discharge is simply 

RorFRvF 
To= C 

RoFF + RvF 
(3.22) 

The condition here is that the droop of the capacitor voltage cannot have a slope 
larger than that given by Equation (3.18). For the exponential decay of the capaci­
tor voltage, this leads to the condition 

or 

Vc VR 
-<--
To- 2',Tc 

Vc 
'T > 211T-
0- cyR 

(3.23) 

(3.24) 

Equation (3.24) shows how the value of capacitor C can be selected to ensure that 
droop will not exceed the limitation imposed by Equation (3.18). Usually, the equa­
tion is evaluated for Vc = VR as a worst-case condition. 

A SfH will be used with a 12-bit, unipolar ADC with a 30-,us conversion time. The S/H 
switch ON resistance is 10 .0., and its OFF resistance is 10 Mil. The voltage follower input 
resistance is also LO M.fl, while the signal source output resistance is 50 .fl. 

a. What value of capacitor should be used? 
b. Determine the sampling cutoff frequency. 

Solution 
a. Equation (3.24), under the worst-case condition that Vc = VR, will determine the 

minimum droop time, To :=::: 2 12(30 X 10 6) = 0.12288 s. Now Equation (3.22) 
will allow determination of C, 

( 107
)( 107

) 

( 107 + 107) c 2: 0.12288 

which gives C :=::: 0.025 ,uF. 
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b. From this result and Equation (3.22). the critical frequency during sampling is 
found to be 

f(. :::: (2'TT) (50 + 10) (0.025 X 10-6) :::: 
108kHz 

• Other important characteristics of the S/H circuit are the acquisition time ( 'T acq) and 
the aperture time ('Tap) · The acquisition time is the time required for the S/H to reac­
quire the signal when changing from the hold to the sample mode. Typical times 
are on the order of microseconds. This places limits on the frequency with which 
samples can be taken. 

The aperture time is the time between when a command to hold is given and the ac­
tual signal level is held. This delay means that the value presented to the ADC is not ex­
actly the value at the time the sample was requested. This time is typically less than 1 ps. 

In general, the minimum time between samples taken from a SIH and ADC system is 
given by the sum 

T = 'Tc + 'Tacq +Tap (3.25) 

or, if expressed in terms of the maximum throughput frequency, f max :::: 1/T. 

A S/H has a 50-ns aperture time and a 4-ps acquisition time, and the ADC has a 40-ps con­
version time. What is the maximum throughput frequency? 

Solution 
The frequency is given by the inverse of the time between samples, given by Equation (3.25): 

T :;:: 40 JlS + 0.05 JlS + 4 JlS :;:: 44.05 JlS 

Thus, the frequency is f max = 22.7 kHz. 

Microprocessor-Compatible ADCs Just as with DACs, a whole line of ADCs 
have been developed that interface easily with microprocessor-based computers. The ADCs 
have built-in tri-state outputs so that they can be connected directly to the data bus of the 
computer. Data from the ADC are placed on the dara bus lines only when the computer is­
sues an appropriate enable command (often called a READ). Figure 3.24 shows how the 
ADC appears when connecred to the environment of the microprocessor-based computer. 
The ADC appears much the same as memory. In some cases, an ADC input is actually taken 
by the computer using a memory-read instruction. 

The decoding circuitry is necessary to provide the start-convert command, to in­
put the convert-complete response from rhe AOC, and to issue the tri-state enable back 
to the ADC. 

3.3.4 Frequency-Based Converters 

There is another important method by which an analog sensor signal can be converted into 
a digital signal. This is based upon converting the sensor signal into a variable frequenc) 
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decoding 

VR- ADC ~ I 
sc 

l 
FIGURE 3.24 
An ADC can be interfaced directly to the computer bus if 1t has tri-state outputs. Address 
decod1ng is required so the ADC can be operated by computer software. 

and then using this frequency as input to a counter for a fixed interval of time. The output 
of the counter is then a measure of the frequency and thus the sensor signal. 

Figure 3.25 shows a diagram that describes the essential elements of this type of 
analog-to-digital converter. An as yet not identified device converts the ensor signal into 
a proportional frequency, fs· This frequency signal is typically a square wave, as suggested 
in the figure. The square wave is fed to an n-bit counter, which counts every rising (or 
falling) edge of the wave and hence every cycle. The counter often has a latch on the out­
put that allows the counter to be accumulating a new count of input frequency while still 
maintaining the previous output. 

A conversion cycle starts with a start-convert (SC) signal from the computer. This clears 
the counter and triggers a one-shot convert multi vibrator (MV), which controls the operation. 
The MV is a simple digital IC that, when triggered, outputs a single pulse of some desired time 
duration. The count MV outputs a pulse of duration T(' when triggered by the SC. This pulse 
acts as a start/stop signal to the counter and so defines the time over which the frequency sig­
nal will be counted. lf the input frequency is high, the count will be high; if the frequency is 
low, the count will be lo". The latch MV issues a shon pulse to latch the latest count into the 
output latches when the count time, Tc, is finished. The falling edge ofT(' also signals the com­
puter that a conversion is complete (EOC). The computer can then read the count by enabling 
the tri-state output or the counter latch with the RD signal taken low. 

A typical design starts from the range of frequency of the converted sensor signaL 
f nun to frnu. For maximum resolution. we then make the count time, Tc, such that if the 
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1f 

FIGURE 3.25 
General diagram of a frequency-based analog-to·dtgttal converter. 

sensor signal produces the maximum frequency, the count will also be at its maximum. For 
an n-bit binary counter, the maximum count is 2"-1. o the relation we need is 

2" - I 
T =---

c /max 

The counter output for any other frequency is simply N = fTc. 
Example 3.23 illustrates this concept. 

(3.26) 

A sensor signal is converted to a frequency that varies from 2.0 to 20kHz. This signal is to 
be converted into an 8-bit digital signal. Specify the count time, TC' What is the range of 
count output for the sensor signal's frequency range? 

Solution 
An 8-bit counter has a maximum output of 255 10( 111111112). Therefore, when the fre­
quency is at its maximum, the count time must allow the counter to reach a fulJ 255. From 
Equation (3.26), 

28 - l 
Tc = O OOO = 0.01275 S 

2, Hz 

So the one-shot multivibrator is configured to provide a 12.75-ms pulse. When the fre­
quency is at the minimum of 2.0 kHz, the count will be 

N = (2000 Hz) (0.01275 s) = 25.5 

or simply 25 10 = 000110012. since the counter can count only in integers. 
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Sensor-to-Frequency Conversion Of course, this technique of analog-to­
digital conversion depends upon converting the measured variable information into a vari­
able frequency. In fact, this is not so hard to do. Common res exist that readily convert volt­
age or current to frequency. An example is the LM331 voltage-to-frequency I C. Figure 3.26 
shows a generic LM331 circuit for controlling output frequency with an input voltage. For 
this circuit, the output frequency is determined by the relation 

Rs I V.n 
foul= RL R

1
C

1 
2.09 (3.27) 

where the components are defined in the schematic. ActuaJiy, the frequency cannot really be 
zero even when V in is zero. It is typically small, perhaps 10 Hz. Generally Rs is in the range 
of 10 to 20 k.O. and is adjustable to allow fine-tuning of the frequency-to-voltage scale factor. 
RL is used to provide a discharge path for the 1-pF capacitor. It typically has a value of about 
I 00 k.O.. The supply voltage can be up to 40 V. The output is open collector (OC), so a pull­
up resistor is required to the logic supply voltage (for example, +5 V for TTL). 

As an example, suppose we want an input voltage of 0 to 5.0 V to generate a fre­
quency from :::::: 0 to 10kHz. lfwe use typical values of Rs = 15 k.O. and RL = 100 k.O., 
Equation (3.27) provides 

10 000 = 15 k.O. 5.0 _1_ 
' l 00 k.O. 2.09 R,C, 

so we get R,C, = 3.59 x I o-s s. Thus, picking C, = 0.0 I pF means R, = 3.59 k.O.. 
The value of output frequency also depends upon resistors and a capacitor, so by fix­

ing the control voltage, the frequency can also be made to depend upon these values. There­
fore, if the sensor is a varying resistance or capacitance, it can often be used directly in the 
circuit to provide a frequency that varies with the sensed quantity. You must remember, how­
ever, that the variation of frequency with either resistance or capacitance is often nonlinear. 

Another common JC that can be used for converting resistance or capacity to a fre­
quency is the 555 timer. This JC has an output frequency that depends upon an external 

V, 
The LM331 is a common voltage-to-frequency 
converter useful in frequency-based ADCs. Input 

filter 

R, 

8 
100 kV 7 

5 

VIF I \~~ogle 
converter 
LM331 JOkn 

O.l~F I 
"-

3 
lou, 

OC output 

2 

Rs 
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FIGURE 3.27 
The 555 timer is useful for generation of 
a frequency that depends upon 
resistance or capac1ty. 

f 

resistor and capacitor. Figure 3.27 shows a standard 555 timer circuit that produces a steady, 
nonsymmetrical rectangular wave with frequency 

t= 1 
0.693(RA + 2R8 )C 

(3.28) 

The following example illustrates how the 555 can be used to produce a varying frequency 
and analog-to-digital conversion. 

A resistor varies from 36 to 4 k!l as light intensity varies from 1.5 to 10 W / m2
• Devise a 

frequency-based I O-bit ADC of this signal. What are the frequencies at 1.5 and I 0 WI m2? 
Plot the counter output versus light intensity. Notice the nonlinearity. 

Solution 
We want the maximum frequency to produce a count of 210 - I = L 023, but maximum fre­
quency is unspecified, so we cannot determine the count time. We get to pick one, so let us 
pick the count time to be, say, I 0 ms. Then we get the maximum frequency as 
f max = ( 1 023/ 1 0 ms) = 102,300 Hz. This frequency will occur when the sensor is at 4 k!l: 

I 
102,300 Hz= 0.693(4 k!l + 2Rs)C 

This leaves another value we can pick. Let's make R8 = 2 k!l; then we get 

I 
C = 0.693(4kfi + 4kfl. )( l02,300Hz) = O.OOISJ.JF 

We get the frequency at 1.5 W / m2 by using 36 k!l for RA-

1 
f rrun = 0.693(36 k!l + 4 k0)(0.0018 J.JF) = 20

•
042 

Hz 

So the count is N = (20,042Hz) (0.01 s) = 200.42, or simply 200. A plot of the count 
versus light intensity is shown in Figure 3.28. You can see the nonlinearity, which results 
from the resistor being in the denominator of the frequency equation. 

In general, it is important for you to realize that there are simple IC circuits that allow 
conversion of the sensed quantity directly to frequency. If this frequency is counted using a 
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FIGURE 3.28 
Response from Example 3.24. 

simple system, as shown in Figure 3.26, then analog-to-digital conversion has resulted. The 
conversion time of these circuits is determined by Tc and the maximum sensor frequency. 
Most of the IC circuits can have a maximum frequency of around I 00 kHz. This means, for 
example, that an 8-bit converter would need a count time of about 2.55 ms. So you can see 
that conversion times are long compared with successive approximation types of AOCs. For 
most process-control applications, the slower conversion time is not a limitation. 

3.4 DATA-ACQUISITION SYSTEMS 

Microprocessor-based personal computers (PCs) are used extensively to implement direct 
digital control in the process industries. These familiar desktop computers are designed 
much like the system shown in Figure 3.24, using a bus that consists of the data lines, ad­
dress lines, and control lines. All communication with the processor is via these bus lines. 
This includes essential equipment such as RAM, ROM, disk, and CD-ROM. 

The PC also connects the bus lines to a number of printed circuit board (PCB) sock­
ets, using an industry standard configuration of how the bus lines are connected to the 
socket. These sockets arc referred to as expansion slots. Many special types of peripheral 
equipment such as fax/modem boards, game boards, and network connection boards are de­
signed on PCBs that plug into these expansion slots. 

Special PCBs called data-acquisition systems (DASs) have been developed for the 
purpose of providing for input and output of analog data. These are used when the PC is to 
be used in a control !>ystem. The following paragraphs provide general information about 
the hardware and software of data-acquisition systems. 

3.4.1 DAS Hardware 

The hardware features of a general data-acquisition system arc shown in Figure 3.29. Al­
though there is variation from manufacturer to manufacturer, the system shown in this fig­
ure and described herein demonstrates the essential features of DASs. 
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FIGURE 3.29 
Typical layout of a data-acquisition board for use in a personal computer expansion slot. 

ADC and S/H The DAS typically has a high-speed, successive approximation­
type ADC and a fast S/H circuit. Whenever the DAS is requested to obtain a data sample, 
the S/H is automatically incorporated into the process. The ADC conversion time consti­
tutes the major part of the data sample acquisition time, but the S/H acquisition time must 
also be considered to establish maximum throughput. 

Analog Multiplexer The analog multiplexer (MUX) allows the DAS to select 
data from a number of different sources. The MUX has a number of input channels, each 
of which is connected to a different analog input voltage source. The MUX acts like a mul­
tiple set of switches, as illustrated in Figure 3.30, arranged in such a fashion that any one 
of the input channels can be selected to provide its voltage to the S/H and ADC. In some 
cases, the DAS can be programmed to take channel samples sequentially. 

Address Decoder/Command Processor The computer can select to input a 
sample from a given channel by sending an appropriate selection on the address lines and 
control lines of the computer bus. These are decoded to initiate the proper sequence of com­
mands to the MUX, ADC, and SIH. Another common feature is the ability to program the 
DAS to take a number of samples from a channel with a specified time between samples. 
In this case, the computer is notified by intem1pt when a sample is ready for input. 

DAC and Latch For output purposes, the DAS often includes a latch and DAC. 
The address decoder/command processor is used to latch data written to the DAS, which is 
then converted to an appropriate analog signal by the DAC. 

3.4.2 DAS Software 

The process of selecting a channel and initiating a data input from that channel involves 
some interface between the computer and the DAS. This interface is facilitated by software 
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that the computer executes. The software can be written by the user, but is often also pro­
vided by the DAS manufacturer in the fonn of programs on disk. 

Figure 3.31 is a flowchart of the basic sequence of operations that must occur when a sam­
ple is required from the DAS. The following paragraphs describe each element of the sequence. 

Generally, the DAS is mapped into a base port address location in the PC system. In 
the PC, this address can be from OOOH to FFFH, but many addresses are reserved for use 
by the processor and other peripherals. A common address for input/output (I/0) systems 
such as the DAS is port 300H. 

The sequence starts with selection of a channel for input. This is accomplished by a 
write to the DAS decoder that identifies the required channel. The MUX then places that 
channel input voltage at the S/H input. 

The software then issues a start-convert (SC) command according to the specifica­
tions of the DAS. This is often accomplished by a write to some base + offset address. The 
DAS internally activates the hold mode of the S/H and starts the converter. 

The end-of-convert (EOC) is provided in a status register in the DAS. The contents 
of this status register can be read by the processor by a port input of a base + offset ad­
dress. The appropriate bit is then tested by the software to deduce whether the EOC has 
been issued. 

Once the EOC has been issued. the software can input the data itself by a read of an 
appropriate address, again a base + offset, which enables tri-states. placing the ADC out­
put on the data bus. 

There is one problem with the operations described, shown in Figure 3.31. If the DAS 
fails, the computer will be locked in the loop waiting for the EOC to be issued. One way to 
resolve this is to add an additional timer loop for a time greater than the conversion time of 
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FIGURE 3.31 
Software for data acquisition involves 
operations to start the ADC, test the 
EOC, and input the data. 

NO 

the ADC. If the EOC is not detected prior to time-out, an error is announced, and the com­
puter is returned to an error-handling routine. 

In some cases, the EOC detection is handled by an interrupt service routine. In tbis 
way, the computer is free to execute other software until the interrupt occurs. Then the data 
is input. Again, there needs to be a system to detect that an EOC was not provided to pro­
tect against DAS failure. 

A DAS has the following specifications: 

l. 8 channels 
2. 8-bit, bipolar ADC with a 5.0-V reference and a 25-J.JS conversion time 
3. S/H with a 10-J.Js acquisition time 
4. 8-bit unipolar DAC with a 10.0-V reference. 

ADDRESSING: BASE = OOOH to FFFH by switches 

BASE + 0: READ inputs data sample 
WRITE selects input channel: 

bo set selects channel 0, and so forth, to 
b7 set selects channel 7 

BASE + 1: READ inputs ADC status with EOC indicated by b7 going low 
WRITE initializes the DAS if b7 is high, issues SC by taking b0 low 
when b7 is low 
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Test for EOC 

loput data 

Prepare a flowchart showing how a program would take a sample from channel 3. In­
clude a time-out routine that jumps to ERROR (some unspecified routine) if the EOC is not 
issued after 100 J.IS. Use port 300H as the base address. 

Solution 

Figure 3.32 shows a flowchart indicating how the software would provide for an input 
from channel 3. It would be necessary to discover the value N to provide the 100-J.IS delay 
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by determining the time to sequence through the EOC testing loop. Such a flowchart could 
be implemented in assembly language or a higher-level language such as C, BASTC, or 
FORTRAN. 

3.5 CHARACTERISTICS OF DIGITAL DATA 

There are many advantages to using computers for the controller function. For example. 
one computer can handle many loops, interaction between loops can be accounted for in the 
software, data are less susceptible to noise-induced errors, and lineruization can be easily 
provided by software. Other advantages include self-tuning, error correction, and automatic 
failure recovery. 

It seems there should be a price for these advantages, and indeed, there are some dis­
advantages to the u e of computers in controller operations. A serious disadvantage is that 
conversion of analog data into digital data resulls in a loss of knowledge about the value of 
the vru·iable. The nature and consequences of this will be considered. 

3.5.1 Digitized Value 

Consider first analog-to-digital conversion (A DC) of analog data into a digital format. The 
format of the ADC output is an n-bit binary representation of the data. With n-bits it is pos­
sible to represent 2" values, including zero. There is a finite resolution of the physical data 
being represented of one part in 2", and that meru1s we now ru·e ignorant about the value of 
the variable after it has been converted into the binary representation. 

In equation form, we can write the relation between a physical variable and its n-bit 
digital representation as 

where 

(v- v ) 
N = mm 2" 

(V.nax - vmin) 

N = base 10 equivalent of binary representation 
V = input value 

Vmax = maximum input value 
vmin = minimum input value 

(3.29) 

Only the integer part of the right side of Equation (3.29) is used to determine N. Equa­
tion (3.29) assumes that the measurement system and ADC have been designed so that the 
binary output switches from the equivalent of 2" - I to 2" just at Vm""· The resolution of 
the measurement can be found by noting what change in V will produce a single-integer 
(bit) change of N. Tills is easily seen to be 

(3.30) 

The following example illustrates some of the consequences of the digital conversion of 
data. A careful study of this example will help you understand the limitations of digital 
representation. 
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A temperature between 100°C and 300°C is converted into a 0- to 5.0-V signaL This signal 
is fed to an 8-bitADC with a 5.0-V reference. What is the actual measurement range of the 
system? 

a. What is the resolution? 
b. What hex output results from 169°C? 
c. What temperature does a hex output of C5H represent? 

Solution 
The nature of the ADC is that the output will change to FFH at a voltage of 
5.0 - 5/256 = 4.98 V (299.22°C) and would change to IOOH at exactly 5.0 V (300°C). 
Thus, FFH would seem to mean any temperature between 299.22°C and 300°C. Because 
there is no lOOH or higher (only 8 bits), FFH actually means any temperature greater than 
299.22°C. Similarly, the output will be OOH for any voltage less than 5/256 = 0.0195 V, 
which is a temperature of 100.78°C, so OOH is output for any temperature less than 
100.78°C. Thus, the actual measurement range is from 100.78°C to 299.22°C. 

a. The temperature span of (300°C - I00°C) = 200°C is divided into 2g = 256 
values. Therefore, the resolution is given by Equation (3.30). 

Ll T = 200°C/256 = 0.78°C/bit 

Let us make sure we understand what this means. If the temperature is 1 00°C, the 
output will be OOH. It will stay at this value until the temperature reaches I 00. 78°C; 
then it will change to Ol H. Thus, the resolution of 0.78°C means that we are ig­
norant about the value of the temperature by this amount with any reading. 

b. For every temperature within t11e range. there is one specific output value. Thus, for 
a temperature of 169°C, we can find that value by Equation (3.29). We find the 
fraction of the measurement range l69°C represented by 

- ( 169 - J 00) 8 - 69 - -
N - (

300 
_ JOO) 2 -

200 
256 - (0.34:> )(256) 

N = 88.32 

But only the integer part is used. so 8810 ~ 58 H and, therefore, l69°C ~ 58 H. 
Another way to get this result is to divide the quantity ( 169 - 100) by the reso­
lution to fmd the fraction of the binary number, 69/0.78 = 88.46 ~ 58H 
(round-off error accounts for the difference). 

c. Now our ignorance of value reaUy shows up. What temperature does C5H 
represent? The procedure is quite straightforward. We simply solve 
Equation (3.29) forT knowing that C5H ~ 19710• 

(T - 100) 
197 = (300 - 100) 256 

T = ( 197)(200) /:256 + 100 

T = 253.9°C 
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But wait! The fact is that the hex value will stay C5H until the temperature 
increases by the resolution, 0.78°C. So the actual answer can only be correctly 
stated as: the temperature is between 253.9°C and 254.68°C. 

One of the consequences of the digitizing resolution is that we cannot be expected to 
control a value any more closely than this resolution. If we were supposed to control tem­
perature to within ±0.2°C using the measurement system of Example 3.26. it would be im­
possible, because we do not know its value within that tolerance. 

Problems of resolution are reduced by using more bits in the digital word. With 16 bits, 
for example, the resolution is one part in 65,536. With a 16-bitADC using a 5.0-V reference, 
the least significant bit is toggled for voltage changes of only 5.0 V /65,536 = 76.3 ll. V! 
Thus, noise becomes a severe problem in a typical industrial environment. 

3.5.2 Sampled Data Systems 

The previous section dealt with the consequences of having only discrete knowledge of the 
value of the physical variable. Consider also that we have only discrete knowledge of the 
value in time. That is. the computer control system takes only periodic samples of the vari­
able value. Thus, we are ignorant of the value or variation of the variable between samples. 
For the control system to function correctly, certain conditions must be assumed about vari­
ations between samples. That is what sampled data systems are all about. In the folJowing 
section, we will consider the nature and consequences of having only periodic samples of 
the physical variable. 

Sampling Rate The key issue with respect to sampling in a computer-based con­
troller i the rate at which samples must be taken. The sample rate is expressed either 
through t,, the time between samples. or f. = I/t5• the sampling frequency. 

There is a maximum sampling rate in any system-that is, the time required to take 
a sample (ADC conversion time) plus the time required to solve the controller equations to 
determine the appropriate output (program execution time). 

There is a minimum sampling rate in any system that depends on the nature of the 
time variation of the sampled variable. Simply put, samples must be taken at a high enough 
rate so that the signal can be reconstructed from the samples. There are serious conse­
quences to sampling ar too small a rate. For example, the control system will not be able 
to correct variations of the controlled variable that are missed because too few samples 
were taken. 

Figure 3.33 illustrates the consequences of sampling rate on knowledge of signal 
variation. The actual signal is shown in Figure 3.33a. Figures 3.33b, 3.33c, and 3.33d il­
lustrate knowledge about signal variation deduced from various sample rates. Reconstruc­
tions of the original signal are indicated by the dashed lines between samples. 

The sampling rate of Figure 3.33b is much too slow, because little information about 
the actual signal variation is contained in the reconstruction from the samples. 

For Figure 3.33c, the signal seems to possess a frequency of variation that is not in 
fact present in the actual signal. This is called aliasing, and it is one consequence of too 
small a sampling rate. 
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FIGURE 3.33 
The sampling rate can d1sgu1se actual s1gnal details. 

The sampling rate of Figure 3.33d shows that the essential features of the signal can 
be reconstructed from the samples. A general rule for the minimum sampling rate can be 
deduced from the maximum frequency of the signal. The rule is that for adequate recon­
struction of the signal from samples, the samples must be taken at a frequency that is about 
I 0 times the maximum frequency of the signal. 

fr = 10/max (3.31) 

where f s = sampling frequency 
!max = maximum signal frequency 

This is, of course, equivalent to taking 10 samples within the shortest period of the signal. 
To determine the minimum sampling rate, an estimate must be made of the highest 

possible frequency (shortest possible period) of the signal. The sampling frequency will be 
10 times that value. For Figure 3.33d, 6 samples are taken instead of I 0 in one basic period 
of the data. The reconstruction from samples is somewhat crude, but the basic structure is 
present. 
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EXAMPLE 
3.27 

The plot of Figure 3.34 shows typical data taken from pressure variations in a reaction ves­
sel. Determine the maximum time between samples for a computer control system to be 
used with this system. 

Solution 
An examination of the signal of Figure 3.34 shows that the shortest time between any two 
peaks is 0.15 s. This gives amaximwn signal frequency of !max = 1/0.15 = 6.7 Hz. From 
Equation(3.3l), theminimumsamplingfrequencyisgiveoby.fs = 10.{;11ax = (10)(6.7 Hz) 
=67Hz. The maximum time between samples is ts = 1/fs = 15 ms. 

It is important to understand the cmmection between the suggested sampling fre­
quency of Equation (3.31) and that suggested by the Nyquist sampling frequency. The 
Nyquist sampling theorem presents a result that, if a signal is bandlimited to a frequency, 
!max• then the signal can be reconstructed if sampled at a rate of twice this maximum-that 
is, !sample = 2fmax· This is an apparent contradiction to Equation (3.31 ). 

This contradiction is resolved by two observations. First, practical signals in indus­
try are not bandlirnited, which would mean the maximum frequency was infinite. This can 
be alleviated by filtering the signal to block frequencies beyond some value hnax• effec­
tively providing an artillcial band limit, but beyond that which presents real, practical data. 

Second, the Nyquist criterion does not specify bow many samples must be taken to 
reconstruct the signal. Indeed, in the limit of sampling at 2hnax• an infinite number of sam­
ples must be taken. In the practical world, the signal is not regular and periodic. Equa-
6on (3.31) represents a compromise that has been found to provide sufficient samples for 
practical signal reconstruction. 

The cycle time of a process-control fieldbus can also impact the issue of the maxi­
mum signal frequency. If the fieldbus is used to take measurement data from a sensor and 
send the response back to the final control element, the potential delays because of bus traf­
fic limit the controllable maximum frequency. 

FIGURE 3.34 
Pressure data for Example 3.27. 

Time(sl 
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A network application is used with a control system that limits cycle time to 450 ms be­
cause of heavy bus usage. One of the control systems is to regulate periodic variations of 
temperature in a reaction chamber. Assuming the computer processing time is negligible, 
what is the maximum temperature variation frequency that can be controlled? 

Solution 
The 450 ms corresponds to the time for requesting a sample from the sensor and then re­
ceiving this sample. The total reaction time of the control system should include the time 
to get a signal back to the final control element. Thus, we add another 225 ms to the total 
processing time. In this case, the sampling frequency is given by 

fs = 1/(0.45 + 0.225) = 1.48 Hz 

The maximum frequency of the temperature variation is found from Equation (3.31 ): 

fmax = fs/10 = 0.148 Hz, 

or a period of about 6.8 seconds. 

3.5.3 Linearization 

In many cases, the input binary number and the controlled variable are not linearly related . 
In such cases, it is necessary to execute a program that will Linearize the binary number so 
that it is proportional to the controlled variable value. There are two common approaches: 
equation inversion and table look-up. 

Linearization by Equation When an equation is known that relates the value of 
the controlled variable and the binary number in the computer, an equation can be devel­
oped to determine the linearized value of the variable. For example. suppose that a trans­
ducer outputs a voltage related to pressure by 

V = K[p ]l/2 (3.32) 

This voltage is converted to a binary number, DV. by an ADC. Then it is also true that the 
binary number and pressure are still related by the square root: 

DV varies as [p ]112 (3.33) 

What we want is a binary number that is linearly related to pressure. The way to get this is 
to square DV: 

DP = DV * DV varies as p (3.34) 

Thus, the program would input a sample DV and multiply it by itself. The resulting 
number would be linearly related to the pressure. Of course, there may have to be scale 
shifts and offsets before we have a number equal to the pressure. as the following ex­
ample shows. 
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EXAMPLE 
3.29 

Pressure from 50 to 400 psi is converted to voltage by the relation 

v = 0.385[p ] 1 2 - 2.722 

This is input to an ADC with a 5.0-V reference, which provides OOH to FFH over the pres­
sure range. A program uses an instruction DV = UDF( I) to input the data from the ADC 
as a base I 0 number DV that varies from 0 to 255 over the pressure range. Develop a lin­
earization equation to give a quantity, p, in the program that is equal to the actual pressure. 

Solution 
We have enough information to work backward through the ADC, signal conditioning. and 
measurement. Thus, we know the voltage is related to DV by the ADC transformation 

DV = (V/Vrer)256 = (V/5)256 

or 

V = (5/ 256)DV 

Then, using the known relation for V in terms of p, 

0.385(p ]'/2 - 2.722 = (5/256)DV 

and solving for p, 

p = (0.0507 DV + 7.071 )2 

This number pin the program is equal to the actual pressure value, 50 to 400 psi. 

linearization by Table look-up There are many measurement processes 
where it is impossible to lind a simple equation such as Equation (3.32) to relate the 
controlled variable and the binary number. Also, when the program must be written in 
assembly language, it may be difficult to evaluate even simple equations such as that 
of Example 3.29. In these cases. it becomes much easier to usc the look-up table 
approach. 

This is really just what we humans do when we use thermocouple tables, for ex­
ample. We measure the voltage, go to a table and look up the temperature. and sometimes 
interpolate. It is the exact same thing with the software approach. The table of input val­
ues and corresponding physical variable values are stored in a table in memory. Follow­
ing a measurement, the input value is looked up in the table and the correct measured 
value found. 

Figure 3.35 shows a software approach for table look-up in flowchart format. It is as­
sumed that the input values are stored in ascending value in N memory locations and the 
corresponding physical variable values are stored in the following N locations. Thus, if the 
input is found at the /th memory location from the start of the table, then the actual variable 
value is found at the N + I location. 

Of course, there are many other methods of table construction and search. In many 
cases. it is necessary to write interpolation routines by programming equations such as 
Equation (4.14) to refine the' alues between table values. 
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FIGURE 3.35 
Linearization by table look-up can be 
accomplished by the operations in th1s 
flowchart. 

SUMMARY 

READ 
MEMORY AT 

I;MW 

READ 
MEMORY AT 
I +N: M(l+NI 

/ = / +1 

This chapter provides a digital electronics background to make the reader conversant with 
the elements of digital signal conditiorung and able to perform simple analysis and design 
as associated with process control. 

1. The use of digital words enables the encoding of analog information into a digital 
format. 

2. It is possible to encode fractional decimal numbers as binary, and vice versa, using 

N = b 2- 1 + b 2-2 + · · · + b T"' 10 I 2 111 (3.1) 

3. Boolean algebraic techniques can be applied to the development of process alarms and 
elementary control functions. 

4. Digital electronic gates and comparators allow the implementation of process Boolean 
equations. 

5. DACs are used to convert digital words into analog numbers using a fractional-number 
representative. The resolution is 

(3.8) 

6. An ADC of the successive approxjmations type determines an output digital word for 
an input analog voltage in as many steps as bi~ to the word. 

STUDENTS-HUB.com

https://students-hub.com


168 I CHAPTER 3 

7. The dual-slope ADC converts analog to digital information by a combination of inte­
gration and time counting. 

8. The data-acquisition system (DAS) is a modular device that interfaces many analog 
signals to a computer. Signal address decoding. multiplexing, and ADC operations are 
included in the device. 

9. The sampling rate of a signal must be high enough to assure the signal can be recon­
structed from the samples. Generally we must sample about 10 times the maximum 
signal frequency. 

10. One of the great advantages of digitizing data and feeding it into a computer is that non­
linearities can then be removed by software. This is done by either an equation or by a 
table look-up process. 

PROBLEMS 

Section 3.2 
3.1 Convert the following binary numbers into decimal, beta!, and hex: 

a. 10102 
b. 1110112 
c. 0101102 

3.2 Convert the following binary numbers into decimal, octal, and hex: 
a. 10110102 
b. 0.11012 
c. 1011.01102 

3.3 Convert the following decimal numbers into binary, octal, and hex: 
a. 21 10 
b. 63010 
c. 42710 

3.4 Convert 27.156 10 into a binary number with the fractional binary part expressed in 
6 bits. What actual decimal does this binary fraction equal? 

3.5 Find the 2s complement of 
a. 10112 
b. 101011002 

3.6 Prove by a table of values that A · B = A + B (DeMorgan's theorem). 
3.7 Show that the Boolean equation A· B + A · A · B reduces to A. 
3.8 A process involves moving speed, load weight, and rate of loading in a conveyor 

system. The variables are provided as high (1) and low (0) levels for digital control. 
An alarm should be initiated whenever any of the following occur: 
a. Speed is low; both weight and loading rate are high. 
b. Speed is high; loading rate is low. 
Find a Boolean equation describing the required alarm output. Let the variables be 
S for speed, W for weight, and R for loading rate. 

3.9 lmplemeJ!t Problem 3.8 with 
a. AND/OR logic and 
b. NAND/NOR logic 
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FIGURE 3.36 
System for Problems 3.10 and 3.14. 

L 

~----------------------~-- QC 

3.10 A tank shown in Figure 3.36 has the following Boolean variables: flow rates, QA, 
QB, and QC; pressure, P; and level, L. All are high if the variable is high and low 
otherwise. Devise Boolean equations for two alarm conditions as follows: 
a. OV = overfill alarm 

1. If either input flow rate is high while the output flow rate is low, the pressure 
is low and the level is high. 

2. [If both input flow rates are high while the output flow rate is low and the 
pressure is low.] 

b. EP = empty alarm 
1. If both input flow rates are low, the level is low and the output flow rate is high. 
2. If either input flow rate is low, the output flow rate is high and the pressure 

is high. 
3.11 Devise logic circuits using NAND/NOR logic that will provide the two alarms of 

Problem 3.10. 

Section 3.3 
3.12 A sensor provides temperature data as 360 J1V ;oc. Develop a comparator circuit that 

goes high when the temperature reaches 530°C. 
3.13 A light level is to trigger a comparator high (5 V) when the intensity reaches 

30 W /m2• Intensity is converted to voltage according to a transfer function of 
0.04 V /{W /m2) . Noise is found to contribute ± 1.6 W /m2 of intensity fluctua­
tions. Develop a hysteresis comparator to provide the required output and immu­
nity for noise. 

3.14 Sensors are available for the system shown in Figure 3.36 that provide voltage out­
puts with the following transfer functions: 

Flow rate: VQ = 0.15VQ (Q in gal/min) 

P 
t7 20 . . 

ressure: " p = 
0 

(p m ps1) 
2 + p 

Level: VL = 0.05L (Lin meters) 
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The critical values for the high/low conditions are QA = 55 gal/min, QB == 
30 gal/ min, QC = 100 gal/min, L == 3.6 m, and P = 120 psi. Design compara­
tor circuits to provide the Boolean variable values. Include hysteresis of l % of the 
reference. 

3.15 Design hardware for a liquid delivery system alarm that provides a binary high out­
put when the system temperature is between 40° and 50°C and flow is between 2.0 
and 3.0 Llmin. Sensors to be used have transfer functions of 

Rr = 1000e- .os(T- 2Sl with Rr in !land Tin °C 

VQ = -Q 
5 

with VQ in Y and Q in L/ min 
+5 

3.16 A 6-bit DAChas an input of 1001012 and uses a 10.0-Y reference. 
a. Find the output voltage produced. 
b. Specify the conversion resolution. 

3.17 A 4-bit DAC must have an 8.00-Y output when all inputs are high. Find the required 
reference. 

3.18 An 8-bit DAC with a 5.00-Y reference connects to a light source with an intensity 
given by I L = 45V(312lW / m2. 

a. What is the range of intensity that can be produced? 
b. What intensities are produced by digital inputs of lBH, 7 AH, 9FH, and E5H? 
c. Plot the intensity versus hex input, and comment on linearity. 

3.19 A 12-bit bipolar DAC has a l 0.00-Y reference. 
a. What output voltage results from digital inputs of 4A6H, 02BH, and D5DH? 
b. An output of 4.740 Y is needed. What digital input would come closest to this 

value? By what percentage is the actual output different? 
c. Suppose the output picks up a high-frequency noise of 50 mY rms. How many 

output bits are obscured by this noise? 
3.20 A computer will be used to generate a ramp voltage signal in time (i.e., a triangular 

wave like Figure 3. 19), with the following specifications: (1) - 5 to +5 Y, (2) period 
of2.5 ms, (3) step size of 10 mY minimum. 
a. Specify the requirements of the DAC. 
b. Prepare flowcharts of the software that will generate the wave. 

3.21 An 8-bit ADC with a 10.0-Y reference has an input of 3.797 Y. Find the digital out­
put word. What range of input voltages would produce this same output? Suppose 
the output of the ADC is 101101112• What is the input voltage? 

3.22 AnADC that will encode pressure data is required. The input signal is 666.6 mY/psi. 
a . If a resolution of 0.5 psi is required, find the number of bits necessary for the 

ADC. The reference is 10.0 V. 
b. Find the maximum measurable pressure. 

3.23 A bipolar ADC has 10 bits and a 10.00-Y reference. What output is produced by in­
puts of - 4.3 Y, -0.66 Y, + 2.4 Y, and +4.8 Y? What is the input voltage if the output 
is 30BH? 
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3.24 A I O-bit, unipolar ADC with a reference of 5.00 V and a 44-,us conversion time will 
be used to collect data on time constant measurement. Thus. the input will be of 
the form 

V(r) = 4( I - f!1T) 

What is the minimum value ofT for which reliable data samples can be taken if no 
S/H circuit is used? 

3.25 An 8-bit, 20-,us bipolar ADC with a 5.00-V reference will monitor a sinusoidal sig­
nal with a 3.00-V peak amplitude. What is the maximum frequency that can be 
tracked to 8-bit accuracy? 

3.26 A sample-and-hold circuit like the one shown in Figure 3.22 has C = 0.47 ,uF, and 
the ON resistance of the FET is 75 !l. For what signal frequency is the sampling ca­
pacitor voltage down 3 dB from the signal voltage? How does this limit the appli­
cation of the sample hold? 

3.27 AS/Hand 12-bit bipolar ADC combination has the fo llowing characteristics: ADC 
conversion time = 35 ,us. S/H aperture time = 0.8 ,us, acquisition time = 5 ,us. 
ADC reference = 5.00 V, S/H ON resistance = 75 n. OFF resistance = 20 MO, 
and source resistance = 1 fl. A 0.0075-,uF capacitor is used for the S/H function, 
and the voltage follower has an input resistance of 7.5 MO. Determine: 
a. the sampling cut-off frequency. 
b. the effect of droop on the conversion process. 
c. the effect of the S/H ON resistance on the sampling process. 

3.28 A S/H and ADC combination has a throughput expressed as I 00,000 samples per 
second. Explain the consequences of using this system to take samples every 5 ms. 

3.29 A sensor signal is converted to a frequency that varies from 4.6 to 37 kHz. This is to 
be used with a counter-based ADC of I 0 bits. Specify the count time, Tc. What is the 
count for the minimum frequency of 4.6 kHz? 

3.30 A capacitor varies linearly from 0.04 to 0.26 ,uF as pressure varies from 0 to I 00 kPa 
gauge. Devise a circuit using an LM33 1 that converts this to a frequency with a 
maximum of 20 kHz at 0.04 ,uF. Then determine the appropriate Tc of a counter­
based ADC that will provide an 8-bit output of 255 at 20kHz. What is the frequency 
at 0.26 ,uF? Plot the frequency versus pressure. Comment on the linearity. 

Section 3.4 
3.31 A DAS has an ADC of 8 bits with a 0- to 2.5-V range of input for OOH to FFH output 

(i.e., FEH to FFH occurs at 2.50 V). Inputs are temperature from 20° to I 00°C scaled 
at40 mV ;oc. pressure from I to 100 psi scaled at 100 mV/psi, and tlow from 30 to 
90 gal/min scaled at 150m V /(gal/min). Develop a block diagram of the required signal 
conditioning so that each of these can be connected to the DAS and so that the indicated 
variable range corresponds to OOH to FFH. Specify the resolution of each in terms of 
the change in each variable that corresponds to an LSB change in the ADC output. 

3.32 Design op amp circuits that will provide the signal conditioning specified in Prob­
lem3.31. 
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3.33 A data-acquisition system has eight input channels to be sampled continuously and 
sequentially. The multiplexer can select and settle on a channel in 3.1 J.lS, the ADC 
converts in 33 J.lS, and the computer processes a single channel of data in 450 J.lS. 

What is the minimum time between samples for a particular channel? 
3.34 Flow is to be measured and input to a computer. For maximum resolution, we want 

the minimum flow, 30 m3 / h, to correspond to OOH, and the maximum, 60 m3 / h, to 
correspond to FFH from an 8-bit converter. The flow is measured as a voltage given 
by V = 0.0022Q2, where Q is the flow in m3 /h. Develop the signal conditioning 
and ADC reference that will provide this specification. What is the resolution of 
flow when the flow is at the lower limit and at the upper limit? Explain why there is 
a difference. 

3.35 An 8-bit ADC has an 8.00-V reference. 
a. Find the output for inputs of 3.4 V and 6.7 V. 
b. What range of inputs could have caused the output to become B7H? 

3.36 Tests show that the output of a position sensor is 12 mV/mm, but there is 60-Hz 
noise on the output of a constant 5-mV rrns. The sensor output impedance is 2.5 k!1. 
This sensor is to measure work-piece motion, which oscillates between -10 mm and 
+ 10 mm with a period of 1.5 s. The position is to be interfaced to a 12-bit bipolar, 
offset binary ADC with a 5.000-V reference. Design the interface system such that 
-10 mm corresponds to OOOH and + 10 mm corresponds to FFFH. 
a. With no filter, determine how many bits are being toggled by noise (i.e., are 

lost to any real data). 
b. Introduce a fi lter, reevaluate the effect of noise on the ADC output, and 

determine how many bits represent real data. 
3.37 A sensor linearly changes resistance from 2.35 to 3.57 k!1 over a range of some 

measured variable. The measurement must have a resolution of at least 1.25 !1 and 
be interfaced to a computer. Design the signal conditioning and specify the charac­
teristics of the required ADC. 

3.38 Using the DAS of Example 3.25, prepare a flowchart of a system that inputs a sam­
ple from channel 5, decrements it by one, and outputs to the DAC. Use port 300H 
for the base address. 

3.39 What is the maximum rate that data can be taken from one channel of the DAS of 
Example 3.25, apart from software time? What is the maximum rate that data can be 
taken if all eight channels are sequentially sampled? 

3.40 Prepare a flowchart of software that inputs data from channel 2 and then channel 6. 
These are multiplied, and the higher 8 bits of the 16-bit product are sent to the DAC 
for output. Develop an equation that relates the analog output voltage to the two ana­
log input voltages. 

Section 3.5 
3.41 A digital control system is to provide regulation of pressure within 1.2 kPa in the 

range 30 to 780 kPa. How many bits must be used for the data acquisition? 
3.42 A computer will be used to control flow through 10 pumping stations. The pumps 

exhibit a surging effect with a period of 2.2 s. What is the minimum sampling rate 
to ensure quality data? How much time can be spent processing each station's data? 
Data-acquisition hardware and software take 200 J.l- for a channel. 
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3.43 The output voltage of a silicon photovoltaic cell is given by V = O.lllog.(/t). 
where h is the light intensity in W / m2

• Intensity is to be measured from I 00 to 
400 W / m2, and input to a computer is via an 8-bit ADC with a 5.00-V reference. 
a. Develop signal conditioning to interface the cell to the ADC so that OOH to 0 I H 

occurs at 100 W / m2 and FEH to FFH occurs at 400 W / m2
. 

b. Develop software in the language of your choice to linearize the input data so 
that a program variable is the intensity in W / m2 

3.44 A type-K TC with a 20°C reference will be used to measure temperature from 
200°C to 280°C in a computer controller application. The data-acquisition hard­
ware and software make the actual measured voltage, in mY, available in software 
as a variable VTC. Devise a flowchart and/or program in the language of your 
choice that makes the reference correction and performs linearization by table look­
up and interpolation. Use table values in soc increments for a type-K TC with a 0°C 
reference. 

3.45 A gauge is used in a bridge circuit as in Figure 2.5 with R 1 = R2 = R3 = 120 !1, 
V = 10.0 V. Assume the bridge offset voltage is provided as input to a computer 
and appears in a variable DELTAV. Prepare a flowchart and/or program that will ob­
tain the value of R4 from this voltage. 

SUPPLEMENTARY PROBLEMS 

S3.1 A monitoring station has a flow sensor that outputs a voltage proportional to the 
square root of high-pressure gas-flow rate, as given by V0 = 0.45V(Q + 9) volts 
with the flow rate in kg/h. Normal flow is 4.0 ::!: 1.0 kg/h. and the flow typically 
surges periodically within these limits. There are two alarm conditions: (I) if the 
flow surges above and below 6 kg/h twice without dropping below 4 kg!h in be­
tween, and (2) if a surge above 5. 1 kg/h is followed by a drop below 2.9 kg/h within 
2 s. Devise a system of comparators, F/Fs, one-shot multi vibrators, and any other 
needed circuitry to provide the alarms. 

S3.2 A pressure sensor outputs 2.5 mV/kPa, but there is 60-Hz noise of a steady peak 
55 m Von the line. Pressure in the range 0.0 to 70 kPa must be converted by an ADC 
and presented to a computer. The resolution must be at least 0.2 kPa. 
a. Design a system of filter, signal-conditioning, and ADC specifications to satisfy 

this requirement. 
b. Suppose the pressure suddenly changed from 20 to 50 kPa. How long would it 

be before the ADC presented the correct digital signal for this pressure to the 
computer? 

S3.3 A system is presented in Figure 3.37 to provide computer temperature control. The 
heater requires a voltage from 0.0 to 5.0 V for off (0%) to full on ( I 00% ). The fol­
lowing algorithm will be used by the computer to determine the heater setting: 

1. 1fT < I4°C:heaterat 100% 
2. If 14 °C < T < l9°C: heater at 70o/c 
3. If I9°C < T < 22°C: heater at 38'K 
4. If T > 22°C: heater at O!Jc 

l 
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FIGURE 3.37 
System for Problem S3.3. 

a. Determine the ADC output for each critical temperature. 
b. Determine the necessary heater voltages and the proper DAC input to produce 

those voltages. 
c. Prepare a flowchart showing how a computer program would satisfy the 

algorithm requirements. 
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