DIGITAL CIRCUITS AND
DEVICES

The digital world is a world of ones and ze-
ros. It utilizes circuits that are on or off; logic
conditions that are true or false, and voltages
that are high or low. By recognizing only two
possible conditions, errors due to component
tolerance and temperature drift are all but
completely eliminated. The real world is an
analog wegrld. The speed of a motor; the tem-
perature of a process, and the intensity of a
laser beam are all examples of analog mea-
sures. There are an infinite number of actual
values in the analog world. It is possible to use
digital circuits to measure, control, and gener-
ally interdct with the analog world. The cur-
rent trend is to use more digital and less ana-
log circuitry in industrial electronics. The
industrial technician niust understand both
types of circuits and how they are interfaced.

11-1
GCHARACTERISTICS OF DIGITAL
CIRCUITS

Early digital circuits used vacuum tubes. Then, in
the 1960s, integrated digital circuits were developed
The first integrated digital circuits were based on
resistors, diodes, and transistors. They were resistor-

transistor logic (RTL) circueits. Diode-transistor logic -

(DTL) was the next step. By the 1980s, RTL and
DTL devices were obsolete for modern designs.
They have been replaced by the rransistor-rransistor
logic (TTL) and the complemertary merallic oxide
semiconductor (CMOS) families. This section will
cover the important electrical parameters of TTL
family devices; a later section will cover the CMOS
family.

Figure 11-1 shows the input signal requirements for
a TTL circuit. Any signal voltaze from 2t0 5 V is
interpreted as a lopic 1. These levels are called
Vinraasy 80 Viggaowasn, respestively, Anv voltage
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from 0 to 0.8 V is interpreted as a logic 0. Notice
that the region from 0.8 to 2 V is forbidden. Any
signal in that region would produce unpredictable
output results. Obviously, a signal that is changing
from 0 to 1 or from 1 to 0 must go through the
forbidden region. This is acceptable. A signal that
remains in the forbidden region for any length of time
is not acceptable. An input that is floating (not con-
nected to anything) will measure between 1.1 and
1.5 V, which is in the forbidden region. The device
will interpret this "as a high input (logic 1), but a
floating input inviles noise pickup. Therefore, an in-
put that is 1o be fixed at logic 1 should be tied to the
positive supply. The TTL systems run on a 5V
power supply. Most signals will be between 0 and
5 V. Signals more positive than 5 V should not be
applied to a TTL input because damage may result.
A signal that is negative with respect to ground can
also damage a TTL device. Most davices have input
clamp diodes to preiect against negative signals, but
a signal more negative than 1.5 V may damage the
input.

Most often TTL inputs are driven by TTL outputs.
When the expected output levels are compared 10
the required input levels, the margin for error can be
evaluated. The rectangular waveforms shown in Fig.
11-1 are for the worst-case and typical levels that
can be expected at the output of a device. Worst case
means that the manufacturer guarantees the logic |
level from the device supplying the signal to be at
least 2.4 V and the logic 0 level to be no more than
0.4 V when the device is fully loaded. The difference
between the worst-case driving signal levels and the
input thresholds at the driven device is szen to be

400 mV. This is called the noise margin. In practice,

the actual noise margin is better. The typical TIL
signal source will swing from 0.2 V (logic 0) to 3.4
V (logic 1) when fully loaded. A full Ipad is also
called a full fanour and is shown in Fig. 11-2. The
signal source, called the driving gate, must suppiy
legic 0 or a logic | to 10 driven gates. By the naturs
1 Chapter
znt capa-
irrent ca-
rasister of

2} in the driving gate, the logic 0 sink cu
bility is greater than the logic 1 scurce
pability. The totem pole pair uses z load
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= percent point on the input waveform to the 50 per-
cent point on the output waveform. The propagation
_ delay from high td low (tpuy) is also measured from
50 percent point to 50 percent point. Digital circuits
* with short propagation delays are fasler and are ca-
pable of high-frequency operation. The pulse width - '
is measured from the 30 percent point on the rising
edgze of a pulse lo the 50 percent point on the falling
-edge of the same pulse. 2
Table 11-1 lists a few important characteristics for
the TTL logic family. This family has four subfamily
members. It is important to note that the part num-
bers clearly identify the subfamily members. For ex-
ample, a 7400 gate is a TTL device,and a 74LS00 is
a low-power Schottky (LS) clamped device, which 1s
a TTL subfamily. The part numbers 7430 and 74L.S%0
represent another example: the 7490isa TTL device,
and the 741590 is an LS TTL subfamily device. You
— i F — e may also encounter 5400 series numbers, which are
! military versions of the 7400 TTL family. The mili- —
tary devices are rated from —3¥°Cto +125°C; com-
mercial and industrial devices are rated from 0°C to
+70°C.. Different manufacturers may deviate from
the 7400 numbering system, and 8000 numbers are
: also popular. The TTL and LS TTL devices are the —
_-approximately-130 01 between the supply and the top. most widely applied. Table 11-1 shows that the LS-=
- transistor. This resistor limits the current that the devices are faster (less propagation delay) than-the
output ¢an source when' it is at logic 1. The sink. .~ TTL devices and use less current. The LS devices 2
current, fop. s rated at 16 mA, and the source cue- used To cost more but now are about as expensive *
renit Joj; is rated at only =400 pA.The pegative sign . as TIL parts, and designers choose ther most often: =
indicates that the current is flowing away from the_~  Since they are more power-efficient and faster:de-. =

driving gate when it is sourcing current. The impur -~ vices. there is usually no reason to-specify TTL de- —
" requiremznts for each driven gate are Iixg = 40 pA

_ loput pu'se

v

Fiz. 11-3. Digital pulse chamcterisucs.

ey in

) vices in new designs unléss the LS version of the -
and I;xy = — 1.6 mA. This means that a TTL cutput

can drive no more than 10 TTL inputs, or the guar-
anteed noise margin will be lost. If the maximum
fanout is exceeded, the output voltage may fall in the
forbidden region. This can happen when the driving
gate Is sourcing or sinking current.

Figure 11-3 shows the characteristics of digital
pulses. Rise time (1) is the time required for the
pulse to change from its 10 to its 90 percent level.
Fall time (¢} is the time required for the pulse to
change from the 90 to the 10 percent level. When the
pulse is applied to the input of a TTL device, it takes
time before the output changes. The propagation de-
lay from low to high (tpyy) is measured from the 50

TABLE 11-f THE TTL LOGIC FAMILY

required device is not available. ~ :

All TTL devices and TTL subfamily devices are
rated at a fanout of 10, except when subfamilies are
mixed or when subfamily devices are mixed with -
TTL devices. A low-power Schottky device will
drive 10 gates in its own subfamily but will drive only

. §TTL gates. There are also speed differences. Some

LS devices can approach twice the speed of their
TTL counterparts. If a circuit is operating near its
top speed, a substitution may not work or, worse
yet, may work intermittently. The current drain is
also different. Multiple substitutions of standard TTL
for LS TTL could overload a power supply or add
to the heat build-up in a circuit. Substitutions may

frim Trnn [
Fasnily Name Part Number s ns mA Comments
TTL (transistor-transistor logic) 7400 11 7 2 Being replaced by LS subfamily devices
High-speed TTL T4HO 5.9 62 40 High power consumption; aot popular
Low-power TTL 74100 - 35 31 2.04 Being replaced by CMOS family devices
Low-power Schottky clamped 741500 5 5 4.4 Very popular; used heavily in modern de-
TTL signs =
Schottky clamped TTL = 74500 3 3 16 Very Fast; used in high-speed circuits




CHAPTER 11

TABIE 11-2 COUNTING WITH SEVERAL NUMBER
SYSTEMS

Hexadecimal,

Decimal, Binary, Octal,
Base 10 Base 2 Base 16 Rase 8
0 0 0 1]
| l i |
2 10* 2 2
3 11 3 ]
4 100 4 4
5 101 5 5
6 110 6 6
7 111 7 1
8 1000 8 10*
9 1001 9 1
10 1010 A 12
11 1011 B 13
12 1100 c 14
13 1101 D 15
14 1110 E 16
15 111 F 17
16 10000 10* 20t
17 10001 11 21
13 10010 12 n

* Read as “oaeszero,’ not “*ten’”
+ Read as “two-zern,” not wenty.””

be acceptable, but be sure to investigate fanout,
speed, current demand, and heat. The best replace-
ment usually has exactly the same part number.
Since digital circuits recognize only two condi-
tions, the binary number system is used for vpera-
tions involving counting, arithmetic, and for repre-
sentation of analog quantities. Table 11-2 compares
several number systems. The decimal number sys-
tem has 10 symbols, 0 through 9. The quantity of
symbols in a number sysiem is referred to as its base
or radi. Therefore, the radix of our familiar decimal
system is 10. When a quantity larger than 9 must be
represented, more than one symbol is used at a time.
The same technique applies to bimary, which uses

TABLE 11-3 WEIGHTED CODES
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only two symbals, 0 and 1. Follow the count in Table
11-2. You should determine that it is possible to rep-
resent any quantity in binary that can be represented
in decimal, provided there is provision for enough Os
and 1s. Table 11-2 also shows the hexadecimal num-
ber system, which has a radix of 16. It adds the
charucters A through F to the familiar decimal set to
provide a totz! of 16 symbols. Hexadecimal is a con-
venient shortcut when working with binary systems
as we shall see. The octal sysitem is also shown in
the table. It has a base of 8 and is also used as a
shortcut for working with binary, although hexadec-
imal is more popular.

Binary, hexadecimal, and octal are all weighted
codes, making converting them to decimal straight-
forward. Table 11-3 shows how weighted cddes
work. Starting to the immediate left of the radix point
(we call it the decimal point when working with dec-
imal numbers) it is seen that the weight is the base
raised to the 0 power. Any number raised to the zero
power has a value of 1. Therefore, the weight of this
position is always 1. Moving to the left, the next
position is weighted equal to the base of the number
system raised to the first power. Any number raised
to the first power is equal to itself. Therefore, the
weight of this position is equal to 2 in binary, 16 in
hexadecimal, and & in octal. Moving to the left again
we find the weight equal to the base raised to the
second power. Therefore, the weight of this position
is equal to 4 in binary, 236 in hexadecimal, and 64 in
octal. The fractional parts of a number are repre-
sented by positions to the right of the radix point.

To convert a binary number to decimal, it is nec-
essary to add up the decimal weights for each binary
digit. The word bit is a contraction for binary digit
and will be used from now on. Suppose we wish tu
convert binary 10101101 to 2ecimal. The process be-
gins at the far right, which is called the least signif-
icant bir (1.SB), and progresses 1o the leftmost bit,
which is called the most significant bit (MSB).

N
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EXAMPLE 1
Convert binary 10101101 to decimal.

Fractional
Whole Part Part.
Binary 27 2% 7’ o 2 2t 2! 20 271 2-2
Decimal weight 128 64 32 16 2 4 2 1 B H
Hexadecimal 67 16% 16° 16* e 6t 16%. - 16} 16 1672
Decimal weight  2.68 x 10°  1.68 x 107 1,048,576 65,536 4096 236 16 | % =
Octal oo g g 8t 8* § g 5 §-! 8
Decimal waight 2,10 = 10° 262,144 12,763 4096 512 &4 8 1 : &
= 1
R:llnff'.t

Pesing
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, SOLUTION '
! 3 10101101

i it is not necessary to add U's"""‘*—I 1 1-
: . ; +0
e R i 4
; +8
- +0

+32
L ——— 4128
173

The LSB is weighted 1 (2%, so we begin by adding
1. The next bit position is weighted at decimal 2
(21, but there is a 0 there, so we add 0. The next
bit is weighted at 4 (22), and there is a 1 there, so
- we add 4. The next bit is weighted at 8 (2%, and
there is a 1 in this position, so we add 8. The next
bit is weighted at 16 (2%, and there is a 0 there,
so we add 0. The next position weight is 32 (2%},
and there is a 1 there, so we add 32. The nexl
-~ position weight is 64 (2°, and thereis a 0 there,
so we add 0 (it is not necessary to add the 0s).
The MSB position is weighted 128 (27), and there
is a1 there, so we add 128. The total is 173, which

* _ Because there may be a possibility of confusion

the base of a number may be specified with a sub-

~_ script. For examplé, 10101101, = 17355 -

The same general technique is used 10 converl

hexadecimal numbers to decimal. - £ oeat

EXAMPLE 2
Convert hexadecimal 1COF to decimal.

SOLUTION -
Ll:qs
+0

Lsmce C = 12, and 12 X 256 = —— +3072

1 X 4096 = —» +4096
7183
The weight of the least significant position is 1
{16°%, and there is an F there. In decimal F is equal
to 15 so we add 15. The next weight is 16 (16%),
but there is a 0 there, so we can add 0 or not.
The weight of the next position is 256 (16%, and
there is a C there. Since C is equal to decimal 12
- we add 12 X 256, or 3072. The last position is
weighted 4096 (167, and there is a 1 there, so we
add 4096. The total is 7183. Therefore, 1COF,; =
7183,,.

Converting from octal to decimal uses the same
process and is demonstrated in Example 3:

EXAMPILE 3
Convert octal 17325 to decimal.

|

o270 !N!?USTR[ALELECTRONICSANI;RO_BOT;{J_S :
= SOLUTION

2 ~ - is the base 10 equivalent of binary 10101101 -~ -

2xX8=—+16
—3 X B4 = — +132 ~
7XS512=—> 43584 -
1 X 4036.= — +4096
7893

We must also be-able to convert from decimal to
other number systems. This process involves divid-
ing the decimal number by the base of the given
number system while keeping a record of all remain-
ders. The division continues until the decimal num-
ber is exhausted. The list of remainders is the number
in the given number system.

~EXAMPLE 4

Convert decimal 115 to binary.

 SOLUTION

N

@ L2 Ea ole8INElR Llz=le

I

I

e
R iy PSRN s PO

I

R ot S
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When 2 is divided into 115, the quatient is 57 with
a remainder of 1. This first remainder becomes
the LSB of the answer, Next 57 is divided by 2
with & quotient of 25 and a remainder of 1. 1his
remainder becomes the next bit of fhe answer.
Then 28 is divided by 2 with a quotient of 14 and
a remainder of 0. This 0 remainder becomes the
next bit of the answer. The process continues
until the quotient is 0. and the last remainder has
been recorded as the MSB of the answer. There-
fore, 115,; = 1110011;.

Converting from decimal to hexadecimal involves
repeated division by 16 until the number is ex-
hausted. All remainders are converted to hexadeci-
mal characters and recorded. The process ends when
the quotient is 0 and the last_remainder has been
placed in the leftmost position.

EXAMPLE 5
Convert decimal 7307 to hexadecimal.

- SOLUTION

456 - E 1 4 4
16)7307
64

50

8 -
107

96
11 =8B

28

16)456
32

136

128

8

1
16)28
16
12=¢C

0
161
0

1

Note that the first remainder is decimal 11, which
is equal to B in hexadecimal.

Hexadecimal (and occasionally octal) is used to
enter information into and extract information from
digital systems quickly. The trouble with binary is
that too many bits are required to represent numbers
of moderate size. It takes too long to enter or read
a lot of 0s and ls, and the process is error-prone. A
digital svstem does not understand hexadecimal any
better than it understands decimal. Digital systems
are strictly binary in nature. However, thers isa
natural relationship betw=en binary and hexadecimsl

that makes conversion very casy. Decimal 16 isa- -
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power of 2, and each hex character can be repre-
sented by 4 bits.
EXAMPLE 6

Convert decimal 701 to octal.
SOLUTION

DIGITAL CIRCUITS AND DEVICES

-1

87
8)701
64
61

E

S

]
v alogials o

=]

=lo=lo N|m“5-‘i

(]

EXAMPLE 7
Convert hexadecimal A4E 1o binary.
SOLUTION
A4E

/NS

fofeo010011170
Each digit of AJE,¢ is converted 1o a binary num-
ber as shown. .
It is just as easy to convert from binary 10 hex.

EXAMPLE 8
Convert binary 10010100111 to hexadecimal.

SOLUTION

610100111
'\\\yw
4 A7
Group the bits into 4s, starting with the rightmost
bits. Do not be concerned if the leftmost group

does not have 4 bits. Convert whatever is in the
leftmost group to the appropriate hex characier.

Octal is also convenient since 8 is also a power of
2. To convert octal to binary, each octal character
must be represented by a group of 3 bits.

EXAMPLE 9 :
_ Convert octal 725 to binany. =

=t e s e —
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e TABLE 11-4 BINARY CODED DECIMAL :
e Decimal Biary _____BCD
2 0 : L] . -m_r:' s
1 1 TS 0001
2 10 0010
3 H ©oo001l
4 100 0100
3 101 0101
6 110 0110
7 11 o111
8 1000 1000
9 1001 1001
10 1010 0001 0000
11 1011 0001 0001
RN ~I2 1100 — 0001 0010
13 1101 0001 0011
4 1110 0001 0100
TR 15 =111 0001 0101~
P 11 10000 0001 0110
=217 - 10001 0001 0111
18 ©O10010 T TO00ITI000
ZIERESOLUTION +5 5 % ;

A

1710101

_Binary to octal is the reverse process.
EXAMPLE 10
Convert binary 11010100 to octal.

Decimal keypad
Fig. 11-4 Binary-coded decimal applications.

-

SOLUTION :

B

Hex and octal are fine for engineers, technicians,

and programmers who have taken the time to leam —

other number sysiems. Operators are often not fa-

miliar with these number systems. They simply use — -

digital equipment and do not need an understanding
of the digital circuits. Figure 11-4 shows a decimal

keypad connected to the input of a digital control —

- unit, The output goes-to a decimal display. This en-

. vironment is far more comfortable for most people
than a hexadecimal keypad or a binary display. An- - —
other code has been developed to interface between .

veniently. It is called binary-coded decimal (BCD)
and is shown in Table 11-4. It is the same as-ordinary
“binary until numbers greater than decimal 9 are rep-
resented. These numbers require an additional group
of 4 bits for each decimal digit. The decimal number
309 would require 12 bits, 1234 would require 16 bits,

5 TABLE 11-5 A\TE‘H_I{;AN STANDARD CODE FOR INFORMATION INTERCHANGE

Ol = 0 e 3 4 5 6 7
ik o 765 000 001 010 o1 100 101 110 u1
1l s

s 0 0000 NUL DLE sp 0 € B \ p

1 0001 SOH -DC1 3] 1 A Q a q

2 0010 STX DC2 % 2 B R b r

3 0011 ETX DC3 # 3 C s c s

4 0100 EOT DC4 s 4 D T d t

5 0101 ENQ NAK % 5 E U e u

6 o116 ACK SYN & 6 F v 5T v

7 o111 BEL ETB ; 7 G w g W

8 1000 BS CAN ( 8 b % h x

9 1001 HT EM ) 9 I Y i y

10 1010 LF SUB * : ] z j 2

11 1051 VT ESC - 3 K [ k {

12 1100 FF FS : < L \ 1 \

13 1161 CR GS - = M ] m }

14 . e) RS : > oy ~
———15 1 SI - US = ? 0 = 0 DEL

the decimal .operator and the binary machine con- - *
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Motar

Shaft

Fig. 11-5 Gray code shaft encoder.

and so on. Binary-coded decimal is not a convenient
code for arithmetic operations, and it usually re-
quires more bits than binary. For these reasons, BCD
mzy be used for input and output operations only,
and binary-to-BCD and BCD-to-birary code con-
varters will be required.

Other special codes ure required for special appli-
catons. Some are nonwerzhied, meaning that each
bit position does not have a definite weight, The Gray
code is an example. Figure 11-5 shows how the Gray
code can be used to convert the angular position of
a motor shaft, which is analog, into a group of non-
weighted 0s and 1s. As the shaft turns, the encoder
disk turns with it and presents a clear or zn opague
sector to each pair of light-emitting diodes and pho-
totransistors. The 4-bit code that is read from the
phototransistor outpuls represents one of 16 shaft
positions. A five-level code would resolve 32 shaft
positions, a six-level code &4 shaft positions, and so

. on. The Gray code is unigue in that no mere than 1
bit changes at @ time as the shaft rotates. Examine
the table in Fig. 11-5 to verify this point. A binary-
ensoded disk would be error-prone because more
thzn one bit would change at » time as the shaft
wrned. The Gray code dozs not lend itself to arith-
metic operations, and so code conversion to binary
will be required.

An alphanumerit code \s one that represents let-

ters and numbers. The most popular one is the Amer-
ican Stgndard Code for Information Inrcrchange
(ASCII). Table 11-5 shows an ASCII code chart. The
bit pattern for each row and column is given. For
exzmple, the letter A isin row |. All characters in
this row end with the bit pattern 0001. A is in column
4. znd all characters in this column begin with the
bit pattern 100. Therefore. the ASCII bit pattern for
A is 1000001, Note that ASCilis a 7-bit cod=. Some-
times an eighth bit is :dd=d in the leftmost position

| Cecimal | Grae
[ 0 6099
I 1 o001
| 2 agt |
| 12 eoTo
| 4 o110
5 o111
L} o191
1 2123
8 1140
] 19
0 "
" 1110
12 1010
13 101
14 1041
15 10600
Encoder disk

to act as a parity bit. Pariry is an error-checking
technique. If the parity is supposed to be even, the
letter A will be represented by 01000001, which has
an even number of Is in the group. If the parity is
odd. the letter A will be represented by 11000001,
which onteins an 6dd number of Is.

REVIEW QUESTIONS

1. A digital signal that remains at a level be-
tween 0.2 and 2.0 V is in the region.

2. The worst-case noise margin in TTL logic cir-
cuils is _

3. Do worst-case noise margins occur with smaii
fanouts or with full fanouts?

4. Czn 2 totem pol2 output stage source or sink
more current? '

5. A Jigital pulse ranges from 0.2 to 3.4 V. What
two voliage points will be used when measuring the
rise time of the pulse?

6. What voltage point will be used for the pulse
of question 5 when measuring propagation delay?

7. Is it always acceptable to substitute a TTL
device for an LS TTL device?

B. Is it always acceptable to substitute an LS
TTL device for a TTL device?

9, Use Table 11-5 and determine the ASCII code
for the letter Z in an-odd parity system.

11-2

GATES AND COMBINATIONAL LOGIC
& i5 a decision-making elemenlt. 1L produces an

output that is high or low, depending on its input

conditicus. Table 11-6 shows the busic logic gates.
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TABLE 11-6 LOGIC GATES

Gate -, Symbol ] Truth Table Boolean Expression
i, B A€
NOT 5 ’A—~>}—C 0 1 C=A4
: - HE
Al B ] E
lolo]o
_ A— &
AND 8 by 1 0 0 C=A-B
ol 1 |o
HEEE
INCLUSIVE A | € |
oR A 0 0 r‘.
c | 0 1 ! C=A+28
B
. _ 0l a1
' T
EXCLUSIVE 218 e |
OR | = - g} 0 {z0- e
] A % C=AQBH
3 WEEA o Sl R ol 1 |1 o
; g A R e ) S B L :

The NOT gate, shown at the top of the table, is also
called an-inverter. The truth table for the NOT gate
shows that the input (A) can be low (0) or high (1).
When the input is low, the output (C) is high. When
the input is high, the output is low. This function is
known as logical inversion. The NOT symbel is a

triangle with a circle at the output. The circle is

important because it tells us that the outpul is in-
verted. Boolean algebra is a special branch of math-
ematics used to describe and design binary systems.
The boolean expression for the NOT gate is read as
C is equal to NOT A. The bar over the A is an
inversion bar. The NOT gate is useful in many situ-
ations. Suppose, for example, that a limit switch
produces a logic 0 when aclivated, but it would be
more convenient if it produced a logic 1. A NOT gate
can be used to invert the switch logic.

Now look at the AND gate in Table 11-6. It has
two inputs and its truth table has four rows, one for
each possible input combination. The output is high
when input A and input B are high. The boolean
expression is read C is equal to A AND B. The dot
between the A and the B is the symbol for the AND
operator. The dot is optional; thus C = AB is an
equivalent expression, and so is C = A(B). The AND
gate is an "‘all or nothing’* circuit and is useful for
activating a load when all of the inputs are high. For

example, it may be desirable to activate an alarm

" circuit when both the pressure and the temperature

of some process go high.

Table 11-6 shows two types of OR gates. The in-
clusive OR gaie is ofien simply referred 1o as an OR
garte. However, to avoid confusion, the other version
must be referred to by its full name, exclusive OR.
The inclusive OR is an “‘anv or all'” gate and pro-
duces a high output when either or both of its inputs
are high. The exclusive OR gate produces a high
output when either A or B is high but excludes the
condition where both are high. The inclusive OR gate
includes a high output for the condition where both
inputs are”high. The boolean expression for the in-
clusive OR gate is read C is equal to A OR B. The
plus (+) sign is the OR operator, but you should not
read the expression as C is equal to A plus B. The
inclusive OR is useful for detecting those situations
in which any or all of its inputs are high. For exam-
ple, it may be desirable (o activate an alarm circuit
when the pressure is high, or the temperature is high,

"or both conditions are true. The exclusive OR gate

is useful for detecting inequality. Note that it pro-
duces a high output only when its inputs are not
equal. It may also be used as a comparator because
its output is low when its inputs are equal. The boo-
lean expression for the exclusivé OR gate is read €
is equal 1o A AND NOT B OR B AND NOT A. This
is often shortened as Table 11-6 shows by using the -
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MSB MEB
1

Sinary
Suv

G Lsa
LSB

Fig. 11-6 Gray-to-binary code converter.

ring sum symbol, which isthe exclusive OR operator.
The expression is read Cis equal to A exclusive OR
B. 1t can also be read C is equal to A ring sum B.
The last section introduced the Gray code. Itisa
nnnweightcd code that is often used to encode shaft
position. Unfortunately, since it is nonweighted, itis
not useful when arithmetic operations are required.
Figure 11-6 shows a Gray-to-binary code converter
that uses exclusive OR gates. Suppose that Gray
code 1010 is presented to the converter. The MSBis

a | and connects straight through to the output, The

next bit is exclusively ORed with the MSB and pro-
duces an output of 1. This 1is exclusively ORed with
the next Gray bit, whichis also a 1. producing the
next output of 0. This 0 is exclusively ORed with the
last Gray bit, which is alsoa 0; the LSB of the outpul
is 0. By following the decision of each gate. vou
should be able to verify that the output is equal to
binary 1100 or decimal 12. Now, refer again to Fig.
11-5. Try a couple of other shaft positions to iest
your understanding of the converter circuit.

Except for the inverter, logic gates'can have more
than two inputs. Figure 1I-7 shows a three-input
AND gate. There are cight possible input combina-
tions, and the truth table has a row fer each. The
number of combinations is predicted by 2V, where
Nis equal to the number of inputs. A four-input gate
has 16 input combinations, a five-input gate has 32in-
put combinations, and so on. Note that only one in-
put combination produces a high output in Fig. 11- 'f'
This occurs when A. B, and C are high.

Gate outputs are often inverted (refer to Fig.
11-8). This can be accomplished by following a gate
with an inverter. More commonly, it is obtained in
one package. The symbol on the right is for a NOT-
AND gate or simply NAND gare. Note the inversion
circle on the NAND output. Table 11-7 shows the
symbols, truth tables, and boolean expressions for
the inverted output gates. The truth tables show ihat
the output conditions are inverted from those shown
in Table 11-6. The boolean expressions show the
inversion bar over the tcrms and their operators.

DOmk
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D=A8C
alefeclo]
ole|lolo
1lofofo
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o1 |1 fol
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Fig. 11-7 Three-input AND gate.

DO =

Fig. 11-8 NAND gate.

L=

Figure 11-9 shows some of the laws of combination
for gates. These laws are useful because they will
help you to understand how any logic function can
be synthesized from other logic functions. For ex-
ample, the law of association shows us how to obtain
a three-input AND function from two-input AND
gates. It also shows that it is possible to obtain a
three-input OR function from two-input OR gates.
Simply <tated, the associative law tells us that it
makes no difference as to the order of how AND or
OR expressions are combined. The law of disiribu-
tion shows that there can be two forms of an ex-
pression and a circuit can be realized for each. In
general, the circuit containing the fewest number of
gates is the most desirable. The distributive law is
useful when examining an expression to determine
whether it can be simplified. For example, as Fig.
11-9 shows, a logic function may be implemented
with two or three gates and have the same function.
The faw of tautology shows that when a vanable is
ORed or ANDed with itself the result is equal to the
variable. Taking this one step further, if the gate is
a NOR or a NAND, an inverter is realized by tying
the inputs tagether. The law of double complemen-
fation shows that two inversions cancel and that the
variable is restored.

The Iast two rcws of Fig. 11-9 illustrate De-
Morgan's theorém, which states that the comple-
ment of a sum is equal to the product of the comple-
ments. Likewise, the complement of a product is
equal to the sum of the complements. The werd
complement means the inversion of a varzble or
expression. The complement of A means the same
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TABLE 11-7 INVERTED OU'IPUT GATES e : =
Gate ~ Symbal Truth Table Boolean Expression
A B C
A= c 0 0 1
NAND B e _ 1 0 1 C=A-B
0 1 1
1 1 0 |
A B G
A 0 0 1 )
INCLUSIVE 8 i 1 0 0 C=A+ B
. ' Bn1ile
' 1 1 0 .
A B C -
ik 0olo 2
EXCLUSIVE A c 1 0 0 C=A@®B
NOR B 0 1 0
: 1 1 1- e

. 'lhmz as I‘\OT .ﬁi Slmply ‘stated, the thcorem tel]s us o

. we can break an inversion bar over an operator if we
change the opérafors For example, in the equation
A+ B =A-B. the baris broken over thie OR operator
and the operator is changed to AND. The theorem
shows that it is possible to synthesize a NOR gate
from four NAND gates. Figure 11-9 shows that the
first two NAND gates are used as inverters since
their inputs are tied together. The next gate NANDs
the complemented inputs. The theorem shows that
the complements are to be ANDed, and the last
NAND gate acts as an inverter to meet that require-
ment because when a NAND gate is followed by an
inverter the AND operation results. An OR function
can therefore be realized by leawving off the last in-
verter. The last row of Fig. 11-9 shows that the
NAND function can be synthesized from four NOR
gates. The complement of A is NORed with the com-
plement of B and then inverted. The AND function
is realized by leaving off the last inverter. NAND
pates are often referred to as universal logic elements
because it is possible to synthesize any logic function
by combining them. The same thing is true of NOR
gates.

DeMorgan's theorem has led to alternate symbols
for NAND and NOR gates. Figure 11-10 shows these
aliernate symbols. The NAND gate is sometimes
represented as an OR gate with inverted inputs. The
NOR gate may be represented as an AND pate with
inverted inputs. You may find both the standard and
the allernate symbols used on the same logic dia-
gram. The purpose of using both is to represent cir-

w:t opcrauon mors ﬂeaﬂy hy mphasmng hlg.h i
puls or inverted (low) inputs. =
The laws of combination are also useﬁJl to 5olve :

circuits. For examp.c. Fig. 11-1T1 shows a combina- -

tional logic circuit based on four NAND gates. What
is the output supposed to be? Follow the steps: 7
1. At this point we find variable A combmcd wlth :
the NAND of variables A and B. -
2. Itis desired to simplify this so the bar is broken,
and the AND operator is changed to thc OR
_ operator (DeMorgan's theorem).
3. The law of double complementation allows us to
remove the bars.
4-6. These steps are the same as the first three.
7. The simplified terms from steps 3 and 6 are
NANDed.
8. The bar is broken in the middle, and the operator
is changed to OR.
9. The bar is broken at the left and at the right, and
the operators are changed.

10. The double bars are removed.

11. The term is multiplied (ANDed) with each ex-
pression in the parentheses. Two terms cancel,
since any time a variable is ANDed with its com-
plement the result is 0. You may verify this by
looking at the AND gate truth table.

[2-13. The result is the exclusive-OR operation.

Another basic understanding that you will need to

~ work with digitial'systems is in the area Df dynam.!c
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Fig. 11-9 Lzws of combination.

operation. A logic circuit is dynamic if it is under-
going change. Look at Fig. 1 1-12, which shows some
timing diagrams for a two-input AND gate. Timing
diagrams relate dynamic conditions among inputs
and outputs. Input A is shown as a square wave.
Input B is a rectangular wave of low duty cycle.
Output Cis high enly during those pericds when both
A and B are high. Now look at Fig. 11-13; it shows
the timing diagram for an exclusive OR gate. Note
that the output waveform is the inverse of input A
when input B is high. When B is low, the output is
in phase with input A. Verify this operation by look-
ing at the exclusive OR truth table if necessary. The
exclusive OR gate is sometimes called a program-

?

40—

Alternate
NAND NAND syrmbol

Aiternate
MaA . NOR symbal

Fig. 11-10 Alternate symbels.
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- Fig. 11-12 Timing diagram. =

mable inverter since its output will be the comple- _
ment of its input when its other input is high. =
Digital mtegraled circuits often contain sevr.ral
logic gates in one package. Figure 11-14 shows the
pinouts for some common 7400 series devices. The
7400 is a quad two-input NAND gate. It has four
gates per package. The 7404 is called a hex inverter
since it has six gates per package. The 7420 contains
only two NAND gates because each one has four
inputs and there are only 14 pins available. In the
TTL family and subfamilies Vcis +5 V and is ap-
plied to pin 14 of each package. Pin 7 is grounded in
each case. This is not a uniform standard, however.
Some 7400 devices have different ground and supply
pins, and some have more than 14 pins. The output
pins are labeled ¥ so they are not confused with the

input pins, which are labeled A through D and be-.

yond, depending upon how many inputs there are

Fig. 11-13 Exclusive OR timing diagram.

per gate. As mentioned before, the pins are counted
counterclockwise from the index when viewing the”
packages from the top.

The industrial technician is exposed to many types
of control circuits. Relays were the mainstay of con-
trols at one time but are now being replaced by static
controls. Static controls are so named because they
have no moving parts. Figure 11-15 compares static
controls with relay controls. The American National
Standard Institute (ANSI) logic symbols have gained
widespread acceptance, but the National Electrical
Manufacturer’s Association (NEMA) logic symbols
are found on many industrial schematics and wiring
diagrams. The NOT function can be achieved with a
gate or by using a relay with normally closed con-
tacts, The ladder diagram for the AND function
shows the control contacts in series so all will have
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Fig. 11-13 A comparison of static and relay controls.
function is realized by wiring the control contacts in 11-3

parallel. A time delay relay can be replaced with a
static device such as an NES355 timer. The memory
function is based on a static device such as a latch
or uses a second set of relay contacts 1o hold the
circuit on until it is reset by switch B. Laiches are
discussed in the next section of this chapter.

REVIEW QUESTIONS

10. Which gate acts as an all or nothing decision
element?

11. If a gate is simply referred to as OR, which
type is it?

12. Will the circuit of Fig. 11-6 produce the cor-
rect output instantaneously? Why?

13. Calculate the total propagation delay for Fig.
11-6 if the circuit is built by using standard TTL
components.

14. Refer to Fig. 11-12. What will waveform‘C
look like if waveform: B is constant at logic 1?

LATCHES AND FLIP-FLOPS

A latch is a sequential logic element. It has a memory
characteristic that makes it useful for storing events
and binary numbers. Figure 11-16(a) shows an R-S
latch based on two NAND gates. The R is the reset
input, and the § is the set input. The inputs are
activated by logic low signals. This is why the stan-
dard symbol shown in Fig. 11-16(5) of the illustration
indicates NOT S and NOT R. The latch has two
outputs: @ and NOT Q. When Q = 0, NOT Q = 1,
and this is the reset condition of the latch. When |
Q = 1, NOT Q = 0, and this is the set condition of
the latch. Figure 11-16(c) of the illustration shows
the timing diagram. Starting at the left, the latch is
initially in the reset condition since Q is low. Moving
to the right, the set input goes momentarily low. The
Q output responds by going high, and the latch is
now set. Moving more to the right, the reset input
goes momentarily low, and the Q output goes low
again. The latch has been reset. -

The R-S latch works because of feedback. Look
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Fig. 11-16 Low activated R-§ latch. (a) R-S latch from NAND
gates. (b) Symbol. (c} Timing diagram.

at Fig 11-16(a). The output of each NAND gate feeds
back to the input of the other gate. Recall that the
truth table for the NANT zate shows a logic high at
the output for 2l input coaditions except the one
where both inputs are high. Assume that the latch is
in the reset condition (Q = 0 and NOT Q = 1) and
that both inputs are high. This means that the top
NAND gate has two high inputs and its output must
be low. The bottom NAND gate will have one high
input and one low input, and its output must be high.
The truth tables are satisfied, and the circuit is stable
in this condition. Now, suppose the set input goes
low. The top gate now has one low input and one
high input, and its output goes high. This high is fed
back 1o the bottom gate, so that it now has both
inputs high and its output goes low. Note that the
latch is now in the set state: Q = 1 and NOT Q =
0. The low output from the bottom gate feeds back
to the top gate, and it now has both inputs low. This
changes nothing. and the top gate still has a high
output. When the set pulse ends, the top gate has
one high input and one low input and there is no
change. The latch is now stable in the set condition.
Because of the feedback, it remembers that it was
set and will stay in the set mode until a reset pulse
comes along or the circuit is powered down.

To analyze digital circuits that use feedback, begin
with the circuit in some stable condition. Verify that
the truth tables are correct for each gate. Then, in-
troduce a change and follow the change through by
using the truth table for each gate. Use this technique
now with the circuit of Fig. 11-16(a). Start with the
fatch in the set condition and with both inputs high.
Verify the truth tables. Then apply a reset pulse
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logic 0) and trace the changes throuzh the circuit,
Prove to yvourself that the ontputs change as expected
and that the circuit remains reset after the rescipulse
is removed.

Simple R-S latches work very well, hut they are
susceptible to being forced to an illegal cutpul stale,
They are also capable of scitling to an unpredictable
output slate in some cases. For example, what would
happen in Fig. 11-16(a) if logic 0 pulses were applied
to the inputs at the same time? Both NAND gates
would have high outputs. Both Q and NOT Q would
be high at the same time. This is illegal, since &
variable and its complement cannot be the same.
Then, what would happen if both pulses returned to
logic | at the same time? Both gates would *‘race”
to have a low output. The gate with the shorter prop-
agation delay would win the race and force the other
gate to have a high output. The latch would resume
a legal output state, in either the set mode or, the
reset mode. Such unpredictable behavior is umac-
ceptable in digital circuits. This condition is known
as pulse race or simply race and must be avoided.

Figure 11-17 shows an application for the R-S
latch. It is being used to debounce a mechanical
switch. When switch contacts close, they bounce.
They make and break rapidly until the bouncing
stops. This process lasts for several milliseconds and
can create dozens of extra pulses in a circuit. The
bounceless switch circuit avoids this problem be-
cause when the switch is thrown, it grounds cither
the set or the reset input of the latch, so the lach is
either set or reset. As the contacts bounce open and
closed, there is no change in the latch because once
it is set it is not affected by subsequent set pulses.
Likewise, once it is reset it is not affected by sub-
sequent reset pulses. The pull-up resistors ensure a

" logic high at the inputs when not grounded by the

switch. The circuit will work without the resistors if
the latch is a TTL family device since the inputs float
high. However, it is considered good practice 1o use
the resistors.

Figure 11-18 shows an R-§ latch configured from
two NOR gates. Note that the Q output is taken from
the bottom gate and the NOT Q output is taken from
the top gate. The symbol, shown in Fig. 11-18b).
locates the Q output on top because this is its stan-

Vee

=
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Fig- 11-18 High activated R-S latch. (a) R-5 latch from NOR gate.
(4} Symbol. (¢) Timing diagram.

dard position. It is activated by logic hlgh signals
applied to the set and reset inputs. Remember that
the output of a NOR gate is low if any or aliof its
_inputs are h:gh Study the timing dlagram and verify

circuit operation.. The NOR latch is susceptible to -

the same problems as the NAND latch. If both inputs
are driven hizgh, the outputs will assume an invalid
condition:- both Q and NOT @ will be at logic 0.
Then, if both inputs go low at’the same time. the
outputs will race, and the latch will settle into the
set or reset condition.

It is often desirable to enablea latch only during
a specified period of time. Figure 11-19 illustrates a
clocked R-S latch with asynchronous preset and
clear inputs. Note that Fig. 11-19(a) shows two AND
gates at the front end-of the latch. These gates share
a common input line called the clock or enable input.
It does not matter what is happening at the set and
reset inputs if the clock input is low, since all inputs
to an AND gate must be high for the output to go
high. Study the timing diagram in Fig. 11-19(c). Start
at the left, where the latch is initially in the reset
condition (Q is low). The clock signal goes high,
enabling both inputs. Next, the set input goes high
and the latch is set. Then the clock signal goes low.
Now a reset pulse comes along, but the latch is not
reset because the inputs are disabled. The next reset
pulse does reset the latch since it occurs when the
clock is high. Thar time when the clock is high is
often referred to as a window. Input pulses must be
synchronized with the clock window to have any
effect on the vulpui; ihe § and R-inputs are consid-
ered 1o be synchromous inputs for this reason. The
preset and clear inputs are asynchronous since they

can be applied at any time to set or clear the latch.

The asynchronous inputs are often used to initialize
the circuits to a known condition after power-on.

. Fig. 11-19 C.tocke.d.ﬂ S laich with as)‘mllmuqusmsﬂ md cica: :
_fa).ﬁlale mlp?_eme—nt?.uon (b) Symbol. () Timing diagram.

Figure 11-20 shows a clocked D latch. The D input
is the only synchronous input. An inverter has been
added 1o supply inverted data to the bottom gate. If
the D input is high during the clock window, a logic
high is applied to the top NOR gate, and a logic low
is applied to the bottom NOR gate. The latch is
driven to the set condition if it hasn't already been

set, If the D input is low during the window, a high

will be applied to the bottom NOR gate; it will reset
the latch if it wasn't previously in that mode. The
latch is said to be transparent because the output
follows the data input during the time that the clock
is high. The advantage of the D latch is that race has
been eliminated at the synchronous input. It is also
no longer possible to force the outputs to an illegal
mode since there is only one input. However, it is
still possible to race the latch and force the outputs
to an illegal mode with the asynchronous preset and
clear inputs.

Now it is time to look at flip-flops; these are cir-
cuits with much in common with latches. In fact,
many people use the term flip-flop to describe any
bistable circuit, including the latches studied to this
point. However, the digital IC manufacturers gener-
ally reserve the term for devices that trigser on a
clock edge. Latches are level-sensitive, by compar-
ison. Figure 11-21 shows the circuit, symbol, and the
liming diagrams for a D flip-flop.” The circuit uses a
combination of input latches with the familiar NAND
output latch. The D input is sampled only during the



Fig. 11-20 Clocked D latch with asynchronous
preset and clear.
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Fig. 11-21 The D flip-flop. (&) Gate imple-
mentation. (b) Symbols. (c) Timing dia-
gram.

positive edge of the clock and not during a clock
window. There is no clock window in a flip-flop.
Study the timing diagram. The flip-flop staris out in
the reset mode. Next, the D input goes low and this
has no effect on the output. Next, the D input goes
high, with no immediate effect on the output. Now,
the clock goes high, enabling the input latches, and
the D input is sampled at this time. Note that the D
input goes low again while the clock is still high with

~ no effect on the ontput; again there is no clock win-

{c}

dow. Finally, on the last positive clock edge, the fiip-
flop is reset because the D input is low at that time.
Figure 11-21(b) shows two symbols that are used to
differentiate between edge- and level-sensitive de-
vices. A triangle can be added at the clock input, or
a positive edge can be drawn near the clock input.
The J-K flip-flop is one of the most versatile and
popular of all sequential logic circuits. Figure 11-22
depicts two symbols and a truth table for the circuit.
Most J-K flip-flops are negative-edge devices. They
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Fig. 11-22 Negative edge J-K flip-flop with asynchronous set and
reset, (a) Symbols, (b) Truth 1able.

‘sample the J and the K inputs at the time when the
clock is falling from-logic 1 to logic 0. Figure
11 22(a) shows an inversion circle at the clock input.
and Figure 11-22(c) shows the alternate symbol,
which uses a negative edge. The truth table in Figure
11-22(b) requires some explanation. It uses a notation
that refers to Q,and to Q,.,. The Q, refers to the Q
output just before the negative edge, and Q, .., refers
to the Q output just after the negative edge. When
J = 0and K = 0, the truth table shows that the output
is Q.. Thic <implv means that Q did not change. It
is in the same¢ condiion as it was before the clock
edge. This is called the inhibit mode since the flip-
flop is inhibited fiom c¢hanging. When J = 0 and
K = 1, the Q@ cutput will always be 0 after the clock
edge. This is known as the resetr mode. When J = 1
and & = 0, the Q output will always be | after the
edge; this is the ser mode. If J = 1 and K = 1, the
output will be egqual - NOT Q,, and the flip-flop will
change states; thls is knoun as the roggle mode. It
will togele on every succeeding clock pulse.

REVIEW QUESTIONS

15. Refer to Fig. 11-16(c). If the diagram in-
cluded a waveform for NOT Q. how would it com-
pare with the Q waveform?

16. Refer to Fig. 11-16(c). If a second set pulse
followed the first set pulse and preceded the reset
pulse, how would the Q waveform change?

17. Refer to Fig. 11-17. What are the resistors
called?

18. Refer to Fig. 11-18. What cutput state results
if both thc set and reset inputs are high? What is
the condition called if both inputs go low at the
same time?

19. Refer to Fig. 11-19. What will happen if the
set and resel inputs race when the clock is at
logic 07

20. Refer to Fig. 11-20. If the latch portion of
the circuit were constructed with NAND gates in-
stead of WOR gates, what vaies should be substi-
tuted for the AND gates to ensure an ideatical tins-
ing diagram?

21. Refer to Fig. 11-20. Is it possible to “'race™
this latch? If so, at which input(s)?

22. Refer to Fig. 11-21(c). Why doesn’t the Q
output change when the data change in the clock
window?

11-4
COUNTERS AND REGISTERS

A counter is a circuit based on the sequential logic
elements studied in the last section. Look at the
liinary ripple counter in Fig. 11-23. It is an arrange-
ment of four J-K flip-flops and is capable of counting
from binary 0000 to binary 1111. The Jand K inputs
are all floating, so every flip-flop is in the tozgle
mode. The timing diagram starts at the left with all
four outputs at 0. On the first negative c'ock edge.
Q. goes high. On the second negative clock edege.
Q4 goes low, providing a negative edge for the sec-
ond flip-flop so that Qg goes high. Follow the timing
diagram through to the sixteenth negative clock edge
and note that the counter is reset at this time and all
four outputs are once again at 0. Thus, the counter
has 16 unique states. This is also called the modulus
of the covnter. The modulus is equal to 2%, where N
is the number of sequential logic elements in the
counter.

Most elecironic diagrams are drawn with the input
signals entering at the left. Binary numbers are
printed with the LSB at the righi. These two con-
ventions are in conflict when describing counters
Figure 11-23 solves this problem by rearranging ihic
truth table columns. Transistor Q, is the LSB and
heads the right-hand column. Transister Qp is the
MSB and heads the left-hand column.

Figure 11:23 is called a binary ripple counter be-
cause the count ripples from flip-flop o flip-flop.
Check what happens on the eighth negative clock
edge. Outputs A, B, and C all go low, and output D
goes high. Will these four events occur simultane-
ously? No, the count will ripple from A to B 10 C
and finally to D, and D will not go high until four
propagation delays after the clock edge. The high-
frequency performance of ripple counters is limited.
Figure 11-24 ilfustrates a synchronous binary counter
with beiter high-frequency performance. The clock
is directly applied to each flip-flop. This means that
every flip-flop can toggle at the same time (they are
synchronous). Additional connections and some
combinational logic are 1gqu;r\d to allow the syn-
chronous counter to ac chieve the correct bman SC-
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Fig. 11-24 Synchronous binary countar.
quence. The Q4 output also goes to the J and K Finally, note that Qp toggles only on those edges

inputs of flip-flop B. If you check the timing diagram
from Fig. 11-23 you will see that Qg is supposed to
toggle only on those-edges when Q4 is high before
the edge. Also notice that Qc toggles only on the
edges where both A and B are high before the edge.

where A, B, and C are high before the edges. It
should now be clear how the connections and AND
gates of Fig. 11-24 function. ’

The natural modulus of a counter is 2¥. It is pos-
sible 10 use feedback to reduce the natural modulus.
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Fig. 11-25 A modulo 5 counter.

For example, Fig. 11-25 shous a modulo 5 counter.
It uses three flip-flops, and the natural modulus is
2* = 8. However, feedback from flip-flop C to flip-
flop A and fram Q 1y K at flip-flop C reduces the
natural modulus, zad the counter has only five
unique states. They range from binary 000 to 100.
The counter does not advance from binary 100 to
binary 101; instead it resets to 000, As in the last
circuit, Qa feeds the J and K inputs of flip-flop B and
2Jais ANDed with Qs to control the J input of flip-
flop C. The timing diagram follows a natural pattern
up to the fifth negative clock edge. At the fifth edge,
Q. does not toggle. This is because NOT Qc was low
before the edge and the feedback put flip-flop A into
the inhibit mode. Also note that Qc does toggle on
the fifth edge because Qe was high before the clock
edge, and so was the K input of the flip-flop. With
J=0and K = |, the flip-fiop is in the reset mode.

A modulo 5 counter can be combined with a mod-
ulo 2 counter to make a modulo 10 counter. Counters
with 10 states are called decade counters; if they
follow the BCD count sequence, they are called BCD
counters. Figure 11-26 shows the pinout, count se-
quence, and reset truth table for 2 74L590 decada
counter. The output of the modulo 2 counter is pin
12 and is connected to the input of the modulo 5
counter at pin 1 when the davice is to be used as a
BCD counter. The clock is applied to pin 14. You
will recall that binary-coded decimal follows the stan-
dard binary sequence up to a count of 1001. The
BECD count sequence is indicated in Fig. 11-26(5).

INDUSTRIAL ELECTRONICS AND ROBOTICS

For some applications, the count sequence is not
important, but the division and the output waveform
are. The BCD count sequence shows that the fre-
quency at output D (pin 11) will be equa! to one-
tenth the clock frequency, but the waveform will be
a rectanguler pulse of low duty cycle. 1t is possible
to have the IC divide the input frequency by 10 and
produce a square wave (50 percent duty cycle) at the
output. This is accomplished by feeding the clock
into pin 1, connecting pin 11 to pin 14, and taking
the output signal from pin 12. The output from a
modulo 2 ¢ounter is a square wave; therefore, divid-
ing by 5 first and then by 2 produces the desired
waveform. However, when this is done, the BCD
count sequence is lost.

Figure 11-26 shows the truth table for the decade
counter. It has four reset inputs. An X indicates a
don’t care condition, meaning that either a logic 0 or

,  logic | may be applied at that particular reset pin,

There are three reset/preset combinations: two of
them reset the counter to 0000 and one presets it to
1001. There are four count combinations, and any
one of them may be used for counting.

Some digital counters are programmable; Fig.
11-27is an example. The DM8555 is a decade counter
that can be preloaded (or preset) with a BCD number.
It has a binary counterpart with the part number
D'3556 that can be preloaded with a 4-bit binary
number. This allows the modulus of the devices ta
be adjusted (programmed) by changing the number
that is preloaded. For example, if the counter s pre-
set to BCD 0111, the next count will be 1000, then
1001; then it can be preset again to 0111. In this case,
the modulus has been programmed to 3, Counters
with this capability are known as modulo-N conn-
fers. To facilitate presetting, the device has four IO
pins for loading data into the counter: Follow the
typical timing diagram shown in Fig. 11-27(c). First,
the counter is cleared to zero by applying a reset
pulse to pin 4. Second, the counter is pieset te BCD
3 by applying 0101 to I/O pins 14, 13, 11, and 10 and
by applying a negative load pulse to pin 7. Note that
this sets outputs Qp through Q4 (pins 2, 3, 5, and 6)
to 0101 and occurs at the positive clock edge (this is
a synchronous load). Third, the count progresses 6,
7,8,9,0,1,2,3,4,and 5. Fourth, during the count,
the VO pins are disabled for a period of time by
applying a disable pulse to pin 12 (more on this later).
Fifth, the counter is disabled for a time by applying
a high pulse to pin 1. Sixth, the count resumes to
BCD 6.

The DM3555 counter is very flexible and can be
used in many ways. It also lends itself to bus-struc-
tured digital systems. A bus is an arrangement in
which devices are connected in parallel on several
circuit paths for binary information transfer. Many
devices are typically connected to the bus and must
be isolated from cach other at times. For example,
if one logic package tries to pull a bus line to logic
high and another tries to pull the same line to logic
low. this precess creates a problem called bus con-
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Fig. 11-26 Decade countsr. (a) Pinout. (b} Count sequence. () Reset/count.

tention. Bus contention can be avoided by using logic
devices with tri-state outputs. A iri-state oulpul can
be at one of three valid conditions: logic high, logic
low, or high impedance (tri-stated). The four L'O pins
on the DM8355 are tri-state. Any time that pin 11
(output disable) is at logic high, the I/O pins are
disabled and go into their high-impedance state. This
is shown with Zs in the truth table of Fig. 11-27(b).
Thus, the IO pins can be effectively disconnected
from the bus, allowing some other logic package to
place data on the bus without the problem of bus
contention. The four Q output pins of the DM8555
are scllandard totem pole outputs and cannot be tri-
stated. =

All of the counters discussed to this point have
been up counters, which show an increasing count
with each clock pulse. Down counters, which show

a decreasing count with each clock pulse, are also

-available. Figure 11-28 represenls a 7418192 up/
down BCD counter. It is also available in 2 4-bit bi-
nary version with the part number 74LS193. Both
versions are fully programmable and can be used as
modulo-N counters. Each output can be setto a high

_or a low by entering the desired data at the inputs

and then pulsing the load input low. This is an asyn-

~chronous load since it is independent of the clock

inputs. Figure 11-28(b) is a typical timing diagram.
First, the outputs are reset to 0 by applying a clear

i

/

i,

é
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Fig. 11-27 DMB855S programmable decade counter. (¢) Pinout.
‘7 Truth table. () Typical timing diagram.

pulse to pin 14. Second, the counter is preset to BCD
7 by applying 0111 to the data pins and pulsing pin
Il low. Third, the count progresses upward to 8, 9,
carry, 0, 1, and 2 as count-up pin 5 is clocked.
Fourth, the count progresses down to 1, 0, borrow,
9,8, and 7 as count-down pin 4 is clocked. The carry
and borrow pins are used to cascade more than one
device. Cascading is accomplished by feeding the
carry and borrow outputs to the count-up and count-
down inputs, respectively, of the succeeding counter.

Shift registers constitute another category of digi-
12l circuits based on sequential logic elements. They
zre useful for temporary storage, change of data from
sne format to another, and sequence control and
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timing. Figure 11-29 shows a 4-bit serial load shift
register. Data are clocked into the register at the data
input of D flip-flop A. Four clock pulses are required
to load a 4-bit word into the register. Then the data
are available in parallel form at the Q outputs. The
first data bit entered is available at output Qp, and
the last, or fourth data bit, is available at output Q,.
The shift register is useful for converting serial data
(one bit at a time) to parallel data (all bits at a time).
It is also useful for temporary storage of data. If the
data are needed later, they can be retrieved in serial
form at output Qp. The first bit that was loaded is
immediately available at the serial data output. Then,
three ciock puices will be required to shift the other

|
Al l‘lln I
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Fig. 11-30 7515194 4-bit bidirectional universal shift register. (2} Logic diagram,

(k) Mode control. {c) Pinout.

3 bits to the output. A register of this typé is some-
times called a first-in first-out (FIFO) register.

A much more versatile device is shown in Fiz.
11-30. It is a 74L.S194 universal 4-bit shift register. It
is capable of shift right, shift left, and parallel loading
and has parallel outputs. Figure 11-30() shows the
truth table for the two mode control pins §; and 5.
When both mode control pins are high, parallel data
are loaded into the register. This occurs because 2
NOR gatz senses the inverted mode signals, With
both mode inputs high, both NOR gate inputs are
low. The output of the NOR gate is therefore high,

and it supplies a logic high to one lzad of each of the
center AND gates at the bottom of *he logic diagram.
The output of each AND gate will follow the data
applied at the parallel inputs. The data reach each
flip-flop through a NOR gate and an inverter and are
loaded on the first positive clock edge. With the
mode control in the shift right pattern (S, = 0 and
Sy = 1), a high is supplied to one irput of every lefi-
hand AND gate in the boitom group. The shift right™ —
serial input is now aclive, and data can be clocked
into flis-flop A, The data from A will shift to B since
its AND gate is also active, and so on. Reversing the
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- ..--moq:ie éonl}u]:_pattam (S - | and"Sg ="0) places a

.Jogic high at one input of each right-hand AND gate

- inthe bottom group. Thisactivates the shift [eftserial

* _input, and data are clocked imto flip-fiop D. The out- ™.

- ~put of D is clocked into C 5inTe its AND gate pro- -
“vides a data path to the left. and so on. With both

mode control pins low, the shift register is inhibited
~ because the clock cannot get through the NOR gate

at the left of the diagram. Noie that the other NOR .

gate input is from an AND gate which has both inputs

* high when the mode control pins are both low. The
AND gate output will be high, holding the clock NOR
gate output low.

The output from a shift register can be connected
back to the input. The data will circulate endlessly
in this case as the register is clocked. Refer to Fig.
11-31. This circuit is known as & ring counter. As-

- sume the initial condition is that flip-flop A is set and
all others are reset. On the first negative clock edge,
the high bit will shift to the right by one position. It
will shift to the right again on the second negative
edge. When the fifth clock pulse comes along. the
high bit shifts from flip-flop E to A. Note that ring
counters have N unique states, where N is the num-
ber of flip-flops. Ring counters are sometimes used
as control sequencers: one operation follows an-
other, followed by another, 2ad so on, until the pro-
cess restarts, and the first operation is performed
again. The circuit of Fig. 11-31 is not complete since
some means of establishing the initial condition must
be added. For example, some means will be required
to preset one flip-flop and clear all the others. Also,
the eircuit may get into an illegal mode (more than

one high bit) because of noise or a momenlary power -

o

dip. For this reason. the circuit may alse require = *

*. extra logic to detect illegal modes and correct them, - ©

REVIEW QUESTIONS - .-

23. Refer to Fig. 11-23. If the clock frequency is
10 MHz, what is the output frequency at Qp?

24. Do all of the fiip-flops in Fig. 11-23 change
state at the same time on the 16th negative clock
edge? Why?

5

235. Refer to Fig. Ii—i& Can thisICbeusedasa —— —

BCD divider and puiput a square wave of one-tenth
the input frequency? :

26. Refer to Fig. 11-27. What happens to the 'O
pins when a logic 1 is applied to pin 127 .

27. Refer to Fig. 11-27. Is the load function syn-
chronous or asynchronous?

28. Refer to Fiz. 11-27. Can Q, through Qpbe
tri-stated? Which device pins would be appropriate
for connecting to 2 bus that has other device out-
puts connected to 11?

29. Refer to Fig. 11-28. Is the load function syn-
chronous or asynchronous?

30. Refer to Fig. 11-28. What number should the
counter be preset with to use it as a modulo 8§ de-
vice in the up-count mode? '

31. Refer 1o Fig. 11-29. What will the parallel
data output be if the data input is held low for four
clock edges?
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Refer to Fig. 11-30. Both mode control pins
are high. When are the data loaded?

11-5 _
MULTIPLEXERS AND DECODERS

A digital mulriplexer is a **several into one'" circuil.
Multiplexers are used to select data from one of
several sources and output those data onto a single
line. They are also called data selectors. The. typical
multiplexer IC uses select pins to determine which
of the inputs will be connected to the output. For
example, a four-line to one-line multiplexer will have
two select pins. The binary pattern at these pins will
range from 00 (input 0 is selected) to 11 (input 3 is
selected).

It is possible 1o use a multiplexer as a parallel-to-
serial data converter. For example, if a 4-bit word is

applied to the data inputs of a four-line 10 one-line
device and if the select pins are clocked by a two-
stage counter from binary 00 to binary 1, the word
will appear in serial form at the outgnt. The first
input will appear first when the counteris at 00, then
the next input will appear at a court of 01, and so
on.

A demudiiplexer represents an oppesite function;
it is a “‘one into several’’ logic circuit. Demultiplex-
ers take data from a single source and distribute them
to one of several output lines. They are also known
as data distributors. Figure 11-32 shows the pinout
and the logic diagram for a 74L.S138 decoder/demul-
tiplexer. It is used for memory decoding and data-
routing applications. (Another type of decoder is
shown in Fig, 11-33.) The 74LS138 distributes to one
of eight output lines, depending upon the logic con-
ditions at its three select inputs. Whenali three select
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inputs are at logic 0, output YO is seclected. If select
A is kigh and B and C are low, output Y1 is selected.
The LSB of the select word is A, and C is the MSB,
Any one of the three enable inputs can be used for
data input for demultiplexing operations. Two of the
enzblz inpuls are active low (G2A and G2B), and the
other is aciive high {G1). The G1 input should be
usad if the data do not require inversion, and the
other enable inputs should be grounded.

A decoder is a circuil or device that reacts to one
or more conditions at its inputs. Decoders are com-
monly used to convert binary, BCD, ASCII, or some
other common code into an uncoded form. A good
example is the 741.847 BCD-to-seven-segment de-
coder‘driver shown in Fig. 11-33. Its application is
to convert four BCD lines into the appropriate levels
and patterns to display decimal numbers on common

INDUSTRIAL ELECTRONICSH AND ROBOTI

Cs

anode LED numeric displays. It is also a driver since.
its active low open collector outputs can sink up to.

24 mA of current. A common anode display has all
of its anodes tied to a single pin. In practice, this pin
will connect to the positive supply. Grounding any
one of the LED cathodes will light one segment.
Current-limiting resistors are usually required be-
tween each segment cathode and its corresponding
output pin on the decoder/driver. Since the 741547
has active low outputs, it will sink the cathode cur-
rent. Refer to Fig. 11-33(c), which shows thz possible
displays and the segment identification. To display
numeral 8, all segments must ke on and zll outputs
will be low. To display numeral 1. segments b.and ¢
must be on, and output b and output ¢ will be low.
The binary numbers from 1010 (decimal 10) through
1111 (decimal 15) are forbidden in BCD. Note the
display conditions for these numbers.

The 74L.8S47 shown in'Fig. 11-33 also has a segment
test input at pin 3. Grounding this gin when pin 4 is
high will light all of the segments. Pin 4 is the blank-
ing input (BI) and ripple blanking cutput (RBO) pin.

This pin may be pulsed to control LED intensity. Pin
5 is for ripple blanking input (RBI). The ripple blank-
ing pins are used in those applications in which it is
desired to blenk leading or trailing zeros in 2 numeric
display. If the RBI is low, the character @ will not be
displayed; all segments will be turned off when the
BCD input code is 0000, Also, the RBO will go low
to extinguish character 0 in the next stage in those
applications in which leading or trailing zeros are to
be blanked. Figure 11-34 shows the arrangement for
leading zero blanking. The RBI pin on the most sig-
nificant decoder/driver is at logic zero. The BCD
code at its inputs is 0000, and the output display is
blanked. The RBO is low, placing the next display
in the zero blanking mode. Its BCD input is also 0000
and is blanked, and its RBO pin is at logic 0. The
next display is also in the zero blanking mode, but
its BCD input is 0101, so some of its outputs go to
logic zero, and the LED display shows the numeral
5. Note that its RBO pin is at logic 1 since its BCD
input was not 0800. Therefore, the next decoder/
driver displays a 0 even though its BCD input is 0000,
Trailing zero suppression is accomplished by ground-
ing the RBI pin on the least significant decoder/
driver, and connecting its RBO to the RBI of the
decoder/driver to the left, and so on.

The problems with multidigit displays. such as the
one shown in Fig. 11-34, are the large number of
components required and the large number of con-
nections, For example. to have a six-digit display, 42
current-limiting resistors will be required, and 43
connections (add 1 connection for the positive sup-
ply) have to be run to the display unit. Multidigit
displays are often multiplexed to save components
and connections. Refer to Fig. 11-35, The appropri-
ate segmenlt select transistors are turned on to dis-
play the desired character. At the same time, one of
the digit select transistors is also turned on. That
particular display will be active. Later, another seg-
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ment code is applied, and the next digit select tran-
sistor is turned on while the other is turned off. Now
the second display is active. If this is done rapidly,
the blinking is not perceptible. The savings in com-
ponents and connections are substantial when a large
number of digits must be displayed. For example, 2
multiplexed six-digit display requires only seven re-
sistors and 13 connections 1o the display unit, which
includes seven segment select lines and six digit se-
lect lines. Since the segments are in parallel, only
seven lines are required regardless of the number of
digits displayed. The clock frequency must be in-
creased as the number of displays increases.

An encoder is a logic circuit that receives one of
more signals in an uncoded form and outputs a code
that can be used by another logic circuit. A keyboard
encoder converts a keypress into some code; the
keyboard may be octal, decimal, hexadecimal, al-
phanumeric, or some special type. The encoder can
be a single IC or can be built up from several devices.
For example, single-chip encoders convert a key-
press into the equivalent ASCII code. Figure 11-36
depicts a simple “decimal-to-BCD encoder circuit.

When all of the decimal inputs are low, the output is
BCD 0000. If the 1 input goes high, the BCD output
is 0001. If the 9 input is high, the BCD output is
1001. Verify the BCD output code for several differ-
ent input conditions.
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Fig. 11-36 Decimal-ta-BCD encoder.
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Fig. 11-37 A keypad matrin

Single-chip keyboard enceders are available with
row and column inputs. For example. there may be o
four by four matrix of 16 key switches. Figure 11-37
shows a typical keyboard matrix based on DPST
N.O. key switches. If any key switch is closed, one
of the row outputs and one of the column outputs
will go low. The encoder chip may also contain de-
bouncing circuitry and a strobe generator. The strobe
iz an culput used to alert the rest of the =ysrem that
< key lids buen pressed. Ancther desirabie icatuie is
suppressed output for illegal entries (more than one
Ney pressed at a time).

REVIEW QUESTIONS

33. Refer to Fig. 11-32. Select A = 0,B =1,
zand C = I. Which data output has been chosen?

34. Refer 1o Fig. 11-32. Suppose it is desired to
use this device as a one-to-four data distnibutor.
How can this be accomplished?

35. How can the device in Fig. 11-32 be used as
an inverting demultiplexer?

36. Refer to Fig. 11-34. What should the display
show if the RBI pin at the raost significant digit
loses its ground?

37. Refer to Fig. 11-34. What <hould the display
show if the BCD code to the least significant digit
changes to D00Q?

11-6
ARITHMETIC ELEMENTS

Binary arithmetic is really quite simple. Since ihere
are only two svmbols to manipulate, there are only
a few possible combinations. For example, in binary
addition, there are only four cases:

0+0=20
[+0=1
0+1=1
1 + 1 =0(camy 1)

The rules of binary addition match the truth table
for the exclusive OR gate. Therefore, all that is
needed to add 2 bits is an exclusive OR gate plus a
carry generate circuit. Refer to Fig. 11-38. This cir-
cuit is called = "affadder it preduces the sum and
carry outpuls for 2 input bits. It is considered a half-
adder because when binary weords with more than 1
bit are added. carries from column to column eccur
which requirs a cireuit with three inputs: one for the
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Fig. 11-39 Full-adder logic diagram.

_augend, one for the addend, and one for the carty.
= For example, suppose we add binary 1001 to binary
= s DL s i
T Biee. a5 wo., (CARRY= —— e W
S S RO =~ AUGEND — 1001 - -
; Bt : -ADDEND —— 0101 :
SUM : el

11107

This example shows that a circuit that can handle
three inputs is needed. Figure 11-39 shows the logic
required for a full-adder, which is based on two half-
adders plus an OR gate.

A 4-bit parallel adder with ripple carry is illustrated
by Fig. 11-40. It is constructed from one half-adder
and three full-adders. A half-adder is sufficient for
adding the LSB of the augend to the LSB of the
addend. However, all subsequent circuits must be
full-adders because carries can be generated any-
where along the line. The carries ripple from stage
to stage in this type of circuit. Under worst-case
conditions, the correct sum will not be available until
four propagation delays have occurred. For example:

CARRIES —— 111
AUGEND—— Il
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Of course, as the size of the adder increases to 8,
16, or 32 bits, the ripple carries will create significant
delays. Faster circuits using look-ahead carry logic
are available. They eliminate the ripple carries and
the cumulative delays. Fra

Binary subrraction is also very simple. As in the -
case of addition, theré are only a few combinations:

0-0=20
1—-0=1
0 — 1 =1 (borrow 1)
1—-1=0

Figure 11-41 shows the logic required for a full-sub-
tractor. Note the similarity to the full-adder circuit. .
Also note that there are three inputs: one for the
subtrahend, one for the minuend, and one fer the
borrow. Just as the full-adder had to add in carries
from prior columns, the full-subtractor must subtract -
borrows from prior columns. As an example:

BORROWS ———— 111
MINUEND ——— 1010
SUBTRAHEND —— 0111

DIFFERENCE —— 0011
Many digital systems do not have subtraction cir-

“cuits. They accomplish subtraction with adding cir-
cuits by converting the subtrzhend into its<2s com-
plement form and then adding it 1o the minuend. A°
_pumber is converted into 24 complement form by

iavérting every bit (this operation puts itin Is com- =~
plemeni form) and then adding 1. As.an example,
leUs convert the subirahend from the previous ex-
ample into its 2s complement form: ik
BINARY FORM 0111
1s COMPLEMENT —— 1000

ADD)——"7—"""—""> 1
2s COMPLEMENT —— 1001

Now, let’s see what hzppens whea we add the 2s
complement form of the subtrahend to the minuend:

MINUEND —— 1010

2s COMPLEMENT — 1001

SUM ————> 0011 (the last camry is
thrown away)

Ienoring the final carry. the sum obtained is the same
as the difference when we subtracted. It should be
clear that subtraction may be accomplished by add-

ADDEND i ing the 2s complement of the subtrahend to the min-
SUM 11110 vend. Don't forget to discard the final carry.
8, B As 8 A B, Ay
oo e |
Fig. 11-40 Four-bit parallel adder with rippie ‘I I l
carry. c 5 L2 5, 5,
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Barrcwr in

Fig. 1141 Full-subtractor logic dizgram.

The 745381 IC is an arithmetic logic unit that can
perform any of eight binary arithmetic and logic func-
tions on two 4-bit words. The operations are selected
by function select lines. A look-ahead carry circuit
is provided, and fast cascade operation is accom-
plished by propagate and generate outputs. The de-
vice has two subtract modes, one add, three boolean,
preset. and clear. Boolean operations can be per-
formed on 4-bit words with this device. For example,
if 1010 is ORed with 0101. the function output will
be 1111, since there is 1 high bit in each position.
However. if the AND function is selected with the
same input words, the function output will be 0000
because there is no occurrence of 2 high bits in any
position.

The rules of binary multiplication are also few in
number:

0
0
1
1

nnnn

0
0
0
1

—o -
XX XX

A separate mu{liplicr circuit can be built; however.

- mulnplication is more likely to be performed in an

adder circuit. Il is posable o use o shift tegicter and
an adder to muiliply. 1uc process is based on the
rules of binary multiplication and the formation of
partial products which are summed to find the final
proeduct. The following example illustrates the pro-
cedure.

EXAMPLE
Multiply 1010 by 0101.
SOLUTION
MULTIPLICAND— 1010
MULTIPLIER — 0101
1010 (first partial produet)
0000 fsecond partial product)
1010 (third partial product)
0004 ifinal partial product
PRODUCT — 110010

The example shows the way that the process of shift
and add can be used to multiply. Division is a simiar

Borfow out

D{ditterence)
{4 — &}

process, It can be done by repeated subtraction.
Since subtraction can be done in an adder, once again
addition is seen to be the key process. In fact, all
arithmetic and mathematical operations can be ac-
complished by an adder and some ancillary support
circuitry.

Rare muliipliers represent another approach to bi-
nary arithmetic. They are circuits that take one input
pulse frequency and provide two output frequencies.
One of the output frequencies is programmable. Rate
multipliers can be used to control hydraulic and
pneumatic valve actuation rates in industrial appli-
cations, and they may also be used to conirpl stepper
motor velocities. Figure 11-42 shows the pinout for
a 7497 binary rate multiplier. It will provide from 0
to 63 output pulses on pin 5 for every 64 clock pulses
applied to pin 9. With strobe, clear, and enable
grounded, the enable output will provide 1 pulse for
every 64 inrul clock pulses. The enable output is
also called the base rate ouwiput and is fixed. The
other output is variable and is at 0, 1, 2, 3, 4, §, etc.,
times the base rate, giving it the name rate multiplier.

i

Rate
inpuTs 3
e —y. R 3
O

=
5
Ve 2 v §
[13|

@ [

[OREREEERORCRERD)
? 2 # 2 Ot F° % God
ER
-

Fig. 11-42 7497 binary rame muliipiier
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Fig. 11-43 Multiplication with a rate multiplier.

The variable output rate is determined by the binary
code applied to the rate inputs.

Figure 11-43 shows a multiplication circuit based
on a rate multiplier. The base rate is applied to a
down counter, and the rate output is applied to an
up counter. The multiplicand is applied to the rate
inputs. The action begins with the multiplier loaded
into the preset inputs of the down counter. The up
counter is cleared. and then the clock is started. The
circuit runs until the down counter reaches zero, and
this inhibits the clock, The up counter outputs are
now equal to the product because the rate output is
N times the base rate, where N is the binary word
applied to the rate inputs. For example, if N =
000101, the rate output will be five times the base
output. The up counter will get five pulses for every
one pulse supplied to the down counter. If the down
counter was preset 1o 000010 (2), the up counter will
end up with a total count of 0001010 (5 x 2 = 10
The circuit can be converted to a divider by inter-
changing the outputs of the rate multiplier. The base
output will be applied to the up counter, and the rate

Dats irputs
A
~ "
Ve B2 A2 Bl AD

F—lﬂmﬁlﬂiﬁiﬁ[—]

Ll 2] fa5 L&l 15} 5] 7] 1s]

8 AcsS A=Ba>BA>E A8 A<8 Gnd
Data — L_.._._\..—J
input c;--;-: g Frours Outpu

Fig. 11-34 T4LS83 2-bit +  zoitude comparator.

Up
counter

HHH

Ouiput=A X &

output will be sent to the down counter. The up
counter will contain B/A when the down counter
reaches zero. Rate multipliers can also produce
squares, square roots, and other arithmetic opera-
tions.

The rate output of a rate multiplier is not always
a periodic waveform. The output pulses are of con-
stant width but often are not uniformly spaced. For
example, if the multiplier is programmed to produce
9 out of 64 clock pulses, they cannot be evenly
spaced because 64 cannot be divided evenly by 9.
This effect is known as pulse jitrer. Binary-coded
decimal rate multipliers are also available and pro-
vide N out of 10 clock pulses.

Figure 11-44 shows the pinout for a 741.585 4-bit
magnitude comparator. [t compares two 4-bit binary
words presented to its A and B data inputs. It has
three outputs: A is greater than B (A > B), A = B,
and A is less than B (A < B). One of these outputs
will be high for any given setiof input conditions.
The IC also has cascading inputs that make it easy
to use several devices so that words larger Ihan K
blls ca be compared.

REVIEW QULSTIONE

38. Refer to Fig. 11-40. Adding binary 1010 to
0101 will produce a correct sum output in less time
than when adding binary 0111 to 1011, (true or
falsc) -

. -—39-Refer to Fig. 11-42, The' WO 4 applicd 10 the
'ﬁ;e inputs is 010111,, and the clock input 1s 640 Hz.
The strobe, clear, and enable pins are low. What is
the base rate output at pin 77 What is the rate out-

put at pin 57

40. Will the output waveform in gquestion 39 be
periodic? Will it show pulse jitter?

41. What is thé binary sum of 10011, and

T 01115?

42. What is the minimum nurubcr ull-addars
reguired to add two 5-bit words? .{‘I_'n many half-
adders “vould also be required?



43. What is the binary result of subtracting
10101, from 11000;? £2
44. Change 19101, to 2s complement form and

_add i to 11000,. How does this result compare

with the results of question 437

11-7
MEMORY

In the broadest sense, memory includes all circuits
and devices that are capable of storing binary infor-
mation. Therefore, the latches, flip-flops, and regis-
ters already covered in this chapter can be consid-
ered as memory devices. The memory devices
discussed in this section are specifically designed for
short- and long-term storage of significant amounts
of binary information. The first memory device to be
discussed is the read-only memory (ROM).

Figure 11-45 shows a simple dicde ROM, It is
arranged as a matrix of eight 4-bit words. A decoder
circuit translates the bit pattern on the address input
lines to one of eight word select lines. When the
address inputs are all low, word select line 0 goes
high. Note that there are three diode anodes con-
nected to the 0 select line. Current flows from the

=+ 300 < INDUSTRIAL-ELECTRONICS AND ROBOTICS

decoder, through the three diodes, and into three of
the load resistors. The data outputs are high at these -
three locations. The word stored at location 0is-1101. -
If the address input lines are changed to 001, word

‘1 is selected. The data cutput is now 0110. Examine
the diode matrix, the table of addresses, and datain

Fig. 11-45 and venfy each 4-bit data word.

A more practical ROM is shown by Fig. 11-46. It
is housed in a 24-pin package and contains 8192
words of 8 bits each. Eight-bit words are very com-
mon in digital circuits and are called byres. There-
fore, the IC may be called an 8 K-byte ROM. Since
in this case K represents 1024, 8192 is rounded to
8K. Or, it could be called a 64 K-bit ROM since it
has 63,536 bits stored inside (8192 x & = 65,536).
The part number ends in 64, Which is the rounded
(1o the nearest power of 2) number of K bits the
device has stored. This is a common, but not-uni-
versal, practice for memory 1Cs. The device has 13
address pins labeled Ay through A .. This number of
address pins is required because 2" =-8192. It also
has 8 data pins labeled Dy through D, a +5-V supply
pin (Vee), a ground pin (Vsg), and an enable pin
(NOT E). The block diagram, Fig. 11-46(b), shows
that the NOT enable pin controls the tri-state output
buffers. When the NOT enable input is high, the" -

<5 e AR,

= AR .
1
-
] 2
Address k| - T
inputs < A=
1of 8 Word
Decoder > select
A4 fines
Ay ——
“ LH" [‘.l"‘
5
8
7
Ly :
Address Data
000 1101 ;
001 0110 2 Forg =
G10 1063
011 1100 l
100 1010 " Tt - -
101 0011 ; 4
- 110 0100 0, D, D, o,
K] 1000 e v J
_Flg. 1145 An 82 4-bit ROM. Data outputs
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Fig. 11-46 68364 8192 x 8-bit mask ROM. (a) Pincut. (b} Block
diagrzm.

outpat buffers are in their high-impedance state. This
state makes the ROM compatible with bus-structured
digital systems. It is called a mask ROM because it
is programmed with a photolithographic mask when
it is manufactured. )

Mask RCM s are feasible for high-production mem-
ory applications. ince they involve a custom mask
design for information storage, they must k2 pro-
duced in reasonably large quantities to distribute the
mask design costs over a number of units. They are
typically used as code converters, character gener-
ators. trigonometric look-up tables, logarithmic lock-
up tzbles, and as storage for monitor programs. A
memery-fype rode converter applies the code to be
converted to the address inputs, and the data outputs
show the converted code. A character generator
takes a code such as ASCII at its inputs and outputs
the bit pattern necessary to form the character on a
display device such as a cathode-ray tube. Look-up
tables climinate the need for some arithmetic oper-
ations in digital circuits. It is possible to generate
trigonometric and logarithmic functions with adders,
but the process takes time. Memory look-up tables
are much faster. A monitor program is a control
progiam for a computer (this topic will be covered
in Chapter 12).

Mask ROMs are available in several arrangements.
Somz examples are 4096 x 8, 8192 x §, 16,384 x §,
32,768 % 4, and 65,536 ¥ 4, Bytewide memory sys-
tems are used extensively. This brings up an impor-
iant guestion: how can memory “evices with word

sizes of 4 bits be used in a byte-sized system? They

are used by connecting all address rins and the en-
atle pins in parallel. Cne IC will then provide the 4
lower bits, and the other will provide the 4 higher
hi s. Likewise, four parallel 4-bit ROMs can be used

na system with a word size of 16 biis. Mask ROMs
EW\C a typical access time of 350 ns. This means
that valid data will he available at the outputs
350 % 1077 s after stable address and enable signals
are applied. Sio\'. er, but more power-efficient mask
ROMs are alsn availzble Thew ha.o access times on
the order of b s but use only about | percent of the
amount of power. They are based on the comple-
mentary metallic oxide semiconductor (CMOS) pro-
cess, which will be covered in the next section of
this chapter. The CMOS devices are particularly well
suited to battery-operated equipment.

Mask ROMs are not cost-effective for small and
moderate quantity designs. For this reason, field-
programmable ROMs have been developed. These
devices make producing any number of ROMs fea-
sible. They are programmed by fusing diode jumpers
inside the memory matrix. Refer again to Fig. 11-45.
A field-programmable ROM can be based on a diode
matrix. The device will be shipped with a full array
of diodes. A momentary high programming current
can be applied to those diodes that must be removed
from the matrix. For example, word 5"shows two
diedes. The diodes in the two most significant posi-
tions can be eliminated by passing a large current

through them to fuse their connecting links and re-

move the diodes from the matrix. A second tech-
nique of field programming is the blown diode svs-
tem. It also uses a high programming current but in
pulse form. Selected junctions are short-circuited by
aluminum migrating across the junction. The migra-
tion is caused by the high current pulses. Whichever
programming process is used is performed in a spe-
cial piece of equipment called a programmable read
only memory (PROM) burner or PROM programmer.

The PROM:s are one-shot devices. They cannot be
reprogrammed. Erasable programmable read only
memory (EPROM) devices are often a better choice
and have hecome quite popular, Refer to Fig. 11-47,
which shews a 2764 EPROM. 1t is field-program-
mable and also is field-erasable. Notice that the
package has a quartz window over the chip. It is
possible to erase this device by exposing it to ultra-
violet light at or near a wavelength of 0.2537 pm.
The total dose required for complete erasure is
typically 15 watt-seconds per square centimeter
(W - s/lcm?. The erasure is accomplished by using
an ultraviolet light source and exposing the IC for
the proper length of time. For example, a source
might develop 15 mW/em®. Dividing gives

15 W - sfem®
0.015 W/cm?

Al the stored bits go to legic | when the device is
erased. The licht enters the silicon crystal and re-
leases the charges that were trapped there to repre-
sent logic 0s. Usual : EPROMs can be programmad,
erzead, and reprogrammed 100 times or more.

= mus = IG.T min
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Fig. 11-47 2764 EPROM. (a) Pictorial. (b) Pinout. {c) Black dia-
gram. (d) Mode selection.

The 2764 EPROM shown in Fig. 11-47 is arranged
as 8192 bytes, Therefore, it contains 64K bits, and
its part number follows the pattern mentioned earlier.
Other EPROMs include the 2708 (8K bits), the 2716
(16K bits), the 2732 (32K bits), and the 27128 (128K
bits) and the 27256 (256K bits). The 2764 has 13 ad-

dress pins and § cutput pins. It also has pins for the
application of a programming voltage (Vep = +21 V),
a program control pin (NOT PGM), an output enable
pin (NOT OE), and 2 chip enable pin (NOT CE). A
high voltage is required during programming to trap
charges in the silicon. Some EPROMs require +25V
for programming. In Fig, 11-47(d) the programming
mode is illustratsd.' Programming is usually per-
formed by placing the EPROM in a programmer or
burner. The chip enable pin is held low, and +21V
is applied to the V;p pin. The Vecis +5 V. Stable
address and data are supplied to the address and data
pins, respectively. The PGM pin is pulsed low for 50
ms. This process is repeated for every address and
takes about 7 min if 21l 8192 bytes are programmed.
Once programming “is complete, the programming
voltage is reduced to Ve, which is +5 V. Once

programmad, the IC serves as an ordinary ROM. A _

picce of opague tape should be placed over the win-
dow. The access time ranges from 200 to 430 ns. A
suffix is usually added to the part number to indicate
the access time.

«Electrically erasable read only memories (EE-
ROMs) are also available but are less popular than

_the EPROMs because they are more expensive. They
are completely erased by applying a single pulse 1o -
the program pin while +23 V is applied to the Vip:

pin and the chip select pin is low. The EEROMs can .

Eguipment. that-is desiened to use EEROMs often

_be erased very quickly.and lend themselves to ap-
plications requiring that data be changed frequently.”  *

allows erasure and programming to occur without -

removing the ROM from the equipment. =

None of the memory devices discussed to this
point lends itself to rapid storage of data; devices of
this type are known as random access memory
(RAM) devices. This is an unfortunate descriptor
since all of tha ROM devices are also random access
memory. Random access simply means that the data
can be read (or written) in any order. For example,
if a RAM device stores 8K bytes, any one of the
$192 bytes can be read at any time. A better descrip-
tor for the type of memory device to be discussed

now would be read/wrire memory. This is not what -

it is popularly called, however. Please remember that
RAM really refers to memory that can be written to
as easily as it can be read. Also remember that the
data storad in ROMs are also randomly accessible.

The RAM devices bring on a new problem: vola-
tility. A memory is volatile if its contents will be lost
on power down. All of the ROM devices are non-
volatile. They will hold their data forever unless they
are intentionally erased. All RAM devices are vola-
tile. If the power is lost, even for a short time, all
contents will be lost. For this reason, some volatile
memery circuits must be provided with battery back-
up power. This is never necessary with ROMs.

In spite of the volatility of RAMs, they are very
widely applied devices in modemn digital systems. In
fact,  there is no practical way to accomplish many
operations without them. They provide fast and in-
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Fig. 11-48 Metalic onide semiconductor
memory cell types. fa) Static storage cell.
(b)) Dynamic storzez.

expensive storage of data, variables, and instruc-
tions. Most RAMs are based on one of two metallic
oxide semiconductor (MOS) circuit structures. Fig-
ure 11-48 shows both memory cell structures; in Fig.
11-48(a) is the static RAM storage cell. It is based on
six MOS N-channel enhancement mode transistors.
These are normally off devices that can be turned on
by applying a positive gate voltage. Transistors Q,
and Q, are cross-coupled to form a bi-stable latch.
Transistors ; and Q5 serve as load resistors. Tran-
sistors take up less space in the chin than resistors.
Suppose Q, is on and @, is off. Thiz i one of (he
two stable states for the latch. With Q, on, it drops
very little voltzge from source to drain. Therefore,
its drain voliage is near 0 V, and this voltage is
applied to the gate of Q4. With near zero gate voltage,
Q. remains off and drops the entire supply from its
source to drain. Thus, the drain voltage at Qy is equal
to + Vpp and is applied to Q,, which keeps it on. It
should be clear now that the latch is stable in this
condition and can also be stable in the opposite con-
dition. Transistors Qs and Qg are used to write to
and read from the latch. When the select line goes
positive, they are turned on. This connects the latch
outputs to the sense amplifier for a read operation.
It also allows input data to set or reset the latch.
Now look at Fig. 11-48(b), which shows the sim-
plicity of the dynamic storage cell. It is based on a
single MOS iransistor and a storage capacitor. A

Amp Data

(#) Static storage cell

Sanse

Controt
ling

is) Tynamic norage call

dynamic cell is read by sending the control line high
and reading the sense voltage. If the capacitor is
charged, the sense voltage will be high. If the capac-
itor is discharged, the sense voitage will be at ground
potential. The cell can bs written to by taking the
control line high and applying a positive voliage or
zero voltage to the sense line, which will charge or
discharge the storage capacitor. Because the dy-
namic cell is so simple. dynamic RAMSs are capable
of much more storage in a given size chip of silicon.
Unfortunately, the dynamic cells must be refreshed
every severa! meltiseconds, A cell is refreshed by
reading its contents and recharging the capacitor if
it was charged. If it is not, data will be lest 2s the

‘charge in the storage capacitor leaks off. Refresh

circuitry will be required when dynamic RAMs are

_used. This requirement complicates the design of a

system, and static RAMs are easier to use when a
moderate amount of memory is required. Static
RAMs are also chosen when battery back-up is re-
quired since refresh circuits are not necessary.

A 6116 static RAM IC is shown in Fig. 11-49. It is
a CMOS device arranged as 2048 x 8 bits. Other
popular sizes include 1024 x 4, 4096 x I, and 16,334
% 1, The 6116 has 11 address lines and 8 LO lines.
The access time ranges from 120 to 200 ns and is
designated by a suffix after the part number. The
standby power ranges from 10 to 100 p'W and is also
designated by a suffix. The 10-pW version is ideally
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(5) Functional block diagram. (c) Truth table.

suited for battery back-up service. When the supply
voltage drops below 4.5 V, the device goes into the
data retention mode. The supply must be maintained
at 2 V or more for the data to be retained. Also, the
NOT chip select pin must be maintzined no less than
0.2 V below the supply voltage in the data retention
mode. The truth table in Fig. 11-49(c) shows the
modes of operation. When the NOT chip select is
high, the IC is in standby, and the /O pins are high-
impedance. When the NOT chip select is low, the
NOT output enable is low, and the NOT write enable
is high, it is in the rcad mode, and the L/O pins
become data outputs. Taking the NOT write enable

(e}

pin low places the memory IC in the write mode.
The /O pins become data inputs. There are two write
cycles, and the state of the NOT chip enable deter-
mines which will be selected. Write cycle (2) is used
if the NOT chip enable is continuously Jow. In prac-
tice, either type of write cycle may be used in a
system.

Figure 11-50 represents a 4164 dynamic RAM. It
is an MOS device and is arranged as 65,536 X 1-bit.
Other dynamic RAMs include 4096 X 1, 16,384 x i &
and 262,144 x 1 bit. Common access times range
from 120 to 250 ns. Note that the 4164 has only 8
“address pins; 16 address bits are required to decode
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Fig. 11-50 4164 dynamic RAM.

1 of 65.536 locations. Eight-row address bils are set
up on Ay through A; and latched with the row ad-
dress sirobe (NOT RAS). Then eight column ad-
dresses are set up on pins Ag through A, and latched
with the column address strobe (NOT CAS). Read
or write is selected with the write enable (NOT WE)
input. A high selects the read mode, anda low selects
the write mode. If NOT WE goes low prior to NOT
CAS, the D, pin will remain in the high-impedance
state. A refresh operation must take place at least
every 4 ms. Strobing each of the 256 row addresses
refreshes every bit. The row address strobe must be
low (active) during the refresh cycle. The column
address strobe may remain high (inactivi) duilig the
refresh cyele.

Bipolar RAMs are alsc available but are less pop-
ular because they use many 'imes more power per
bit than MOS and CMOS devices. They are also
more expensive because the bipolar process cannot
achieve the high bit densities achieved by the other
type. They are used in those applications in which
speed is the major consideration. Some bipolar
RAMs have access times less than 10 ns, Some com-
mon sizes of bipolar RAM ICs include 256 % 1, 256
x 4, 1024 x 1, 1024 x 4, and 4096 x 1.

REVIEW QUESTIONS

45, What would have to be dona to the ROM
circuit shown in Fig. 11-45 to change the last stored
word to 11117

46. A ROM is organized as 4096 x 8 bits. What
is its capacity in K-bytes?

47. A ROM has a capacity of 1'k-byte. What is
the actual number of bits that it has stored’

48. A ROM has 11 address pins and 4 data pins,
What is the actual number of bits that it has
stored? .

49, Factory-programmed ROMs are also called
__ ROMs.

50. What is the minimum number of 65,536 x 4-
bit ROMs required for a system that uses 16-bit
words? i

§1. Refer to Fig. 11-50, How ean 65,536 loca-
tions be accessed with only 8 address pins?

11-8
LOGIC FAMILIES AND INTERFACING

The LS TTL subfamily and CMOS have become the
most popular logic families; however, & few others
are worth mentioning. Emitter coupled logic (ECL)
is a family of devices used mainly in large machines
requiring very-high-speed operation. The ECL gates
have propagation delays as short as 1 ns. It is a
nonsaturated logic in which bipolar current-switching
devices operate in a circuit configuration similar to
that of a differential amplifier. Because the devices
are never in saturation, the turn-off delays as sociated
with stored carriers are mostly eliminated. Unfortu-
nately, ECL devices are *‘power hogs™ and typically
consume 25 to 65 mW per gate. The power supply
must provide —5.2 V with respect to ground. This
characteristic is also a disadvantage because pesii ive
supply systems are more popular and because iuter-
facing ECL to other families requires eatra level
shifting components.

There are also PMOS and NMOS digital 1Cs avail-
able. P-channel MOS (PMOS) is based on P-channel
MOS transistors and is the older of the two téchnol-
ngiz¢ It requires a +5-and a —12-V supply and is
aot very popular todoy, N-chanmei nMOS GIMeS)
devices are based on N-channel MOS transistors aud
operate from a single +5-V supply. They are usually
capable of driving at least one LSTTL load and are
directly compatible with CMOS. The current NMOS
devices are usually LSI or VLSI devices such as
microprocessors (discussed in Chapter 12).

The CMOS devices belong to an ided logic family.
It features very low power consumption, excellent
noise immunity, almost unlimited fanout, noncritical
power supply requirements, and a very wide selec-
tion of devices. It is not so fast as 1S TTL, but
improvements are being made. Severd manufactur-
ers have announced high-speed CMOSparts. Its low
power consumption is probably its mest outstanding

chuaracteristic and is oaly 10 nanowatts{aW) per gate

urider static conditicns and 10 mW per gale when
toegling at = 1-MHz rate. Tt offers a 50:1 to 100:1
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Fig. 11-51 Basic CMOS inverter.

power saving when compared 10 LS TTL. The noise
margin is better than 2 V when opereied from a + 5-V
supply, as compared to LS TTL, which is only guar-
anteed at 0.4 V. The fanout is almost unlimited since
the gate inputs are MOS transistors with an input
resistance of 1012 1. However, each transistor does
represent a load capacitance of 5 pF; thus extremely
large fanouts could cause switching delays due to
capacitive loading (fanouts up to 50 are considered

- practical). The.CMOS devices operate over a power.
supply range of 3 to 15 V¥ with no need for tight:
~'yoliage regulation. Speed docs improve at the higher -

. voltages' with typical maximum toggle rates of 2.5 -
MHz at S V and 7:MHz at 10 V. A'browse through.

CMOS reference manuals will show all of the stan-
dard logic devices, from gates through microproces-
sors. There are also many special devices, including
phase-locked loops, communications devices, linear

devices (such as BI-FET op-amps), and speed con-.

trollers.

The configuration for a basic CMOS inverter is
illustrated by Fig. 11-31. It shows that a complemen-
tary pair of transistors is used: one P-channel and
one N-channel. This complementary pairing is the
source of the term complementary metallic oxide
semiconductor (CMOS). The transistors are en-
hancement mode devices. You should recall that en-

hancement mode transistors are normally off. They -

are turned on by attracting carriegs into the channel
region. In the case of the P-chanael unit, a negative
gate voltage will attract holes and turn the device on.
In the case of the N-channel unit, a posilive gate
voltage will be required to attract electrons into the
channel and turn it on. Assume a +35-V Vpp supply
in Fig. 11-51 and a logic swing at the input of 0 to
~+5 V. When the input is 0, the P-channel transistor
is'on because 0 V is § V negative with respect to the
source of the transistor, which is at +5 V. With the
P-channel transistor on, the output will be pulled
high, to near +5 V. No current flows in the output
when it drives pther CMOS inputs. No current flows
in the complementary pair since the N-channel tran-
sistor is off. Now, assume that the input goes to
+5 V. This turns the top transistor off and the bottom

transistor on. The output is pulled low, to near 0 V.

No current flows in the output, and no current flows

V5]

C Qutput voltige

0 - .
+Veo +Vop
-2

" Input voliage

Fig. 11-32 Complementary metallic oxide semiconductor (CMOS)
inverter transfer function.

in the complementary pair because the top transistor
is off. Now you can see why CMOS is so power-
efficient: no current flows under either static condi-
tion. However, there is some current fiow during-
logie transitions. There is a brief period when both
transistors are partially on. There is also some mo-
mentary output current during transitions due to the
charging or discharging of capacitance in the output
circuit. T : = -
_ Figure 11-52 illustrates the transfer characteristic -
for the CMOSinverter. The output voltage switches 7

a1 an.input voltage equal 1o half the ‘supply. “This

vields the best possible noise immunity. 1t also shows
that the output voltage swings from .+ ¥pp down to
0 V. Older CMOS devices will show a gradually
changing output for a gradually changing input.
These are known as A-series devices. The newer
devices have buffered outputs and are known as B-
series. The added buffers give quicker rise and fall
times. They have a constant output impedance of
500 0 (logic 1 and 0) and are capable of driving one
1S TTL load directly when both families are oper-_
ated from +5 V. Finally, thére are some unbuffered
devices known as the UB-series. They have similar
specifications to those of the B-series but are a little
faster. '

The CMOS input logic levels are shown in Fig.
11-53. Logic 0 extends from 0 to 30 percent of Vpp-
Logic 1 extends from 70 to 100 percent of Vpp. With
a 5-V supply. this means that a logic 0 must be
1.5V or less and that a logic 1 must be 3.5 V or more.
If you refer again to Fig. 11-1 you will see that a
TTL or LS TTL gate output is not high enough to
drive CMOS and meet the requirements of Fig.
11-53. A simple but effective solution is shown by
Fig. 11-54. Both families are powered from a +5V
supply. A pull-up resistor is added to the circuit to
bring the CMOS input up to near +5 V when the LS
TTL gate switches high. This is necessary because
of the diode and transistor drop in the totem pole
output stage. The resistor should not be too small in
value because it will hold the output up too high
when it tries-to go to logic C.

Interfacing CMOS to TTL will also require a little —
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Fig. 11-53 Complementary metallic oxide semiconductor (CMOS)
input logic levels.

TTLor CMOs
LSTFL . gate
gate

Fig. 11-54 Imterfacing TTL (or LSTTL) 10 CMOS.

assistance, as shown in Fig. 11-35. Driving a TTL
gate input low requires a sink current of 1.6 mA. If
the CMOS gate has an output impedance of 500 Q,
the sink current will cause the output 1o be 1.6 x
107% x 500 = 0.8 V. This provides no noise margin
for the TTL gate. A pull-down resistor is added to
help sink the current. If the CMOS gate is a B-series
or UB-series device, it will drive (sink) one LS TTL
load without the need for a pull-down.

We have learned that there are speed advantages
to powering CMOS from a voltage higher than 5 V.
Figure 11-56 shows two ways to interface TTL or
LS TTL to CMOS that is operating at a higher volt-

+5V

Cne TTL
gate

CMOS
gata ¥
TTe 11-55 Interfacting CMOS 1o TTL.

+6 Vv +15V

T’ii eollector =

o7 putput CMOS gate
LsTTL OO ¢
gate

{a)

HTVEr Sion

i6)

Fig. 11-36 Interfacing different voltage levels. (a) U'sing open col-
lector output. (&) Using separate transistor.

age. Figure 11-56(a) shows the use of an open col-
lector gate. It also shows that an external pull-up
resistor connected to the CMOS supply is required.
Figure 11-36(b) shows a solution using a separate
transistor and two resistors. Again, the collector re-
sistor must connect to the CMOS supply. Notice that
the transistor inverts the logic from the TTL or LS
TTL gate output. Figure 11-57 shows a CMOS device
designed to shift from cne voltage level to another.
It has two supply pins, Ve and Vpp, one for each
voltage level. It is designed for 3- to 18-V operation.
It will shift CMOS at one voltage level to CMOS at
another voltage level (mode 0) and will shift TTL to
CMOS at another voltage level (mode 1). Other
CMOS devices, called buffers, are available for driv-
ing TTL and LS TTL loads.

The CMOS part numbers traditionally are grouped
in a 4000 series. Other systems closely align-with this
series, such as Motlorola's MC14000 and MCI14500
groups. There is also a CMOS group with pinouts
identical to those of the TTL and LS TTL parts
family; this is the 74C00 series.

Handling CMOS devices demands the static dis-
charge precautions discussed earlier in this beok.
Almost all CMOS devices have diode protection cir-
cuits on their input terminals, but careful handling is
still strongly recommended.

Last, but certainly not least, is the matter of float-
ing inputs. Although this practice may work with
TTL and LS TTL, it will absohitely not work with
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Fig. 11-57 MC14304B hex level shifter. (a) Pinout.
(b) Logic diagram,

CMOS. All inputs that do not connect to gate outputs
must he tied to the positive supply or ground. A
Jeoting £ MOS input can cause insidious problems.
The input impedance is so high that time constants
of hours are likely. The circuit may work for some
tinie and then fail as an input gradually drifts high or
low. Or a floating input may track a driven input in
an inconsistent manner. Finally, a floating input can
canse a gate to oscillate and draw abnormally high
currents from the supply.

REVIEW QUESTIGNS

52. Which logic family is the fastest?

53. Refer to Fig. 11-51. The input voltage is
equal to Vpp. Which transistor is on? What is the
logic state of the output? .

54. The transistors shown in Fig. 11-51 are
normally devices.

55. What is the transition voltage for the input of
a CMOS gate operating from a 10-V supply?

11-9 :
TROUBLESHOOTING AND
MAINTENANCE

Always check all the obvious points first. Inspect for
improper switch settings, loose connectors, broken

cables, and faulty output displays. Never start trou-
Fleshooting at the component level until the power
supply voltages have been verified. The TIL family
sermits only a plus or minus 230-mV variation from
the nominal 5 V. Power supply ripple should also be
checked. A tipple reading of 250 mV or more can
cause logic errors and erratic operation. Do not for-
get 1o check power supply voltages in several parts
of the system. An industrial logic controller may use
on-card voltage regulators, and the supply voltages
may be good everywhere except on one printed cir-
cuit board. A card extender is often a must for trou-
bleshooting in systems with plug-in cards. The cards
are oo close together for taking any readings. The
cards must be removed and replaced with &n ex-
tender supplied by the equipment manufacturer. The
card under test is then plugged into the extender.
Never break or make card connections when the
power is on.

When troubleshooting robotic and other machine
controls, always be wary of the possibility of sudden
motion when troubleshooting. This is especially im-
portant when the troubleshooting process involves
injecting pulses or control signals into circuits. Dis-
connect or disable high-energy components where
feasible. Follow the manufacturer's recommenda-
tions for these procedures.

There are two broad categories of defects in digital
systems: functional faults and overloads. A func-
tional faulr is a logic error due to an internal gate
failure. For example, both inputs to an AND gale
are high, but the output is low. Assuming the output
is not overloaded, this is a functional fault, and the
gate must be replaced. In an overload the ga'= outprt
is incorrect as a result of a fault after that »int. It
¢onld be caused by a short circuit in the wiring, the
¢C voard, a connector, or a faulty device driven by
the yuie. Your knmowledge of TTL, LS TTL, and
CMOS voltage and current parameters will go a long
way in helping you find such faults. For example,
you know that a TTL gate can source up to 400 pA
while maintaining a logic high of at least 2.4 V. You
also know that it can sink up to 16 mA while main-
taining a logic low-6f no more than 0.4 V (LS TTL
will only sink up to 8 mA).

How are faults isolated? Usually, the gate output
in question must be isolated electrically from the rest
of the circuit. This procedure will confirm whether
the gate output will respond correctly when un-
loaded. If the IC is in a socket, it can be removed,
and the output pin can be carefully bent out a little.
The IC is then replaced in the socket (with the bent
pin not going into the socket), and the output is
checked for proper response. Do not forget to restore
all bent pins when you finish making your measure-
ments. If the IC is soldered in, sometimes the output
can be isolated at an edge connector. A sliver of thin
tape is used to insulate one of the edge contacts and
unload the output in question. Make the tape sliver
long enough to wrap part way around the board edge.
This will keep the tape from sliding off when the
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board is inserted into the edze conncetor. Be very
sure to remove all such pieces of tape when you are
finished troubleshooting. Another technique is to re-
move the solder from the oulput pin in question with
a vacuum desoldering tool, Then, a short length of
insuiating tubing is inserted around the pin and
through the circuit board. This procedure takes a
little time, but it is better than desoldering and re-
moving the entire device only to learn that there is
nothing wrong with it, Be sure to resolder all pins
when you are finished. One caution is in order wher
using any isolation technique: inspect the schematic
to be sure that you will not leave a CMOS gate input
floating when you isolate any output.

It is necessary to know whether voltages are nor-
mal when troubleshoating. In TTL or LS TTL, an
output voltage of 0 to 0.07 V is too low. It indicates
a defect in the gate or a short circuit to ground some-
where in the system. Likewise, an output voltage
near Vecis too high and indicates a short circuit to
the positive supply rail. However, if there is an ex-
ternal pull-up, a reading near Vi may be normal.
Also, do not forget that an external pull-up resistor
may be open and cause no output swing in an open
collector device. An output voltage between 2.4 and
0.4 V indicates an overload. The gate may be sourc-
ing or sinking excessive current. Check to see
whether the device drives an LED indicator or some
other high-current load, If it does, the voliage may
be normal, but not if it also drives another gate input.
Finally, a floating TTL or L.S TTL input will measure
between [.1 and 1.5 V, which is normal.

Circuit board and socket defects are common. A
solder splash on a board may not cause problems for
months or years and then suddenly “‘make™ an un-
wanted connection. Always be on the lookout for
such problems, An IC may be inserted into a socket
with one pin bent under instead of going into the
socket. Surprisingly, this pin will sometimes **make™
simply by touching the top of the socket pin. but the
connection will eventually fail. You have 1o look very
closely to see these kinds of difficulties. Fdge con-
nectors, especially on large boards that have a ten-
dency to warp, are an ongoing source of problems.
If a control is intermittent and responds to vibraticn,
check the edge connectors. A trace on a PC board
may be cracked. These can be impossible to locate
by a visual inspection. If a problem comes and goes
when a board is flexed, there may be a cracked trace.
Try to localize the sensitive spot. A little fresh solder
can be flowed over all suspect connections and traces
to correct the fault.

Various pieces of special test equipment are avail-
able for troubleshooting digital circuits for logic
faults. Of course, the standard items such as a mul-
timeter and oscilloscope arc very useful. The logic
clip is a device that clips onto I4- or 16-pin dual-
intine ICs. It contains 16 LEDs, 1 for each IC pin.
It sutomatically locates the ground pin and the plus
(+) supply pin to energize itself. Some models will
work over a 4- to 18-V r=ngze and can be used with
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TTL, LS TTL, NMOS, and CMOS. Logic clips are
easy to use and suprply a lot of informstion with one
quick and easy connzction. A logic pulser is another
valuable tool; it is a penlike structure with a sharp
probe point. It is powered from the system under
test by using two cliz leads. Some models will work
over the 3- o 18-\ ~ufp|» range and cover all the
popular logic familics. The output of a puls =
state. When its ﬁ\\l _h is tsn.sscd. it automs |~.aI]\
drives a gale output or input from high to low or
from low to high. It has high source and sink current
capability and can therefore override output points
originally in the high or low states. It can be used in
conjunction with the clip to test flipflops, latches,
registers, elc. For example, the reset or preset pin
can be pulsed, and the clip will show whether the
device outputs respond as expected, Or the clock
input may be pulsed; the device should respond un-
less it is in an inhibited mode. Logic pulsers are also
used in conjunction with another penlike instrument,
the logic probe. A probe has a built-in light which
glows brightly for logic high, dimly for invalid or
floating; it goes out for logic low. The pulser is often
placed on the gate input and the probe on the gate
output; this technique is called stimulus-response
testing. Or both pulser and probe can be placed at
the same point to check for a short circuit to ground
or to the supply. If there is a short circuit, the probe
will not blink when the switch is pressed on the
pulser. The low impedance of the short circuit will
not allow the pulser to change the status at that point.

Component-level troubleshooting may be more dif-
ficult with LSI and VLSI ICs. They can develop
subtle problems that affect one of many possible
input conditions. They may also develop timing prob-
lems that can onlv be seen on a multitrace oscillo-
scope. This is where your general knowledge of the
system block diagram i< important. When you know
the function of a component and the way it interacts
with the system. you will be able to pinpuint the
trouble to one device or a smair group of devices.
Substitution with a known good IC is a valid tech-
nique when the part is socketed. If the ICis soldered
in, it usually pays to take the time to verify as many
input conditions as possible before removing it. Ver-
ity ali signals and power connections at the pins of
the device itself, including the ground pin(s). Use a
meter and measure from a circuit ground to the
ground pin of the device. You should measure 0 V.
Remember: circuit boards, sockets, and solder joints
do fail.

If operation is erratic, investigate the possibility of
noise in parts of the circuit. Check all grounds and
shields on cables. Verify all connectors. A-pulse of
only 20 ns can “‘glitch’ a flip-flop or a register. The
oscilloscope is \:11'.::‘.ble when looking for glitches.
Also, logic probes contain pulse-stretching circuitry
and will produce a ~isible flash for pulses as narrow
as 10 ns.

The process of CMOS troubleshooting is similar
to TTL and I.STTL troubleshooting. Power supply
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regulation and ripple are fess critical, however. Re-
member the 30 and 70 percent threshold points when
taking readings. Also remember that the output
impedance of most CMOS gates is 500 {1 whether
high or low. A load current of 2mA will cause a 1-V
change (Ohm's law). For example, if the gate is pow-
ered from 5 V and seurcing 2 mA, its output will be
1V, Careful handling is necessary when working with
CMOS parts and circuit boards that contain CMOS
parts. A board that is removed from the system must
be handled with the same caution exercised for han-
. dling CMOS ICs (handling precautions were covered
in Chapter 2). One additional precaution is that the
power should be on when connecting low-impedance

e

test equipment (such as a pulse generdtor) to CMOS
- gircuitry. Alsg, remove the test equipment before
turning the power off. ' e

' REVIEW QUESTIONS i Saaoww-

56. What is the allowable supply range for LS
TTL? ' i = e

57. A 0-V reading on the outputof an LS TTL. -
gate may indicate that the output circuit is :

58. Anopen collector output measures 0 V when
it should be high. The pull-up-resistor could be

Cf_f.-l.FTEH REVIEW QUESTIONS

11-1. Convert binary 10101111 to decimal.

11-2. Convert hex 3FID to decimal.

11-3. Convert decimal 98 to binary.

11-4. Convert decimal 3908 to hex.

11-5. Convert binary 1001111 to hex.

11-6. Convert hex 3C1 1o binary.

11-7. Coavert l:lecimal 128 to BCD.

11-8. Name a nonweighted code used in shaft
epcoders. T e

-11-9. Suppose that Gray 1000 is applied 10 the-
input of Fig. 11-6. What is the binary output? What -
is the dccimal value of the output? T

11-10. How tmany input combinations are there
for a six-input OR gate? How many rows of its
truth table will show a logic 0 output?

11-11. Two identical square waves are fed into
an exclusive OR gate. What is the oulput wave
form?

11-12. Assume a TTL J-K fiip-flop with both J
and K floating. What is the Q output ifa 1-MHz
square wave is fed into the clock input?

11-13. How many flip-flops would be required
for a modulo 3 counter?

11-14. What is used to reduce the natural modu-
lus of 2 counter? Can this same technique be used
to increase the natural modulus?

11-15, Refer to Fig. 11-26. All four reset pins are
at logic 0. What mode is the IC in?

11-16. Refer to Fig. 11-26. All four reset pins are
at logic 1. What mede is the IC in?

11-17. How many flip-flops will be required 1o
build 2 ring counter to control 16 events?

11-18. Refer to Fig. 11-34. How many connec-
tions to the display unit would be needed for an
eight-digit display™? ;

11-19. What kird of logic circuit is needed to in-
terface a hexadecimal keypad to a digital control?

11-20. Refer to Fig. 11-37. What is the logic state
of all outputs when no key is pressed? k

11-21. Convert 10101, to its 2s complement form.

11-22. Multiply 10111, by 1001, and state your
answer in binary.

11-23. Subtract 00001, from 10000, and report
your answer in binary. i )

11-24. An EPROM is both figld-programmable

- and field — - : S .

11-25. How many minutes should an EPROMbe

"_exposed 10-an uliraviolet source that produces -
10 mW/cm?, assuming the recommended dose is -
- 1I5W - siem®? - L PRI
11-26. What is the acronym fora non_.volétil_c
memory device that can be erased by a single elec-
trical pulse?
11-27. What are read/write memory devices pop-
ularly called?
11-28. Are ROMs volatile?
11-29. How may RAMs be protected
loss during power outages? .
11-30. What should be added so that an LS TTL
gate can drive a CMOS gate operating from the
same supply?
11-31. When CMOS drives TTL at the same sup-
ply voltage, a resistor is required.
11-32. The CMOS inputs must never be allowed

from data

s e

11.33. A logic probe is applied to a gate output,
and the light glows dimly. The output is ]
11-34. A logic probe is applied to the ground pin
on an IC, and a dim light results. The problem isa
defective

11-35. A logic probe is applied to the Ve pin on
an IC, and the light goes out. The problem isa
defective

11-36. A CMOS gate is sinking 4 mA. What out-
put voltage can be expected?
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ANSWERS TO REVIEW QUESTIONS

L forbidden 2. 400 mV 3. with full fanouts 4. sink 5,032V and 2.88 v 6. 1.8V 7.no 8.no 9. 11011010
_18. AND 11 inclusive 12, no; ; '@un delay 13.30ns 14, waveform 4 15. inverted (1807 out of phase)
“16. it would niot change  17. pull-upiresistors 18. Q = 0and NOT Q = 0 (invalid); race— 19, nothing 20, NAND

1. yes: presct and clear 22, theré i5 no window (it samples on the clock edge) 23. 0.625 MHz 24. no; itisa

ripple counter 257 no (not in the BCD mode) 26. they are tri-stated 27, synchronous 28. no; the 'O pins

29. asynchronous  30. two (0010) 31, 0000 32. on the first positive clock edge 33, Y6 {pin 9) 34. ground pin3

and use YO through Y3 as outputs 35, use G2A or G2B as the input  36. 005013 37. 5010 38. true 39. 10 Hz;

B0Hz 40.no; yes 41. 101010 42, 4:1 43.11 4. 11; same  45. add three diodes 46. 4 47. 8192 48 8192
49, mask 350.4 51, by using the pins twice with CAS and RAS 52, ECL 53. the N-channel transistor; low

S.off 55.5V 56.47510525V 57, defective or short-circuited to ground S8. open

R B s e
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VICROPROCESSORS

Microprocessors are among the most elabo-
rate of all integrated circuits. They are very
large scale integrated circuit (VLS devices,
and some of the more sophisticated ones con-
tain over 100,000 transistors. Most micropro-
cessors are housed in the familiar dual-inline
package, and pin counts of 28, 40, 45, and 64
are mvailable. Microprocessars are often iden-
tified as 4-bit, 8-bit, 16-bit, or 32-bit, according
to the size of the data bus. A 4-bit micropro-
cessor has four data pins. an §-bit micropro-
cessor has eiglit data pins, and so on. The
larger microprocessors are more costly but

. have the advantage of speed since thev.can
handlé more bits at one time. The 8-bit units”
are verv popular because they. are fast enough
to handle the majoritv of industrial applica-
tions and are low in cost. This chapter will
deal mainly with the Motorola MC&509, which
is an 8-bit microprocessor. -

12-1
OVERVIEW

Microprocessors are very powerful and flexible de-
vices. They can be teamed up with support devices
such as memory chips, a keyboard, decoders, video
display devices, a cathode ray tube, a mass storage
device (disk or tape), and a power supply to form a
complete computer. Computers based on micropro-
cessors are called microcomputers. Microcomputers
are general purpose products. They can be config-
ured to serve in & wide range of applications such as

circuit analysis, word processing, games, data-base .

management, planning, drafting and design, and a
host of others. Another way thal microprocessors
can be used is in a specific application such as motor
control. When they are used this way they are called
dedicated microprocessors or rricrocentrollers. This
chapter will emphasize dedicated microprocessors
since they are so prevalent in the industrial environ-
ment.

Figure 12-1 shows some of the internal details of
the Motorola MC6809 microprocessor. It is consid-

ered to be one of the most powerful of all 8-bit mi-
croprocessors. However, any industrial setting will
probably use several types. Much of what you leamn
about the Motorola MC6809 will transfer to other
types of microprocessors. The arithmetic logic unit
(ALU) is located near the center of the drawing in
Fig. 12-1. 1t represents that section of the processor
that is used to perform all arithmetic, logic, and boo-
lean operations. Just above the ALU. we find the
accumulators, which are each 8 bits wide and are
used to hold the intermediate and final results of the
various operations. Just below the ALU is the con-
dition code register (also called the flag register). It
is also 8 bits wide, and the various bits (flags) indicate
the status of the processor and give information
about carries. borrows. and related conditions cre- -

“-ated by ALU operations. The dara register is a tem-

porary storage area for the data bus and connects o
various sections of the processor such as the de-
coder. The decoder looks at instructions that come

“ into the processor on the data bus and sends infor-

mation to the conirol section. The controller routes
signals, times events. and sequences the various reg-
isters and circuits. Now, let’s look at the program
counter. Itis 16 bits wide and connects 10 the address
register and then on to the address bus, also 16 bits
wide. This gives the microprocessor 2'® or 65,536
unique addresses, usually designated 64K, as dis-
cussed in Chapter 11.

Four other 16-bit registers are shown in Fig. 12-1.
These are the index and stack registers. These reg-
isters serve mainly as pointers to the 64K address
space. They are useful for setting up some sections
of memory as data tables and stacks. They are also
handy for moving sequential sections of memory
around and as 16-bit counters or timers. The last
section of Fiz. 12-1 to be considered is the direct
page register (DPR)- This is an 8-bit register that
makes up the upper byte of a 16-bit address for one
of the addressing modes, The various addressing -
modes will be discussed in a later section.

Even though Fig. 12-1 is grossly simplified, it con-
tains more detail than most peopie:need. Figure 12-2
shows a programmer’'s model of the MC6809 micro-
processor, which indicates those registers that are
usable by a programmer. The other internal details
are not nacessary and are said to be transparent from
a user's standpoint. The programmer’s model shows
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Fig. 12-3 Microprocessor pinoul.

two 8-bit accumsulators (accumulator A and accu-
mulator B). The two accumulators can be used as a
single 16-bit accumulator (accumulator D). It also

-, -shows four 16-bit pointer registers and a 16-bit pro-

gram counter. The direct page register and the con-
dition code register are shown, with each flag iden-
tified. The carry flag is set when some arithmetic or

* . shift operation generates a ninth bit. It is also set

when a larger mumber is subtracted from a smaller

, number, indicating a borrow in this case. The flags
“will be discussed in more detail in later sections of
this chapler.

The pinout of the MC6809 is illustrated by Fig.
12-3. Some of the pins are straightforward, such as
Vss, which is connected to ground; Vee, which is
connected 10 +5 V, and pins 8§ through 31, which
.make up the address bus and the data bus. The ad-
dress pins are autputs only and are used by the mi-
croprocessor te select the device or memory location
to write data ta or to read data from. The data pins
are bidirectionz] and are used to transfer data bytes
out of or inte the processor. Pins 2, 3, and 4 are

- . interrupt inputs. They provide @ way for an external

hardware device (perhaps a limit switch on a robot
arm) to signaf to the processor that an important

JNDUSfIUAL ELECTRONICS AND ROBOTICS

évent which requires atiention has occurred. Pins §
and 6 are status outputs that reveal whether the pro-
cessor is in the normal or running mede, whether it
is servicing an- indterrupt, whether it is in the syn- .
chronization mode, or whether it is in the halt mode.

* Pin 32 is an output and indicates the direction of

transfer on the data- bus. When the processor puts
information on the bus it is writing (pia 32 is low); -
when it takes information from the bus it is reading
(pin 32 is high). Pin 33 is an input used to suspend
processor operation and allow another device to take
control of the buses for up to a maximum of 15 clock
cycles at a time. Pins 34 and 33 are outputs which
provide timing (clock) signals to the rest of the sys-
tem. The Q clock signal phase leads the E clock
signal by 90°. Generally, the E clock is used to syn-
chronize the other parts of the system. Pin 36 is an
input used by slow devices to stretch the E and Q
clock signals to aliow more time for data access, Pin
37.is an input used to reset the processor. Pins 38
and 39 are connected to an external crystal that con-
trols the frequency of the internal clock oscillator.
Finally, pin 40 is an input that can be used to halt
the processor indefinitely. All pins will not be used
in every application. For example, the halt-pin is
often tizd to +5 V. Since it is active when'low, this —

“will preclude the halt condition. :
- Microprocessors can be ‘used 18" control almost

. anything in industry. Fhey are very flexible because :

" they themsélves are controlled by software. Software

“is-a group of instructions and data that directs the

step-by-step operation-of the processor. Al] that is
often required for a new application is new software.
For example, suppose we want 1o use 2 micropro-
cessor to control the temperature of some industrial
process. Also assume that we want to store the high-
est and the lowest temperatures reached by this pro-
cess. This is a trivial job for a microprocessor, but it -
will illustrate the software concept. Refer 1o Fig.
12-4, which shows a fiowchart of the preblem. Con-
structing flowcharts is usually the first step when
designing microprocessor software. Enter the chart
at the top where it is marked start. Rectangles are
operation blocks in flowcharts. The first operation is
to read the temperature. The next two operations
store the temperature just read into the low and high
readings. This step initializes both values. Next, the
temperature is read again. Then it is compared to a
low limit. Diamonds represeni decision boxes in
flowcharts. Note that there are two exits from the
first decision box. If the temperature is less than $70
(the dollar sign is often used to signify a hexadecimal
number), we exit the box on the right and ‘encounter
a furn on valve operation. If the temperature is equal
to or greater than $70, we enter the next decision

. box. The next decision box checks whether the tem-

perature is greater than $90. If it is, the gas valve
must be turned off. At this point;you should see that
one of three paths must be taken. One path turns the
gas on, one path turns the gas off, and one path does
nothing to the valves. ]



Rzpeat

Fig. 12-4 Flowchart for temperature controller.

The next decision box in Fig. 12-4 checks whether
the temperature is lower than the previously stored
low reading. If it is, the reading is stored, because it
represents a new low reading. Next, the temperature
is compared to the previously stored high reading. If
it i$ greater, then a new high has been reached, and
it must be stored. The repeat box sends the program
flow back 1o take a new reading and make the same
decisions again. This program will repeat over and
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over as an endless loop until a halt signal, or perhaps

areset signal or an interrupt, comes along. Thereare -
many possible variations, even in a simpk program
such as this one. For example, it is really sot nec-

essary to check for a high reading if it has been
decided that a new low has occurred: The flow from
the operation box marked store low could go 10, the
repeat box. Another variation is that the szwond read
temp. box could be moved to the botwm of the
flowchart and replace the repeat box. The fow would
then lzave this box and enter before the fist decision
box.

It was mentioned that the temperature conirol pro-
gram shown in Fig. 124 is trivial. It is trwial in that
it does not even begin to tap the power of 2 micro-
processor.
sible. For example. the processor could aiso handie
the ignition of the gas burmer. It could amalyze the
exhaust gas and control the zirfuel ratiofor betier
efficizncy and reduced pollution. Averaes iempera-
ures could be calculated and stored. inaddition to
high and low values. A gas flow meter could supply
the processor with consumption data. azd cost re-
ports could be generated. A proportiond gas valve
could be used for tighter control of the prmeess tem-

perature. Software “‘anticipation™ routinss could re-’

\uch more sophisticated conrol is pos- -

duce temperature overshoot and undershooi. Safety -

“ procedures could be added for overtempaature con- -iT_

ditions. There aré many. many' such. feateres that .

could be addad before the microprocessos would be- —
gin approaching its limits. The system would begin -

1o 'izbor’” oaly when thé procassor was se busy that
its response time for critieal actions sulferad. The
clock rate of the MC6809.is | MHz, andonz clock
cvele takes . ps. Therefore. the time requred for
most operations is very short. For examgle. reading
the temperature will take 5 ps, and § ps will be
required 1o execute a decision block. Also available
are an MC68A09, which runs at 1.5 MHz, and 2n
MC68B09. which runs at 2 MHe.

Figure i2-5 shows some of the hardwarza_that
would be rzquired for the temperature controlier. A
solenaid-driven gas valve allows the mocessor to
turn the gas off and on. By writing a 1% the latch.
the valve is turned on. Writing a 0 to the latch turns

the gas off. Note that DO (least significent bit of the -

data bus) is sent to the latch for this purpose. An
analog-to-digital (AD) converter is usad 1o change
the znalog temperature signal to an 8-bit word. The
digital output of the A'D converter is comnected 1o
the data bus,

AMamory is a key part of any microcoatroller. The
memory holds the control program and akso allows
data to be stored. Address decodzrs ae placed on
the address bus so the processor can sekct memory.
{Ka A/D converter, or the latch. Each device has a
unigue address, For example. the address of the latch
is SEE40. and the latch is selected (chip eazble goes
low) when that address appears on the bus. The
AD converter is decoded for SFF41 and is selected
when its address appears on the bus.

[UTE SR R TR
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100F 41
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1012 00
1013 25 8L0
1014 a7 3
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Fig. 12-§ Microprocessor temperature controller.

The memory in Fig. 12-5 starts at S1000. The first
two meniwory locations hald the lower temperature
limit (hex 70) and the upper temperature limit (hex
90). Since these are contained in memory, it would
be a simple matter to change them. This_capability
is one of the key attributes of microprocessor-based
systems. The next two locations are reserved for the
low temperature reading and the high. temperature
reading. They are marked with a dash since the mem-
ory contents here will change as the program runs.
The control program ilself begins at hex $1004, and
the contents here are hex B6 or binary 10110110.
Remember, the microprocessor reads the binary con-
tents, and hex is simply a shorthand notation for
humans. B6 is an operation code (normally abbre-
viated OP-CODE). It tells the microprocessor to load
accumulator A with the contents of the location spec-
ified by the nexi two bytes in memory. Note that the
next two bytes are SFF and $41. This means that
accumulator A will be loaded from address SFF41,

the zddress of the A/D converter: Itis very difficult

for humans to memorize OP-CODES such as B6.
Also, the OP-CODES vary among the various types
of microprocessors. It is much easier to memorze
mnemonics (the first m is silent). The mnemonic for
load accumulator A is LDA. -
Please note that the memory in Fig. 12-5 contains
constants, variable data, OP-CODES, and addresses.
How does the microprocessor know which is which?
It doesn’'t. A microprocessor runs a ferch-execute
cyele. It must start by fetching an OP-CODE from
the correct address. In our example, the program
counter must contain $1004 when the first fetch oc-
curs. The contents of location $1004 are loaded into
the microprocessor and go on to the decoder since
the microprecessor is in a fetch phase. Then $B6 is
decoded, and the controller ingide the microproces-
sor advances to the ekecute phase. [t reads the next
two bytes in memary and loads them into the address
register (refer to Fig. 12-1). The address register now
contaizs SFF41, and the address bus shows that b
paitern. The microprocessor cempletes the exceute.



phase of the cycle by loading the contents of the data
bus (the temperature) into the data register and then
into accumulator A. The program counter has, by
now, been incremented to $1007, and this value is

transferred to the'address register. The next fetch

begins, and $B7 is loaded into the processor. The
OP-CODE for store accumulator A into the location
specified by the next two bytes in memory is B7,

Note that the next locations contain $10 and $02, so

the contents of accumuldtor A are stored in memery
location $1002.

The third fetch phase begins at address $100A. The
OP-CODE there is the. same as for the prior feich,
but the address information that follows is differeat,
so the contents of accumulator A are stored in lo-
cation S1003. The fourth fetch phase begins at S100D.
When executed, the A/D converter is read again. The
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fifth fetch phase starts at $1010. Hex Bl is the OP-

CODE for compare accumulator A with the contents

.- of the location specified by the next two bytes, which

are $10 and $00. Therefore, accumulator A is com-
pared with the contents of memory location $1000,
which contains $70, the lower temperature limit. The
sixth fetch brings 523 into the decoder of the proces-

sor; it is the OP-CODE for branck if lower. If the

temperature is less than the lower limit $70, the pro-
cessor will branch to the instructions that store a $01
to address SFF40. This will turn the gas oa. If the
temperature is not less than §£70, the program flow
will continuz on to the next compare instruction that
checks whether the temperature is above the upper
limit. 3 y

What happens if 2 microprocessor fetches from
the wrong place? For example. supposs the program

LISTING 12-1 TE.\‘IPEF.;\TUHE{(JNI'H[)L PROGRAM LISTING

00100
1000 e - 00110
FF41 00120
FF40 00130
1000 70 00140
1001 - %0 . 00150
g 1 . ) : 00160
- 1003 ’ —a 00170
1004 B6 “FF41 - - -. 00180
+ir o =007 BT - L 25E R poIso
. = 100A B7 g o AT Tk 2002
160D B6 - < FF4L-7 00218 :
1010 BI - . - 1000 - 00220
1013 25 7 SN2 00230
1015 B! 1001 00240
1018 22 09 00230
101A 20 . DA 260
101C C6 ‘01 00270
I0IE F7 FF40 00280
1021 20 03 0023
1023 7F FF40 00300
1026 Bl 1002 00310
1029 25 07 00320
102B BI 1003 00330
102E 22 07 - 00340
1030 20 DB 00350
1032 B7 1002 00360
1035 20 F9 00370
1037 B7 1003 00380
1034 20 F4 00390
0000 00400
00000 TOTAL ERRORS
HIGH 1003
LOw © 1002
LTL 1000
OFF 1023
oN 181C
READ 100D
REPEAT 1030
SENSE  FF4l
STH 1037
STL 1032
TEST 1026
UTL 1001
VALVE FF40 _ %

*TEMP CONTROL PROGRAM
s —= - ORG SI000 —
SENSE EQU SFF41 .
VALVE EQU SFF40
LTL . FCE 570
UTL : -FCB 550
LOW RMB . 01
HIGH AT Tt || S <01 =
- “ -2 -LDA SENSE -
: s 7. LOW-"~ =~
PRI SETAS =2 S S HIGH RS
READ : LpA FE SENSE"
s -~ CMPA " LTIL
3 == BLO: sl ON
CMPA i TL
BHI OFF
BRA TEST
ON LDB =301
STB VALVE
BRA TEST
OFF CLR VALVE
TEST CMPA LOW
BLO STL
CMPA HIGH
BHI STH
REPEAT BRA READ
STL : STA LOW
. BRA REPEAT -
STH STA HIGH
BRA REPEAT
END -
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LISTING 12-2 BASIC'TEMPEBRATURE CONTHOL PROGRAM LISTING

10 CLS: REM CLEAR CATHODE EAY TUBE

2 PRINT@ 130, LOW TEMP" REM PRINT LABEL ON C.R.T.
M PRINT@ i62,"HIGH TEMP™ REM PRINT LABFL. ONCR.T

AT = PEEK(65345): REM READ TEMPERATURE

AATE = T: TH = T: REM INITIALI7E LOW AND HIGH VAL UES

60 PRINTA 140,STRS(TL): REM STORE TO C.R.T
70 PRINT@ 172,5TRS(TH): REM STORE TO C.R.T.
80 T = PEEK(65345): REM READ TEMPERATURE

90 IF T<112 THEN POKE 63344,1: GOTO 110: REM TURN VALVE ON

100 1F'T>144 THEN POKE 63344,0: REM TURN VALVE OFF

110 IF T<TL THEN TL=T ELSE GOTO 130: REM CHECK FOR NEW LOW
120 PRINTG@ 140,STRS(TLY: REM PRINT NEW LOW ON C.R.T.

130 IF T=TH THEN TH=T ELSE GOTO 150: REM CHECK FOR NEW HIGH

140 PRINT@ 172,STRTH): REM PRINT NEW HIGH
130 GOTO 80: REM REPEAT

counter contains the address of the A/D converter,
and the fetch phase is begun. The processor has no
inherent intelligence and will attempt to decode
whatever byte the converter happens to place on the
data bus. Obviously. the results will be unpredict-
able. When this happens, the syvstem *‘crashes.’”” Con-
trel is useally lost. and a reset is required to restore
operation. [t is the responsibility of the programmer
to arrange memory contents so that OP-CODES are
fetched when they are supposed 1o be. The program
must also bezin operating at the correct place. If the
program in Fig. [2-5 is executed starting at S1000,
unpredictable results will cccur and the system will
crash. A crash will not damage the processor or the
memory devices, but it could cause severe conse-
quences in the industiial environment. For example,
the gas valve could be turned on and stay on indefi-
nitely.

It should be obvious by now that a microprocessor
is worthless without a pregram to run. Programs are
software. and software is required for any micropro-
c2scor application. even the most trivial. How is
software written? The first step is a flowchart. The
next step is a conversion to machine code i0s and
Is). This can be done by learning the instruction set
of the microprocessor and then looking up all the
OP-CODES. The OP-CODES are placed into mem-
ory along with the correct addresses and data; this
is called hand assemblv. It is error-prone and labo-
rious. A better way to program in machine language
is to use a computer program called an editor'assem-
bler. Listing 12-1 shows the printout from an editor/
assembler used to generate the code for the temper-
alure control program. The editor attows labels that
“‘make sense’’ to be assigned. The labels help doc-
ument the program and make it more readable by
people. The assembler “*knows™" all the mnemonics,
so there is no need to look up OP-CODES. Use of
an editor/assembler is a giant step above hand assem-
bly. Another alternative is to use a high-level lin-
guage such as BASIC (o write the control program.

This will work only if the control computer has high-
level-language capabilities. Listing 12-2 shows a
BASIC program that accomplishes the same temper-
ature control as the machine language program. It is
complete with remark (REM) statements that help to
document the program and make it easy for a human
to understand. Read the listing and <ee how it com-
pares with the flowchart. Don't forget to convert the
decimal values in the BASIC program to hexadeci-
mal so that vour comparisons make sense.

BASIC is much easier to learn than machine lan-
guage. Several versions of BASIC that have been
enhanced for industrial applications are available.
Although it is easier to read than machine language.
it cannot be run unless the microcomputer has this
capability. Most dedicated industrial controllers do
not. It also adds overhead to the system. BASIC
itseif is a program and takes up a significant amount
of memory space. Last but not least. BASIC is very
slow when compared to machine language. The ma-
chine language temperature control program runs
over 160 times faster than the BASIC control pro-
gram. This characteristic is not important in the sim-
ple temperature control program. but speed is very
important in many other industrial applications.

REVIEW QUESTIONS

1. Motorola also manufactures a 16-bit micropro-
cessor with 24 address pins. How many memory
locations can it directly access?

2. Another name for the condition code register

is the register.

3. The MC6809 index and stack registers have

bits.

4. The MC6809 has two bit accumula-
tors.

5. Refer to Fig. 12-3. If accumulator B contains
$01, what happens when it is stored to address
SFF20? =



6. InFig. 12-5, B6 at memory location $1004 is
an example of aln) .
7. Could the program of Fig. 12-5 be run out of

 ROM? Why?

12-2 .
ADDRESSING MODES

The MC6809 microprocessor uses six basic address-
ing modes: inherent, immediate, extended. dirzct,

indexed. and relative. This section describes each of

these modes. In each description. the term effective
address indicates the actual address in memory
where data will be fetched or stored or where instruc-
tion processing will proceed. Some of the addressing
modes require an eatra byte afier the OP-CODE to
provide the required addressing information. This
byte is called a posthyie.

Inherent addressing is also calted implied address-
ing because the effective addrwss is implicit in the
instruction itself. For example. one of the MC6809
instruction mnemonics is ABX. which adds accu-
mulator B to the X rezister and places the sum in
the X register. No additional address information is
required since it is inherent in the instruction itsel.

. Another example is DAA, which is a decimal addi-
tion adjustment to accumulator A.-It is used 1o cor-
-. rect the sum in the accumulator afler binary-coded
. decimal-numbers have been added: Some instruc-

tions have an inherent mode in-addition to other
“addressing modes. The mnemonic CLR stands for
clear- when it is used to clear accumulator A or B.
the addressing mode is inherent. However. when it
is usad to clear some memofy location, ene of the
other addressing modes must be used.

The immediate addressing mode places the opar-
and (data) in one or bwo memory locations immedi-
ately following the OP-CODE. This mode is used to
provide constant data that do not change during
operation of the program. As stated, LDA is the
mnemonic for load accumulator A. If the immediate
addressing mede is used, the next byte after the OF-
CODE for LDA must contain the data that are (o be
loaded into accumulator A. Let's look at a shori
program segment that uses immediate addressing to
load accumulator A with hex Fi.accumulator B with
hex TE. and the X register with hex AO9E:

Memory Location  Hex Cestents  Mnemonic
2000 §6 LDA
2001 Fi
3602 Ce LDB
2003 7E
2004 SE LDX
2005 AD
2006 9E

Note that two bytes follow the OP-CODE for LDX,
the mnemonic for load ind2x register X. Since this
is a 16-bit register, two data bytes must immediately

S . A ¥ s
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follow the OP-CODE in memory. The preceding pro-
gram segment could be shortened by | byte by using
a load accumulator D (LDD) instruction in place of
the LDA and LDB instructions. Recall that accu--
mulator D is a combination of accumblators A azd -
B. The OP-CODE for LDD immediate is CC. There-
fore, SCE followed by SF1 and then by S7E would-
produce the same result. :
One form of immediate addressing uses a postbyte -
to determine which two registers will be manipo-
jated. Table 12-1 shows how the postbiie must be

formed for the exchange and transfer instructions.

Exchange is @ swap operation. For example. if 22
cumulators A and B are exchanged. each will contzin
whal the other contained prior to execution of the
instruction. A program segment (o swap the acoe- -
mulators and then the indx registers follows:

Memory Location  Hex Contents  Mnemenic
207 1E EXG
s 89
2009 IE EXG
200A 2

Note that the same OP-CODE is used for both ex-
change instructions. It is the posibyte ia each-<ase
that tells the processor which two registers are tobe =
exchanged.- = s

- The. tranifer operarion copies the.source Tegister

- _imo the ‘destination tegister. Both registers will o= | i

tzin the same-data after the instruction is executad.

" “The following program sezment transfers accumufa-”

tor A into the direct page regrster and the S stagk
pointer into the U stack pointer:

Memory Location  Hex Contents Mnemonic
200B - IF TFR
2000 8B
200D IF TFR
200E 13

The source and destination must be in the proper
order. Table 12-1 shows that the source code makes
up the upper half of the postbyte and that the desti-
nation code makes up the lower half of the postbize.
The code for the S pointer register is binary 0i00
(hex 4), and the code for the U pointer register is
binary 0011 (hex 3). Therefore, the corract posthite
to transfer S to U is hex 43. Only registers of the
same size should be manipulated by the exchange
and transfer functions.

Table 12-2 shows how the postbyte is formed for
push and pull instructions. These instructions are for
saving (or recalling) the contents of one or more of
the microprocessor registers in a special area of
memory called the stack. A push operation will save
the register(s) to memory, and 2 pull will load the
register(s) from memory. There are two 16-bit stack
pointers in the MC6809. Let's look at a program
segment that will store all of the internal registers,
except the program counter, tO the memory stack
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TABLE 12-1 POSTBYTE FORMATION FOR
FXCHANGE AND TRANSFER INSTRUCTIONS
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TABLE 12-2 POSTBYTE FOBRMATION FOR PUSH
AND PULL INSTRUCTIONS

h3 b2

b7 bb h5 b4 b3 b2 bl b b7 313 bs bd bl L0
SOURCE (Rl) | DESTINATION R2) [Pc [sw | v [ x Jor | B | A Jcc |

Code Register Code Repisler .
PC = Program counter

X0 D (A:B) 0101 Program counter ST = Hardware/User stack pointer

000l X index 1000 A accumulator X = Y index register

o Y index 1001 B accumulator X = U index register

ol U stack pointer 1010 Conditien code DP = Direct page register

(100 S stack pointer 1011 Direct page B = B accumulator
A = A accumulator
CC = Condition code register

pointed to by the U register and then load the reg-
isters from the memory stack pointed lo by the S
register:

Memory Location  Hex Contents  Mnemonic
200F 36 PSHU
2010 iF
3011 33 PLULS
2012 F

Table 12-2 shows that bit 6 of the postbyte. if set,
will cause either S or U to be pushed or pulled. If U
is the pointer. then S will be pushed or pulled. If §
is the pointer. then U will be pushed or pulled. The
program segment shows a postbyie of S7F; therefore
hit 6 is set. The PSHU instruction will store the S
register on the memory stack. The PULS instruction
will load the U register from the memory stack.

‘Extended addressing locates the effective address
in the iwo bytes following the OP-CODE. Suppose
we need a program segment that loads accumulator
A from memory location S45EI, loads accumulator
B from location $5021, and then stores the X register
at locations $8000 and S8001:

Memory Location  Hex Contents  Mricisonics

013 Bf LDA
U4 45

2013 21 .
2018 F6 LDB
2017 30

2018 2

2019 BF STX
201A 80

201B 00

Even though the X register is a 16-bit register, only
the first address byie is specified. The microproces-
sor will store the upper byte in location S8000 and
the lower byte in location $8001.

Direct addressing uses a combination of the direct
-page register and a single byte following the OP-
CODE to form the effective address of the operand.
For example. if the direcl page register contains $90

and the byte following the OP-CODE is 343, the
effective address is $9045. The total memory range
of the microprocessor can be thought of as 256 pages
of 256 bytes each. The direct page register always
points lo one page of memory. When quite a bit of
data must be accessed from one page, the direct
mode provides faster access to the locations in that
page if the direct page register is pointing there. The
following program segment uses immediate address-
ing to load accumulator A with S90. transfers it to
the direct page register, and then uses direct address-
ing to load both accumulators from that page:

Mu’hor}‘ Location  Hex Contents Mnemonic

201C 86 LDA
201D 20

E 1F TFR
201F 8B

2020 9% LDA
2021 45

2022 D6 LDB
2023 99

Accumulator A is loaded from location 52045, and
accumulator B is loaded from location 59099.

The indexed addressing mode uses onc of the 16-
bit pointer registers (X, Y, S, U, and sometimes the
program counter) in the caleulation of the effective
address. There are several variations within the in-
dexed mode, which include constant offset, accu-
mulator offsel. autoincrement, autodecrement, indi-
rect, extended indirect, and program counter
relative. The indexed addressing modes are the most
powerful and are among the key features of the
MC6809 microprocessor.

The constani offser indexed mode uses a postbyte
to identify the pointer register and the offset size.
The offset sizes available are zero offset, 5-bit offset,
8-bit offset, and 16-bit offset. Table 12-3 shows the
postbyte formation for the indexed addressing
modes. A postbyte of binary 11100100 ($E4) means
that the offset is zere and the § register will point to



CHAPTER 12 MICROPROCESSORS 321

TABLE 12-3 POSTBYTE FORMATION FOR INDEXED ADDRESSING MODES

2 Mode Type Variation Direct Indirect
Constant offset from register (twos complement offset) No offset. : IRR00I00 - IRRIDIGD
: - 5-Bit offset - ORRnnnnn  Defaubs to 8-bit
8-Bit offset 1RRO1100 1RRIHM
_ - 16-Bit offset 1RRO1001 IRR1M01
Accumulator offset from register (twos complement offset) A accumulator offiset . IRR00110 1IRR110
B accumulator offset  IRR00101 _1RR10G:01
D accumulator offset  IRROIOIT 1RRI1H1]
Auto increment/decrement from register Increment by 1 1RROGOCO Not allowed
Increment by 2 JIRROMO1T |RR1#O1
Decrement by | IRROMWID Not afipwed
Decrement by 2 IRRO011 IRR10811
Constant offset from program counter 8-Bit offset IXX01100 IXXH0
16-Bit offset IXX01101 1IXxmor F
16-Bit address emmaes 10011111

Extended indirect

R_= X Y. U orS: X=0Y=0:X= don't care; L

the effective address. A S-bit offset can be contained
in the postbyte in 2s complement form. The total
range of a 5-bit 2s complement offsetl — 1610 + 15,
The effective address witl be anywhere from 16 Tess
- 1915 more than the contents of the poinier register.
. For example, a postbyte. of binary 00001 111 (S0E}
. .means that the effective address will be decimal 13
_ greater than- the contents of the X regisier. If the

-~ ““most significant bit (bit 4) of the offset is I. the offset

is megative and the effective address will bz less than
the cantents of the poinier register.

Eight-bit offsets cannot fit info the postbite and
are contained in an offset byte that follows the post-
byte. These are also in 2s complement form for a
total decimal range of —128 to +127 added to the
contepts of the pointer register. As an example, the
postbyte binary 10101100 (SAC) followed by 538
means that the effective address is 38 (decimal 36)
greater than the contents of the Y register. If the
most significant bit of an 8-bit offset is high, the offset
is negative and the effective address will be less than
the contents of the pointer register. Sixteen-bit off-
sets are also in 2s complement form and provide a
decimal range of — 32,768 to +32.767 added to the
contents of the pointer register. They are contained
in 2 bytes following the postbyte.

Accumulator offset uses the conients of accumu-
lator A, B, or D added 1o the pointer register to
calculate the effective address. The number in the
accumulator is treated as a 2s complament number;
if the most significant bit is high, the number is neg-
ative. In this case, the effective address will be'less
than the contents of the pointer register. Neither the
contents of the pointer register nor the accumulatar
is affected by the calculation. Tablz 12-3 shows how
to form the postbyte for accumulator offset indexed
addressing.

The autoincrement indexed mode works by deter-
mining the effective address from the desired poinier
* register and then incrementing the pointer by lorl

= 10:5=11.

The autodecrement mode first sublracts om2 Or 10
fromrthe desired pointer register and thea produces
the effective address. These modes are known as
postincremeniing and predecremeting. They are ex-

“== tremely valuable modes for moving lists or tables of

data from one arez of memory to anogher. Table
12-3 shows how the postbytes are furr_nc;i for these

- 'addressing modes. -

The indirect addressing mode points o o mein- .
ory locations, which contain the address of the-op- .
_erand.. For example. suppose _the postbyie is binarv
10010100, 2nd the X register contains S78CE. Table
12-3 shows that this postbyte is for zero effset, in-
direct with register X serving as the pointer. The
microprocessor will fetch the contents of ST8CE and
$78CF, not as the operand but as the effective ad-
dress of the operand. If memory location SBCE con-
tains S01 and location S78CF contains $A4, then the
operand will be fetched from memory location
$01A4. In extended indirect, the effective address is
located at the address specified by the two bytes
following the postbyte. Suppose the postbste is S9F,
which specifies extended indirect and is followed by
$23 and then S12. The contents of memory location
$3312 and $2313 will form the effective address.
Rrogram counter relative addressing uses the pro-
gram counter as the pointer with either an 8-bit or 2
16-bit 2s complemeat offset. The offset i added to
the program counter to form the effective address.
Table 12-3 shows the postbytes for program counter
relative addressing. Fither one or two cffset bytes
must follow the postbyte.
The last addressing mode is the relative addressing

" mode, which is used when branches from fhe current

instruction location to some other location are de-
sired. The branches are relalive to the program coun-
ter. When the test of a branch condition istrue, either
a 1- or a 2-byte relative address is added to the
program counter. The relative address is in 25 com-
plement form, allowing both forward and backward
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program branches: A I-byte relative address is called
vt braneh and allows 4 total range of = 128 10
27. A 2-byte relative address is called a long
ranch and provides a total range of —32.768 1
32,767, The following program scgment illustrates
tow relative addressing can be usad Lo mauke the
program branch backward'a number of times until
some condition is met. In this application, it is used
1o send 64 pulses to an output port:

Memory Location  Hex Contents ~ Mnemonics
024 8E LDX
2025 FF
2026 40
2027 hi] LDA
2028 0l
2029 co LDB
202A 40
202B AT STA
102C 84
202D &6F CLR
K 84
202F 5A DECB
2050 26 BNE
2031 ) F9

This program segment uses the immediate addiessing
mode 10 load the index register with the address of
the output port and to load accumulator A with S01.
It also uses the immediate mode to load accumulator
B with S40 (decimal 64). which is the number of
output pulses. Next. it stores accumulator A by using
the zero offset indexed mode (note the postbyte of
$84). Then it clears the same location again, by using

the zero offset indexed mode. The output is pulsed

by storing | and then clearing it. Accumulator B is
then decremented (DECB), and a branch if not equal
to -ero (BNE) instruction follows. Note that SF9
follows the BNE iastruction; it is the relative ad-
dres=. It will cause a backward branch to the STA
in.iruction every lime the BNE test is true. Thus.
the program will loop back and continue pulsing the
output port until accumulator B is decremented 1o
zero. When it does equal zero. the processor will
fetch the next OP-CODE from address S2032.

How does the relative address cause a backward
branch to $202B? The program counter is pointing
1o 52032, which is the address for the mext fetch.
When the branch test is true, the ALU of the micro-
processor adds the relative address to the program
counter to form theeffective address. Let's subtract
the destination address from the source address to
determine the backward branch:

P e SOURCE ADDRESS

203
$202B «— DESTINATION ADDRESS
S07 ~— DIFFERENCE

Since SB is greater than 2, we must borrow from
the neat column. Sinez we are working in hexadec-

imal. the borrow adds decimal 16 1o the first column.
Because 16 + 2 = 18andhex B = 11, the difference
is S07. Now we can see that the ALU must subtract
7 from the program counter. This in the range of a
short branch, and the relative addiess will be 1 byte.
We lcained in the previous chapter that subtraction
may be accomplished by changing the subtraliend to
a 2s complement number:

07 «— HEX RELATIVE ADDRESS
00000111 «— BINARY VALUE
11111000 «— ONE'S COMPLEMENT
1l

11111001 «— TWO'S COMPLEMENT
F9  «— HEX VALUE

Relative addresses are always in 2s complement
form. When the most significant bit is high, a back-
ward branch will occur. When the most significant
bit is low, a forward branch will occur.

REVIEW QUESTIONS
8. One of the MC6809 instructions is MUL. It

multiplics accumulator A times accumulator B and
places the result in accumulator D. What address-

ing mode does this instruction use?

9. The immediate addressing mode is used to
load accumulator B. How many operand byles
must follow the OP-CODE?

10. Refer to Table 12-1. What hex postbyte must
follow the EXG OP-CODE 1o swup the S and U
registers?

11. Refer to Table 12-1. What hex postbyte must
follow the TFR instruction to transfer the DP regis-
ter to accumulator B? -

12. Refer to Table 12-2. Determine the hex post-
byte required to pull the CC register from the
stack.

_13. Refer 1o Table 12-2. Assuming a postbyte of
$40. which register(s) will be saved to the stack by
a PSHU operation?

14. Refer to Table 12-3. What hex postbyte is re-
quired to use the 16-hit offset indexed direct ad-
dressing mode with the Y register serving as the
pointer? What must follow the postbyte in this
case?

15. Refer to Table 12-3. What hex postbyte will
be required to select the autoincrement by one di-
rect indexed addressing mode with the X register
serving as the pointer? When will the X register be
incremented?

12-3
INSTRUCTION SET

The Motorola MC6809 microprocessor has 59 differ-
ent instructions. When these are combined with all
of the availahle addressing modes, well over 1000
different operations aré possible, The instruction set
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Instruction

ADCA. ADCB
ADDA, ADDB
ANDA, ANDB
ASL. ASLA. ASLB
ASR. ASRA. ASRB
BITA, BITB

. CLR, CLRA, CLRB

CMPA, CMPB

COM, COMA, COMB
DAA

DEC, DECA, DECB
EORA, EORB
EXGRI, R2

INC, INCA, INCB
LDA, LDB
LSL.LSLA, LSLB
LSR. LSRA, LSRB
MUL

NEG, NEGA, NEGE
ORA, ORE

ROL, ROLA, ROLB
ROR, RORA, RORB
SBCA, SBCB

STA, STB

SUBA, SUBB

TST, TSTA, TSIB
TFR R1, R2
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TIBLE 124 8-BIT ACCUMULATOR AND AEMORBY INSTRUCTIONS
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not add the carry fla

Description

Add memony o accumulator Wi
Add memory to accumulator
Add memory with accumulator
Arithmetic shift of accumulator o memory left
Arithmetic shift of accumulator or memory right
Bit test memory with accu mulator )

th cammy”

Fx o i - lazat] -
Clear accumator or memory logation L.

Compare memory from accumulator

Complement accumulator or memory location
Decimal adjust A accumulator

Decrament aceumulalor or memory location
Exclusive or memory with accumulator
Exchange RI with R2 (R1, R2 = A, B. CC. DP)
[ncrement accumulator OF memory location

Load accumulator from memory

1ogical shift left accumulator or memory locatien
Logical shift right accumulator of memory location
Unsigned multiply (A X BE—D

Negate accutmulator or memory

Or memory with accumulator

Rotate accumulator of memory left

Rotate accumulator or memory right

Subtract memory from accumulator with borrow
Srore accurnulator to memory

Subiract memory from accumulatar

Test accumulator of Memory lecation
Transfer R1 to R2 (R1, R2 = A, B. CC, DP}

—
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ASCIl code can be ANDed with SOF (binary
000011111, The 30F is called a mask and sirips off
{sets to ) the upper 4 bits of the ASCII code. Con-
versely, the ORA and ORB [nstructions shown in the
tuble can be used to convert binary 1o ASCII. Pro-
vided that the binary number in the accumulator is
00001001 (decimal 9) or less. oring with $30 (binary
00110000} will set the 2 bits necessary to convert to
ASCIIL.

The arithmetic shift left instructions in Table 124
shift the contents of an accumulator or some memory
focation ieft by one bit position. Bit 0 is cleared and
bit 7, the MSB, shifts into the carry flag. Whatever
was in the carry flag is lost. This operation has the
effect of doubling the value of the accumulator or

memory location up until the point where bits are

shifted out and lost. For example, suppose the ac-
cumulator contains binary 0001[}11[) before the shift
Ieft. This is equal to decimal 22. The accumulator
will contzin 00101100 after a shlft left which is equal
to decimal 44. Another shift left will produce
01011000, which is equal to decimal 88, and so on.
The aritizmeric shift right instructions shown in.the
:able shift the number to the right. Bit 0 is shifted
into the carry flag, and the prior content of the flag
1s lost. Bit 7 does not change. This preserves the sign
of the number since the most significant bit is the
sign bit when 2s complement interpretation is used.
IT it is s21. the number is nezative, If it is clear.
aumber is positive. For example:

10101000 «—— CONTENTS BEFORE ASR
11010100 «—— CONTENTS AFTER ASR

!n 25 complement interpretztion. both of the preced-
ing numbders are negative. To find the magnitude of
each number. invert every bit and add 1:

101016:3) «— TWO'S COMPLEMENT FORM
01010111 «—— INVERT
—1 «— ADD OXE

0101130 «—— MAGNITUDE tdecimal 88)

LHIOT01W0 —— TWO'S COMPLEMENT FORM
00101011 «— INVERT
-1 «—— ADD ONE

00101I20 «—— MAGNITUDE tdecimal 44)

In 2s comiplement interpretation. the number is equal
1o negative 88 before the shift and is equal to negative
=4 after the shift.

The loeic shift left operations in Table 12-4 do
exactly the same thing as the arithmetic shift left
instructions already discussed. Motorola made this
accommaodation to make the MCG6809 compatible
with a mnemonic used for an earlier microprocessor,
the MCRR00. The logic shift richt (LSR) operarion,
however. is different from the arithmetic shift right.
The LSR does not prnurw: the sign bit. A 0 is shifted
into bit T instead. Bit 0 is <hitted i into the carry flag
&s lt is for the ASR operation.

Some microprocessor operations do not produce
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zny results other than setting or clearing the appro-
priate flags. The BITA and BITB operations in Table
12-4 are examples. These operations perform the log-
ical AND of the accumulztor contents with some
memory location but produce no change in accu-
mulator or mamory C("‘t'c"it'-. Th2 only result is that
three flags are atfected. First. the V flag is always
cleared by this operation. Sccond. the N flag is set
if the AND operation sets the most significant bit;
otherwise it is cleared. The N flag is the negative
flag. Third, the Z flag is set if the result of the Axp
operation is binary 00000000; otherwise it is cleared.
The Z flag is the zero flag. The bit test instructions
are often used to test 1 bit of some memory location
to see whether it is high or low. For example, the
accumulator can be loaded with 501 to test the least
significant bit of a memory location. If the bit is high,
the Z flag will be cleared. If the bit is low, the Z flag
will be set.

The CMPA and CMPB instructions also produce
no results other than setting or clearing the appro-
priate flags. The compare instructions subtract the
contents of some memory location from one of the
accumulators. The N flag is set if the result is nega-
tive. The Z flag is set if the result is zero. The C flag
is set if a borrow is generated. Finally, the V flagis
<et if an overflow occurs. An overflow refers to 2s
complement overflow and not to a borrow (or a
carry). For example. if a negative number is sub-.
tracted from a positive number. the result should be
positive. Let's look at an example of what can hap- .
pen:

01011111 «— ACCUMULATOR
- 10101010 «—— MEMORY

10110101 «—— RESULT OF THE CMP
OPERATION

Note that the accumulator contains a positive num-
ber (the most significant bit is 0) and that the memory
location coniains a negative number (the most sig-
aificant bit iz 1). However, the rasult is negative since
its most slg.“ﬁcam bit is I. In this case, the compare
instruction will set the V flag since 2s complement
overflow has occurred. It will also set the C flag since
a borrow has also occurred. Two's complement over-
flow can occur in other operations as well. For ex-
ample, two positive numbers can be added and pro-
duce a negative result because of a carry into the
sign bit (bit 7). This will also set the V flag,

The test instruction (TST) shown in Table 12-4 also
produces no-results other than in the flag register. It
subtracts zero from some memory location or one of
ihe accumulators. It always clears the V flag. It sets
or clears the N and Z flags according to the results.
The complement operation (COM) does produce a
result; it replaces the contents of one of the accu-
mulators or a memory location with its 1s comple-
ment value. The regate operation (NEG) produces
the 2s complement value. The refate right instruction
{ROR) rotates all of the bits (memory location or
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TABLE 12-5 16-BIT ACCUMULATOR AND MEMORY INSTRUCTIONS Bt 4
Instruction Description - ; - '

ADDD ~ Add memory to D accumulator '

CMPD_ ) Compare memory from D accumulator b

EXG D, R Exchange D with X, Y, S, U, or PC ty i fallfE

LDD ., Load D accumulator from memory - 3

- SEX Sign Extend B accumulator into A accumulator

STD Store D accumiilator-to memory Sl

SUBD &ubtract. memory from D accumulator €

TFRD.R Transfer Do X, Y. S, U, or PC

TFRR, D ) Transfer X, Y. S, U.or PC10 D

accumulator) right through the carry flag. Bit 0 is the effective address from the indexed addressing
placed in the carry flag. and the carry flag is placed mode and place an address in one of the 16-bit

in bit 7. This instruction simulates a circulating shift pointer registers. The calculations that can be per-

register with 9 bits. The rotate left instruction (ROL) formed include adding or subtracting 5-. 8-, or 16-bit
is similar, but the direction of rotation is reversed. constants; adding or subtracting the contents of one
Table 12-5 shows the 16-bit accumulator and mem- of the 8-bit accumulators; and adding ‘or subtracting
_ory instructions. Accumulator D can be added, the contents of the D accumulator. -
loaded, stored, subtracted, transferred, compared, " The branch instructions are shown in Table 12-7.
and exchanged. When used in conjunction with ex- The simple branches test only one flag. For example.
ternal memory, (WO consecutive memory bytes will the branch if equal zero instruction (BEQ) tests the
be affected. The sign exiend operation (SEX) trans- 7 flag. If it is set, the branch is implementad by
forms a 2s complement 8-bitvalue in accumulator B~ fetching the relative address and adding it 1o the
into a-2s complement 16-bit value in the D accumu- . Program COUNLer. The short branch instructions use
* ‘lator. For example, SUpposée accumulator B contains - a1-byte relative address; the long branch instruc-
- “binary.- 11001001 (SC9) before. the SEX operation. - - tions, such as LBEQ. use a 3—b,\fté‘rela!i'\'e address.
This represents — 353 decimal in 25 complement form. Some of the sizaed branches use a more ‘involved

©  After the SEX operation, the D accumulator will - test of the flag register. The ‘pranch if greater'than
contain 1111 111111001001 (SFFCI). which is the i6- zero (BGT) checks three flags and is implemented

bit 25 complement representation of — 55 decimal. only when the N and V flags are equal and the Z flag
Table 12-6 lists the index and stack pointer instruc- is zero. The BGT branch is used after a subtract or
tions. The pointer registers can be loaded, stored, compare operation 1o alter program flow when the
transferred, exchanged, and compared. The four signed register contents are greater than the signed
load effective address instructions (LEA) calculate memory operand. You should note that some of the

TABLE 12-6 INDEXAND STACK POINTER INSTRUCTIONS

Instruction Description

CMPS, CMPU Compare memory from stack pointer

CMPX, CMPY Compare memory from index register

EXG RI, R2 Exchange D, X, Y, S, Ueor PCwithD, X, Y. S, Uor PC
LEAS, LEAU Load effective address into stack pointer

LEAX. LEAY Load effective address into index registar

LDS, LDU Load stack pointer from memory

LDX, LDY Load index register from memory )

PSHS Push A, B, CC,DE.D, X, Y. U, or PC onto hardware stack
PSHU Push A, B, CC, DR, D, X, Y, X, or PC onio user stack
PULS Full A, B, CC,DF, D, X, Y, U, or BC from hardware stack
PULU pull A, B, CC, DP, D, X, Y, S, or PC from hardware stack
STS, STU Siore stack pointer 1o memory

STX. STY Store index register (o memory

TFR RI, R2 Transfer D, X, Y, S, U,or PC 10 D.X Y. S U,or PC

ABX Add B accumulator to X-{unsigned)

.
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TABLE 12-7 BRANCH INSTRUCTIONS

Instruction

Description

Simple Heancies
BEQ. T BEQ

Branch il cqual

BNE, LBNE Branch if not equal
BMI. LBMI Branch if minus
BPL.. LBPL Branch if plus
BCS. LBCS Branch if carry set
BCC. LRCC Branch if carry clear
BVS. LBVS Branch if overflow set
BVC. LBVC Branch if overflow clear
Signed Branches
BGT. LBGT Branch-if greater (signed)
BVS. LBVS Branch if invalid twos complement result
BGE. LBGE Branch if greater than or equal (signed)
BEQ. LBEQ Branch if equal
BNE. LBNE Branch if not equal
BLE. LBLE Branch if less than or equal (signed)
BVC. LBVC Branch if valid twos complement result
BLT. LBLT Branch if less than (signed)
Unsigned Branches
BHI. L.BHI Branch il higher (unsigned)
BCC. LBCC Branch if higher or same (unsigned)
BHS. LBHS Branch if higher or same (unsigned)
BEQ. LBEQ Branch if equal |
BXNE. LBNE Branch if not equal
BLS. LBLS Branch if lower or same (unsigned)
BCS, LBCS Branch if lower (unsigned)
BLO. LBLO, Branch if lower (unsigned)
Oiher Brauches
BSR. LBSR Branch to subroutine
BRA. LBRA Branch always
BRN. LBRN Branch never

sumple branches also appear in the signed branch
ection since they are also useful for testing signed
numbers. The unsigned branches in the table are for
tesiing positive numbers only. The most significant
bit is not interpreted as a sign bit. The branch if

L

figner than instruction (BHI) tests two flags: carry

~and zero, If a subtraet or compare operation causes

neither a carry (borrow) nor a zero result. the branch
will be implemented. The other branches shown in
Table 12-7 do not test any fldgs. The branch to sub-
rewtine (BSR) will be covered in the next section.
Branch ulways (BRA) is an unconditional branch:
the relative address will always be fetched and added
o the program counter. Branch never (BRN) does
nothing and acts as a 2-byte no aperation (NOP),
The LBRN acts as a 4-byte no operation because the
OP-CODLE is 2 bytes long and must be followed by
& 2-byte relative address. In a program NOPs may
be used 10 reserye memeory space for futurs insertion

ol code. They also may be placed in a timing loop to
consume a few clock cyeles. Branch BRN consumes
three clock cycles, and LBRN consumes five clock
cycles.

The miscellaneous instructions are shown in Table :

12-8. The first mnemonic is ANDCC, which stands
for logical AND the condition code register. Tt gives
the programmer a way to prescrve or clear the flags
and uses the immediate addressing mode only, If the
CC register is axped with S00, all of the flags will
be cleared. If it is anped with SF0, the upper four
will be preserved, and the lower four will be clearad.
The CWAL instruction ANDs an immediate byte with
the condition code register, stacks all of the micro-
precessor registers on the S stack, and then waits
for an interrupt. If will be covered in more detail in
the next section. The no operation (NOP) consumes
I memory byte and two clock cycles. The ORCC
ORs an immediate byte with the condition code reg-
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TABLE 12-8 MISCELLANEOUS INSTRUCTIONS ’ - -
" Instruction i Description )
ANDCC - axD condition code register ; _
_CWaAl AxD condition code register, then wail for intermupt
NOP No operation =5,
ORCC oR condition code register
IMP Jump
1SR Jump to-subrouting

RTI -~ Return fram interrupt

RTS - Return fram subroutine
SWI, SWI2. SWI3 Software interrupt (absolute indirect)
SYNC

Bynchronize with interrupt line

ister and places the results in the CC register. It i3
used to set flags. The jump instruction (JMP) trans-
fers program control to the effective address. 1t is
similar to the BRA instruction but uses extended,
direct. or indexed addressing rather than relative ad-
dressing. The jump to subroutine (JSR) is coverad in
the next section along with RTL. RTS, SWI. and
SYNC.

REVIEW QUESTIONS -

16. Suppose an accumulator.contains binary-

1001 1100. What unsigned decimal number daes this

- ‘epresent? What sigried decimal numberdaes it

represent?
17.If accumulator A contains SO2. the effective
address contains S03.-and the carry flag is set. wha!
hex number will result in accumulator A after an
ADDA instruction? After an ADCA instruction?

18. Accumulator A contains 519 before an
ASLA instruction. What hex values does it contain
after the operation?

19. Suppose accumulator A is loaded with 580
and then the BITA operation is performed at the
beginning of a list in memory. This is followed by
the BEQ instruction, and then the next location in
the list is tested in the same manner. The branch
will occur when a is found. Will execution
of this segment change any of the list locations or
change the 580 in the accumulator?

20. Hex 4F is added to hex 3E. Will this set the
Y flag?

21. Accumulator B contains SOF before the
COMB instruction. What is the hex value in the
accumulator after the operation?

12-4 :
SUBROUTINES AND INTERRUPTS

A subroutine is a program segment that is used over
and over again. 1t might handle some arithmetic func-

tion, check the position of a motor shaft, read a

sensor. or produce 2 delay. The main program can
call a subroutine with the jump o subroutine instruc-
tion (JSR). as shown in Fig. 12-6. Notice that the
main program calls the subroutine from two different
locations. Any number of calis is possible. Alsono-
tice that the last instruction in the subroutine ends
with the return from subrowine instruciion (RTS).
When the JSR instruction is executed. the contents
of the program counter are pushed ento the hardware
stack. The hardware stack is located somewhere in
memory &nd is pointed to by the S remster. When
the RTS instruction is executed, the program cou nter
is pulled from The hardware stack. In ihis way the

_main program can be reenterad at the correct loca-

tion. You might be wondering whether the same re--
cult can be accomplished wizh the jump (JMP) in-

struc;idn, It cannot. As Fig. 12-6 shows. 2 subroutire

may be called from several locations in the mzin

program. The only way to resaier the main program

at the proper location is 10 pull the program counier

from the stack.

Subroutines may call other subroutines: this pro-
cedure is referred to as nesting and is shown in Fig.
12-7. The main program calls sphroutine A with the
ISR instruction. The address of the next instruction
in the main program is $13C9. The low-order byte of
this address is pushed on the hardware stack. fol-
lowed by the high-order byte. At the time of the JSR
instruction, the S register was pointing at memory
location $1006. The JSR instruction first causes the
stack pointer to be decremented by 1. Then the low-
order byte of the return adéress is pushed on the
stack. The pointer is decremented again, and the
high-order byte is pushed onto the stack. Subroutine
A'begins executing, and later another JSR is encoun-
tered. The next instruction in subrouting A Is at
SPE10 and this address is pushed on the stack. The
S pointer now contains $1002. Subroutine B 1s exe-
cuted and it ends with the RTS instruction. This
causes 2 bytes 10 be pulled from the stack and loaded
into the program counter. Therefore, the contents of
location $1002 is loaded into the high byte of the
program counter. The S pointer is incremented. and
the contents of stack locatica $1003 are lpaded into
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Main pregram
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Fig. 12-6 Main progzm jumy to subrouting

the low byte of the program counter. The instruction

from location S2E10 is fetched. and the rest of sub-
routine A is executed, The RTS instruction at the
end of subroutine A pulls S13C9 into the program
counter, and the main program is reentered at the
correct location. o

Many levels of nesting are possible. For example,
s_ubroutine A calls subroutine B, which calls subrou-
tine C, which calls subroutine D, and so on. The only
limitation is the memory available for the stack. Fig-
ure 12-7 shows that the stack grows as each JSR
instruction pushes the program counter. If this oc-
curs oo many times, the stack will grow until mem-
ory is exhausted or the stack overlaps with a section
of memory that is being used for some other purpose.
If this happens, the stack may be overwritten, and
the processor will be upable to find its way back,
The sofiware will ““crash.”

Stepper motors are covered in Chapter 3. It is
possible to use a microprocessor to control a stepper
motor. Assume that the motor has been decoded for
address SFF40. Also assume that the lower 4 biis of
the data bus are latched when this address is written

to. The motor windings can be tumed on by \\Iiiil‘lg
a 1 to this address znd turned off by writing a 0.
Suppose the required bit patlern for clockwise rota-
lion is as follows:

0ol

1001

1100

0110
After 0110 is written to the motor, 0011 is writte
again, and the process repeats. -

Let's look at a pregram that will run the stepper
motor:

Memory Location ~ Hex Contents Mnemaonics
D12 - 86 LDA
D13 ]

D14 . C6 LDB

7D15 w9

"ID16 B7 STA
= D17 FF

D18 40

D19 - 43 COMA

TDIA : BD JSR

DIB D

DIC 26

iDID F1 STR

IDIE FF

DIF 40

7D20 33 COMB

D21 BD JSR

D22 . 1D

D23 26

D24 20 BRA

7D25 FO

The first two instructions load accumulators A and
B with S03 and $09. respectively. These represent
the first 2-bit patterns for the motor. Accumulator A
is then written to the motor port. You should notice
the address of the motor in the 2 bytes following the
STA instruction, Accumulator A is then comple-
mented. The 1s complement of 303 is 11111100. Note
that the 4 lower bits are the pattern needed for the
third motor step. The delay subroutine is called next.
A delay is required before the motor can be stepped
again. After the delay, the program flow continues
with the STB operation. This writes the second bit
pattern to the motor. Accumulator B is now com-
pleted to produce the bit pattern needed for the

" fourth motor step. The delay subroutine is called

again, and when it is finished the main program flow
resunies at the BRA instruction. The relative address
of SF0 sends the program back to the STA instruc-
tion. The main program runs again and provides the
third and fourth bit patterns to the motor. The com-
plement instructions flip the motor bits again so the
next run through witl be identical to the first.
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Fig. 12-7 Nested subroutines.

The delay subroutine is called twice on each pass
through the main program. It is located at 37D26:
Mnemonics  Cycles

Memory Location  Hex Contents

. D% 8E LDX 3
D27 FF
D23 FF
D29 30 LEAX 3
TD2A 1F )
7D2B 2 NOFP 2
TD2C 12 NOP 2
7DD 12 NOP 2
7DIE 12 NOP 2
7D2F 26 BNE 3
7D30 F8
D31 39 RTS 5

The first instruction in the delay subroutine Joads the
X register immediately with SFFFF. The next in-
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struction Joads the X register with the effective ad-

dréss calculated from the S-bit offset contained inthe -

postbyte SIF. If you refer to Table.12-3, you will see
that this provides an offset of bindry 11111, which s

i 25 complement form asd is equal to —1. Thus,

the index register is decremented by 1. The four no
operations each consume wo clock cycles. The
branch if not ‘equal zero instruction checks 10 see

that the index register has been decremented to zéro.- -

If it has not, the relative address SFS is feiched, and
the-subroutine branches back to $7D29. When the
index register is decremented to zero, the RTS in-
struction is fetched. the program counter is pulied
from the stack. and the main program is reentered.
How much time will the delay subroutine take? If
the processor is running &t | MHz, each clock cycle
is 1 ps. The loop will Tun SFEFF (decimal 63,533)
times. The LEAX instruction consumss 4 cycles, the
NOPs 8 cycles. and the BNE 3 cycies for a total of
15 cycles: 63533 x 15 = 983,025 cvecles. The LDX

-instruction executes once, using anothser 3 cycles:

the RTS executes once, using another five cyeles.
Thus, the total delay is 983,033 ps.

Because the delay program is a subroutine. it 2p-
pears in memory only once. Othenrwise, it would have
to appear twice in the stepper motor program. Itis
obvious that subroutines save & lot of memory and
make programs easiar to write. Anotheradvantage
is that the delay constant is contained in tw 6 adjacent

memory locations, S7D27 and S7D28 in our example. ™
_These’ memory locations can be easily changed by -
another part of the progmm. The subroutine zp-

proach makes changing the speed of the motor easier.

There is also a branch to subroutine (BSR1 instruc-
tion. It does about the same thing as JSR but uses
relative addresstng. Its useis preferred if the program
will have to be moved around in memory. In our
example program, the JSR instruction refers to an
absolute address of $7D26. If the main program and

the subroutine are moved to another area of memary..

all such absolute references will have to be changed.
Programs that refer to absolute memory locations
are said to be written in position-dependent code. If
the two JSR instructions are replaced with BSR in-
structions. the program becomes position-indepen-
dent. Since branch instructions use relative address-
ing, the subroutine would be properly called as long
a5 it held the same Telative position with reference
to the main program. The address of the motor is
also absolute, but this is not considered to be a prob-
lem since input-output (L'0) poris are usually fixed
anyway.

The stepper motor program is trivial in that it
barely taps the power of the microprocessor. Many
additiona! features could be included: The malor
could be reversed. or the pulses could be counted to
gllow precise positioning of some mechanism. Com-
plex calculations could be performed on input data
to position or control the speed of the motor accord-
ing to other external conditions. Controlled acceler-
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ation could be achieved by shortening the delay time
zfter each pulse. Deceleration would be 2nother FOs-
sibility. Several motors could be synchronized, and
hey could be synchronized with other hardware.
Any or all of thess features are easily within the
capability of a microprocessor, and they cam be
zchieved mainly with software.

Microprocessor contral of motors provides an ac-
<urate and cost-cffective solution to many indusrial
oroblems. However, something can always go
“rong. For example, & motor may stall if the foad is
“00 large. A set screw may loosen, or a key may
shear, allowing a gear 1o slip on a shafi, In cases
such as these, the mechanism will not be positioned
where the processor “'thinks” it is. One way to han-
Jle potentially damaging and dangerous situations is
“0 use the interrupt capability of the microprocessor.
The MC6809 has three hardware interrupt pins: the
nonmaskable interrupt input (NMI), the interripr re-
Juest input (IRQ). and the fast interrupt request in-
2ut (FIRQ). A limit switch or an array of limit
switches can be placed on the mechanism. If the
mechanism exceeds one of these limits. a signal can
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. Desent to one of the interrupt inputs of the processor

o alert it to a potentially dangerous condition.

Except for a reset signal. the NMI signal has the
fighest priority. A neeative logic signal applied to
this pin demiands that o nonmaskable interrupr <e-
suence be generated. -As its name indicates, this in-
SUt cannot be masked by software. Figure 12-8
shows the reaction of the MC6809 1o this interrupt
signal, The current instruction cvele is finished first.
Next. the E flag is set, indicating that the entire
iaternal register set will be pushed to the hardware
~tack. Assuming that the S register curtains SIGAF
=t the time of the interrupt, the registers =re rashed.
starting at memory location SI00E and ending 2t lo-
<ation S1003. Note that the S register itseif is not
stacked. Next the F und the | flags are set. The F
Sag masks a fast interrupt request. and the I flag
= :_isk_s an interrupt request, This means that a lower-
SONTY interrupt cannot intedfere with the processing
~F the nénmaskable interrupt. Next. iiic BA pin on
:he processor is set low, and the BS pin is set high,
Through this logic combination at pins ¥ and 6 the
=Focessor provides a hardware acknowledgment of
the interrupt. Then the NMI vector (a vecfor is an
2ddress) is fetched from memory locations SFFFC
znd SFFFD, Suppose the contents at these two lo-
S2UONS are S45 and SCI. respectivelv! The program
sounter will be loaded with S45C1. Now the BS rin
Is set low. which signifies the normal or running
mode, and the processor will begin exccuting the
program that starts at S45C1. The program must end
‘-\'th‘ the returi from interrupt instruction (RTI), Ex-
scution of the RTI instruction will pull all of the
nternal registers from the hardware stack. This will
<ause the main program to he reentered at the point
where the interrupt occurred with all internal regis-
=ers restored to their original condition.

The interrupt service routine that bezins at S45C|

("
l\_ K Hardware stack
cc o003
Finisn | R
4 | B 1005
GP 1003
e ooy
X, 1008
Yee 1009
v, 100A
Uy 1008
17 100C
2 PC, 100D
raginers = igi
Original
::I : | PC 100€ value
54t the o ;F
Farg 1 k
ks feqister
Cizar BA
#1 EBS
Feich 2
vector from
SFFFC
SFFFD

Pul
regisers

Fig, 12-8 51 processing fowzhart.

could do any number of things, depending on the
particular situation. For example, if a limit switch
generated the interrupt. the routine might first power
down all motors. then engage an electromechanical
brake. sound an alarm. and display an appropriate
messiage 1o an operator. Of course, not all interrupts
require such drastic action. An interrupt may be gen-
crated by a sensor circuit to alert the processor that
data are available at some inpul port. The service
routine may only be required to read the data and
store it in memory in this case. Interrupt service
routines can be located at almost any location in
memory. All thut is required is that the proper vec-
tors be stored in high memory. The interrupt vectors




for the MC6809 must be stored at the following lo-
cations:

SFFFE & SFFFF «— RESTART VECTOR
$SEFIC & SFFFD «—— NMI VECTOR
$EFFA & SFFFB «—— SWI[ VECTOR
SFFFR & SFFF9  ~—— IRQ VECTOR
- SFFFA & SFFFT FIRQ VECTCR
SFFF4 & SFFFS «—— SWI2 VECTOR
SFFF2 & FFF3 «— SWI13 VECTOR

Even though the vector locations are fixed. those of
the various service routines are not, For example,
the NMI routine can be located beginning at S0IFF
by storing this address at $FFFC and SFFED. The
decisions to locate which routines where in memory
are normally made early in the design of a micropro-
cessor system, and the interrupt vectors are stored
permanently in read-only memory (ROM). The ser-
vice routines themselves may be located in ROM of
in RAM.

An interrupt request (IRQ) will be ignored if the | '

flag is set. This gives the programmera way lo ensure
that some time-sensitive routine will not be inter-
rupted by a low-priority event. If the I flag is clear,
a logic zero applied to the IRQ pin will initiate the
service routine. This routine is similar to the one
shown in Fig. 12-8, except that the F fldg is not set.
and the vectors are fetched from SFFFS and SFFF9.
A fust inzerrupt requicst (FIRQ) has a higher priority
than an IRQ. which means that an FIRQ signal can
interrupt the processing of an IRQ. An FIRQ is also
maskable by setting the F flag. If the flug is cleared,
an FIRQ signal will initiate the FIRQ service routine.
In this cuse. the E flag is cleared, and only the con-
tents of ihe program counter and the condition code
register are saved 1o the stack. This saves time and
allows the processor to provide quicker interrupt ser-
vice. Both the F and I flags are set to prevent an
IRQ or a second FIRQ from interrupting. The IRQ
and FIRQ routines also end with the RTI instruction.
In the case of the FIRQ, only the conditon code
register and the program counter will be pulled from
the stack since the E flag is low,

A reser sivnal is used to initialize a microprocessor
system. A low-going signal on pin 37 will cause the
processor to abort the current instruction cycle. The
direct page register is cleared, and the restart veclor
is fetched from SFFFE & SFFFFE

The MC6809 also has three software interrupts:
SWI, SWi2, and SWI3. These work in much the
same way us the hardware interrupts but are gener-
ated by sotiware. All of the processor registers are
pushed on the hardware stack (with the exception of
the S pointer itself), and centrol is transferred
through the appropriate vector. Both the [ and ¥ flags
are sct so the processor will ignore IRQ and FIRQ
signals while the software interrupt is being pro-
cessed. Software interrupts are normally used during
design and development of the MiCroprocessor sys-
tem. They can be used to simulate hardware inter-
rupts and are also useful in software debugging.
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A microprocessor may be idle. The MC6809 has
an instruction with the mnemonic CWAI, whick
ANDs an immediate byte with the condition code
register, stzcks the entire machine siate on the 5
stack, and waits for an interrugt, The immediate byi=
can be used to clear the I or the F finzs to allowr the
processar to respond to selected interrupts (bat not
software interrupts). When an NMI occurs. no fur-
ther stacking will be required before vectoring off to
the service routine. An FIRQ will enter its interrupt
routine with the entire processor state saved, znd the
RTI will avtomatically return the entire processor
state after testing the E flag, The CWAI instruction
is used to iritiate an idle mode in anticipation of an
interrupt. Since the stacking is already complete, the
interrupl wiil be serviced faster. The SYNC instruc.
tion is similar to CWALI, except that the machine state
is not stacked and no ‘vector is fetched. When a
SYNC instruction is executed, the processor stops
and waits for an interrupt. When an interrupt occurs,
the synchrorizing state is cleared; processing contin-
ues, depending on the condition of the F and [ flags.

REVIEW QUESTIONS

22. Is there any limit to the number of locations
in a main program where a subroutine can be
called? _

23. Which internal processor cegisicifs) are
stacked in the exccution of the JSR or BSR instruc-
tions?

24. Which processor register points 1o the hard-
ware stack? )

25, Subroutines called by other subroutines are
saidtobe . .

26. The S register is every lime a byte
is pushed on:o the hardware stack.

27. What will usually happen if the stack over-
flows or is overwritten?

28. Refer *o the stepper motor program. What
would happen if accumulator A were lozded with
309 and accumulator B were loaded with $03?

29. Refer 1o the delay subroutine. Celculate the
total delay if the four NOPs are removed from the
program. You may assume a [-MHz clock.

30. Tdentify the mnemonic of the instruction that
should be used to call subroutines if the program
must run from several areas of memory.

12-5 .
SYSTEM DESIGN

A microprocessor must be teamed up with other de-
vices in order that it may serve as a useful preduct.
Figure 12-9 shows a simplified bloc gram of a
microcomputer or microcontroller. The read-only
memory (ROM} is required to store permznently the
program or programs that are necessary for system
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Fig. 12-9 A microcompuler or microcontroller.
i

operation. The random access menory (RAM) is
usad to store variables, data, and, in some cases,
programs. Programs can be run from ROM or from
RAM. In smaller, dedicated microcomputers of mi-
crocontrollers, the programs are usually stored in
ROM. Some means for input and output are also
required for the microprocessor to be functional. The
/O capability provides a way to enter programs,
data, and control parameters, and it also allows for

output to terminals, printers, motors, relays, and dis-
5 : - ¥ E =

plays. .

Figure 12-9 shows that dec'ocl;_rs sit. on the address ©

“bus to allow the microprocessor 10°access ‘the major

parts of the system selectively, It also shows: that
timing and control signals are Tequired to synchro-
nize the flow of data among the varjous devices. For
example. the microprocessor read/NOT write line
must connect to RAM and all other devices involved
in bidirectional data transfer. All system components
sit on the data bus, and the selective decoding and
synchronizing signals allow for orderly data trans-
fers.

A memory map is an important item when working
with a microprocessor-based system. Figure 12-10 is
an example; it shows that RAM exte nds from address
$0000 10 SIFFF for a total of 8K bytes. The /O
extends from $8000 to SOFFF, ROM ranges- from
SEQ00 to SFFFF, and each consumes another 8K
bytes. This leaves 40K bytes unused out of the avail-

able 6&¢K. Small, dedicated microcomputers and mi-"

crocontrollers usually do not nezed 64K of address
L

SCCUg
RAM -— 83X byt
S1FFF
Not used
[ 24X bytes)
st P——————
Lo -— BX bytes
SSFFF
Mot used
(1EX bytes)
* SECCO
ROM -—BK bytes

sreFfl—n

Fiz. 12-10 Sample memaory map.
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Fig. 1211 Using a 74LS133 for address decoding.

space. Empty sockets may be provided to- expand
ROM or RAM in some cases. . E.
Address decoders.may be used to break the mem-
ory map up into sections; one method of accomplish-
ing this is shown in Fig. 12-1L A:74L5138 decodes
the three most significant bits of the address bus:
Al3, Al4, and Al15. One of the eight cutputs of this

* IC will go low when it is enabled; which one does.

depends on the bit pattern at its inputs. The chart in
Fig. 12-11 shows the most sigiificant hex characters
of the address bus from 0 through E. When any
address from S0000 through and including SIFFF
appears on the bus, the Y0 output of the decoder
will go low if it is enabled. When any address from
$2000 through and including $3FFF appears on the
bus, the Y1 output of the decoder will go low ifitis
enabled. The decoder will enable one 8K byte section
of memory at a time. This is a particularly effective

Erd of cycle
(Lazch dazal
L}

|

| ] 1

(. !

1 1
|

]
I
}
1
1
I
|
T

Bddress
“vrlid

Fig. 12-12 E and Q clock signals:

-
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a 1
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gloloroloegtrio]otl 1 1 1 1

Bimary 1 1]
Address pin |A121A14

A1 A12|ATT[ATD| AS | AB |AT | AS | AS | A4 | AT AZ | A1 |AD

ENABLE

Fig. 1213 An address decoder for S813F E

technique when used in conjunction with 8K memory
devices such as the 68364 and the 2764, which are
discussed in “Chapter 11. For example, suppose an
8K 2764 EPROM is to be mapped into the top of
memory. All that is required is to connect the Y7
output of the decoder shown in Fig. 12-11 to the
output enable and chip enable pins of the EPROM.
You may recall that these are active low, and the
EPROM will be selected for any address from SE000
to SFFFE. The rest of the address bus (A0 through
A12) will connect directly to the EPROM for internal
decoding of its 8K byte space.

Figure 12-11 also shows that the E clock signal
from the microprocessor is connected to the active
high enable input of the 741.5138 decoder. This con-
nection ensures that one of the 8K blocks will be
selected only when the E clock is high. Figure 12-12
shows why this 4s necessary. A read cycle begins
when the E clock drops to 0.5 V. The address bus
takes time to set up and is not valid until the Q clock
signal rises to 0.5 V. Then :he E signal goes high. If
the E clock is used to enable the decoder, no device
will be selected during the -time the address bus is
setting up. The data zre rezd (latched) into the mi-
croprocessor on the falling 2dge of E.

The timing diagram of Fig. 12-12 shows that only
one-half ciock cycle is available for a memory device
to be read. This can present a probem in some sys-
tems. The MC68B09 microprocessor can be operated

at up to 2 MHz. The period is found by taking the
reciprocal of the frequency:

1
t =
Fl

T 2x10°
= 500 ns

Since only half that time is available, memory must
be read in 250 ns. One solution is to use fast memory
devices. but this technique is cxpensive. Another
solution i3 to form an extended clock window b;
oring the E and Q clock signals. The address is valid
with the rising edge of Q, and some systems use this
technique to gain another quarter cycle of read time.
It is also possible to use the MRDY input (pin 36) of
the processor to allow: slow memory devices to
stretch the clock signals and provide extra tme for
data access.

Block decoding is not always adequate. It may be
necessary to decode a single address to allow the
microprocessor to access a data port. a relay, or an
analog-to-digital converter. Examples of the way a
single address may be decoded are given in Figs. 12-
13 and 12-14, The address in Fig. 12-13 is S813F
Decoder design begins with the conversion from hex
to binary. The table shows the state of the various
address pins for $813F. Two four-input NOR gates ars
used for address lines that are low. The NOR outputs

Hex 8 X X g 1
Bey |1]0]ojojxix|x|x x x[x][xfsfififigy
Addresspin|a15|A14[A13[A12] x | x | x | x | X | x| x | x Jaa[az[ar]a0]

X = Don't care

-------

i
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Fig. 12-15 Buffering the datz bus.

will be high only when all of the NOR inputs are low.
Three four-input AND gales are used (o combine the
NOR outputs with all those address lines that are high
for $813F. Finally, a two-input NAND gate is used to
produce a low enable signal when the address pattern
is correct-and the E clock is high. -
~ The address S813F is fully decoded by the circuit
shown in Fig.12-13. Of all 65,536 addresses that cad
—-peeur, thisisthe only one that can produce an enable

2
AlS 2
Add 22 17
Al13 ! -
20 11
A12
All L 2
A10 18 13
17 &
£ 16 15
AR ———
Bufierad
NCEE09 = ) ddrass
£V N N
7 {unidirectionz!)
20
15 B 12
AT F——— —— i
14 14
A —1 —_————
“113 16
AS e e e
12 18
aa— ————
11 17] 7aaS244 |3

Fig. 12-16 Buffering the address bus.
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Fig. 1217 Clock and reszt circuits,

signal, Full decoding is not mecessary in many in-
dustrial systems. We have already learned that the
memeory map is seldom full. Figure 12-14 shows how
partial decoding can simplify circuit design.. The
same address is decoded, but the circuit is designed
with don't care bits on the address bus. This arrange-
ment allows three gates o satisfy the design require-
ments. The same rules are used. The NOR gate han-
dles those bits that are low, and the axp and NAND

. gates take care of the high-bits and the E clock. The

price that must be paid for partial decoding is that

" many addresses will produce an enable signal. The .

circuit of Fig. 12-14 will decode S812F, SSO0F. $823F,
SRFFF, and many others.

The MC6809 microprocessor is rated to source
—205 pA and to sink 2 mA at its data pins. This
makes it necessary to buffer the data bus in some
industrial applications. Figure 12-13 shows a
7415245 octal tri-state bus transceiver IC. It is called
a bus transceiver since it is bidirectional. The state
of pin 1 determines whether certain other pins are
inputs or outputs. When pin 1 is high, pins 2 through
9 are inputs, and pins 11 through 18 are outputs. This
status reverses by taking pin 1 low. Note that pin |
is controlled by the read/NOT write line of the mi-
croprocessor. The 74LS245 is housed in a 20-pin
dual-inline package and can source — 15 mA and sink
54 mA. It greatly improves the data bus capacity of
the system.

The source current rating of the MC6809 micro-
processor address pins is only - {45 pA. Thus, it
may also be necessary o buffer the address bus.
Two 7415244 octal tri-state bus driver ICs are pic-
tured in Fig. 12-16. Transceivers are not required
here because the microprocessor address pins are
always outputs. The driver 1Cs greatly improve the
address bus capacity. They also improve the noise
margin since each input of the 74LS24 has 400 m¥
of hysteresis. The driver outpuls are permanently
cnabled in Fig. 12-16 because pins 1 and 19 are
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Fig. 12-18 Stepper motor interface.

grounded. However, it is possible to disable the out-
puts and tri-state the address Lus. This would be
done in those systems in which another device or
circuit required direct memory access (DMA). Bus
contention would be avoided by tri-stating the bus
drivers during the DMA period.

Another aspect of microprocessor system design
is the clock circuit. The MCS809 has an internal clock

on

oscillater. An external crystal and two capacitors are
all that is required for a complete clock circuit. The
connections are indicated in Fig. 12-17. The crystal
frequency must be four times the desired clock fre-
gquency. An external clock oscillator can te used by
grounding pin 39 and feeding a TTL-compatible clock
signal into pin 38. The crystal and capacitors will be
climinaed from the wifing tn thiScase™ =
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Also shown by Fig. 12-17is a typical reset circuit
. for the microprocessor. Pressing the reset switch will
ground pin 37 and initiate the reset proczdure. Pin
37is a Schmiti-trigger input, and the reset signal must
be present for more than one bus cycle. During initizl
power on, the reset input must be held low until the
clock oscillator is fully operational. 1t may take as
long as 20 ms for this to happen; it is provided for
in Fig. 12-17 by an RC time delay network. The
10.000-Q2 resistor and the 10-pF capacitor have a time
constant of 100 ms. This ensures that reset will not
be released before the clock is operational. Because
of the Schmitt-trigger input, the reset state will not
be released until pin 37 reaches 4.0 V. This is in
contrast to other devices in the system, which will
recognize 2.4 V as a logic high. If all devices are
connected to the same reset bus, the microprocessor
will leave the resct state last. This feature is impor-
tant because it guarantees that the processor will
never begin communicating with arother part of the
system that has not completed its own resel proce-
dure.

Figure 12-18 shows an example of a device thal
must be connected to the system reset bus, the
MCE822 industrial interface adapter. This 40-pin IC
provides a universal means of intertacing various
kinds of peripheral equipment to the microprocessor.
It features two 8-bit bidirectional data ports and four
control lines. The data ports are programmable; any
of the 16 can be used as inputs or outputs. The
functional configuration of the industrial interface

adapter (I1A) is programmed by the MiCroprocessor -

unit (MPU) during system initialization. System ini-
tialization begins immediately after.a reset. For this
reason the MPU must clear the reset state last.

. The IIA features open drain outputs. The 16 port |
lines and 4 control lines can be ‘pulled up externally .

to a maximum of 18 V. Level shifters are not required
to interface directly with 13-V CMOS. Also, better
noise margins are possible. Figure 12-18 shows four
lines of port A (PAQ through PA3) configured as oul-
puts. These four outpuls are pulled up to +Ve.
which is the gate supply for the four enhancement-
_mode VMOS transistors. The gate supply voltage
must be high enough to saturate the transistors when
any of the ports is at logic high. When the micropro-

cessor writes a 0 to any of the ports, the gate voltage -

will drop to near 0 V, and the transistors will turn
-off, This allows the microprocessor to_control the
motor since the transistors provide the ground return
for the motor coils.

The industrial interface adapter has 1wo sides, A
and B. Each side has three registers: the registers
for the A side are in Fig. 12-19. The outpul register
latches data written by the microprocessor and

~ makes it available to the outputs PAQ through PA3.
_ The stepper motor bit patterns will be written to
_output register A. The data direction register deter-
_ mines whether the ports will be inputs or outputs. .
~ Figure 12-19 shows that four logic Is are stored in
" the lower. half of the register. This -programs PAQ.

through PA3 1o serve as outputs. “The upper-4 bits

are ‘‘don’t care”” since these ports are not used. The
.-contents of the control register enable the interrupts, - -

select the negative edge for the interrupt inputs, se-

. lect the output register, establish CA2 as an input,

and reflect which imnput, if any, caused an interrupt.
Initialization of the IIA after a system reset would
involve writing binary XXXX1111 to the data direc-
tion register and then writing binary XX001101 to the
control register. Subsequent writes would then go to
the output register to step the motor. If an interrupt
occurred, the interrupt service routine would read
the contents of the control register and examine bits
7 and 6 to determine which limit switch tripped.

REVIEW QUESTIONS

31. Refer to Fig. 12-11. Suppose G2A of the de-
coder is not grounded and AlS of the address bus
is connected to it. Also, assume that the A, B, and
C inputs of the decoder are connected to Al2, Al3,
and A14 of the bus, respectively. What is the low-
est hex address that will enable decoder output Y0?
The highest? What size blocks does this provide?

32. Refer to Fig. 12-12. When js:the address bus
invalid? :

33. Refer to Fig. 12-12. Ignore propagation delay
in the decoder. With & 1-MHz clock, how much
time is available for memory access if the E clock
is used for the enable signal? How much time is
available if the enable signal is E OR Q?



34, Refer to Fig. 12-13. Suppose address lines
AD and Al4 are interchanged. What address will be
decoded? Is this the only address that will decode?

35. Refer to Fig. 12-14. What is the lowest hex
address to which the decoder will respond? The
highest? [low many addresses will be decoded?

36. Refer to Fig. 12-18. Ignoring interrupt capa-
bilities, how many stepper motors of the type
shown could be controlled by one ILA?

37. Refer to Fig. 12-18. How would the rhicro-
processor know which limit switch caused an inter-
rupt?

38. Refer to Fig. 12-18. Ignoring interrupt capg-
bilities, what simple device might be used to re-
place the 11A?

12-6
SUPPORT DEVICES

The industrial interface adapter presented in the last
section is an example of a support device that makes
interfacing a microprocessor to various other circuits
and systems euasier. A number of large-scale inte-
grated Circuits that are microprocessor-compatible
have been developed. They connect directly to the
data bus @nd control and timing lines and (o some
portion of the address bus. These support devices
make it easier 1o apply microprocessors to industrial
applications,

The peripheral interface adupter (P1A) is a popular
support device. It is available in several styles from
various IC manufacturers, The IIA already discussed
is a variation of the PIA. Motorola's part number for
their PIA is MC6821, and it has the same pin config-
uration as their IIA. The only major difference be-
tween the two is that the ILA has open drain outputs.
Another PIA variation is the versarile interface
adapter (VIA). Figure 12-20 shows the pinout for the
R6522 VIA manufactured by Rockwell. This pinoot
is somewhat different from the PLA and LA config-
urations. The VIA has only one interrupt outpul 1o
the processor and only two chip select inputs. PIAs
and 11As have (wo interrupt outputs and three chip
select inputs, making lwo more pins available for
register selection. Note that the VIA has four: RS0
through RS3. Another minor difference is pin 25,
which is lebeled phase 2 on the VIA. This input is
the same as the E clock input on Motorola devices.

The V1A features two 8-bit bidirectional L'O ports,
and each line can be programmed as an input or as
an output. This is the same arrangement as in the
PIA. However, PIAs can latch only output data, and
the VIA is also capable of latching input data. This
is an imporiant feature when a microprocessor must

_be interfaced to a device which makes data available
for only brief periods of time. The VIA can latch
such data and hold them until the microprocessor is
ready. The VIA also contains two [6-bit program-
mable counter/timers. Several 10 fines can be con-
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trolled directly from the interval timers 10 generate

‘programmable-frequency square waves. Exiernal

pulses can also be counted, and an interrupt can be
generated to the precessor when a predetermined
count is reached. Finally, the VIA conlains a shifl
register, which can be used to provide serial data
communication.

Figure 12-21 shows the VIA block diagram, Siart-
ing at the right, note that input latches (IRA and
IRB) are available for port A and for port B, We also
find the familiar output registers and data direction
registers for each port. A shift register is available
and connects to CBIl and CB2. These pins can be
used for serial data communication. The handshake
canirol section allows data to be trapsferred in and
out only when devices are ready. An analogy for
handshaking would be asking people 10 slow down
when they are giving you directions too quickly for
you to assimilate them. Moving to the left, we find
the two timers. The timers consist of counters and
latches. The counters are divided into low bytes and
high bytes. Timer | has both a high-byte latich and a
low-byte latch; timer 2 has only a low-byte latch.
Figure 12-21 also shows the function control and
interrupt control sections of the VIA, which facilitate
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Fig, 12-20 V1A pinowt,——— -
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_.prograrrlnﬁng the many powerful feat
vice. T i
access to 16 internal registers.

ing is shown in Fig. 12-22. Normall
RS3 will connect to AD through A3

(T2c-H) | (T2C-L)

ures of this de-

The four register select lines of the VIA pro\-id;:
The register address-

y RSO through
of the address

R

Register RS Codi Register
number RS3 RS2 R51 RSO  designation
0 0 0 0 0 ORB/IRB
1 0 0 0 1 ORAMRA
2 0 (1] 1 0 DDRB
3 0 0 1 1 DDRA
4 0 1 0 0 TiC-L
H 0 1 0 1 TIC-H
6 0 1 1 0 TIL-L
7 0 1 1 1 TiL-H
i 8 1 0 0 0 T2C-L
9 1 0 0 1 T2C-H
10 1 0 1 0 SR
11 1 0 1 1 ACR
12 1 1 0 0 PCR
13 1 1 0 1 1IFR
14 1 1 1 0 IER
13 1 1 1 1 ORATIRA

Buffers
“pAl

cal
CA2

cal
caz

Buffers

@Fonﬂ

8]

bus. _réépe;:ivéiy.—Th: hi'ghiofd'er'l?i'is of the address

_bus will normally connect to a separate decoder and -

to the two chip-select inputs of the “VIA. The VIA
can be mapped almost anywhere into memory. Timer |
can be loaded by writing data to registers 6 and 7.

After loading, the counter decrements at the phase

s

Description
Write Read
Output register B Input register B
Output Register A Input Register A

Data direction register B
Data direction register A
T1 Low-crder latches

T1 High-order counter

T1 Low-order latches

T1 Low-order latches

T1 High-order latches

T2 Low-order latches

T2 High-order counter
Shilt Register

T2 Low-order atches

Auxiliary control register

peripheral control register

Interrupt flag register

Interrupt enable register

Same as register 1 except no “handshak:"
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Fig. 12-23 Timer | operating modes. (a) One-shot operation. (b) Freesrun operation.

- 2¢lock rate. Upon reaching zero, an interrupt flag is
set, and IRQ goes low if the T1 interrupt is enabled.
Timer | then disables any further interrupts or au-
tomatically transfers the contents of the latches to
the counter and begins decrementing from the loaded
value again. The timer may also be programmed 10
invert the output signal on PB7 on every occasion
that it times out._

Timer 1 can be used in a one-shot mode or in a
free-running mode. The one-shot mode generates a
single interrupt for every timer load operation. The
delay between the write to the high byte of the coun-
ter and the generation of the processor intcrTupt isa
function of the 16-bit data word loaded into the coun-
ter. Timer | can be programmed to produce a single
negative pulse on the PB7 peripheral pin in addition
1o generating a single interrupt. 1f bit 7 in the auxil-
jarv control register is set. a write to the high byte
of counter | will cause PB7 to go low tsee Fig.
12-23[a]). When timer 1 times out, PB7 returns high.
This provides a single programmable-width output
pulse for controlling some device or circuit interfaced
to the microcomputer or microcontroller.

Time-out in the one-shot mode sets the timer |
interrupt flag, and the IRQ pin goes low. The timer
then continues to decrement from zero al the system
clock rate, allowing the processor to read the counter
and determine the time since the interrupt. When the
processor again writes into the high-order counter,
the T1 interrupt flag will be cleared, the contents of
the low-order latch wiil be transferred into the low-
order counter, and the timer will once again begin to
decrement from the value loaded.

Suppose some industrial system requires single
pulses of 33,768 ps in lengih. First, bits 6 and 7 of
the auxiliary control register would have 10 be set to
0 and 1 respectively. This procedure will select the
one-shot mode and enable PB7. Also, bit 7 of the
data direction register for port B must be set to en-
able PB7 as an output. Assuming a I-MHz clack,.
each clock cycle will be 1 ps in length. Thereicre
timer 1 must be loaded with the binary equivaleat of
35.768 minus | or 2. This is because PB7 will go low
for N + 1.5 cycles as shown in Fig. 12-23(a). The
pulses produced will be 0.5 s more or less than the
required value. This error is of no consequence in
most industrial applications. The hex equivalent of
decimal 35,767 is SEBB7. Nexl. the processoi will
write SB7 to register 4. This operation stores the
lower byte in timer 1's low-order latch. Finally, the
processor will write $8B 1o register 5, which starts.
the timing pulse. Next PB7 will go low and then go
high 35,768.5 ps later. Subsequently, one of these
pulses can be produced every lime the processor
writes S8B to register 5. It is not necessary to rewrite
the low byte because it has been latched.

The free-run mode takes more full advantage of
the latches associated with timer 1. Every time the
counter reaches zero. the contents of the latches are
transferred into the counter, and the counter starts
decrementing from N again. This is in contrast to the
one-shot mode, in which the count dec ements from
0 after a time-out. Figure 12-23(6) showws the free-
run mode of operation for timer 1. Suppose register
6 (the low-order latch) ¢ £ $3C, and register 7
(the high-order latch) ce StA. The decimal
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Fig. 12-24 Serial (mark-space) data format.

equivalent of S1A3C is 6716. The waveforms show

one complete cycle of the output waveform to be

N + L.5clock cycles + N + 2 clock cycles. Witha

1-MHz clock, the total time for one output cycle will *
be 6716 + 1.5 + 6716 + 2 = 13,4355 ps. The

reciprocal of this yields 74.43 Hz. Thus, a nzarly

square 74.43 Hz waveform will be available if PB7

is enablzd.

The processor can access the latches during the
down-counting operation by writing to registers 6 and
7. This process will not affect the time-out in process.
Instead. the data written to the latches will determine
the next time-out period. Since the interrupt flag is
set with each time-out, the processor can respond

with new data for the latches and set the period for

the next half-cycle. This characteristic enables very
complex waveforms to be generated at the PB7 out-
put. R
Timer 2 in the VIA also has a one-shot mode sim-. -
ilar 10 that -discussed for timer I. Jt will provide a
single interrupt for each write to the high byte of -
counter 2. After it fimes out, the count will continue

to decrement. The interrupt flag is disabled and will. ..~

not be set again even if the counter decrements to
zero again. The processor must write to the high byte
to enable the setting of the interrupt flag. The flag is
cleared by reading the low byte of the counter or
writing the high byte.

Timer ? also has a mode for counting the number
of negative pulses applied to PB6. This is accom-
plished by loading 2 number into timer 2. Writing the
hich byte clears the interrupt flag and allows the
_counter to decrement on each negative pulse: When
the counter decrements past zero, the interrupt flag
is set. The counter then continues decrementing on

~data 10 control the
. signal ‘can be in the- ‘Spectrun wil 5
- data transfers over ordinary telephone circuits. A
modulator will be required o change the data into. -~

every negative pulse. It is necessary 1o rewrite the -

_high byte to allow the interrupt flag to.be set on a
.. subsequent time-out. - fis g, oL

Many details of the VIA are not covered here. The =
reader is referred to the manufacturers’ data manuals -

 for additional information. Anyone who works with ~ = -

microprocessor-based systems must have access 1o~ -
these data manuals for hardware and programming
information. : s
The supporl devices covered to this point are
mainly concerned with paralle] data transfers. Serial
data iransfers are also very important in+industrial
systems. Many support devices have been developed
to facilitate serial 1/O.-The -earliest-among-these -
was the universal asynchronous receiveritransmitter
(UART). Universal synchronouslasynchronous re-
ceiverltransmitters (USART) are-also available.-We
will look at 2 more modern serial support device,
_ the asynchronous communications interface adapter
{ACIA). First, however, some basics concerning se-
rial VO will be presented.
Parallel 1/0 is fast but requires a cable with many
cirenits. It is usually limited to distances of approx-
“imately 8 m (2625 ft). Serial data communications
_ circuits provide simplified wiring and the capacity
for modulation. Modilation is a process of using the
_datato ¢ mpiitude or the frequency of 2

% (8

audio signals;~and -a-demodulator-will be used to
change the audio signals back into data*Both circuits
are usually contained in one unit called a modulator-
demodulator, or modem. = =~ -~
Figure 12-24 shows the mark-space format used-to
transfer serial data. Logic 1is called mark and rep-
résents somé current level orsome voltage level,
depending on the standard used. Logic 0 is called
space and represents 0 current or some voltage level,
again depending upon which standard is in use. The
serial line is held at mark when the equipment is
turned on but no data are being transmitted. When

Space (+12 \ﬂ---:l——]_,—‘
Mark [—12V]}-— .

1 1 | 1 ] 1 i 1 1 -
- - - 1
Start Ms8 Siop
bit bt
LS8 Parity Start biz
bit for next
character
11101101
l N et
ASCH o
Parity code .
s for ™ B

Fig. 12.25 RS.232C transmission of m with even parity
and 1 stoo bit

rim “allowing serial © ©
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R5-232 Intarface

Pin

2  Transmitted data

m: 3 Recelved data
4 Request *> send
O
O c—i— 5 Clear to sand
_:,5 j—-ﬂ o-}— 6 Dataset ready
- — 7 i di
Data terminal ready 20 —0 :_' 8 ;ana.lgm:m !'._:ﬂmlm:if -
Signal quatity detsctor 21 ——0 . x"f‘d i o
Ring indicator 22 —-—00 10 vm:g-!
2310 5 e
28 O-1— 12 Ssecandary received linasignal detecis:

Fig. 12-26 RS-232C conneclor wining.

a serial circuil uses current rather than voltage, the
mark current will be either 60 or 20 mA. Both of
these are older standards and are less popular than
they once were. Several voltage standards exist, and
the EIA RS-232C system is the most popular. It al-
lows any value from —3 to —25 V 1o represent mark
and from +3 to +25 V to represent space. Figure
12-25 shows how the transmission of the ASCII code
for m would look in a typical RS-232C system. The
waveform is shown as it would appear on an oscil-
loscope (mark is negative and is at the bottom of the
waveform). Note that the least significant bit is sent
first, This is an example of asynchronous transmis-
sion, which is the most popular. Start and stop bils
are required to frame the data word. An alternative
is to use synchronous data transmission, which re-
quires a common clock at both ends of the commu-
nication circuit. Special characters are sent during
idle periods to keep the clocks synchronized. A syn-
. chronous data transmission begins with a preamble
consisting of a fixed number of mark bits that allow
the receiver to lock onto the characters. Since no
framing bils are needed, synchronous transmission
is approximately 20 percent faster.

Serial transmission speed is rated in baud (Bd); 1
Bd is equal to 1 bit/s, Commen speeds are 300. 600,
1200, 2400, and 4800 Bd, and so on. If the rate is
4800 Bd, how many characters are sent per second?
In asvnchronous circuits, it depends on the format
used. As an example, Fiz. 12-25 shows that 10 bits
are required to send one ASCII character. Therefore,
the data rate will be 480 characters per second at
4800 Bd. If 2 stop bits are used, the data rate will be
lower. If no parity bit is sent, the data rate wiil be
higher.

Figure 12-26 shows the standard RS-232C connec-
tor wiring. It is common lo find a female DB-25
connecior on a data lerminal and a male DB-25 con-
nector on the data cable. Most installations use far
fewer.than 25 wires. In fact. it is possible to connect
some data equipment with as few as three wires. The
most important connections on the DB-25 connector
are pin 2 (transmit data), pin 3 (receive data). and
pin 7 (signal ground). Although it is common practice

Secandary clear 10 send

to do so, it is not a good idea to eliminate the pro-
tective ground.

Other important serial communications standards
exist in addition to RS-232C. One example of an
increasingly popular standard is RS-422. This stan-
dard uses a balanced transmission line. Two data
wires are required for each circuit. The bandwidth is
very high, and data transfers up to several million
bytes per second are possible. It is a good choice
when very large amounts of data must be transferred
in a short period of time. )

Most microprocessors are parallel devices. The
asyhchronous communications interface adapter
(ACIA) is an important support device that makes
interfacing to serial devices such as data terminals,
printers, modems, industrial controls, and sensors
easy. Figure 12-27 represents the pin diagram for the

Y 5] B
cso (2] 27) 2 -
ShE) 3] iwa
res [4] 5] o7
AxC (5] 2¢] o8
xTLY E E D5
x1o (7] s 2] 04
s ] 5 o0
&is [s] 0] D2
=0 [10] B
DT_.]_l_L 2] oo
f=D [12] BES
fso N3l 5] 55
As1 [13] 15] Ve

Fig. 12.27 ACLA pinout.
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 Fig. 12:28 ACIA block diagram.
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control =
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RES — = #nd control - | ' register =

I R6551 ACIA. Tiiis 28-pin IC contains an
infermal clock oscillator and can generate 15 rates

'
i

ranging from 50 Bd to_19.2 kilobaud (kBd) under-
program control. A 1.8432-MHz crystal is ordinarily
connected to pins 6 and 7 to control the frequency

Parity check controls

; of lhc oscillator. The dafa ‘-i\“di&‘ﬁ:gi:!i:.i'_s also pro- -

grammable and can be 3, 6, 7, or $-bits. Other pro-
grammable features include even, odd, or no parity
and I, L5, or 2 stop bits. Figure 12-28 shows the
ACIA block diagram. Note that shift registers are

Command register
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o
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Data terminal ready
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R Operstion nterrupts IDTA high)
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o 1 2 | Even plarity receiver and Receiver interrupt ENABLE
transmitter 0 = IRQ interrupt enabled from bit 3
1 4] 1 | Mark parity bit transmitted, of status register
parity check disabiad 1 = IR0 interrupt disabled
1 1 1 SDG_E! parity bit trangmitted,
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ERY Transmit ATS T o
313 g el ransmitter
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Fig. 12-29 ACIA command register.
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Fig. 12-30 ACIA conlrol register. Programeesst | — ' — | - | — | =11 -1 —

used to convert parallel data to seral for transmis-
sion and to convert received serial data to parallel
for use by the microprocessor.

The programmability of the ACIA lies in the struc-
ture of the command and control registers shown in
Fig. 12-28. Figure 12-29 is a detailed look at the
ACIA command register. Bit 0 sets pin 11 (data ter-
minal ready) of the ACIA high or low, allowing the
processor to inform other equipment (such as a mo-
dem) when the system is ready. Bit 1 enables or

" disables the receiver interrupt for incoming data. Bits
2 and 3 control the state of pin 8 (ready to send) and
the transmit interrupt. Bit 4 controls the receiver
echo mode. Bit 5 enables or disables parity genera-
tion and parity checking. Bits 6 and 7 select one of
four parity modes: even, odd, mark, or space. Mark
parity means that a parity bit is sent, but it is always
mark (high). Space parity means the parity bit sent
is always space (low). No parity checking is done on
incoming data when mark or space parity is selected.

The control register is shown in Fig. 12-30. Bits 0
through 3 select the baud rate. Bit 4 selects the re-
ceiver clock source. If it is 0, the receiver will be
clocked at a rate of one-sixteenth of an external clock
applied to pin 5 of the ACIA. If it is I+ the receiver
will operate at the same rate as the transmitter. Bits
5 and 6 select the word length (3, 6, 7. or § bits). Bit
7 selects the number of stop bits.

The ACIA also contains a status register that.¢an
be read by the processor. This register contains
bits that signify whether an interrupt has occurred,
the status of the signals applied to pins 16 and
17, whether or not the transmitter data register is
empty, whetherior not the receiver data register is
full, whether there has been a parity crror, or

i |
i 4 | '|'Ir||' it

whether there has been a framing error (incorrect
- number of stop bits received).

As with the VIA. some details of the ACIA are
not covered here. Once again the reader is urged to
consult data manuals for additional " imformation.
Quite a few other microprocessor support devices
are found in the industrial environment, including
cathode-ray tube controllers (CRTC), foppy disk
controllers, printer controilers, and communications
controllers for other data transmission standards.

‘As mentioned before, the most popular standard
for serial data communications is RS-232C. There-
fore, some standard parts have been developed to
translate between TTL voltages and RS-232C volt-
ages. Motorola, for example. manufactures the
MC1488 quad driver and the MC1489 quad receiver.
The driver ICs are nsed to convert TTL to RS-232C,
and the receivers convert RS-232C to TTL. These
ICs are in 14-pin dual-inline packages.

REVIEW QUESTIONS

39. Assume that a VIA is programmed for the
one-shot mode and that PB7 is enabied as a timer-
controlled output. When will PB7 first go low?
‘When will it return high?

40, Refer to Fig. 12-23(a). Assume a |-MHz
clock and the VIA one-shot timer miode. What hex

«. value should be stored in the loW byte of timer 1
for dn cutput pulse of 500.5 ps? What hex high
byte must the processor write to initiate the pulse?

41. Refer to Fig. 12-23(b ssume a 1-MHz

clock and the VIA :"rce-mnm Ijglpr mode. Also
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assume that the high-byte latch of timer 1 contains
500 and the low-byte latich contains $3E. What is
the output frequency at PB7 assuming it is
enabled? The waveform? :

42. Which timer of the VIA is used for counting
externally generated pulses? To which VIA pin
must the pulses be applied?

43. Refer to Fig. 12-25. How many characters
will be sent per second at 19.2 kBd?

12-7
SOFTWARE DEVELOPMENT

1t should now be clear that microprocessors and their
support devices are useless without software. What
is the role of the industrial electronics technician in
software development? It varies from company to
company; large companics tend to hire software spe-
cialists for writing, applying, and maintaining soft-
ware. Smaller companies may expect the technician
to dé some programming. In any case, the tachnician
needs at least a general knowledge of microprocessor
software and how it is developed.

Some industrial software is writlen in a high-level
language such as BASIC. BASICisone of the easiest
computer languages to learn and apply. It will solve

“heeds with ease. However. BASIC is not available -
on every microcompuisr. Evenifitis available. some
control applications cannot be implemenied in BA-.
SIC because it is too slow and requires more memory
than equivalent maching language programs. There
are other high-level languages gaining popularity in
the industrial environment. FORTH is one example.
FORTH is not so easy ta learn and apply as BASIC,
but it offers the advantages of consuming less mem-
ory and running much faster. .

. Machine language programs must be written in the
processor's native.code. When written by skilled
programmers, they consume less memory than any
equivalent high-level program and execute much
faster. Sometimes, a compromise approach is used.
An industrial control program for a robot may be
written in BASIC with several calls to machine lan-
guage subroutines. These subroutines will execute
very quickly and provide the response speed re-
quired for time-semsitive robot actions and reactions.

How are machine language programs and subrou-
tines written? It depends on the environment. Small
programs and subroutines may be hand-coded, with
the programmer looking up the OP-CODEs for each
instruction. Hand coding places quite a bit of burden
on the programmer, who must be familiar with the
instruction st of the microprocessor and especially
proficient with its addressing modes. Also, the pro-
grammer must czculate all relative addresses. Hand
coding is considered adeguate for small programs
and subroutines. For large programs, it.becomes te-
dious and is susceptible to errors.

Hand coding is made easier with programming aids
such as the instruction set summary shown in Fig.
12-31. This summary is continued in Fig. 12-32, and
the branch instructions are in a separale summary
shown in Fig. 12-33. Look at the add with carry .
accumulator A instriction (ADCA) near the top of

* Fig. 12-31. This instruction may have any one of four

different OP-CODESs, depending on the addressing
mode to be used: $89 (immediate), 99 (direct), SA9
(indexed), and $B9 (extended). The ~ column shows
the number of machine cycles required to fetch and
execute each instruction. This information is vital for
writing timing loops and for determining how fast’
software will execute. The # column telis how many
memory bytes are needed for each instruction. This
is useful for predicting how much memory a program
will require and helps eliminate hand-ceding errors.
For example, if you wish to use ADCA with ex-
tended addressing, the 3 in the # column tells you
that a total of 3 bytes will be required for the instrue-
tion. Two additional bytes must follow the OP-
CODE $B9 in memory. These two bytes are the high-
order address byte of the operand followed by the
low-order address byte. The number of additional
bytes and cycles requirad for the indexed addressing
mode is indicated in Fig. 12-34 (page 348).

The instruction sgt summary also-includes a de-

. scription of what each instruction does and how the -
- many industrial control, data collection, and analysis - - flags.are affected. A dot under a-flag m=ans it is not
. changed, 2 1 means the flag is set, a 0 indicates the

" flag is clearsd, and a 1 -means the fiag is toggled

_ high-or low depénding on the results of the operation.

Figure 12-32 lists the notes for those special flag .
results which require additional explanation. All of
the information shown in Figs. 12-31 through 12-34
plus quite a bit more is contained on one fan-fold
card. Motorola calls this a reference card, and the
part number is M680HAC3) for their MC6809 micro-
processor. Motorola offers quite a few different mi-
croprocessors, and reference cards are available for
most of them. Other manufacturers also have similar
cards for their microprocessors; some call them pro-
grammer's cards OF programmer’s aids. You are
urged 1o collect all relevant cards for your work.
They provide a tremendous amount of information
in a very compact form and are quite useful.
Reference cards go a long way toward making
hand coding easier and error-free. However, if sig-
nificant machine language development is required,
then better tools are needed. One such tool is &
program called an editor; it allows the programmer
o v.%‘tc and correct a program written in assembly
form easily. When this task is completed, a second
program, the assembler, takes the assembly listing
that was generated by the editor and converts it 1o
machine language. Refer to Fig. 12-35 (page 348).
PAUSE was typed into the editor by the programmer.
So was everything to the right of it and below it up
to the word END. This is usually called source code.
Source code is typically divided into four columns:
the labsl (for example, START), the instruction mne-

T



CHAPTER 12 MICROPROCESSORS 345

= Addressing Modes .
Irmin e_] Dirsct Indazed Exlencad Inharent si3]2(t1 0
Instruction| Forms [ Op flop[~1710p] =] #]On] =1 tj0p] 11 Doscéiption HIN]Z|V|{C
ABX ] 2] 3] 1B+ X=X Unsigned) B 3 Al B
ADC ADCA B3 | 2l 2l m|a] 2] asfas 2+ B2} 6] 3 AeMsC—A BEEEN IR
AOCE cal2l 3joojajzleo|asf2- 7550 3} |} lBerec—-9 ERARER RN
aDi AGLA 551 il 2V sa a2zl anfas)z-|BB) 5| 3 A+M=A NEREREIE
appa (csl 2| 2{onfa]z|esles|2- rai'3|3l Bim-8 AEEEREL L
aooo fcajaf 2] pa|s| 2| edfesf2-[F3f 7] 2 Der M =T sjifrgale
&ND DA TEs [ 3| 21 @ [A[ 2| Am|a~[2-| B3} 5] 3 AANM—A 3 8 0
ANDE CA |2 7l calal 2] eslas|2+] 4| 5| 3 BAM=B sliftr]|o].
ANDCC | C |3 2 CC A 'WMM=CC 7
ASL ASLA as| 2| A e AEREIENE
ASL ®Bi6|2|ee|sej2s] @] 7] 3 MYe  BY ) apujeprjs
ASA ASRE - at| z| 1 A e BEODEE
ASA s]z2| 1| B ;E{IDT[U]—-D glo]e]]
asa orlsl 2|l exl6e]z-]| 2] 7] 3 M - alile]e]
BIT mia 85 | 2 i1 B 2| asfa-]2-)85] 5] 3 Bt Test AN A AL elifr]O]~
- ThE: | o T 0 - a]l2|esfas]2-]F8] 5] 3 B Test BIM A BY el1|1]0O]"
CLR CLRA l, & | 2| V]|0-A elajrfofo
CLRB | sF| 2} 1|o0-8 «lo|1]0]0
CLA ] celel2|es|as|2s]/] 7] 3 o-M ejojr]o]o
CwP Cwra Bz z| @ [a] 2far]e-]2-]Bt] 5] 3 Compare M liom A gl
cmPa cilz2] 21 |alz2lerjacjas]mr| 5] 3 Compare M iom B Blyjeftjt
CaPD wlel e« w]2]3]w|jr+|3s]0] B8] 4 Compare MMl liom D siu]apup
B3 93 A3 83
cups il 4l 2 |apujr+la-|nj8yga Compare M M« 1 hgm 5 slafrfa]e
. ac ac AL 8C
(ot V] itsl etz njze]ja-j11jal4 Compare M K+ 1 iz U LAAE RS R
83 | 93 A3 83
CMPX gc!a] 3lac)e| z|ac|-]2-|BC} 7] 3 Compae W M+ 1 ig= X slir]ef
futils vals| 2w l2]3|mirs]3-]a] 8] 4 Carmpae M A= o= Y sjrjrfrfr
ac | ac Ar <
R e || E a3| 2| 1|B-& ) ANNEE
AL | ‘ 53| 3| 1|3- slor]of
] | [ T I - I M I - slilr]o]
CWA g =71 i CC A MM=CT War 2o mrerrunt 7
FEL] i | 73| 21 V[|Orcmra Adust A DO EL
DEC DECA } aa| 2| V[a-1—-A s l1]1l1]°
o2 | 5a| 2 1jg-1-8 eyt
DEC ] caie| 2|ea]|6-l2-Ja] 7|3 M-1= eflr|ofa]e
EQR inea [ 2i G |4 | 2| #B|4-| ¢~ BE| S| 3 Avii-A L sfr|r]c)e
iCA8 sl 2| 2l o8] 2|€ec|a-J2-0F8) 5|3 BN -8 s{1j1]0O]s
ExG A1 A2 | B 2 R1—-RZ7 wlo|o]e]"
INC nCA ] 2| VjA-Y-A slpjrjr]e
wes s¢| 27 v|a-1-8 elofrfr]=
N toc|s)]2lec)s-]2-}7C) 7 3 M- 1= ajsltit]e
NP [ee |3 2lee]a-la-]7efa]3 EAS=PC BHEEEE
J5R - Teo[7 [ z{ep]7-2-]8BD}| B | 3 Jurrg to Ssbroutice sisjajeje
Lo LA 2 21 % |a| 2|l e6|4-|2-|BE] 5| 3 tA—-a slafjs]Of"
o3 cF e i ._.c'.lal i EB|e+li-}FE) 5| = A el1j1)O}-
LCD ec] 3l 3l s) 2l oeja-|fC] B | 3 M1 LD sfajar]|o]~-
D3 1] 4 sl wo|6] 3] i3] WG| 7]} 4 MR 1—5 efrli]o]-
cE CE EE FE
Loy ce 13| 3| oe|s| 2] ee|5e] 2+ |FE| B | 3 MM 1—U sla]r]|ofe
(4e1 18 ge |a| 3} ecfs| 2| pe|5e]2s|BE] B ] 3 LR B slijajole=
LD¥ w|al el 0W]6]| 3| W|Es]A] W] T| 2 MM 1=Y el1frjofe
BE SE AE 13
LEA LEAS a2fas] 2e Jead-s wlnle]e]e
LEAU | Tle-] 2+ gad-u slelelefe
LEAX t 0|4+ 2+ eadox slefafels
LEAY. | afas) 2+ Y EAd-Y NI
Legend: W Comptement of M 1 Test and s=tdf trus, cleared otherwisa
QP Ocerator Code (Heaa Zecimall = Trarsfet Into s Not Atfeszad
~  Number of MPU Cyotes H  Malfcamy romtin 3 CC Conditien Coda Register
! Numberof Program Zyles N Negawve lsgn bl Concatenansn
+  Arthmerc Plus I  Iero (Resall ¥ Logeale
- Arthmele Minus ¥ Overficw, 1 s comgiament A Logcales
s Mulply C  Carry from ALY 4 Logeal Bsgusiva of
Fig. 12-31 MCER09 instr. .on 381 summar



2

e - E W

Fig. 12-32 MCE8(9 instruction set summary (continued).
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Fig. 12-33 MCE809 branch instructions

™ nic (STA), the operand (#349FF), and the com-
neent (SET CARRY FLAG). The assembler prints
the eguivalent machine code for each line of instruc-
tion on the left, The first column on the left repre-
sents the program counter, or the address of the first
byte of machine code for that instruction. The next
two columns contain the actual machine code that
can be executed by the processor: the OP-CODEs
and the operands. Some lines do not have any ma-
chine code since they contain assembler directives
for the tassembler program’s information only. wole
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that” the assembler also gendrates a symbol table
which lists the addresses for all the labels and con-
stants declared by the programmer. - T
An-assembler makes the generation of machine
language programs easier, faster, and more error-

‘free. The programmer does not have to look up

any OP-CODEs. The assembler *knows" the OP-
CODEs for all the maemonics and for all the various
addressing modes. The programmer is free to assign
label names that make sense and help keep track of
program function and eatry points. This alsd makes

it easy to specify brariches. For ‘example. the BCC

clear instruction in Fig. 12-35 specifies SCAN as the
operand. SCAN is a label assigned earlier in the
assembly listing. Look at the machine code columns
to the left of BCC. and you will find $24 (the OP-
CODE for BCC) followed by SE4. the relative ad-
dress generated by the assembler. Assemblers also
present some helpful messages if there are errors in
the assembly program. A 0 error message indicates
a good assembly. However, this is no guarantee that
the machine code will exscutz as planned. There czn
still be logical errors, errors of omission. timing er-
rors, and other types of errors in the cods.

After assembly. another program, callzd a debuz-
ger, may be used to help find errors in the program.
Debuggers 2llow the programmer 1o set breakpoints
in a program. A breakpoint allows a part of the pro-
gram to execure. before execution stops at that

breakpoint. At this time the programmer can exam--
“ine memony: contenis to determine whether the seii-
ware is doing-what was intended. Debuzeers also-

allow single stepping. making it possible:1d chek
software operation on &n instruction by mstruction

“basis.

We have learned that many industrial computsss
are very small. They are dedicated to a special tesk
or a group of tasks and often have limited memory.
How can software be developed for thess compui-
ers? Editors, assemblers, and debuggers often will
not run on such small systems, Development is dene
on a larger computer in thése cases. In fact, many
microprocessor manufacturers offer a computer ce-
velopment system for these situations. After the pro-
grams are written. assembled, and debugged on the
large system, they are downloaded to the small com-
puters or —=v k2 burned into EPROMs and trazs-
forred ¢ _ s=—=!] computer as ROM programs.

Whe oam aou do in the way of software develop-
ment « . z dedicated microcomputer of microcon-
woller if & development system is not available? Of-
ten, not very much; however, some small systems
do have a moniter program stored in ROM to permit
some minor sofiware development and debugging.
For example, Motorola offers ASSISTO9 to suppart
the MC6809 mizroprocessor. Monitors often oaly
consume about 2K bytes of memory and can be in-
cluded even in 2 small system. A serial 1'0 port and
a terminal will normally be required to utilize a mon-
itor program.

Figure 12-36 lists the commands available in the
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!_ Naon ndirect Indirect
Assembler Postbyte +| + | Assembler Pastbyte + 1
Tvpe Forms Form OP Code |me| & Form OP Code |~|&
Constant Ol1se1 Frem R No Oftset A 1RRO0ICO (ol o LR} 1RRICICO | 3]0
1iwss compieent oftser) 5 Hu Olisel n R ORRnannn | 1]l 0 detaulis 1o 8 b
8 Ba Oliser n, R 1RRO1000 111 In, &) 1RA 11000 411
1E Brt Oltset n A 1RROTCCT | 4] 2 In. A) TRALIO0N | 712
Accumutiaioe (iieet From R - A — Regusier Oilset AR 1RRGST 10 \ 1 T+ 1A, Rl 1RR10110 410
s T emnierrany af fear) T 8 — Ransier Gitsel B A ThRAMI O o RG] TR0 2|0
D — Register Qffsat O.R TRROICIT | 4] O I0. R TRA1I01Y | 710
Autg lrgrerreni. Decrement R increment By | B 1RROOCOO 2] 0 not allowed
incremeni By 2 A= TRRCOOO 3]0 LR--} | 1RA1C0OO1 6|0
Decrament By 1 A T1RROOCD | 2|0 not_allowed
Decrement By 2 R 1RROOCT1 [ 3]0 [--A] 1RAR10011 | 610
Corstant Offset Fram PC B Bx U_l'lzet n, PCR 1XX01100 LA B {n, PCR] 1XX11100 411
1S complement aitser) 16 Bun Cltsel n, PCR 1Xx011o 5|12 [m. PCR) 1XX11101 8|2
Exte~ded Indirect 16 Bat Address = - i {n] 10011111 512
R=X. Y Uor$ A+ 00 Y=01 .
X = Don Care u=10 S=1

and ;!ndaca'e the number ol agdmonal eyeles and bytes for 1he particular vanation

Fig. 12-34 Postbyte formation for the indexed addressing mode.

Motorola ASSIST09 monitor program. Note thal
breakpoint and trace commands are available for de-
bugging. Commands are also available for examining
and changing memeory contents and the contents of
the processor registers. There is even an offset com-
mand to calculate relative addresses for branch in-
structions. Monitor programs are easy to learn and
use. They are useful for entering and debugging small
machine language programs. As an example of how
they work, refer to Fig. 12-37. This is 2an example of
a memory dump as printed on the terminal. The

dump is in response to the display command typed
into the terminal:

D F880,F8FF

When this command is entered (by hitting RETURN
on the terminal) ASSIST09 responds with a dump of
memory locations $F880 to SF8FF. Note that all val-
ues are in hexadecimal. Also note that the ASCII
contents of memory are printed to the right. If the
contents of any memory location are not a printable

CARTL  MREMONIC JRERAND COMMENT COLUMN I0PTIONAL)
COLLMY COLLASN COLUMN
il FALSE EDU (3} ASSISTOY breakscheck service
Faog PORTE  EQU $F200 ViA port B
FTO2 DORE EQu WFTO0Z port B data direction reg.
&G0 DTIME EQu $&0C0 DEL&Y TIME
[
o000 CC 4SFF START  LED "RATFF ROLA ob code + DURE .
O3 AT ec o8 - sTA “SCAN,.FCR
ik FT oz 578 DDRE set V1A port B as outputs
WE3 T Pt LoD w000
RS jaa wi oRCC L3} set carry flag
POOE 49 SCAN RJLA shift to next bit
OE BT 5TA FORTE light 1 LED
D BE Lox ROTIHE
WS Ia DELRY LEAX -1.X delay for a while
0017 2= BHE DELAY
0019 Sa DECE all 9 LEDs yet?
GOlA Za oA EHE ConT1 ne
O0IC C& IF LOE LA ves
NO1E EB BC ED EOFE < SCAN.FCN switch rotate direction
o021 E7 BC EA STh “BCAN,FCR L-to-R-to-L
o024 Ce 07 LOB L reset bit counter -
A4 IF canTi b= | check for “FREEIE® or “LAMLEL"
OOZ7 Ok FCh FAUSE
L : S ] E4 ELC SCAN repeat 1f no CANCEL
ooZa 39 kTS othermise, return to ASSISTOY
END
O ERROR (S DETECTED
SYHEOL TABLE:
CONTI o026  DORE  F202  DELAY G015 DTIME 4600 PAUSE 0008
FORTE  Foowd SCAN  OO0E START 0000

Fig. 12.23 Machine language program development example.
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Command Name . Description Command Entry i 3
Breakpoint Set, clear, display, or delete breakpoints B
! Call _ Call Program 25 subroutine - C
Display " Display memory block in hex and ASCIHE D
Encode Return indexed postbyte value : E
Go Start or resume program execution G
Load ~- Load memory from tape L =
. : Memory Examine or alter memory M x
Memory change or examine last referenced !
Mcmorx_c‘nange or examineg hex'
Null Set new character and new line padding N
Oifset Compute branch offsets &}
Punch Punch memory on tape P
Registers Display or alter registers R
Sueve! Alter stack trace level value S
Trace Trace number of instructions T
: Trace one instruction .
Verify Verify tape to memory load v
Window Set a window value W

Fig. 12-36 Assist 09 monilor commands.

922 |
£88

FEADF3 |
‘FES0 BA 16 02 34
FBCO 58 33 EC 8C
FED0 53 54 30 33
FBE0 61 25 08 AD
Fes0 85 CO A7 OE

oF FB :
EC C5
20 58
5D &5 EF
3FUsasC

88

<
-5
2

emY
L G
=

- €2

CE
3

Fig. 12-37 Sample output for monitor display command.

ASCII character, 2 period (.) is printed. None of the
memory locations from SF880 to SF8FF contains 2
printable character. If you examine Fig. 12-37 you
can see that this particular dump was from an area
of memory that contained the ASSIST09 monitor
program.

There are other software development and debug-
ging aids. A disassembler is a program that converts
machine code into an assembly listing. It is useful
for analyzing code to determine how it works (or
why it doesn't) and how to modify it for a new ap-
plication. Some systems offer linkers to allow smaller
programs to be gathered into 2 single larger program.
Diagnostic software may be available for testing var-
ious parts of the system. This will be covered in the
next section.

REVIEW OQUESTIONS

44. Refer to Fig. 12-31. What is the OP-CODE
for the L.DD extendad instruction? How many
memory bytes will it consume? How many machine
cycles will it take?

cn

8 C D EF

B1 01 CC 01 E7

EE BA 33 5F [2

A3 A1 5 FB EF

22 D2 25 EF EA .

20 41 53 53 £3 X3. I

o4 10 OF 7 €0 ST09 [vi.2l....=

63 OE F5 BF €3 B5.....0..7...C0 o i
g6 sC 2A OC 5 ....7. 5040 WF

45. Refer to Fig. 12-31. Which processor flags
will be set or cleared by the LDD instruction?

46. Refer 1o Fig. 12-31. Which processor flags
will not be affected by the LDD instruction?

47. Refer to Fig. 12-33. How many bytes are re-
quired for the BCC instruction? For the LBCC in-
struction? Why? g

48. Refer to Fig. 12-33. Which fiags are affected
by the branch instructions?

49. Refer to Fig. 12-35. Explain the line of ma-
chine code at the left that begins at address SO00F.

12-8

TROUBLESHOOTING AND
MAINTENANCE

As always, the troubleshooting procedure should be-

gin with the ‘obvious and preliminary checks and
proceed from there on an orderly and logical basis.

. Verify proper power supply operation, including any

separate negative and positive supplies used for RS-
232C data communication. Do not forget to includs
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all parts of the system that may be connected to the
processor. Sometimes, a microprocessor will ““hang
up”” when attempling to communicate with anotker
dzvice that is powered down or not ready to respond
for some other reason. Some industrial computers
may <ontain battery hack-up circuits. Test the bat-
tery voltage with the main power off.

Tr} to determine whather l.onu".hil‘l'_u? has been
changed since the last time the equipment was op-
erational. For example. has new software been in-
stalled in the system. or has the software been mod-
ifed? It may be necessary to revert 1o eurlier
software to determine where the problem is actually
located. Software problems can appear to be hard-
ware problems, and the opposite is also true. Has
another part of the system been changed or repro-
grammed? In some cases, what appears 1o be a de-
fective computer is actually a terminal or other de-
vice that is not properly configured. Modern serial
terminals are capable of quite a few baud rates. dif-
ferent word sizes, a few stop bit choices. and several
parity options. These can be changed by selting
switches on the back of the terminal or perhaps in-
side the terminal. They can also be changed from the
keyboard on some terminals. Refer to the relevant
manuals and make certain that the terminal is prop-
erly set up to communicate with the computer. When
doing so. you mav encounter half- and full-duplex
options, The half-duplex optian allows communica-
tion between the termingl and the computer in only
one direction at a lime. The filll-duplex oprion allows
communication in two directions independently at
the same time. If the terminal displays or prints all

_tvped characters double, try changing it to full-du-
plex. If nothing is displayved or printed. try changing
it to half-duplex. Finally. check the cable between
the terminal and the computer. Sometimes pins 2and
3 on one of the DB-23 connectors must be reversed.
This happens because 2 must connect to 2 for some
equipment interfiuces, and 2 must connect to 3 for
others.

Some systems include diagnostic software. One
example is a RAVM test progrun . Tuch a progiam
writes various bit patterns to Robl locations and
-I.hen reads them back to verify that memory is work-
mng as it should, Another example is software that
exercises various parts of the system such as display
cutputs, control outputs, and inputs. The diagnostic
package may be menu-driven and sequentially struc-
tured. A menu will appear on the terminal, allowing
the technician to select from several test options.
When a test is selected, the program may ask the
technician to verify that a display or some other
oulput is responding as described on the screen or
prntout. As each question is answered, the next test
15 slarted. The program may also Tequest that the
technician acluate certain controls or apply test sig-
znals to various inputs. A **walk-through'" of this type
can be verv effective in verifying system operation
and disviosing malfunctions. Some systems can
even be dingnosed from many miles away. Modems

have been used to connect a diagnostic computer at
the factory to a processor in the field. '

If the defective computer works at least partially,
amonitor program may be a valuable troubleshooting
aid. Examine several memory locations in every
block. Consult the memery map. If 8K devices are
used, check several addresses in each device. If the
devices are RAM. verifv that the data can be
changed, Try writing SFF to a location and then read
it. Then change it to SO0 and read it again. Although
this is less conclusive than a diagnostic program that
checks every location. it still may be helpful. A mon-
itor program can also be used to check support de-
vices such as PIAs and ACIAs, You can use the
monitor to set the data direction for output and then
write SFF followed by SO0 to the output registers.
An oscilloscope, logic probe, or meter can be used
1o test the output pins for the proper responsc. A
few cautions are in order here. First, don’t forget
that writing information to an ACIA could disable
the ability to communicate via the terminal. If this
happens, a system reset should reinitialize the ACIA
and reestablish communications with the terminal.
Second, be aware that devices such as motors or
hydraulic valves could be activated by changing data
al certain addresses, If at all possible, troubleshoot
with high-energy systems disabled.

If BASIC is available on the system. it can also

. serve as a troubleshooting aid. Some versions huve

A PEEK conmmand that can be used to examine meme-
ory locations and a POKE commuand thit can be used
1o change them. BASIC cun ulso be used 1v repeat- -
edly strobe an address or a device to allow oscillo-
scope troubleshooting. For example. suppose that
vou wish to verify that an address decoder at SE000
(decimal 57.344) is working. If the system is operat-
ing as it should. the following program will produce
a pulse train at the decoder output,

10 POKE 57344.0
20060TO 1o

BASIC can also be used 1o strobe a device repeatedy
t fnopnate useilloscope testing. For example, as-
sume that o PIA 1s Jdecoded, beginning at address
SFF40 (decimal 63.344). The following program ini-
tializes the PIA (program lines 10 through- 30) and
then repeatedly toggles the outputs. The REM state-
ments arc for documentation purposes and are ig-
nored by BASIC:

10 POKE 65346,0: POKE 63347.0: REM clears bit 2
to select DDRA and DDRB

20 POKE 63344,235: POKE 65345.255: REM sets all
bits for output

10 POKE 65346,4; POKE 65347.4: REM sets bit 2
to select ORA and ORB

40 POKE 65344,0: POKE 65345.0: REM toggle all
16 cutputs low

50 POKE 65344,2355: POKE 65345,255: REM toggle
afl 16 high :

60 GO'TO 40: REM continue toggling oulpuls
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I an oscilloscope is not available, a logic probe can
aTso be used to check for toggling. If only a meter is
available, the toggling can be slowed down by adding
this delay line to the program:

*

45 FOR X=1TO 200: NEXT X: REM change *'200"""

value to change delay

If 2 monitor program is as ailable, similar diagnostic
routines can be hand-assembled, entered, and exe-
cuted in machine code.

The microcomputer may not work at all or may
not work well enough to use the monitor or BASIC.
Also, many industrial computers are small, dedicated
units. They often do not have a monitor, BASIC. or
even a lerminal connected to them, In these cases.
an oscilloscope may be used to examine the various
address lines, data lines, clock lines, control linas,
and status outputs of the microprocessor 10 deter-
mine whether there is proper activity. The clock sig-
nals must always be present. If the system usss a
microprocessor with an on-chip oscillator. the lack
of clock signals would indicate a defective micro-
processor or crystal. It is normal to expect activity
on the address bus and the data bus. If there is no
activity or limited activity, the microprocessor may
be in a halt mode, may be waiting for an interrupt,
or possibly may be in a DMA or sync mode. If this

is the case, the processor status -pins - should -be -

- “checked with an oscillescops to determine which

.. mode the processor is in? these.pins are BA and BS.

" on the Motorola MC6809 processor. When BA and
BS are both low. the processor is in the normal run-
ning mode. The three other status conditions estab-
lished by the state of BA and BS are the interriipt or
reset acknowledge mode, the sync acknowledge
mode, and the halt or bus grani mode. It may also
be necessary lo investigate the halt, reset, MRDY.
DMA/BREQ, and interrupt pins. Set the oscilloscope
for dc coupling and establish a 0-V reference point
on the scresn when analyzing a MiCTOPrOCESsSOr sys-
tem. This will allow both signal activity and dc level
to be readily determined.
Assuming that the oscilloscope shows bus activity,
a check for chip select and device select signals will
shed some light on what the processor is doing or
not doing. It is normal to observe repeated ROM
select signals as the processor execules the code
stored there. Check for RAM select signals also and
don't forget to check for IO select signals. Support
devices are initialized on power up and after a system
reset, You may have to continue to rzset the s¥stem
-while looking for select signals at these devices.
These should occur immediately after the processor
Jeaves Lhe resel state, and there should be evidence
that the processor is wriling several bytes 10 each
initialized device. If resets do not appear Lo initiate
the expected actions, set the oscilloscope for a sweep
speed of approximately 10 ms per division and con-
nect the probe to the reset bus. An exponential ramp
should be evident when the reset switch is released.

- cludes the microprocessor,, support devices,
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You can also Jook at the read/wrife line and the input
and output of buffer ICs to help localize difficulties.

A microprocessor isavery complex IC, with many
functions and features. It is possible that a parial
faffare can occur. For example. a processor may do
everything it should except provide the proper rs-
sponse to an interrupt. It may be possible to usz a
logic pulser to simulate an-interrupt. An oscilloscops
can be trizgered on the pulser outpul; and the scope
probe can be used to look for a ROM select signal.
This procedure will determine whether the processor
is fetching the interrupt vector as it should. Do not
forget that the processor may mask an interrupi rs-
quest. )

Some advancad microprocessor troubleshooting
equipment that is available provides quite a bit of
information. A logic analyzer is anm example; this
piece of equipment has probes that are connected o
the address bus. the dzta bus, the read write lin2.
and the clock line. Qualifier switches can be sei 1@
make the instrument synchronize on a particlar
event. The logic analyzer stores bus events, which
can be displayed as they occurred before and after
the qualifying event. Some logic analyzers are very
advanced and can present the data in binary form.
hexadecimal form. and in the form of timing diagrams
on a cathode-ray tube. Some even have personality
modules for the popular microprocessors and can
thereby produce disassembly-listings on the Scraen

* or send the listings 10 a prinler. Signature analyzers
. afe also availabie for mictoprocessor troubleshod
“and examine the datz bus and the-address bus of &

B2l

3
=3

microcomputer in reai time. The pauern for signa-
tere} is comparad to a pattern previously stored in
memory from & normally operating system. Any dif-
ferences between the stored signature and the acual
signature can be analyzed to provide clues as to what
is wrong with the system.

The statistics of part failure predict that the most
complex devices are the most failure-prone. This in-
znd
memory 1Cs. If a system uses sockets and if spare
ICs are available, component swapping is a reason-
able procedure. Make sure the power is off and ob-
serve proper handling procedures to prevent damage
from static electricity. Also make sure that all de-
vices are properly and firmly seated in their sockats.

REVIEW QUESTIONS

30. Refer bazk to the BASIC diagnoslic pro
for testing the PIA. Could this program be mod
to test the input performance of the PLA? How?

51. How will the system react in response to.the
modification refzrred 10 in the prior question?

52. The varous lines of the address and date
buses should show continuous activity when the
processor is in the mode.
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CHAPTER REVIEW QUESTIONS

12-1. How many flags are there in the MC6309
microprocessor?

12-2. The address pins on a microprocessor are
unidirzctional, and the data pinsare .

12-3, Which input pins are used i signal the
microprocessor that an external hardware event
that requires attention has occurred? ’

12-4. Which pin tells whether the microproces-
sor is writing or reading data?
12-5. A group of instructions and data in mem-

ory used to direct the operation of a microproces-
sor is called a

12.6. A CMPA is an example of a(n)

12-7. What often happens when a microproces-
sor begins execution at the wrong address?

12-8. The immediate addressing mode is used to
load the U pointer register. How many operand
bytes must follow the OP-CODE?

12.9. How many bytes must follow the OP-
CODE for extended addressing? T

12-10. The S register is to be loaded from mem-
ory locations SF011 and $F0I2 by using the ex-
tended addressing mode. What must follow the OP-
CODE for LDS?

12-11. Assumie that the DP register contains S2E.
What is the effective address when the OP-CODE
for LDA is followed by $347

12-12. Which indexed addressinz mode points to
the address of the effective address?

12-13. A relative address is added to the con-
tents of the when the result of a branch
test is true.

12-14. A branch test is located 21 81114, and the
relative address is located at $1115. What is the re-
quired hex vaiue of the relative address (o cause a
backward branch to $11007 Dou'v wwrgel that the
program counter will be pointing 10 31116 when the
cffective address is calculated.

12-15. Accumulator A contains 33E. What will it
contain after nine consecutive RORA operations?

12-16. Which instruction always transfers pro-
gram flow to the effective address by using ex-

tended, direct, or indexed addressing? Which in-
struction does the same thing but uses relative
addressing?

12-17. What is the purpose of the F flag?

12-18. What is the purpose of the I flag?

12-19. Which flzg is set to tell the processor to
pull all the registers but one from the hardware
stack? Which register is not pulled?

12-20. Where are the interrupt vectors stored in
an MC6908 system?

12-21. Which interrupt stacks only the CC regis-
ter and the program counter?

12-22. Assume that an MC6809 is in the SYNC
state. What happens when an NMI signal is re-
ceived?

12-23. In a microprocessor-based system, which
device must leave the reset state last? Why?

12-24. Which MC6809 signal is equivalent to the
phase 2 clock signal required by the VIA?

12-25. Assume that a VIA is mapped into mem-
ory beginning at S82E0. What address will the
processor write to in order té change PB7 to a
timer-controlled output?

12-26. Serial data communications can use volt-
age or current signals. Which is'the most popular?
Which specific voltage standard is the most popu-
lar?

12-27. Which serial mode requires start and stop
bits? .

12-28. The RS-422 serial standard uses balanced
transmission for high bandwidth and —____ data
rates.

12-29, For what tyvpe of data communication is
an ACIA designed?

" 12-30. How can you determine which mode the
MC6809 processor is in when troubleshooting?

12-31. What would repeated ROM select signals
indicate?

12-32. What would repeated I/O select signals in-
dicate?
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ANSWERS TO REVIE W QUESTIONS ; :,
1. 16 M (approximately 16 milkign) - 2. flag 3.16 4.8 5.the valve is turned on 6, OP-CODE 7. no; no readings
could be stored 8. inherent 9. one, 30§34 or $43 11.$B9 12.501 13.the § register .14, $A9; 2 2-byte offs2!
15, $80; after the effective address is determined 16, 156; —100 17, $05; 506 18. $32 19 positive number; no
20. yes 21.SF0 22.me 23, program counter 24, the S register 23, nested 26 decremented  27. the software
- will erash 28. the motor will fun counterclockwise - 29, 458,733 ps 10, BSR or LBSR  31. $7000; STFFF; 4K
(4096 bytes) 32. from the falling edge of E to the rising edge of Q 33.3000s;750 ns 3. 5C I13E; yes 35. S800F:
$SFFF; SFF1(4081) 26. four 37.by reading controi register A and testing bits 6and7 38.alatch 39. when the
counter high byie is written; when the counter times out 40. $F3; S01 41. 7.843 kHz; rectangular (mearly squarz)
42, timer 2; PB3 431920 #.SFC; 3; 6 35.N,Z,andV 46 Hand C 47. 1; 4; 2-byte OP-CODE plus 2-byte
relative address 48. mone 49, SB7 is the OP-CODE for store accumulator A extended, and $F200 is the address
where it will be stored  50. yes; change line 2010 POKE 0 to both locations; replace line 40 with PRINT PEEK(63344)
PRINT PEEK(63343); delete line 50 51. the decimal equivalent of port A input data will be printed followed by ke
port B data, repeatedly 52. pormal (running)




DATA CONVERSION,
COMMUNICATION,
AND STORAGE

Advances in computer electronics have pro-
duced a major impact on industry. Many in-
dustrial systems are connected to, monitored
by, or in some way controlled by computers.
Some of these svstems are sophisticated and
involve both digital and analog signals. This
chapter focuses on conversions between the
digital and analog worlds and examines digital
communications in more o tail. It also intro-
duces mass storage devices for digital data
and programs.

13-1
DIGITAL-TO-ANALOG CONVERSION

The digital-to-analog converter IDAC) accepts a bi-
nary input and produces o corresponding analeg out-
put, which is usually in the form of a voltage or a
current. Figure 13-1 demonstrates the basic idea. A
nunber of binary mpues qie shown at the left, and a
single analog vutput is shown o the right. In the
strictest sense, a true anclog signal is capable of an
infinite number of measurement values. Can the
DAC produce an infinite number of output levels? It
cannot. A DAC produces Jiscrete steps at ils output:
one for every possible binary input. With an ade-
quate number of binary inputs. the step size will be
small enough so that the outpat approaches a truc
analog signal.

The DAC shown in Fig. 13-1 has eight binary in-
puts. It is connected to a 12-V supply. Suppose that
the output can span from 0to 12 V. It is possible to
determine the step size of the output voltage by di-
viding the full span by 2% where N is the number of
binary inputs; 2* = 256 znd 12256 = (0.046375 V.
This step size is small enoigh to meet many indus-
triel needs fuor an analog signal. In those cases where
it is not. 10-, 12-, and 14-bit DACs are availahle.
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Let’s see what happens to the step size with a 14-bit
DAC:
step size = ‘?,,Y = 0.000732422 V

A step size this small approaches a true analog signal
very closely.

The percentage of resolution for a DAC is set by
the number of bits. as shown n Fig. 13-1. Foran »-
bit DAC. the resolution is (L390A25 percent. For a
14-bit DAC. the resolution is 0.00A104 percent. As
the number of bits increases. the percentuge of res-
olution decreases. This indicates a finer. or more
precise, resolution. Of course. the step size also de-
creases as the number of bits increases. The overzll
accuracy is a function of the number of hits and ths
accuracy of the DAC itself. Digiral-to-analog con-
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8 DAC b Analogoutpit -
i3y om—
nEJls
O
) |
P———
LS8
1vat
Stepsize = ﬂ”—;_'.:—J-"-

; : | R
% Resolution = Z.J' #1103
Max output = {27 —1i % s20 size

Fig. 13-1" Basic DAC.



verter manufacturers often rate accuracy. as a per-
centage. Do not confuse this rating with the resolu-
tion, which s~ fixed by the number of bits.
Manufacturers may 2lso rate the accuracy as equal
1o plus or minus 172 LSB, or plusor minus 1/4 LSB,
and so on. The least significant bit produces the

smallest possible change in the output. An 8-bit DAC -

with & plus 6r minus 172 LSB rating has an accuracy

- of plus or minus approximately 0.19 percent. Note

that this is half the percentage of resolution calcu-
lated by the equation shown in Fig. 13-1. An 8-bit
DAC with a 1/4 LSB rating has an accuracy of plus
or minus approximately 0.1 percent, which is one-
fourth of its resolution.

Figure 13-1 shows that the maximum output from
a DAC is found by multiplying 2% — 1'times the step
size. We found the step size earlier for the §-bit DAC
with 2 12-V supply to be 0.046875 V. The maximum
output is. therefore (256 — 1) x 0.046873 N =
11.953125 V. Note that it is not equal to 12 V. The
minimum output is 0 V and occurs with a binary
input of 00000000; the maximum output is one step
size less than the supply and occurs with a binary
input of 11111111 (decimal 255). To find the output
at any intermediate value, simply convert the binary
input to decimal and multiply it times the step size.
Forexample. with the same step.size and a binary

~input of 10101071 (decimal 171) the analog output.

would be ‘nominally 801363 V.. The actual output
‘voltage could vary as much as half a step above or
below nominal.’depending on the accuracy rating of
the DAC. . e g -
* Figure 13-2 shows the circuit for a 5-bit binary
weighted adder. It uses an op amp as an inverting
adder. Assume that V,.is =3 V. The output range
will be from 0 to almost 5 V. The step size will be

E;

2=

0.15625 V

As the circuit is drawn, none of the switches is
closed. This is equivalént to 2 binary input of 00000,
No voltage is applied to the input of the op amp, and
V... = 0. What happens if binary (00001 is entered?
This sets the LSB and closes the switch connecting
V.. to the input through the 32R resistor. The voltage
gain of the op amp is given by

_ &

in

Fig. 13-2 Binary weighted D'A converier.
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:
i
T

Fig. 13-3 R-1R ladder D A convener.

Since the input resistor is 32 times the value of the
feedback resistor. the gain is — 1/32. With areference
voliage of —3 V. the output will be

x -5 = 015625 V

This result agrees with the step size calculated pre-
viously. ;

In practice. the switches shown in Fig. 13-2 would
be replaced by transistor switches to allow logic siz-
nals to be directly applied to the D/A converner.
Binary weighted DACs are limited to 5 bits because

of the lares range of resistor-values requirsd, s |

-very difficult to maich resistors with rauigs greaier

* ‘than 32:1. Therefore. any attempt 10 gain resolutidn

by addinz more bits Will result in-2 loss of accurzcy
that negztes the extra bits. L :
Figure 13-3-shows a D A converter that is based

on an R-IR ladder newwork. It requires ealy two

resistor values and is therefore easier Lo implement.

Each switch is a single-pole. double-throw type tha:

connects the 2R elements to the input of the op amp
or to ground. All switches are shown in the 0 posi-
tion. An eguivalent network that makes the circuiz
easier 1o understand is shown in Fig. 13-4. It is as-
sumed that B = 10 k0 and that 2R = 20 k0. Note
that all the 20-kQ) resistors are grounded. This is
true regardless of the setting of any of the switches.
You should recall that the inverting input of ths op
amp is & virtual ground. Start at the right side of the
network. The two 20 kQ resisfors in parallel arz2
equivalent to & 10 kf2 resistor and it is in series with

-1.25V —0BI5V

| o |
) =

—50V 25V

| 10l ! 102
¥ 1

= =

(

*Trea can repeasest actua! ground or the wirtual grewne
ot tmg op a=p, Capanding on the gwitch seTtings.

Fig. 134 Wultages arourd the R-2R network.
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a 10k resistor for an equivalent resistance of 20 ki1,
This equivalent 20 kQ is in parallel with the next
20 k0 resistor for a resistance of 10 k2. It is in series
with the next 10 k€ for an equivalent resistance of
20 k0. You should see the pattern by now. No matter
how many bits the R-2R network requires, the equiv-
alent resistance values keep repeating.

Now look at the voltages shown in Fig. 13-4 The
full —5 V appears at the first point indicated. Half
that value appears at the next point, and then half
that value appears at the next point, and so on. The
R-2R network repeatedly divides the input voltage
by 2. When any of the switches in Fig. 13-3 are set
1o binary 1, the full reference voltage or one of the
divided values is applied through a 2R element to the
input of the op amp. The feedback resistor has a value
of R, and therefore half of the network voltage ap-
pears at the output. For example, if Vieris —5 V and
only the MSB is set, Vou = 25V.

Most DACs are monolithic ICs such as the Sig-
netics NES018 shown in Fig. 13-5. This 1C contains
the R-2R ladder network, an adjustable reference
supply, the DAC switches, input latches for the bi-
nary data, and an operational summing amplifier. The
input latches make the device compatible with mi-
croprocessors. The binary inputs (pins 2 to 9) can be
connected directly to the data bus. Wher not LE
(pin 10) is low, the latches are transparent. When it
goes high, the input data present al the moment of
transition is latched and retained until not LE goes
low again,

The NESOIR reference voltage is nominally 5 V. It
can be trimmed with an extemal potentiometer to
provide easy adjusiment of full scale. It is tempera-
ture-compensated and therefore relatively stable.
The maximum supply voltage is plus and minus
18 V with plus and minus 15 V being recommended.
The settling time is rated at 2.3 ps. This is the time
required for the output 1o stabilize (settle) after a
binary input appears. Its rated accuracy is plus or
minus 1/2 LSB. Signetics also manufaciures ihe
NES019, which is-almost identical but offers an im-
proved accuracy of pius or minus 1/4 LSB. They also
offer the NES020, a 10-bit DAC rated at plus and
minus 0.1 percent relative accuracy. It features two
latch enable inputs, which allow an easy interface
with 8-bit microprocessors. The processor can write
data to the lower & bits and the upper 2 bits at two
different addresses. Two write cycles are required to
load a 10-bit word into the DAC when it is interfaced
to an 8-bit bus.

The Signetics DAC can use its own internal ref-
erence supply or an external reference supply. Con-
verters that use an external reference are sometimes
referred to as muliiplying DACs. The multiplying
mode allows a signal applied to the reference input
to be scaled according to the value of the binary
input. Thus, a microprocessot could alier the level
of an analog signal by sending a binary word to the
DAC. Figure 13-6 shows another application. A mi-
croprocessor conlrols the binary input of the D/A

—_———— e —— =

NESD1B
Dac

Fig. 13-6 Microprocessor control interface (Signetics).

converter. The resulting analog output is applied to
the NES40 error amplifier. The other input to the
error amplifier comes from the NE5520 LVDT signal
conditioner. Any error between the command posi-
tion from the microprocessor and the actual position
will cause the motor to run in the direction necessary
to eliminate the error.

REVIEW QUESTIONS

1. Calculate the step size for a 10-bit DAC that
uses a 5-V supply. Calculate its maximum output
voltage.

2. Calculate the percentage of resolution fora
10-bit digital-to-analog converter.

3. The manufacturer of a 10-bit DAC rates the
accuracy at plus and minus 1:4 LSB. What is the
accuracy expressed as a percentage”?

4. Refer to Fig. 13-2. What is the output with a
—10-V reference if the two lfl-most switches are
closed and all other switches are open?

13-2
ANALOG-TO-DIGITAL CONVERSION

Analog-to-digital converters (ADCs) are used to con-
vert analog voltages or currenis to binary words.
They are often based on digital-to-analog converters
such as the ramp-type circuit shown in Fig. 13-7.
Voliage Vi, is an analog voltage that is to be con-
verted to a binary value. It is applisd to the nonin-
verting input of a comparator. The inverting input of
the comparator is connected to the output of a DAC.
The microprocessor supplies the DAC with 2 binary
input that counts up from zero. When Vou cxceeds
Vis. the comparator outpul switches and generales
an interrupt to the microprocessor. The last binary
value written to the DAC is proporiional 1o the vaize
of the analog input. The illustration shows that the
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DAC output is @ series of voltage steps called o
stairease wavetorn. The resolution of the ramp-type
ADC is a function of the number of bits ia the DAC.

A ramp converter can ulso be implemented by
replacing the microprocessor with an up counter. &
clock, and a logic control circuit. The conversion
sequence will begin with the control circuit’s reset-
ting the counter 1o zero. The tlock will then be en-
abled. and up counting will commence. When the
comparator output swilches. the clock will be dis-
abled, and the counter will then contain the binary
vzlue of the analog input. An interrupt can be gen-
arated at the completion of the conversien cycle to
alert a processor that a binary reading is available.
This technique unburdens the processav during the
conversion cvele and allows it to perform other func-
tions.

Regardless of how the DAC is supplied with a
binary up count. the ramp-lype converter is slow. A
large analog input will credte a significant delay dur-
ing up counting. [t can be as great as 2" times the
DAC and comparator cumulative settling time.
where N is the number of bits in the DAC. A tracking
converter may provide better performance for some
applications. This circuit replaces the up counier
with an up/down counter. If the DAC output is less
than V. the comparator causes the counter to count
up on the next clock pulse; if the DAC output is
more than Vi,. the counter counts down. The binary
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Comparatos
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Clock approximstion
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Fig. 13-8 Successive approvimat ion conerter.

vitlue of the counter will track changes in the analog
input, The counter vutput can be sampled at any -
time a digital value is required. Tracking converters
can be used up to low audio rates.

Figure 13-8 shows the successive appr veimdtion
cemverter, which is much faster. It produces a con-
version delay of only N times the cumulative settling
time. With an &-bit DAC. the total delay will be eight
clock periods regardless of the value of the analog
input signal. The conversion process begins with all
DAC inputs set to zero. The MSB bit is sct at the
first clock pulse. This produces 4 Vi, to the com-
parator cqual to one-half the full-scule value. 1f the
comparator switches.. the MSB is cleared. and the
next most significant bit is set. If the comparator
does not switch. the MSB remains set, and the nexl
most significant bit is set. The process repeats N
times s each bit is tested. -A tvpical waveform at
the DAC output as the conversion proceeds is illus-
trated by Fig. 13-8. Note that the binary output will
show a 0 it every hit position where Vi, was ex-
ceeded and the comparator switched. ¥

The successive approximation technique can be
implemented with a clock and a separate register. as
shown in Fig. 13-8. 1t can also be realized without
these circuits by interfacing a DAC to @ micro-
processor. The microprocessor can sel each bit and
“test the output of the comparator. This software ap-
proach saves some hardware, but it burdens the pro-
cessor during the conversion cycle. This is a typical
compromise and is known as the hardware!software
tradeot. : z
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The external reference voltage input shown in Fig,
13-8 may be used for ratiomeiric coniversions: thesz
types of conversions allow an A’'D converter to pro-
duce an output that represents the ratio of the analog
input to the reference input. Using ratiometric con-
version, the circuit acts as an analog divider with a
binary output. Precision measurements that are in-

sensitive to the reference voltage are possible. Refer -

to Fig. 13-9: a potemtiometer-type transducer is sup-
plied By V,.e. which also supplies the reference inpit

‘to “the analog-to-digital  comverter. The  equation

- shows: that the binary count (N} is-cqual o the po-
{tentiometer ratic and is not semsitive 10 the reference

voltage. Ratiometric copversian can also be usad
with resistive bridges by using an instrumentation
amplifier Between the bridee and the ADC.

Fizure 13-10 shows the pin configuration and Bleck
diagram for the Signetics NES3034 monolithic AD
converter. It uses the successive approximation tech-
nique and contains a comparator. an 8-bit DAC. a
register. a clock. a reference amplifier. and a three-
state output buffer. The buffer simplifies interfacing
the IC 1o microprocessors. An external capacitor
controls the clock frequency. and conversion times
as short as 17 ps are possible. An external clock can
be used for even faster conversion times. The 1C
digitizes an analog input current applied to pin 13. It
is capable of ratiometric conversion with an external
reference current applied to pin 13. 1t is also capable
of digitizing unipolar or bipolar input voltages. as
shown in Fig. 13-11. This illustration also shows the
curves for selecting the clock capacitor (Cep )

Another integrated circuit converter, the mono-
lithic CMOS ADCO208 by National Semiconductor,
is shown by Fig. 13-12. 1t uses succassive approxi-
mation as the conversion lechnique and provides 8
bits of resolution with 2 conversion time of 100 ps.
It operates from a single 5-V supply and [eatures a
low power consumption of only 15 mW. It is micro-
processor-compatible with a tri-state output latch/
buffer and an address latch and decoder for the input
multiplexer. The input multiplexer allows any one of
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§ analog inputs to be switched 1o the comparator for
conversion to binary. This provides a cost-effective
<olution for those industrial applications in which the
output of several transducers must be digitized. Dig-
itizing eizht inputs will take approximately 1 ms. but
this is an adequate response time for many applica-
tions in industry. such as temperature menitoring.
An AD conversion can be accomplished withoul
a DAC. Figure 13-13 (p. 362) shows a volage-to-
frequency converter. With a negative V.. applied.
the integrator output will ramp ina positive direction
until the V. threshold is crossed. At this time. the
comparator output will switch and discharge the in-
tegrator. The next positive ramp will begin. and the
cycle will repeat over and over. The magnitude of
V. will set the slope of the positive ramps. Larzer

-
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input voltages will préduce a steeper slope, and the
comparzior threshold will be reached in [less. time.
The pulse frequency at the output of the comparator
is proportional to the input veltage. Figure 13-13 adds
a clock circuit, a cate. and a counter to convert the
frequency to a binary count proportional to the an-
alog input voliage, The performance of voltage-to-
frequency A'D converters is relatively puoor for small
input voltages, as a result of offset drift in the inte-
grator and comparator.

Integration is also used in the dual-slope circuit of
Fiz. 13-14. The conversion cycle begins with -V,
applied to the iniegrator through the switch for a
fixed time T;, During T, the integrator output will
rize to a point dependent on the input signal magni-
tude. Then the input s\Wiich is changed, and a refer-
ence voltage of opposite polarity is appliad 1o the
integrater. The counter will ésunt clock pulses during
the time (72) it takes ihe integrator 1o ramp. back

1 . . -
1 10 100 1000 70,000 300.000
Capacier (Cp, ) ingF -

g
300 400 500 600 TOO BOO

Freguency (hHZ

down to the comparator threshold. Since V. cand T,
are fixed known quantities, V;, is proportional to 7.
The dual-slope technique has the advantage of min-
imizing errors because the same circuit and compo-
nents are used for summing both the reference and
unknown input voltages. Any long-term component
drift is canceled. However, the circuit is sensitive to
zero offset and drift in the integrator and comparator.
These effects can be compensated for by a more
complex circuit that adds calibration phases to mea--
sure the analog error and eliminate it from the final
output. Some error-correcting techniques allow as
much as [4 bits of resolution, but integration is a
slow technique, and the conversion time is too long
for somc applications. Dual-slope A/D converters are
t¥pically used in instruments such as digital voltme-
ters (DVMs) and dizital multimeters (DMMs).

The A/D <onverter response time is critical for

someapplications. For example, it may be necessary
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Fig. 13-13 Voltage-to-frequency <onvener.
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Fig. 13-14 Dual-slopz A D converter,

to sample a signal that is changing rapudiy with time.
The level of such a signal mav change significantly
from the beginning of the conversion process to the
end. This change can cause large measurement er-
rors. One solution is to use a sample and hold am-
plifier in front of the ADC. The sample and hold
circuit will “*freeze” the signal and hold it constant
during the conversion period. Sample and hold am-
plifiers are discussed in Chapter 6. Another solution
is to use a converter that is very fast. Oue example
is the flash converter shown in Fig. 13-15. It requires
2 — 1 comparators for .V bits of resclution. An 8-
bit converter requires 235 comparators stacked at
voltage levels of | part in 256 from each other. This
stacking 1s accomplished by a resistive divider. The
comparator array compares the input signal with
cach reference voltage to produce an NV of 255 code
sometimes relerred 1o as the. “thermometery) code-

" rive in the proper time relationship.
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Fig. 13-15 Flash converter.

since il comparators below the signal level will be
on and al! those abose will be off. The decoder logic
converts this code to a binmy output.

Flash converters are very fast. A typical 8-bit de-
vice can respond in 50 ns. This allows up to 20 million
conversions per second. The disadvantuages are high
cost-and a low input impedance caused by the input
signal’s driving many comparators in parallel. Figure
13-16 shows a compromise circuit. the dual-stage
flash converter; it may also be referred to as a half~
fush converter. It requires only 20 comparators 1o
achieve 8 bits of resolution. The tradeoff is speed: it
is a little slower than the single-stage circuit. The
first conversion i1s done with the 4-bit flash circuit at
the lefr. Its output is simultancously fed to the reg-
ister and the input of a 4-bit DAC. The output of the
DAC is applied to the inverting input of a subtracting
amplifier, and V;, is applied 1o the noninverting input.
Because V|, is delayed, the two amplificr inputs ar-
The difference
is then converted in a second 4-bit flush circuit at the
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Fig. 13-17 EBS A D converter.

right. The final result is mow available in the 8-bit
register as a complete binary word.

One of the fastesi A/D converters is the clectron-
bombarded semiconducter (EBS) shown in Fig.
13-17. It uses an electron beam that is focused into
a narrow ribbon and deflected across a masked diode
target. The analog input signal is applied to the ver-
tical deflection plates, where the beam is deflected
vertically along the target in accordance with the
magnitude of the ioput signal. The target is Gray-
coded with eight columns of diedes and eight corre-
sponding high-specd comparators. The effects of
beam jitter are roduced by the Gray code since only

e
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one diode switches at a time from any targe: position
to ine next larget position. The EBS converter can
sample at rates up to 200 MHz (5 ns) but is very
expensive.

HEVIEN QUESTIONS

5, A rmmpaype AD sanverter saneratzz a
waveform at its DAC output.

6. Assume a cumulative settling time ¢f 2 ps
for the DAC and comparator in an &-bit ramp-type
converter and calculate the worst-case conversion
lime.

7. Assume a cumalative settling time o7 2 ps
for the DAC and comparator in an 8-bil suzcessive
approximation converter and calculate the conver-
sica time.

8. Refer to Fig. 13-9. What effect will = 5 per-
cent change in the reference voltage have on the
birary output?

9. What is selected by the 3-bit address applied
to the IC shown in Fig. 13-127

10. Refer to Fig. 13-13. What happens to the
putse frequency at the comparator output as thé an-
alcg input voltage decreases? What happerns at the
binary output?

13-3
COMDMUNICATION STANDARDS

Orz2 of the most poputar digital communiczion staa-
dards is RS-231C, which is introduced in Chapter 12.
It is an old standard znd is being superseded in some
cases by new standards. The RS-252C has ~ome lin:-
ilations that have bzen improved by these newer
standards. One of the major ones is that it is limited
to distances of 15.2 m (50 ft). In practice. much
longzer distances are cctually covered. How ever, the
chzance for data errors does increase as the distance
increases  Another Emitation is a maximu-n rate of
20.000 Bd with 19.200 Bd being the fastest standard
daza rate. A combinztion of long distanse and hizn
data rate increases the chances for errors. The RS-
232C standard sends duta on a single wire. A single
ground wire serves as the return or reference for one
or more data circuits m the cable. This tvpe of trans-
mission is called nrbalanced. Figure 13-18 shows
how the recommended baud rate drops as the lize
lezzth increases in uztalanced circuits. The RS§-232C
stzndards are somewhal conservalive when com-
pased to the graph.

The RS-232C uses ground as its reference. When
the line receiver sees a voltage mare negztive than
3 % referenced to ground, meark is produc=d. When
the receiver sees a voltage more positive than 3 V
relcrenced 10 ground, space is -produced. Varic-s
conditions can cause the ground potenticj to vary
frem point to point. A difference in ground potent:al
between the line ransmitter and the line recsiver wiil
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Fig. 13-18 Line length versus baud rate for unhalanced transmis-
sion lines.

cause ground loop currents to flow in the ground
wire. On long runs, the wire resistance can allow
significantly different ground potentials at each end
of the circuit, and data errors are possible. The pro-
tective ground, if used, helps but does not eliminate
this problem.

One obvious way 10 eliminate "ground potential

errors is 10 send the data on two wires and to ground
_ neither of them. This is known as balanced or dif-

ferential data transmission and provides several im-_
- portant advantages over unbalanced transmission. A

balanced line is not nearly so susceptible to stray

fields and noise pick-up as &n wunbalanced line. Bal- -

anced lines generate: less neise, an advantage when
several data circuits are bundled together in one ca-
ble. Balanced transmission also allows much higher
ddta rates, as shown in Fiz. 13-19. Note that data
rates as high as 10 megabaud (MBd) are possible.
Even at 1219 m (4000 ft), data rates as high as 100 kBd
are recommended. This is a very significant speed
improvement over unbalanced circuits. The Elec-
tronic Industries Association (EIA) has established
RS-422 as a balanced data transmission standard. It
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Fig. 13-19 Line length versus bzud rate for balanced transmission
lines
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specifies a bipolar driver output of 2106 V and a

receiver sensitivity of 200 mV. If the receiver sees a’

positive difference signal between the tso wires of

. more than 200 mV, a mark is read; if the difference

signal is negative and more than 200 mV, aspace is
read. This allows suitable transmitters and receivers
to be designed with bipolar 5-V supplies; RS-232C,

however, often requires bipolar 12-V supplies.

The EIA has also established RS-423 as a data
transmission standard. This standard resembles RS-
233C in that it too is an unbalanced standard. 1t is
capable of higher, data rates (up to 100 kBd at
12.2 m) and uses different voltage levels. You may
recall that R$-232C transmitters develop from —3to
—15 V on mark and from +3to +13 V on space.
The R5-423 transmitters use —4 to —6 V for mark
and +4 10 +6 V for space; they also use a balanced
receiver, which is referenced to the driver ground 1o
permit ground potential differences to exist without
causing data errors. The RS-423 can use one Wire in
a cable to serve as a common return for several data
circuits and is therefore more “wire-efficient” than
RS-422, although not nearly as fast.

Figure 13-20 shows the DS3691 line driver IC,
which can be used for RS-422 or RS-423 transmis-
sion. Pin 4 is the mode select and determines which
gtandard will be used. The R3-423 operation provides

‘voltage applied to pin 1 and a negative voltage ap~

plied to pin 8. The bipolar supply can be as much as
7V, but 5 V is typical. Capacitors can be connected
to the rise time control pins to limit the output slew
rate. This conneclion is necessary in some applica-
tions to eliminate cross-talk in multicircuit cables. In
cross-talk one communication circuit interferes with
another; it is more likely to occur when the wave-
forms have very fast rise times.

Figure 13-21 shows a DS78LS120 dual differential
line receiver that can be used to receive both RS-+422
and RS-423 data transmissions. The response time
of each receiver can be controlled with an external
capacitor. This is useful for filtering out high-fre-
quency noise that may be superimposed on the sig-
nal. Also note that the output gate has hysteresis.
The combination of response control and hysteresis
is very helpful for producing a clean output signal in
noisy industrial environments. Each receiver in-
cludes a built-in terminating resistor that is enabled
by strapping pins 2 and 3 together for one receiver
and pins 13 and 14 for the other. It is advisable to

" terminate long transmission lines to prevent signal

reflection. When a line is not properly terminated,
all of the signal energy is not absorbed at the load
end. Some is reflected back toward the source. It
can be rereflected at the source apd travel toward
the load again. These reflected sigpals act as noise

four communications circuits, but RS-422 operation
‘proyides only two. Tha truthtable shows that pins 3 ;
~and 6 can be used 10 tri-state the outputs with RS-~
- 422 operation, whereas they serve as data inputs for |
_RS-423 operation. The IC is powered with a positive .
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Fal-a's and may cause data errors. Sometir=?s a capacitor is
s oLE used in series with the terminating rcsistor w elimi
G

nate dc power loss in the resistor.

Figure 13-21 also shows that ezch line receiver
contains a fail-safe offzet input. Fail-safe cperation
involves forcing the output to a known condition in
the event that the data circuit opens or short-circuits.
When pins 1 and 15 are connected 1o +35 V, the input
thresholds are offset from 200 to 708 mV, referred to
the noninverting input, and from —200 to —700 mV
when referred to the inverting input. If the input
should open or short-circuit, the input will be greater
than the input threshold, and the receiver output will
remain in a specific logic state.

Figure 13-22 gives examples of both balanced and
" unbalanced data lransmission c¢ircuits using the
TR Siome. Susw e DS3691 line driver and the DST8LS120 line receiver.
o The balanced wires are shown as a iwisted pair. This
is standard practice for balanced transmission, and
Fig. 13-21 Integrated ;::r';-.eil DS78LSII0 dual d.Tere ntial line re- data cables are available with the ‘:‘t'i.I'ES l\\.i_.sh:d 1nto
ceiver (National Semicanductor). pairs. Tha offset inputs of the line receivers are

Top view



standard includes a description of the signals needed
for modem control and the mechanical specifications
for the connectors. The RS-449 specifies a total of
46 wires and uses 1wo separate connectors; ong with
37 pins and the other with 9 pins. The 9-pin connector
carries all signals associated with a secondary chan-
nel. Most applications do not have the secondary
channel. and the 9-pin connector is eliminated in
these cases. 4

All of the data communication standards discussed
to this point are bit serial. Another technigue is bit
parallel, which allows 8, 16, or 32 bits to be trans-
ferred at a time. One example is the Institute of
Electrical and Electronic Engineers (IEEE) 488 stan-
dard, which is a bit-parallel, byte-serial system. This
standard was originally proposed by Hewlett-Pack-
ard, Inc., as a general purpose interface bus for in-
struments. calculators, and computers. It is still often
referred to as the Hewlett-Packard Interface Bus
(HPIB) or as the general purpose interface bus
(GPIB). It allows building a complex system of de-
vices to be as simple as connecting cables to the
various parts. However, software compatibility is not
guaranteed by the IEEE 488 standard. This standard
specifies signal voltages, currents, and signal timing.
The work of Hewlett-Packard goes a bit beyond the
IEEE standard in that it does specify software com-
munication technigues.

Figure 13-23 shows the basic configuration of the
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shown floating as the fail-safe feature is not imple-
mented in these examples. 15 e % 2 .
The RS-422-and RS-423 standards involve electri- - . h DION1 8 (gata fines)
cal specifications only. The EIA has also introduced 1 ISR o
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£30 (service reguesth
REN (remote ensble}
- b EO[ {end or identify)

Fig. 13-23 IEEE 488 interface bus.

1EEE 488 bus. It can accommodate up to 15 devices,
which might include items such as computers, digital
multimeters, printers, plotters, calculators, signal
generators, counters, and disk drives. It is designed
for limited distances (up to 20 m) and data rates up
to | megabyte per second. The signals are TTL-
compatible, and 16 active lines transfer data and
commands. Eight of the lines are used for data trans-
fers. which are asynchronous and are coordinated by
_ handshaking lines. Handshaking signals are used to
prevent one device from sending data faster than
another device can receive it. The handshaking is
accomplished by the data byte transfer control lines
shown in Fig. 13-23. The remaining five lines are for
the control of bus activity and are shown as the
general interface management group in the illustra-
tion. .
The devices connacted to the bus are identified as
talkers, listeners, or controllers. A-ralker originates
information, and a listener receives it. Some devices
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may be both. A computer is usually a talker, a lis-
tencr. and a controller. Conwrollers dictate the role
of each device by asserting the atiention (ATN) line
and sending talk or listen addresses on the data lines.
Addresses must be programmed into each device at
the time of sy steny configuraiion. This is usually done
with switehes on the back of the instrument or ¥ ith
jumpers on an internal PC board. W hen ATN is as-
serted. ull devices must listen to the data lines. When
ATN is false, only those devices that have becn ad-
dressed will send or receive data. and all other de-
vices ignore the data hnes.

Several listeners can be active at a time, but only
ane talker may be active at any given time. Whena
tlk address is placed on the data bus with ATN
asserted. all other talkers are automatically dese-
lected, The active talker controls the dara valid
(DAV) line, The active listener or listeners contral
not ready for data (NRFD) and not data accepted
(NDAC). The various listeners may not all accept
data at the same rate. The transfer speed is sel by
the slowest active listener on the bus. This is con-
trolled by an open collector voting system. All the
active listeners must agree before the transfer is al-
lowed. The NRED line is pulled to =35 V with a
resistor. Any device that is not ready will grou nd this
line through the collector of a transistor. All of the
collectors must go high before NRFD can go high.
When the talker sees NRFD go high, it places a byte
on the data bus and waits for a 2-ps settling period.
It then asserts DAV by pulling it low. This alerts the
listeners to read the bus. They acknowledee by pull-
inz NRFD lew. A tming diagram that details the
sequence involved in the handshuking provess is
givea in Fig. 13-24.

When ATN is true, addresses and univ ersal com-
mands are transmitted on seven of the dat lines.

sccepted

The ASCII code is used for commands. Any active

talker will relinguish control of the bus when this
happens by releasing the DAV line. The controller
now acts as the talker, and all other devices aceep!
the information. This allows e controller to <onfiz
ure the bus and assign the roles of talker and listener
to the varous devices on Bz bus. More thon ong
controller is allowed. but enly one may be gotive at
a time. The main system controller is activated &
the time of power-on, Any other controllers remutr
passive urtil control is pussed to them. Oogce the
controller Sas configured the bus, il tukes no part -
subsequent data transfers until reconfiguration 1s re-
quired. ;

In addition to ATN. there are four other contre.
lines, Interface clear (IFCY places the interfice in
quiescent state. Remore enahle (REN) is used w
other coded messages to select cither local or remet=
control of each device. Any active device can assem
the service request (SRQ) line, which tells the cor-
troller that some device on the bus needs atiention
End or identity (EO]) is used by a device to indic
the end of a multiple byte transfer, A seconu use for
EO1 is when the controller usserts ATN and EOL ==
the same.time to signal that a parallel poil is re-
quested. This alerts any device capable of a parallz!
poil to indicate its current status on the data liz2
assigned to it. Up Lo eight devices can respond. This
is a fast way for the controller to Jdetermins which
device has requested service. The controller can alsa
use a serial polling routine, in which it addresses on2
device as a talker and then s2nds that device a senizi-
poll enable command. The serial poll allows the coo-
troller to =btain 8 bits of information from a singhe
device. The controller then sends a serial poll disahie
command te relurn the dévice to the data made, 1s
advantage of serial polling is that much mere infor-
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mation can be ohtained from each device polled. The
disadvantage is the time required to poll every de-
\1CC

Figure 13-25 shows the Motorola MC68488 general
pivpose iitelfuse adapter (GPIA) designed to inter-
face microproczssors such as the MC6809 to the
TFEE 488 bus, The basic device is rated for a cloclk
rate of | MHz. Motorola also makes a 1.5-MHz ver-
sion (MC68A483) and a 2-MHz version (MC65B488).
This IC greatly simplifies the interface. Many bus
functions are haadled automatically by the GPIA and
require no acticn from the processor. Other functions
equire minimum processor altention because of the
large number of internal registers that convey infor-
mation on the state of the GPIA and of the bus. It
features address recognition, full support of the
handshake protocol, programmable interrupts, serial
and parallel poliing capability, talk-only or listen-only
capability, and compatibility with the microprocessor
bus.

REVIEW QUESTIONS

11. Data communications that occur on a single
wire referenced to ground or to a return wire are a
formof ___ transmission.

12. Differentizl communication circuits that use
two wires are & form of transmission,

13, RS-232C 15 an cmmpic of aln) —___ trans-
MISSION Circuir.

14. Refer to Fig. 13-21. What does the symbol
inside the NAND gates signify?

15. Refer to Fig. 13-23. What is different about
the ground reference technique used in RS-423 as
compared to that in RS-232C? g

16. Refer to Fig. 13-23. What is the combinad
function of DAV, NRFD, and NDAC?

17. Refer to Fig. 13-24. From what time (circled
number) to whxzt other time is the first byte being
read by the slosest listcner on the bus?

13-4
DISK STORAGE

Magnetic disk siorage has become a very important

part of many computer systems, Disk drives are used

on large mainframe computers. minicomputers. and
microcomputers. This section will deal mainly with
the types of disk systems used with minicomputers
and microcomputers. The industrial technician is less
likely to be directly involved with the high-capacity
rigid disk systems used with large mainframe com-
puters, ‘ e
Magnetic dizis provide a way to store programs
and data, They also serve as an extension of com-
puter memory. 1he ideal situation is to have all nee-
essary information in computer memory. Since mem-
ory is random access, the best operating speed is
provided by this situation. However, it is often not

Write
hesd

Magnes=
coating

Z

Disa

Revessing the head current
creaiss 3 flux reversal on the disk

Fig. 1326 Disk recording.

practical to provide enough memory to hold all of
the programs and data that the computer will ever
need. Disk memory is block access. It is slower thza
RAM, but it is fast enough for many applications.
Magnetic disks are made from aluminum or Mylzs.
They are coated with a magnetic material such zs
ferric oxide. Binary information is stored in the mas-
netic coating by orienting the domains one way or
the other. This is done by passing a current lhrou@
a write head, as shown in Fig, 13-26. The current
reversed 1o change“the direction of magnetizatios.
Figure 13-27 shows two of the ways that binary daza
can be recorded magnetically. Figure 13-27(a) sho%s
the basic nonreturn to zero (NRZ) method. The cus-
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Fig. 13-28 Frequency-modulated (FM) encoding.

rent in the head remains constant for consecutive 1s
or 0s. It reverses en.transitions from 0 to 1 or 1 10
0. The magnetically stored information is read back
by exposing a read head to the magnelic patterns on
the disk.-One head is.usually used for both reading
and writing and.is called the read/write head. Note
that the read pulses are positive for 0 to 1 transitions

-and are_negative f 0 0 transitions for the NRZ
~ recording =technique; #Figure- 13-27(b) shows . the
“-nonreturn10°zero i fed (NRZI) recording method. -

- *This method reverses
current remains constant for 0s. Not< that a series'
of Is will show 4 flux change for each bit. A read
pulse will occur only where a | has been recorded.
Whether the read pulse is positive or negative is
immaterial when the NRZI recording technique is
used. Information is read back from the disk by in-
terpreting any flux change as a 1 and the absence of
change within a predefined interval called a bir cell
as a 0. The NRZL is the standard recording technique
used in all disk systems.

In addition to recording techniques; there are en-
coding techniques. Do not confuse the two. The en-
coding schemes affect the patterns of flux changes
placed on the disk; the recording technique is always
NRZI. A read circuit called a data separator con-
verts the recorded patterns into meaningful infor-
mation. Frequency modulation (FM) is an early en-
coding scheme used in disk systems and is illustrated
in Fig. 13-28. A clock bit is written at the beginning
of each bit cell, and data bits are written between
clock bits. A typical bit cell might be 8 ps wide, and
thé data bit is written 4 ps after the clock bit. The
data bits are 8 ps apart, and the data transfer rate
can be found by taking the reciprocal of this period:

= 125,000 bits/s

1
1 =
Data rate TX 10°°
The constant bit cell reference makes encoding and
decoding simple in FM systems. The data separator
sy:nchmﬂizes on the clock bits and generates a 4-ps
window beginning 2 ps after the clock pulse.

1 _ rses the direction of the head cur-—
rent for every-binary.k.that is recorded. The head -

ﬂ = Clock pulse

Straightforward timing circuits are usa2d to generale
the window. ] .

The problem with FM encoding is that the clock
bits represent a significant overhead. They take half
the available space on the disk and provide timing
information only. Modified FA (MFM) doubles the

_ available space by replacing clock bits with data bits:

MEM is shown in Fig.-13-29. This encoding tech-

“nique writes clock bits only.if data bits hayeé not been
‘ritten into the preceding and present bit cells. The
* ¢lock bits are placed at the beginning of the cells and

‘the dara bits in the cenfer, just as in FM. This ar--
rangement cuts the-bit cell time to 4 ps. The capacity

—of the disk is doubled, &s is the data transfer rate.

However. timing tolerances are cut in half. The data
windows are only 2 ps wide, necessitating a more
sophisticated data separator. The data stream must
be continuously analyzed to keep the windows syn-
chronized with the comrect bits. A phase-locked loop
circuir is used to lock a local clock to the data stream
for decoding purposes.

The ultimate encoding system would eliminate
clock pulses allogether. The FM and MFM must
have clock pulses, Otherwise, a string of 0s would

4] B 18 24 32
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Fig. 13-29 Modified frequency-modulated (MFM) encoding.
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Fiz, 13-30 Group coded recording (GCR) encoding.

produce a section on the disk with no flux changes,
and the data separator would not know the length of
the string. Group coded recording (GCR) overcomes
this limitation by dividing ~uch incoming hvie to be
recorded into 2 nibbles (a nidiftle is a 4-bit word), The
nibbles are then translated into 3-bit binzry codes.
Out of a total of 32 possible codes. only 16 are used,
and they are chosen to meet two important require-
ments: (1) there can never be more than two consec-
utive 0s. and (2 no combination of codes can pro-
duce more than two consecutive Os on the disk.
Figure 13-30 shows the translation scheme. Inspect
the column of GCR codes. You will find that no code
contains more than two consecutive zeros, and nei-
ther does any combination of two codes, This allows
the read clock to synchronize on data bits alone. The
read circuit converts the 3-bit codes back into the
eriginal nibbles. The nibbles ure rejoined v form a
byte for return to the computer. Use of GCR encod-
ing provides approximately a 150 percent improve-
ment in disk capacity and data transfer rate when
compared to MFM.

Figure 13-31 shows the appearance of a typical

nify that the size is §.25, rather than 8 in. A plastic
jacket protects the Mylar disk. Tnere are several
holes in the jacket. One provides access {or the head
or heads, another allows the drive hub (e contact the
center hole of the Mylar so the disk can be turned
in the jacket. and another allows the index hole te
be sensed as the disk is twrning. fndexiye provides 2
starting point for read and write operations. There is
also a write protect cotout along the side of ths
yacket. The cutoul is covered with & gummed tab to
write-enable 8-in. disks. Just the oppositz is trie wit®
5.25-in. diskettes: the tab is applied 10 “arite-protec:
the disk.

Floppies must be handled with care. They should
be stored vertically in protective envelopes. They
should not be exposed to high temperaiures and di-
rect sunlight. Their storage und operating ranze is 11
to 50°C. Use only feit tip pens when writing on the
labels. Never touch the disk surface through the head
access slot. Do not attempt to clean them. The insid:
of the plastic jacket is lined with a special pad m=-
terial that cleans the disk surfaces as it rotaies inside
the jacket. Never bend or fold them and never ex-
pose them to magnetic fields, dust, dirt, or smoke.

Figure 13-32 shows how one type of head-posi-
tioning mechanism in floppy disk drizes wosks, A
stepper motor turns a fead syrc\\. The lead screw nu.
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P Stepper
= motor

Lazd szrew

Guice rod

Top view

Fig. 13-32 Floppy disk head-positicning mechanism.

is mounted on the head mechanism, which can slide -
back and forth on the guide and load rods. The en-’

" larged side view shows the: disk pinchéd between the

heads. This happens when the disk is being written -
or read -and is accomplished with a head-load sole-

noid. Some drives are single-sided, indicating that
thay record on one side of the disk only. In these
drives, the top head is replaced with a pressure pad.
Although not shown in the illustration, a drive spin-
die and collett assembly engage the center hole of
the Mylar disk. Another motor turns the disk at 300
rpm. The information is recordad in tracks as the
disk turns. :

oxide coating

Fig. 13-33 Floppy disk format.

Figure 13-33 shows a ypical disk format. There
are 40 concentric tracks in all. The stepper motor
moves the head toward the center or away from the
center to record or read the various tracks. The
track-to-track access time is typically around 25 ms.
The average access time 1o reach a given track is
around 400 ms. Thus, you can sce that this block
access device is reasonably fast, but not nearly so
Tast as RAM. The tracks are divided into 18 sectors.
Each sector can hold 2356 bytes of data plus approx-
imately 82 control bytes. The control bytes are used
for synchronizing, identifying the track and sector
number, and checking for errors. Since there are I3
sectors with 236 data bytes each, the track capacity
is 4608 bytes. The total disk capacity is 184,320
bytes. However, not all of this is available as user
storage. The center track is used to store the direc-
tory of the disk. The directory is a listing of all of
the files stored on a disk, their size, their type. and
thair location (track and sector). Since the directory
is frequently accessed. placing it at the center of the
disk speeds operation.

The original 8-in. floppy disks used FM encoding
and stored 250K bytes per side. Double-density

drives using MEM encoding for a capacity of S00K - _
“bytes per side were then developed. The latest 8-in.

drives store 800K bytes per. side. The original 5.23-

in. mini floppy diskettes used FM and provided 90K

bytes per side. The change to MFM provided double
density and IB0K bytes per side. Recent develop-
ments, such-as GCR encoding and higher track’sec-
tor densities, have produced capagities up to 670K
bytes per side on 5.25-in. diskettes. N
Another development is the microfioppy disk
shown in Fig. 13-34. This floppy features smaller size
and a more rugged structure. The plastic case is
much more rigid than the plastic jackets used to
protect the larger floppies. It uses a metal shutter

Automatic
Disk surface upth metal shutter
T {shown open)
Head access
" window
o 7 Bf -
F /Di!#
’ /|
4 X
! Wratat \
! r.e_r:cr g Chueking |
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|
| | j—Plasic caz2
3 /
\ Positianing /
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by ¥
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[ "‘-H_____.—-"/ ’l@ feature
- i

R

Back view

Fig. 13-34 Microfoppy.
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Fig. 13-3% Sarvo disk format,

that hides the head access slot to prevent the disk
surface from being accidentally touched. The shutter
is openzd automatically when the disk is inserted in
the drive. It is write-protected by rotating a small
plastic piece located in the lower right-hand corner.
Instead of an open center, it uses a metal drive hub
for accurate centering and positive mechanical in-
dexing. Microfloppies have capacities of around
400K bytes per side. They are one-fourth the size,
one-half the weight, and consume one-half the power
of minidrives (5.25 in.). )

Disk technology improves rapidly. The designers
are constantly finding ways to pack the data at higher
densities. One of the limitations is the medium itself.

___ The Mylar expands and contracts with heat and hu-

Servo basst
Data teld E i ‘ i 1D l

-3¢ Sncior I

10 = track and sector dientfication bytes

They use heads that are permanently sealed with the
disk to eliminate problems with smoke, dus:, and
dirt.

Removable cartridge drives are made with rigid
disks that are 3.9, 5.25, or 8 in. in diaméter. They
are not true Winchester technology, but thay zre
often referred to as Winchester cartridzes. The car-
tridge drives offer high capacity (6.38M bytes for the
3.9-in. unit) and an average access time of 75 ms.
Their data transfer rate is SM bits/s, as compared 10
250K bits/s for floppies. They also usés servo-posi-
tioned heads under microprocessor control. Figure
13-36 shows a removable cartridge and drive. As the
cartridge is inserted, the door slides open 1o permit
access to the read/write heads, which were previ-

midity variations, altering the concentricity of the —ously retracted to track zero. The disk is seaied on

tracks. All points on any track should be at the same
distance from the center hole, but the variations pro-
duce track weave. With very high track density, the
resulting positioning errors cause data errors. The
clamping collett does not always center the disk ac-
curate}y, thus also limiting track density. These prob-
lems have been solved by the newest minifloppies,
which pack 3.3M bytes onta a double-sided disk. The
drives are only half the size of a standard minifloppy.
Greatly improved track density is inade possitle by
a closed loop head-positioning system. Scrvo infor-
mation is written to the diskette when it is-manufac-
tured. A servo writer places a burst of information
in each sector, as shown in Fig. 13-35. A micropro-
cessor-based controller in the drive continuously
monitors the servo bursts and sends correction
pulses to-a fine stepper mptor in the head-pesitioning
mechanism. A coarse stepper motor is also available
for ordinary track-to-track positioning. The result of
this closed loop system is a head-positioning accu-
racy of within 2.5 pm of the exact data track. The
allowable track density increases from 38 to 76 tracks
per centimeter with this system. The disadvantages
are higher drive and higher media costs resulting
from the extra processing step added when the disks
are made. Nonservo drives can use blank disks. A
blank disk can be organized with track and sector
information the first time it is used; this process is
called formatting the disk.

Winchester drives using rigid aluminum disks are
also available for small- and medium-sized computer
systems. The original Winchester drive used a disk
that was 14 in. in diameter. Subsequently, it was
reduced to 8 in., and then to 5.25 in. The disks are
fixed in Winchester drives. Today's small Winches-
ter drives provide capacities from 5 to 100M bytes,

a spindle and secured by a magnetic hub. The me-
dium is shown in cross section and uses thin-fim
plating for the magnetic surface. This metal plating
is 1000 times harder than ferric oxide. for decreased
susceptibility to damage. It is also capable of sup-
porting a magnetic density of over 3000 flux reversals
per centimeter, which is 2.5 times better than thzt of
oxide. A graphite lubricating coating is provided to
shield against damage from dust and dirt. The car-
tridee drives climinate the purge cycle associzied

Disk crass se<tion
(not to scave)

s v ———

A A
ARSI

Heads retract
ta track 000 for |
cartridga insertion |,

Registration diame:sr
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Labyrinth ssa)

Weite-sromct 2
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g. 13:36 Removabie hard disk carzridge and drive.
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with Winchester drives. A purge involves blowing
filtered air over the disk to remove dust and debris.
This can take several minutes and delays computer
operation whed the system is powered on.

Disk manufacturers are experimenting with a ver-
tical recording format that may provide a 10-fold
increase in disk capacity. The current recording for-
mat is horizontal (along the disk surface), as illus-
rrated in Fig. 13-26.. Vertical recording will allow a
much higher bit density if the technical problems can
be worked out.

The performance of disk drives, especially the
floppies, can be “'fussy.”” They may work only some
of the time. They may refuse to read information that
was written to the disk by a different drive. Speed
errors greater than plus or minus 2 perceat are one
cource of difficulty. Speed is adjustable on the older
drives by turning an internal multiturn potentiometer.
It may be set while watching 2 built-in strobe disk
with the drive cover off and with thé mechanism
positioned under fAuorescent lighting. The potentiom-
ster is slowly turned until the strobe bars appear to
ke motionless. Or special diagnostic software may
be available to assist in setting the speed. The newer
drives use a servo speed-control circuit and are not
adjustable. Clamping problems cause hub eccentric-
ity because the disk does not properly ceater on the
drive spindle. Remove the disk and try inserting it
again when problems occur.-Head rr;inu;'rh is the

angle at which the head intercepts the track’s eenter

line. Diagnostic software and special alignment disks
may be available to aid in adjustment. Head azimuth
is critical and will cause errors if it is out of tolerance.
Drives that have seen quite a few hours of service
may develop backlash in the positioning mechanism.
This can be diagnosed with software that steps the
head in one direction to a test track and then steps
the head in the other direction to the same test track.
Any backlash will show up as increased error for one
of the trials. The heads may need cleaning from time
to time. Special cleaning disks zre available for this
purpose. Finally, the medium dogs wear out; when
occasional errors occur, try transferring the contents
to a new disk. '

REVIEW QUESTIONS

18. When readine a disk recorded with the NRZI
technique, the of the read pulses is imma-
terial.

19. When reading an NRZI disk, if no read pulse
occurs within the bit cell interval, we know that a

was stored there.

20. Which disk encoding scheme writes a clock
bit ut the beginning of every oit cell?

21. The MFM encoding method writss a clock
bit at the beginning of a bit cell only if that cell and
the preceding cell contain a 5

22. Which encoding method writes no clock bits
to the disk?

23, What is the maximum number of consecutive
0s fourid on 2 disk using GCR encoding?
“24. Floppy disks are made from Mylar, and rigid
disks are made from n =
25, What is the function of the servo burst
shown in Fig. 13-33? When is it recorded onto the
disk?

13-5
TAPE STORAGE

Magnetic tape storage Was one of the earliest exten-
sions of computer memory. It is-a serial access me-
dium. I the information is located at the other end
of the tape, a significant delay will be experienced in
loading the information back into computer memaory.
Disk storage systems have replaced tape as an ex-
tension of computer memory because they are block
access devices with far less delay. However, mag-
netic tape is still an important part of many computar
systems. Tape drives are commeonly used to back up
disk files. For example. suppose an industrial com-

puter usesa 10M byte Winchester drive to store data--- _

and programs. If the disk fails, how will the" infor- -
mation-be restored? If it has been replicated on tape
the system can be restored in minutes after the disk

“drive is Tepaired or replaced, Seme compuler oper-

ations bave a daily back-up schedule to transfer the
disk contents 10 tape. This practice ensures that no
more than 1 day’s work will be'lost. It is possible 10
back up when using floppies. but the necessary disk
swapping is tedious, U me-consuming. and error-
prone. Tape back-up is the method of choice for
many applications.

Tape is easy to store. It is packaged in reels, car-
tridges, or casseltes. It is less vulnerable to loss of
data than are floppies. The medium itself is 38-pm
(0.0015-in.) thick Mylar with a ferric oxide coating
on one side. The width ranges from 0.38 to 1.27 cm
(0.15 to 0.50 in.). A reel that is 27 cm (10.5 in.) in
diameter can hold as much as 1100 m (3600 fi) of
tape. Modern tape drives use the same high-density
recording technigues as the disk drives discussed in
the last section. By using NRZI recording and GCR
encoding, the storage capacity of a single reel of tape
can be as high as 540M bytes. This is one of tape's
strong features: vast guantities of data can be stored
inexpensively.

The mechanical assembly that drives the tape and
includes the heads is called a transport mechanism.
High-capacity transports use reels to supply and take
up the tape. They also use a capstan drive that ro-
tates continuously. A solenocid-actuated pressure
roller pinches the tape. which then comes up to read-
ing or writing speed in several milliseconds. Reading
and writing are performed at speeds up to 6.35 m/s,
and even higher speeds are used for rewinding. The
rapid acceleration saves tape because that part of it
that passes over the hezds dunng starting and stop-
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ping is wasted. No information can be stored at these
locations. and they are known as interrecord gaps.
The supply reel and the take-up reel are buffered
from the capstan to avoid stretching or breaking the
tape. The buffers are formed by tape loops that hang
in vertical columns undar vacuum tension. The reels
are servo-driven to maintain a constant supply of
tape in the buffers. Tension arms can also be used
ta form the tape buffers. Data are recorded in blocks
with gaps in between. Special start and stop char-
acters signal the beginning and the end of each block.

High-speed start/stop transports are expensive.
Because tape is more ofien used today to back up
disk storage, a less complicated transport is possible.
Back-up tapes do not have to be designed 1o be
searched for specific blocks of data. Streaming drives
read or write all of the disk data in a comtinuous
stream. StarUstop drives require fast mechanical per-
formance and also require identifying header and
trailer blocks to locate specific groups of data. These
blocks are eliminated in streaming drives, and so are

- the interrecord gaps. Thus, streaming tape drives are
less complicated and less expensive, and they pack
more data on the tape.

Figure 13-37 shows a tape read/write head with
scparate gaps for writing and reading. This arrange-
ment allows the data to be verified immediately after
it is written. The head is actually a stack of nine
sections to allow nine tracks or channels to be placed
on the tape simultaneousiv. The nine-track format is
convenient because it allows the data to be stored as
bytes and allows an extra bit for parity. The panty
channel can be used in conjunction with interspersed
parity words to provide error correction. as shown
in Fig. 13-38. A parity weord follows a block of 8 data
byvtes: this arrangement provides a double parity
check. The illustration shows an odd parity system.
All the rows and columns should have an odd number
of Is. The circled bit is in error. It is found at the
intersection of the row and column. where the parity
is even in both cases. This information is used to
locate and change the O bit that is in error o a 1.
Multiple bit errors mas not he detected by this
method and cunnot be corrected in any case. Actual
instances of multiple errors are so low that more
elaborate checking is not warranted. When no errors
are detected. the parity channel and the panty words
are stripped away. and th= information is returned to
the computer.

Cartridge tape systems provide converient and

compact mass storage for mini- and microcomputers.
The tape drive takes up the same physical space as
a minifloppy drive. It contains an end of rape'begin-
“ning of tape (EOT/BOT) sensor 1o prevent overrun-
ning the tape, The cartridge is made from plastic and
contains the tape. supply hub, take-up hub. and drive
roller. The cartridge holds 137 m (430 ft) of 0.64-Cm
(0.25-in.) wide tape. The data capacity of one car-
tridge is as much as 17M bytes, with a transfer rate
as high as 90K bytes’s. Back-up of a 10M byte Win-
chester can be accomplizhed in less than 3 min at
this rate.

Ferrig

0 rmannely

7/

/}9 channe! stack

Fig. 13-37 Typicad 1ape read/write head.

A cassette 1s a specific type of cartridge that was
vriginally desizned to record audio by Phillips of the
Netherlands. The Phillips cassette is a well-estab-
lished standzrd; other cartridges have not yet
reached that same level of standardization. Special
digital cassettes that are based on the Phillips stan-
dard and are certified for binary recording are man-
ufactured. Bisary recording is a saturated form of
recording; audio is nonsaturated. The tape in digital
casseltes uses a magnetic coating that is easier to
saturate. The cassettes hold 137 m (450 ft) of tape.
Some digital cassette tape drives use NRZI recording.
with GCR encoding and place tour tracks on the tape
for a 20M byte capacity. The data transfer rzte is
JOK byvtes's. and a 10M byte Winchester can be
backed up in iess than 6 min.

It is also possible to record binary duta on an
ordinary audio recorder. The binary data must be
converted to zudio tones that fii into the bandwidth
ol thie recorder. Logic Os are represcnted with four
cveles of 1200-Hz sinuseidal audio and logic s with
cight cycles of 2400-Hz sinusoidal audio. The bit time
period is equzl to 3.33 ms for both 0s and 1s using
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this technique. The result is a rather slow bit rate of
300 Bd. The data transfer rate is less, since the asyn-
chronous format requires that 1 start bit and 2 stop
bits be attached to each byte. Various tecliniques can
be used 1o improve the bit rate, and 2400 Bd has

been achieved. However, this still results in a rela--

tively slow data transfer rate. Frequent efrofs are
another problem, and because of these limitations
the audio recording method has found acceptance
only with hobby and personal computers.

Tape reels, cartridges, and cassetles ‘should be
stored away from magnetic fields. They should not
be exposed to dust and dirt. Cartridges and cassetles
may exhibit erratic behavior due 10 binding. It may
be possible to free them temporarily by tapping the
case on a hard surface. It is best to replace them at
the first sign of any difficulty. The drive heads and
other parts may require cleaning. Special cleaning
cartridges and cassetles are available. Follow the
manufacturer’s recommended procedures.

REVIEW QUESTIONS

26. Computer memory can b.e divided into ran-
dom access, block access, and serial access. ‘Which

typeis the fastest? Which type includes magnetic
tape? Disk? ' - 3. 4 R
- -27.: A rhajor application of tape storage isto -

backup_‘,‘__'_._ files. - o ik .

28. Refer to Fig. 13-38, What would happen if -
the top bit in the parity column were-read wrong?
Assume that there would be no other errors.

29, Refer to Fig. 13-38. Suppose two of the Is
are read as 0s in the top data byte. Assume that
there are no other errors. Can the 2 bits be cor-
rected? Which of the 8 data bytes would have to be
flagged with a possible error?

30. Thg Phillips cassette was originally designed
to record

Garret film

13-6
BUBBLE MEMORY

The volatlity of RAM is a serious drawback for some
industrial computer applications, Power failures,
brownouts, and power glitches ¢an wipe out the con-
tents of memory. Bubble memory is based on mag-
netic storage and is nonvolatile. It is used in-appli-
cations such as numerical control, robotics, process

control, remote terminals, and remote data acquisi-
tion.

Bubbles are based on domains. A domain is a
group of atoms with parallel magnetic orientations.
Each domain may be considered as a tiny unit mag-
net. When a material is unmagnetized, its domains
are randomly oriented along three axes. Magnetizing
the material orients a significant number of its do-
mains along the same axis. If the material is mag-
netically saturated, most of its domains will have
achieved the same orientation. It is possible to’limit
the axes of orientation 1o two by making a magnelic
material very thin (less than 25 pm). Bubble memo-
ries are made by depositing a thin crystalline film of
garnet on a substrate. Garnet is a material that occurs

in nature; it can also be manufactured from iron

oxide and yttrium. The domains. in the gamet film
are snakelike in shape and are__perpcgd_icmaﬁy ori- =
ented fo the surface, as shown at the left in Fig.

" 13-39. The flux:direction arrows-and magnetic polar-

ity signs show that the "domain arrangement’is rai-
dom with no external field-applied. When a-weak
external field is applied, the dos '

position to the external field begin to become nar-
rower. As the external field increases in strength, the
opposing domains shrink in length and become cvlin-
drical. They appear as circles when viewed from

above the surface and are called bubbles. If the ex-
ternal field is strong enough, thé opposing domains
will vanish entirely. The external field is called the
bias field.

Rermaining
eppesing
domains ar
called bubbles

mains That are in 0p- -

Magnetically
eap0sing
comairs [+)
Bagin to shrink

Mo external - Strong external
field applied

field appiied

Weak external
field applied

Fiz. 1339 Creating magnaric bubbles with a bias ficld.
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Fig. 13-41 Exploded view of magnetic bubble uzis zssembly
© (A
ARY
o i & a return path for the bias field and also prevents
. i disturbances from outside magnetic forces,

The data storage is arranged in a block replicate

S = . architecture that is shown in Fig. 13-42. The bubble
b5 @ ‘,g\ ! @ chip contains'a number of endless loops. The bits of
successive pages continuously circulate around these

loops. A controller writes into and reads data from

-4 the storage loops by using the input and output

__CN é_'/\\\ iracks. A seed bubble provides a way for the con-

_ 2 troller to wrile a binary 1 to the input tracx, as shown

in Fig. 13-43. The sead is generated when the bubble
memory chip is manufactured by a current pulse in
Fig. 13-40 Bubble propagation latel). the hairpin loop. The pulse is strong znough to re-
verse the flux of the local bias field. and a bubble is

LEZS Mol ——

The bubbles can be used to store binary informa-
tion. The presence of a bubble indicates a 1. and the : 1
absence of a bubble indicates a 0. The bubbles are _u
driven through the gamnet film under a metallic pat-
tern of chevrons. Figure 13-40 shows how the bub-
bles are made to propagate under the ch=vrons. An =
external rotating field interacts with the chieyrons und Loyt e e
provides the driving force. This rotating field 1s pro- [
duced by excitinz a pair of driver coils with two
50-kHz triangular waveforms that are 90° out of
phase. The field rate is 30,000 rps. The data. in the Hiiat B
form of bubbles, circulaie in loops. It requires 82 ms track ain
for one bubble to make a complete loop for an av- : ¢
erage access time of 41 ms to get to the first data bit. T
The data transfer speed is on the order of tens of
thousands of bits per second. Thus, bubble memories .
are serial access. They have no moving parts and
offer very high reliability.

An exploded view of a bubble memory assembly =( Looa 2 =) —
is illustrated in Fig. 13-41. The bubble substrate is N

— Bubcie
Locp 272 = | ‘dEtzctior

T

=

oo ( Loop 3 -

surrounded by two coils that provide the rotating *={ Loco 1 )=~
. field, It is also saadwiched between two permanent Zubble (5
magnets that provide the bias field. The entire assem- gEIEE

bly is surrounded by a magnetic shield that provides Fig. 13:42 Block replicate architecture {Inte!)
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The sead js3oiit
na twa ad one
partisdrheia
the input 173k

AL-CU

Fig. 13-4} Eubble generation (Intel).

created. The permalloy patch acts as a flux concen-
trater. and the seed assumes a-kidney shape and
rotates under the patch in reaction to the combined
bias and rotating fields. When a 1 is to be wrilten to
the input track, a current pulse splits the seed in half.
One half remains as the seed and quickly regains its
original size. The other half, driven by the rotating
field, propagates to the-input track. When a 0 is to
bé written, no current pulse is applied. . %

"A swapping procedure is used-to transfer data

_ (bubbles) from the inpat track 10 the storage taacks.
The old data are brought back onto the input track
for disposal at the end of the line, and the new data
take their place in the storage loop. This occurs at
the swap gate shown in Fig. 13-44 and is accom-
plished by sending a rectangular swap pulse through
a conductor located under the chevrons. When data
are to be read, the bubble is cut in two at the replicate
gate by applying a current pulse with a steep leading
edge. This process replicates the bubble for the out-
put track, and the original data are retained in the
storage loop. This is an example of nondestructive
readou:,

.
e

r

Lol Swap
gate [A}

Oid data
(to be disposed|

Fig. 13-4 Swapping and replication (Intel).

\
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Fig. 13-43 Bubble detection (Inteh

The bubble detector is near the end of the output

track. It consists of a magnetoresistive bridge ele-
ment and is shown in Fig. 13-43. Magnetoresistance
is a change in electrical resistance due to the pres-
ence of a magnetic field. As the bubbles pass under
the detector, an output of several millivolts is gen-
erated. Beyond the detector. the bubbles run into a
rail and are destroyed.. 2 )
Intel Corporation makes the IM-bit 7110 bubble

memory chip. Dummy detectors cancel the common,

mode noise induced by the rotating field. The chip is

“arranged as four identical quads- The entire device
- contains 320 storage Joops, 272 of which are actually -
used. This leaves 48 spares. The decision about -

which to use is made after the unit is assembled and
tested at the factory. The outcome of this decision-is
stored in an extra loop called the boot loop in the
form of a 12-bit code for each active and inactive
loop. Intel does this to increase the number of chips
that will pass as acceptable. Nonworking loops will
not prevent the memory from being fully functional
unless more than 12 in any given quad are defective.
Each active loop stores 4096 bits for a total capacity
of 1,134,592 bits. The external appearance is 2048

Output Rezd

*‘Q‘H Replicat®

& Replicatz CUFERF

ga (B)

s

" TN
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pages of 512 bits each. The physical appearance of

the 7110 is shown in Fig. 13-46.

Inte! also makes a group, of support chips to make
application of the bubble memory device easter. Fig.
1347 shows the block arrangement of the bubble
memory chip,-along with the 7220 bubble memory

. controller, the 7230 current pulse generator. the 7242

formaner’sense amplifier, the 7250 coil predriver. and

* 1wo T254-VMOS coil drivers. One controller chip can B

handle up to eight memory units for a toial of IM*®

byte of storage. : e .

Bubble memorics are extremely reliable. How-
ever, there are a few things that can go wrong. A
memory failure may be duc to the loss of one or
more seed bubbles. This loss is usually causad by
power supply problems. Be sure to verifv proper
operation of the power source for the bubble mem-
ory. A software verification procedure can then be
used 1o check the status of the seeds. Intel recom-
mends the following procedure to reseed the memory
in the event that it is required. It assumes that certain
software routines are available in computer RAM or
ROM memory.

1. Power down.

2. Remove the 7230 pulse gemerator chip from fits
socket and place it into the special seed generator
module.

3. Plug the seed generalor module into the empiy
7230 socket. '

4. Power on.

5. Call ABORT (this is a software procedure thal

.aborts the present command and resets the con-
tro!;er)A - .

6. Call MBMPRG (a purge routing).

7. Cali WI_IBUBL (write to bubble memory routjne:
the registers in the contreller must chntain the
correct data). -

<1

o eode

sus - =

coil predriver

Drive tryrsiszor
VMOS (2-7284 1

el cagreres |

7243 ¥ butble memeny | |

L 7110 i
_4 7730 (C7G)

A curtent pulse

gersratos ! gl

1 megshitbubb’s mores2 77

—————
7250 1LPCH *

|

|

Farmanar!

H
=nse amp 1

. 1]
1 1 recabit bubb ¢ morage unit ; |
T E | {

oo
oo
oo

- . 1emegaba buthls gorage uoid

|

== v

Fig. 13-47 Bubble memory expansion (Imels.

8. Power down,
9. Rastore the pulse generator chip.

The next step is to read the boot loop cole inside
the 7110: this code is used al every power on s 2
part of the bubble system initialization procedurs.
The code is also printed on the device label as in
Fig. 13-48. The code is stored in a register located in
the 7242 formatter/sense amplifier chip. From then
on, this register defines the active loops for reading
2nd writing. The formatter does not store zay infor-
mation to the inactive loops, and the sense am plifier
ignores any data that come from them. Ia troutle-

71101

ONXY ECS1
FFFFEFFFFFFFFFFF
TFFFFFFFFF FFIFFF
FFEIFFAFBABBFEF
FFFEIFFFEEEFFFEF
FFEFERFFEEEEEFAE

INTEL MAGNETICS
MADE I usA

Fiz. 1148 A 7110 bubble memory label <hawing the boot o0p
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<hoeting, the boot loop code should be matched byle
Zar byte with ihe coda found on the lzbel of the 7110
~uhhle memory chip. as shown in Fig. 13-48.

[NODUSTRIAL ELECTRONICS AND ROBOTICS

REVIEW QUESTIONS

11, Lict the three types of nonvolatile m=mory
covered in this chapter,

32. The permanent magnets in a bubble memory
chip are used to provide the field.

33. Bubble memories use a metallic pattern of
_____1{o guide the bubbles as they move.

34, The force that moves the bubbles is supplied
by a ___ magnetic field. 4

35. A 1 is written to the input track with a cur-
rent pulse that splits the bubble into two
parts.

36. With no swap pulses applied in Fig. [3-34,
what happens to the data in the storage loop?

37. What happens when swap pulses are ap-
plied?

CHAPTER REVIEW QUESTIONS

13-1. Calculate the nominal output voltage for
2n &-bit DAC with a 5-V supply and a binary input
of 10010111, i

13-2. Digital-to-analog converiers that use an
external signal as their reference may be referred to
ag - DACs;

13-3. Identifv the A D converter that uses an
up down counter. a DAC. a clock. and a compara-
+ar as the major circuit elements.

13.4. Can successive approximation A D con-
version be accomplished by using a’ microprocessor
-0 write binary data to the DAC and thus eliminate
-he clock and the register?

13.5. The binary output from a dual-slope A/D
sonverter is established by counting the time that
‘he __ signal is applied to the integraior.

13-6. What tvpe of circuit can be used 10
-‘freeze’’ a time-varying analog signal for A/D con-
version?

13-7. How many comparators would be re-
quired o build a 10-bit Aash converter?

i35, Howinany comparators would be re
quired 1o build a dual-siage flash converter with 10
bits of resolution?

13-9. Much faster data rates are possible on

transmission circuits.
13-10. Differences in ground potentials can cause
arrors in circuits using the standard.
13-11. The EIA has established the
dard for bulanced transmission.

stan-

13-12. High-speed data circuits are subject to er-
rors due to reflected signals, especially when the
rrapsmission lines are not properly .

13-13. The RS-232C, RS-422, RS-423, and RS-
149 are all bit serial standards; the IEEE 488 is a
Dit standard.

13-14. Which type of polling on the IEEE 483
bus proviies the controller with most information?
Whiclr ivoe is the fastest?

_ler after a talker or a listener asserts the

13-15. Polling is usually initiated by the control-

line on the 1EF E 488 bus.

13-16. Should the write tab be opened or cov-
ered to write-protect a 5.25-in. diskette?

13-17. Floppy disks — be cleaned.

13-18. What is the function of the stepper motor
in disk drives?

13.19. How is the average access time for the di-
rectory track minimized?

13-20. Which foppy disk uses a hard plastic case
and a1 metal shutter to hide the head access slot?

13-21. Winchester drives use rigid disks that are
_____ with the head assembly.

17-22. When a Winchester drive is first turned

o, tiere is a start-up delay due to the
cytle.

13.23. A startstop tape drive must start and stop
on blank sections of tape known as gaps.

13.-24. Tape drives that are limited to back-up
operation are known as difves,

13.35, Digital casseltes contain tape thal i easies
than audio tape.

13-26. Digital information can be recorded on an
ordinary audio recorder by converting the 0s and 1s
0 S

13-27. What happens when data are read from
the storage loop in a bubble memory?

13-28. The bubble detector is based on the prin-
cipleof —.

13-29. Where is the code that identifies the ac-
tive loops in a bubble memory chip stored?

13-30. How many bubble memory units can the
Intel 7220 controller handle?

13.31. Under rormal circumstances. when are
the sead bubbles generated?

13.32. When is the boot loop code normally read
into the 7242 formetter/sense amplifier chip?

(4]
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"§2.33. Is the boot loop code ever read at any " 13.35. What are the other two names used for
other time? the IEEE 488 standard?

1334 Is it .passible to reseed a bubble memory?

ANSWERS TO RE I.’IEW_QUESHDNS ‘e

1. 000483 V: 4993 V2, 0.098 percent 3, 0.024 percent 4. 7.5V 8. staircase 6. 512 ps 7. 16 ps - 8. pone,
9, one of eizht anzlog inputs  10. it decreases: it will be less 1L pnbalanced 12, balanced- 13 unbalzrced
14, hysteresis 15, RS-423 uses the driver ground enly: R8-232C grounds both ends  16. they control handshaking
17. from 610 9 18. polarity 19. 0 20. FM 21 0 22. GCR 23.2 .24, aluminum 235 provides control
information for accurate head positioning when the disk is manufactured 26, random; s2pal: block  27. disk
28, the error intersection would occur at the parity bit. and all 8 data bytes would be accepiad as being commsc
29, no: all'of them  30. audio  31. disk. tape. and bub=le 32, Bizs 33 chevrons 3. rotating 35 szed  26. 0t
circulates continuously  37. new data enter the storage ioop and old data leave it




OPTOELECTRONICS

The combination of optics and electronics,
called optoelectronics, has evolved into a ma-,
jor factor in industrial systems. Devices such
as light-emitting diodes, lasers, photodiodes,
and fiber optics, along with the older st -
dard devices such as photo cells, will © . ov-
ered in this chapter. The theory of operation
of optoelectronic devices, their characteristics,
and their applications will be presented.

14-1
EMITTERS

There are many different lizht sources. st.o as ting-
sten lamps. fluorescent lamips. neon lamps. xeno
lamps. and light-cmitting ¢iodes (LEDs). The char-
acteristics and operation of the conventional light
sources (lamps. flash tubes, sunlight) are familiar.
This section will be deveizd to a newer source, the
LED,

Electroluminescersze 1. solids 1s a phenomenon
which has been well known and intensively studied
for many years. Perhaps 15 most commany utilized
zpplication of electroluminescence is in the screen
of an oscilloscope or a television set. Better Known
=5 rathadeluminescence. this type of ¢lectrolumi-
nescence is caused by the collision of high-energy
electrons with the phospier conting which lines the
inside surface of a cathode-ray tube. One particular
tvpe of electroluminescenc<e has given rize to an en-
tirely new field of technology. This is the phenome-
non of PN junction elec:roluminescence, which re-
sults from the application of direct current at a low

voltage to a suitably doped PN junction. This is the

basis of the, LED. a PN mnction dipde that emits
light when biased in a forsard direction. The light
emitted can be in either the invisible (infrared) or the
visible spectrum.

Semiconducting light sources can be made in a
wide range of wavelengihs, ranging frem the near-
ultraviolet recion of the elactromagnetic spectrum to
the far-infrared region. This wavelength limit is due
to today’s production coastraints. The I.EDs used in
clectroniz applications (== emitters) are normaily-in-
Srarec-emining diodes (IREDs).

Srectral radiation can e divided inio two basic
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types: colierent light (in which the light waves are in
phase and are usually produced at cryogenic lem-
peratures) and noncoherent light (the waves ar= out
of phase with each other). The following discussion
will consider only noncoherent light emitters, invis-
ible as in the case of IREDs or visible as with LEDs.

A PN junction can be formed in a semiconductor
material by doping one region with donor atoms and
an adjacent region with acceptors. If an external biag
is applied across the junction, a bias current flow in
the PN junction causes holes to be injected into the
N-type material and electrons to be injected into the
P-type material. This process is illustrated in Fig.
14-1. The radiation from a PN junction arises from
the recombination of ¢lecirons with the minerity car-
riers. and energy proporzional to the band gap energy
of the semiconductor material is released. Some of _
this energu is relcased as light. and the remainder is
released as heat. The proportion is determined by
the mixture of recombinztion processes taking place.
The energy contained in a photon of light (shown in
Fig. 14-2) is proportionzl to the frequency (that Is.
the color). The higher the band gap energy of the
semiconductor material forming the junction, the
higher the frequency of the light emitted. Inindustry,
the waveclength of emitted light is commonly ex-
nressed in nanometers (nm). Photon energy can be
converted to wavelenezh by the equation

Acceptar
level



_ 120
E

energy transition, electronvolts (eV)
wavelength, nm -

A

e A
.
1

where E
Ak

It is possible to increase the wavelength by de-
creasing the band gap energy. Wavelengths of 1000 nm
are possible but expensive to produce. However, the
long wavelength emitters zre useful in fiber-optic
communications and will be covered later in this
chapter. Commercialiy available LED devices are
made from gallium arsenide (GaAs), gallium phos-

L

* phide (GaP). or the (three-element) ternary com-

pound gallium arsenide phosphide Ga (As,P).

There are two types of IREDs, and both usz 2 low-
band-gap; silicon-doped epitaxially grown material,
gallium arsenide (GaAs). The GaAs diodes are effi-
cient and very reliable and produce a peak wave-
length of 940 nm. The second type is manufactured
by replacing some of the gallivm with aluminum. This
increases the band gap energy, yielding an IRED with
a wavelength of 880 nm. The gallium aluminum ar-
senide (GaAlAs) emitters are much more efficient
than the GaAs emitters. Also, their wavelength 1s a
better match for silicon detectors, thereby increasing
system sensitivity.

Gallium phosphide (GaP) is used for visible-light-
. emitting diodes. The mechanism for visible light ra-
¥ diation is the-same as for the infrared diodes. The

* ' tramsition of electrons from the conduction band to
the acceplor level releases 2 photon- The wavelenzth

_ - of the photor is'in the visible spectrum as shown in

.~ Fig. 14-37and for the green LED, A =360 nm. The
wavelength is dependent enzthe_ energy gap of the
semiconductor. For GaP, E, = 2.24 &V, and the
wavelength is (560 nm). It should be noted that there

is a single transition of electrons from the higher to

i lower bands. If an impurity such as oxygen is con-
tained in the GaP semicoaductor, an intermediate
encrgy level will exist deep in the forbidden region
close to the valence band. Figure 14-4 shows the
oxygen level, E,,, appearing 1.8 ¢V above the ac-
ceptance level. This oxygen trapping level will force

the electrons to have double transitions, one from

the conduction band to E,,. and the other from E,,

10 Eacc. The photon release during the first transition

period is of low epergy deep in the infrared arca.

This transition is of no velue to the operation of a

visible LED. The second transition, from E, to

& l/— ~ \\
z I Photen \'\\ Earsard
= 1.37 eV e e e e
z £ l ¥ enn bl
E, ——S—=—F,
£, \'E:cq N yeel

Distance
Fig. 14-2 Photon emitied by forward-biased diode.
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Fig. 14-3 Vis™7elight spectral charagteristios. _

Eicc. will cause radiation in the red arez of the
specirum a: A = 700 nm. The combination of both
red and green emission, by double transitions dus to
increased current, will give a yellow or orangs light.
_At high current levels, most electrons make the sin-
gle transition from E, to Ecc. and green light of high
intensity results. The red emission in this case is
negligible compared to green emission.

The Ga(As,P) is produced as an epitaxial layer
grown on a substrate of either GaAs or GaP. The
grown wafer is then processed to produce PN junc-
tions with photolithography used to shape the struc-
ture. Figure 14-5 shows the cross section of an LED.
The photons generated at the junction of a PN elec-
troluminescent diode are emitted in 2!l directions. If

Fiz. 144 GzP junction with oxygen doping.
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Fig. 14-3 LED siructure.

the diode substrate is opaque, asin the case of GaAs,
only tHose photons which arc emitted upward within
a critical angle will be emitted as useful light. All
other photons emitted into or reflected into the bulk
crystal will be absorbed. This phenomenon is illus-
treted in Fig. 14-6(a). Gallium phosphide is nearly
transparent compared 1o GaAs: diodes grown on the
GzP substrate will exhibit improved efficiency
caused by the emission of photons which would be
absorbed in the GaAs substrate. This is illustrated in
Fig. 14-6(h). The most common uses for visible
LEDs are in displays; their implementation will be
covered in the next section.

The surface-emitting infrared diodes are similar in
structure to the visible LEDs. They are used whare
low cost and moderate performance are required. [t
is possible to construct an edge-emiiting IRED. The
physical structure of an edge emitter consists of a

Emitied photons

Abwarbed
photens

Ca2s7 on opague GaAs subsirate

la)

‘TL\\ Jo=

INSY

| 7 7

_ Reflactive sonsact
&)

rattspareal end oragoe substrates.

Metailic
stripa contact

\.‘\\f‘\\: Si0,

Cunenk
distribution

Recombination
regian

Fig. 14-7 Edge-emitting diode structure.

rectangle-shaped semiconductor die (PN junction) in
which the radiant output is emitted from the edges
of the diode in the recombination region of the junc-
tion, as shown in Fig. 14-7. The lateral size of the
radiation area is usvally defined by etching an open-
ing in an oxide insulating layer and forming an ohmic
contact by depositing 2 metal film into the open con-
tact region. This type of construction is referred to.
as edge emitters utilizing siripe geomewry (as op-
posed to the surface-emitting structures just cov-
ered). The edge-emission structure has an oxide met-
allization stripe constricjing the current flow through
the recombination region to that area of the junction
directly below the stripe contact. It is possible by
using this technique 10 confine the radiating portion
of the junction to a spot approximately S0 microm-
eters (um) in its largest dimension.

When the edge-emitting structure is combined with
some other epitaxial processes, it is possible to re-
striet the angle of radiation to a relatively narrow
angle. A comparison of this narrow edge radiation
pattern to the parallel (aorface) pattern is shown by
IVig. 14-8. Thesc devices ~xhibit cacellent high-speed
performance in excess of 100 MHz and are capable
of a much greater cutput of radiant flux.,

As mentioned earlier, the surface-emitting infrared
diodes are used in modest-performance applications.
Thed exhibit power outputs of 2 to 7 m\Y in coatin-
uous service and 26 to 200 mV in pulse service at
940 nm. Figure 149 shows the radiant flux output
from a typical IRED entitter at a temperature of 27°C.
It is crucial to maintain a safe operating te mperature
as with all semiconductors. There is an order of mag-
nitude (factor of 10) difference between the radiant -
flux output for the steady-state and pulsed modes.
These are flux curves, not (o be confused with the
characteristic volt-ampere curves of the diade, which
are shown in Fig. 14-10,

The presence of infrared (IR) light is not ebvious.
It cannot be seen by the eye; special meaans of de-
tection, which are discussed later in this chapter,
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Fig. 1410 Typical V-7 characteristics of an IRED.

must be employed. The wavelength (long comparad
to visible radiation wavelength) would permit the
transmitted flux to pass through the paper of this
book as though it were transparent. Blocking or in-
terrupting this wavelength requires a more d2nse ma-
terial-and this point should be kept in mind. Suitable

m

précantions should be ‘taken o protect one’s eyes

from the raciant-flux. This safety consideration will

- be covered in more detail when lasers-are explored.

For best performance, emitters should be biased
from a current source rather than a voltgge source.
A simple solution is to place a resistor i series with
avoltage source to approximate a current source. A
few examples of typical emitter circuits are shown
in Fig. 14-11. These are building blocks for the more
sophisticated and optimum circuits. Information can
be mpressed on the emitter output by modulating
the bias input to the diode. The modulation is of the
amplitude modulation (AM) type. Either voice or
radio frequency (RF) signals can be used for modu-
lation, but it is important to know the frequency
limitations of the diode being modulated. Typical
(simple) modulator circuits are shown in Fig. 14-12.
As mentioned previously, frequencies in the
100-MHz region can be obtained with some emitters.
Note that all circuits have a current-limiting resistor
in series with the diode.

The IRED is often operated in the pulse mode for
the transmission of digital information over short dis-
tances or to send signals in and out of various un-
friendly environments such as gas, water, and high
voltage. The circuit may be as simple as Fig. 14-13(a)
or as complex as Fig. 14-13(h).

The IRED has a maximum reverse voliage rating
of only 2 V, and this value should not be exceeded.
Many IRED:s are destroyed during testing. Check all
data sheets thoroughly before performing any tesis.

Some of the GaAs diodes are assembled in con-
junction with a glass lens to produce 2 narrow-beam
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Fig. 14-11 Typical emitter circuitsblocks.
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(a} Simple circu

+20V

t&] Complex circui

Fig. 14-13 Pulse circuits for emitter LEDs. (a) Simplified circuil. (b) Complex circuit.
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Fig. 14-14 Typical lens-corrected radiant flux pattern.

pattern, as shown in Fiz. 14-14. These IREDs ars
intended for use in a wide variety of industrial ao-
plications, including high-speed counting, intrusioz
alarms, edge detection and control, collision prote:-
tion, and data transmission.

REVIEW QUESTIONS

1. Light emission from a forward-biased PN
junction is known as

2. The lower the frequency of the light emissica.
the ______ the wavelength.

3. Infrared-emittinz diodes emit coherent light
waves. {true or false)

4. _ arareleased as part of the enerzy of
recombination in the PN junction.

5. Calculate the number of electronvolts required
for a wavelength of 620 nm (near red).




INDUSTRIAL ELECTRONICS AND RUBOTICS

6. The GaAlAs diode emits a

nm wave-

_ light
radiation.

1-‘1’ 2

DETECGTORS (SOLID-STATE)

ke reverse-hizsed PN junction is basic to operation
of photesensitive samiconductor devices. When a
photon is shsorhed in a semiconductor, a noi -elecs
tron pair is formed and swept across the junction by
the clectric field () developed across the depletion
rezien. A photocurrent due to the separated hole-
eleciton pairs results. The electrons go to the N side,
and the holes go to the P side. Separation-of a pho-
ton-zenerated hole-electron pair is more likely to oc-
cur when the pair is formed in & region where there
is an electric field (e): see Fig. 14-15. The alternative
to separztion is for the hole-electron pair Lo recom-
bire. with no contribution to photocurrent. The pho-
tocurrent flow in the external circuit is proportional
to the illumination.

Electric field distribution in a semiconductor diode
is not uniform. as indicated in Fig. 14-15. In the
rezions of the P-type diffusion (front) and N-type
diffusion (back). 1he fizld is much weaker than it is
in the center region. known as the depletion region.
For best results. a photediede should be made so as
to allow the greatest number of photons to be ab-
sorbed in the depletion region, That is, the photons
should not be absorbed until they have pencirated as
far as the depletion region. and they should be uk-
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Fig. 14-16 Photodiode pain versus reversa voltage,

sorbed before penetrating beyond the depletion re-
gion. .

The depth to which a photon wiil penetrate before
it is absorbed is a function of the photon waveleng:h.
Short-wavelength photons are absorbed near the sur-
face: those of longer wavelength may penewrate the
cntire thickness of the crystal (see Fig. 14-13), There-
fore. if a photodiode is to have a broad speciral
response (bread spectrum of wavelengths) it should
have a very thin P-layer to allow short-wavelenzth
photons to penetrate, as well as o thick depletion
region to maximize pholocuiicil from the long-
wavelength photons.

The thickness of the depletion region depends on
the resistivity of the region to be depleted and on the
reverse bias. A depletion region <xists even it no
reverse bias is applied because of the “built-in™ field
produced by diffusion of minority carricrs across the
junction (at room temperature). Reverse binsing zids
this built-in field and expands the depletion regicon.

[n PN photodiodes, a thin P diffusion allows good
short-wavelength response. A deep P diffusion de-
grades the short-wavelength response but lowers the
bias required for good response al longer wave-
lengths.

An avalanche photoediode [APD) uses avalanche
multiplication to amplify the photocurrent created by
hole-electron pairs. The PN junciion is operated at
a high reverse bias voliage needed for avalanche
multiplication (refer to Fig. 14-16). Very high multi-
plication factors (M) can be achieved, but the process
is very noisy. The photocurrent signal gain is mag-
nitude-dependent on the reverse voltage, as illus-
trated in Fig, 14-16. These devices are usually apti-
mized for detection of infrared-radiant enerzy but
sre useful from audio to microwsave frequencies.

Because the nvalanche photediode’s temperature
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- stability is poor it must be carefully controlled (see
* Fig. 14-17). To compensate for this effect, diode pairs

consisting of an avalanche photodiode (APD) and 2
small reference diode are” manufactured together in

* 1the same package: This pairing makes it possible to -
build a temperature-compensating. bias circuit that-

~will hold the avalanchg gain constant over wide tem-
“perature variations, The diede pair is in_a hermeti-
cally sealed case with a window of borosilicate glass.
Figure 14-18 shows a block diagram application of 2
temperature-compensating bias circuit for an ava-
lanche diode. .
Besides® tHz"photocurrent generated, & dark (re-
verse leakage) current exists in a photodiode. The

"Constant
currant
source High-woltage
I =100 gA bias supply (=)
Errar
Breakdown T smplifier

woltlage
of referance Fass
diode element

Bias epplied
o APD e

Photodiode/ -
* reference ! 5
dicde pair

Sigral
cutout

Trangmpadznce

amplifier

~ Fig. 1418 Avalanche photodiodelreference diode packzze and
block diagram.
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are surface leakage and bulk leakage. The name dark
* ctirrenr indicates what it implies: the current (leak-
age) that flows without light. The surface leakage of
a photodiode is 100 times that of the’ bulk leakage.
Some photodiodes employ a unique diffused guard
fing construction to minimize this surface leakage.
Figure 14-19 illustrates the guard ring diffused on the
active area. In normal operation the guard ring (a PN
junction of its own) and the active area are biased at
the ‘same potential. The surface leakage is now
shunted around the lozd resistor and flows through

the guard ring, as shown in Fig. 14-20. Now the main _

source of leakage will be the much lower bulk leak-
age. The shunting of surface leakage around the load
by the guard ring also improves the diodes’ noise
figure since the noise current varies directly as the
square root of the leakage current.

The light-sensitive transistor is in reality one of
the simplest photediode-amplifier combinations. Di-
recting light toward the reverse-biased PN junction
(collector-base) generates base current, which is am-
plified by the current gzin of the transistor. Figure
14-21 shows the schematic, equivalent circuit, and
junction (with depletion region). External biasing of
the base is possible, if that lead is available, so that
the equation for emitter current is

L=0+LYhege+ 1)

I, = base current
I, = photon-generated base current
I, = emitter current

hgg - transistor de current gain

where

- fwomain '_c_on'lribumrs o-'r‘d'ar_k'cufrcﬁ:'(diodg leakage) -
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V, = I, Ry = output volts
1, = photocurient
(&)

A = Act'vz avea cathode
G = Guard ring cathode

€ = Common anods

R, = Load resistor

Fig. 14-20 Avalanche phetodiode/guard circuil. (a) Basic operat-
ing ¢ircuir. i2) Photodiods'op amp circuit.

The sensitivity of this tvpe of transistor can be
influenced by the bias levels at the base. The re-
sponse of the phototransistor will vary as hgg varies
with current, bias voltage. and temperature. A high
value of hz; and a large collector-base junction area
are required for high sensitivity but can also cause
high dark current levels when the collector-base
junction is reverse-biased, as indicated in Fig, 14-21,
The phototransistor dark current is given by

loo (dark) =

collector-base junction leakage current
(the “*o"" denotes an open emiiter lead)

fpe % o

where [, =

Photons
Wirets
base
1ermingt

Ndif
emiitar

sien

A S
TRdiMuseh T -

Froto
sensitive
junction

B3 gconectar

N substrate

Phatga; ode reginn l S

ransistor resign

Fig. 14-22 Phototransistor.

This leakage is proportional to the junction area
and the perimeter at the surface, Careful processing
of the transistor chip, shown in Fig. 14-22, is required
to minimize the dark current and maintain high light
sensitivity. Typical phototransistor dark currents

with a 10-V reverse bias are on the order of 10 nA

at room temperature and double by a factor of 2 for
every 10°C rise in temperature. This is a very im-
portant ‘point and worth remembering; it could min-
imize troubleshooting time when temperatures are
suspect.

Dark current effects may be minimized for low
light applications by keeping the base-collector junc-
tion from being reverse biased, that is, having a V.,
of less than one silicon diode forward voltage drop.
This technique will allow light currents in the na-
noampere range to be detected. The circuit shown in
Fig. 14-23 illustrates this type of operation. The band
gap effect of the doped base-emitter (B-E) junction

I... = collector-emitter leakage (the "o’ de- of Q) sets the open base potential. thereby forcing
notes an open base lead) Vie (1) to be equal to one diode drap. Since Vi (Q))
c c
Yer
[ o4 =
- = = A
’—‘M'j [
X))
X ' + (31 ;
':Q‘t = ///#2/ Depletion
o= f‘/" region
Eb—@) B M—@) . B / ?‘/g
‘|I: N
[-
E B & a Q? -
| I
Ouicut Cutput E
{a) = (] t
istor circuit and junction repre on, (¢) Schematic dizgram. (&) Equivalent

resentation.



Fig. 14-23 Very-low-level phototransistor circuit.

closely approximates Vi (1) (one diode drop each),
Vie (0y) is approximately equal to zero (0). This is
now a minimum-leakage condition for the phototran-
sistor. '

~ The light falling on a given arca varies inversely
with the square of the distance from the source; the
relationship between light intensity L (in lumens),

and the strength of the source C (in candela) is - *=

e o A

e St De AR

" where - C= luminous intensity”in candela- ~ -

. A =.area illuminated in squars metérs
d- = distance from source to area in meters

-~~~ Figure 14-24 shows typical characteristic curves of

a phototransistor. The usual base steps are now in-
tensity steps in lumens.

The photodarlington basically is the same &s the
phototransistor, except for its much higher gain from
two stages of amplification cascaded onto a single
chip. Figure 14-25 shows the photodarlington sym-
bol, its geometry, aad its equivalent circuit. The for-
mula for the photodarlington's emitter current is

=
" o
L Sy ¥
N N O =

e
<
-

10— y L=bmilVien

=

Vie IV
Fig. 14.24 Typical characteristic curves of a phototransistor.
I = Ly(hee) (heea) + Lolhee)
Because I >> I
Lo = Iy (hpey)-(hre)

where ~ -I, = emitter current, each device
- I, = photon-produced current, each re-
s

he = <cusrent gain of cach transistor, dc ...
- *To maximize sénsitivity. I;, should contain a large
.portion of the photon-produced current. This is ac-

complished by expanding the base of the pellet so
the photodiods dominates the lopography, in the
same way as the phototransistor does in Fig. 14-22.

Optimization of both short- and long-wavelength
response (ultraviolet [UV] to infrared [IR]) at low
reverse voltage requires a PIN, rather than a PN
diode structure. A PIN diode has a thin P-type dif-
fusion in the front and an N-type diffusion into the
back of a wafer of very-high-resistivity silicon. The
high-resistivity material between the P-type and N-

Cc

e}

I = Ly Ve W) + Lo i)

Fig. 14-25 Photo Darlington (a) Symbel. (b) Constructiozn.
(¢) Equivalent circuit.
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= diffusions is called the inpinsic region, or I

lizon planer PIN photodicdes are ultrafust
visible and infrared radiation, Their re-
to blue and violet is exceplionally good.
Spead ol response of these detectors can be less than
! ns. they are particularly weil suited for laser
pulses. and their bandwidth is from direct current o
1 GHz. Thair low dark current or leakage current
{fusually in picoamperes) results in an almost negli-
gible noise current. This is a great asset for fiber
optics (discussed later in this chapter).

The electrical characteristics of the PIN photo-
diode are shown in Fig. 14-26. Close scrutiny will
reveal that the PIN photodiode may be operated as
" a photovoltaic device (right-hand 2.5-M1) load line),
in which the light impinging upon the unit creates a
voltage which varies in propertion to the input light.
This mode of operation is shown in Fig. 14-27. Op-
eration in this mode requires no external bias, and
the photodiode generates the load voltage when il-
luminated. This photovoltaic operation can be cither
linear or logarithmic, depending upon the selected
value of the load resistance. Logarithmic operation
is obtained if the load resistance is very high (greater
than 10 M{1). With an inpmt FET or a BI-FET op
zmp. this can easilv be achieved. as shown in Fig.
14-28(), If the amplifier has a very high input resis-
tance. the loop gain is (I — RJR;) The speed of
response of this type of amplifier is very slow, with
a time constant of approximately 0.1 s. If high speed
is required, the logarithmic amplifier should be pre-
ceded by a linear amplifier.

The more common mode of operation for the PIN
photodivde employs reverse bias (as with the PN

photodiode), and this mode is called the photocurrent
or phatoconductive mode. The main drawback of the
photocurrent mode is the flow of dark current, which
is due io the reverse bias. As mentioned previously,
dark eurrent 15 that current which flows whzn no
radiant flux-is-applied to the dipde. For best linexa
operation, the phutodiede should Le vperated with
as small a load resistor as possible. Figure 14-28(b)
shows the typical amplifier arrangement. The invert-
ing input of the amplifier is at virwal ground: the
dynamic resistance of the photodiode is R, divided
by loop gain (greater than 10 k). As shown in Fig.
14-28(b), the output voltage will rise (go positive) in
response Lo the optical input signal. Reversing both
the photodiode and V. will produce a drop (output
voltage will go negative) in the amplifier output for
an optical input. The output voltage from this circuit
is
Vo= Ry ([, + laan)

The speed of response is greatly improved and is
now limited by the amplifier.

-In most discrete-device literature, the photo SCR
is often-termed a light-activated SCR (LASCR). Fig-
ure 14-29 presents the schematic symbol, structure,
and equivalent circuit of this device. The photon
current (f,) generatedin the reverse-biased PN junc-
tion (depletion Tegion) reaches the gate region to
forward bias the WPN transistor and initiate switch-
ing. Since the photodiode current is of a low level.
a LASCR must ke constructed so that it can be
triggered with a very low gate current. The high
sensitivity of the LASCR causes it to be sensitive
also to any effect that will produce an internal cur-
rent. Therefore. it is very sensitive to temperature,

Ll b v
¥ i
— 1l——|
I |
. 1 1 |
i | Dark | vy
1
- |i | | .
= ] ]
_20 i ! e == | \
= yon 100 n¥/mm e }—
| !
z i | |
E -0 HE i i
B !
i \ | 2?0 s iu m,i — | Fhotovoltaic
N = \_: carrant mode | mode
—501 . ocnaduct iva) i ]
\ Y‘Lzs- wr i ‘ _,//S
i 300 n“h':hqf__,____....——--"‘.""’i-f; g senn—\
- g | | ! 1 i
=12 -10 -8 -8 -4 -2 -0 V20
Vy —diode votioge — W

soimcal che eristics of a PIN photodiods,




Aag S5 180

Ip+1g R,

"B - -
' V=R ihs L =
: - 18
Fig. 1428 Two modes of PIN photodiode operalioa using Op 2mps
A
k‘:,:
G
c
ta} [£-3]

CHAPTER 14- OPTOELECTRONICS 393

applied voliage and rate of change of applied voliagz
(dvidr), and it has a longer turn-off time than a typical
SCR. All other parameters of the LASCR are similar
to those of an ordinary SCR, so that the LASCR can
also be triggered with a positive gate signal. Most
commerciclly available LASCR types are of com-
paratively low carrent rzting(less than 2 A). In prac-
tical applications they are used to drive 2 higher-
power device, usuzlly another SCR.

There ars many other photodetector combinations
-using integrated circuits that allow many combina-
tions. Among the possibilities are FETs, triacs, logic
devices, and MOSFETSs. These will be examined in
the optical coupling section.

Another basic type of photosensor uses the pho-
toconductive bulk effect. The photoconductive bulk
effzct cells are normally made of cadmium sulfide
(CdS) or cadmium selenide (CdSe). Unlike the pre-
vious tvpes discussad, they have no juaction, The
entire layer of material changes resistance when il-
Tuminated. The photoconductive cell decreases in re-
sistance as the light level increases and increases in
resistance as the light level decreases. The respons:
curve of 2 cell is shown in Fig. 14-30. The responss:
curve-of resistance versus inténsity (lumens) is noz-
linzar: however, over a limited range. of intensities,
. linear approximation is valid. Figure 14-31 shows .
the electrical symbol aleng with a drawing of the

- usual configiration of the cell. 77

Although photeconduciors require an externzl |
power supgly, a sensitivity 1000 times greater then -
that of the phowovoliaic types more than compea-

“sates in most applications. Because of their low cost,

a pair can be used for temperature compensation in

Equiv.
PNP

F |

ce

Fig. 14-29 Photo SCR (LASCR). (a) Symtal. (bj Construction. fc) Equivzlznt cirsuit.
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a Wheutstone bridge arrangement. One cell is
shielded from light so that its resistance is enly a
funciion of the surrounding temperature; the other—
cell is placed in the oppdsite arm of the bridge 1o
maasure leht intznsity, as shown in Fig. 14-32. |
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Fig. 14-34 Aren image seasor with 328 x 490 pixels.

but these types of cells are being replaced by solid-
state devices. The resistance in the absence of light
usually exceeds | MO the resistance under a given
light condition can be as low as 100 Q. The small-
size cells find extensive use in light-meater circuits.
The CdS ccll has a drawback, however: If exposed
to a very strong lizht (saturated), it displays a “mem-




ory” and may take hours 0 return to the original
*dark™ resistance.

Many industrial control systems use punched
cards (paper, plastic, metal) or punched tape to input
piograms oi data. To meet these requirements, mazy
arrays usually containing 9 or 12 devices per unit are
available, The device may include some logic. along
with a biasing network. A precise malching emitter
array (IRED) is usually available to allow proper
alignment. These devices are being replaced by disk-
eftes, magnetic tape, and cards.

The solid-state image array sensors (line scanners)
include anywhere from 64 10~10,000 individual pheo-
todiodes, which arc scanned to provide serial output
on a single video line. Applications include pattem
recognition, size and position monitoring, and m-
spection. . A 2048 by 1 linear image sensor is shown
in Fig. 14-33. The sensor elements are also called
pixels, which stands for picture elements. Their op-
eration is based on charge-coupled devices, trans?:r
gates, and drive circuitry. The area image sensor of
Fig. 14-34 has 328 horizontal and 245 vertical pixels
for camera operation. High-resolution sensors with
1024 by 1024 pixels are being developed for robot
vision systems and as replacements for vidicons and
other tube-type image sensors.

REVIEW QUESTIONS

8. Photon absorption results in the formation of
a hale-electron ima PN junction.

9. Recombination will occur when the pair is
formed in an _ _field.

10. The electric field is greatest in what region of
the PN junction?

11. Short-waveleagth photons will penetrate the
entire crystal. (true or false)

12. An avalanche photediode uses bias.

13. The avalanche photodiode is used mainly for
— detection.

4. Leakage currents are the main contributors
10— current in a photodiode.

15. The phototransistor must have its base for-
ward-biased. (true or false)

14-3
DISPLAYS

Incandescent. fluorescent, and ncon lamps have been
in use for a long period of time and in a wide variety
of applications. [n racent years, the solid-state LED
has replaced these earlier lamps im many appliva
tions. Most new desiens and applications use the
LED indicaiors and displays. Therefore, it is impor-
tant to know and understand the properties and char-
acteristics of the LED-ype devices.

Mast commercial LEDs are manufactured by en-
capsuluting the diode chip inside a plastic packase
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with an immersion lens directly above the junction.
The immersion lens arrangement resulis in a light
output which is concentrated in a narrow beam and
applies only to LEDs in undiffused plastic. This con-
fizuration is used for backlighting applications and
those applications requiring a concentmaled lignt
source.

A front panel indicator requircs a wide off-axis
viewing angle. To obtain this wide viewing angle, a
diffusant is added to the plastic 1o disperse the light
iy s being emitted, Dye coloring is also added to tint
the plastic to enhance its on/off contrast.

As mentioned earlier, not every photon generated
within the PN junclion emérges to the surface. The
GaAsP/GaP devices have an efficiency of approxi-
mately 80 percent. When light passes from a medium
whose index of refraction is N to a medium whose
index of refraction is N, a portion of the light is
reflected back at the medium interface. This loss of
licht is called fresnel loss. Without going into the
physics of lens construction, it will suffice to say that
coating the lens with an intermediate material with a
suitable index of refraction (say, N.) reduces the
fresnel loss to permit almost 98 percent efficiency.

The LED packages take on many physical shapes
1o meet a wide variety of applications. They may be
rectangular. round, dot-shaped. or the size and shape
of tvpical incandescemt lamps. Some units mav have
additional components integrated inside the LED
puckage, An exampte is the resivion LED indicator.
The integral resistor is a nominal 215 (), allowing the
lamp to be driven directly from the 3.0-V supply for
a logic gate. Otherwise. an external current-limiting
resistor will be required. Some LLEDs can produce
red or green light from one package. They usually
are equipped with a mitk-white ditfused lens to pro-

OPTOELECTRONICS

“vide good on-off contrast. They have three lcads and

two anodes (one for red and one for green) with a
common cathode. This device is used inapplications
that require an indicator for the three states of inter-
¢st and provide more information than an on‘olf
lamp. Some applications require that amalog infor-
mution be converted into a visual light display. This
has typically been done with a panel meter. Many
analog displays require only moderate accuracy and
resolution. Light-emitting diode bar/graph modules
can often be substituted for meters in these applica-
tions. The LED bar'graph displays consist of a linear
array of LEDs that are driven by a device that de-
codes an analog or digital signal into a bargraph
indicator display code. Figure 14-35 is anexample of

Fig, 14-35 DIP bar
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| a bar/graph display. Most units are fabricated to be
j>—f‘- stackable. In some cases, 10 arrays are cascaded to
; i l 5= form a bar graph of 100 elements. The totally inte-
% SN B3 grafedunits contain drivers. a reference, and thresh-
-~ old detectors and may be programmed 10 be linear
; PEEAL .;‘Lm  or logarithmic or to display volume uaits (VU). Fig-
Eataia b —L "“ure 14-36 fllustrates the block and ‘connection dia=. - © .
Vies | grams for an LED bar/graph display with driver. The
T . Fai device can produce a barigraph display histogram)
- . Fom | : or a moving-dot display, depending on the mode pin.
V- keDD l Some units can produce an automatic color thange

(tvpically green to red) 10 indicate overrange, over-
load, or some unsafe condition. A combined analog
and digital readout is very desirable in many in-
stances, such as in process control. Such a dual-type
readout display is shown in Fig. 14-37.

The LED display devices have expanded very rap-
idly and now include a wide varety of distinctly
different products. Four generalized categories are

the following:

1. Displays with on-board integrated circuits
2. Strobable seven-segment displays

3. Dot matrix alphanumeric displays

4. Magnified monelithic displays

% l‘:!’:ﬁ‘.ﬁi‘.‘_ﬁi‘&;mﬂ All the displays use the GaAsP type of diode and
Resstar | Linzar 1og v can offer colors of red, green, or yellow. The most
. ookn | 10xm |o070en prominent feature of any display is the p_hysical ar-
A2 Looke | 041k o 15310 rangement of the display eclements. This arrange-
“R3 100k | 059k0 | 0973 ment, or font as it is usuzlly called, is important for
LR W pean e the type of information o be displayed but also dic-
ru'; yookn | 155x0 | 1.292:0 tates the type and complexity of the driving elec-
: 4 ::gg tr; ;'—_j‘: :‘E g;;: i tronics required by the display. Some of the common

A3 vooka | asakn |osmin display fonts are illustrated in Fig. 14-38.
R1D 100kQ | 663k0 | 108720 The seven-segment display (font A) is the most
=E) ore | 226k2 | 102 commonly used LED technology and is also the eas-
iest to implement electronically. However, it is lim-

Fig. 14-36 Integrated bar'graph display:

ited to displaying numeric and a small range of al-
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phabetic information. The five by seven dot matrix
(font E) can display a wide range of numeric. alpha-
hetic, and other characters but requires rather exten-
sive electronic circuitry for implementation. The six-
teen-segment display (font C) has full alphanumeric
capability but has found only limited acceptance.
Font F illustrates a nine-segment displav. which is
somewhat more pleasing and readable than the
seven-segment display of font A. It can display the
same numeric information and has more zlphabatic
capability. The dot matrix fonts of B and D are ab-
breviated versions of the 35-dot matrix of font E and
are used primarily for displaying numeric and hexa-
decimal information.

The interface to a seven-segment display is pro-
vided by the BCD to ssven-segment decoder driver
shown in Fig. 14-39. The input 1o the decoderis BCD
code for the number to be displayed. Thz RBI and
BI can be pulled low to turn off all segments. When
BI is high, the lamp test (LT) input can be brought
low to turn on all segments to perform.a lamp test
operation. The BI/RBO can serve as an output for
ripple blanking (blanking nonsignificant zeros) to
other decoders. When RBI is low, the RBO output
will e low to ripple a blanking signal ta.ather disslay
decoders, The segment drivers a through g and D.P.
{decimal point) are connected to the-display 1o con-
trol which LEDs are to be turned on. |
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The entire circuit and display are also available as
a single device, as shown in Fig. 14-40. This device
has a 4-bit BCD code input and decimal point input.
Devices that include a storage register (latch) as well
as a decoder/driver and display unit in the same unit
also exist. The display will show the number whose
code is latched. A latch simplifies the input/output
(1'0) requirements of a microcomputer because the
display can be treated as a memory location. The
display with latch may be connected to the data bus
or to an 'O bus.

The interface 1o a five by seven or other dot matrix
display is handled in much the same manner as the
seven-segment display. A device which displays hexa-
decimal characters using LEDs arranged on a four
by seven dot matrix pattern is shown in Fig. 14-41.
It includes a 4-bit data register with a latch strobe to
store input data. As long as the strobe stays high,
the information displayed (stored) will not change,
There is « blanking input that, when high, causes the
display to be blanked, There are also left and right
decimal points available. In some cases, the LED
power supply is different from the logic supply,

which must exhibit low ripple and good regulation.
These stringent requirements are not necessary for
the LED display power.

The control of a five by seven dot mainix display
usually requires a read only memory (ROM) or
EPROM in which the display pattern for each char-
acter to be displayed is stored. The basic circuit
structure is illustrated in Fig. 14-42 for an individual
interface 1o a five by seven matrix LED. The ASCII
code for the character to be displayed is applied to
the seven inputs. The current drive capability is pro-
vided by the seven row sink drivers (on the O, to O;
lines) and the four source drivers for the column lines
of the matrix. At the time a column line is turned on,
the column select CA through CE must simultane-
ously be applied to the column select Jines of the
EPROM. The EPROM outputs the appropriate row
signals for each selected column character. Thus, the
circuitry must scan through the columns at an appro-
priate rate with a ring counter or some other counter-
decoder combination. Only one column of the
EPROM is addressed at any time. The UJT clock is
set to provide a clock rate of 1 kHz. A new column
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is selected and wrned on for about 1 ms, and any
given column is on 20 percent of the time. The circuit
of Fig. 14-42 displays a single character. If a multiple-
character display is necessary, it is not reasonable to
provide a separate EPROM for cach display unit. A
circuit that shares the EPROM must be used. A ran-
dom access memory (RAM) can be used to provide
storage of the character codes to be displayed. along
with a controller that will sequence through the AS-
Cll codes stored in the RAM while different matrix
displays are activated.

As shown in Fig. 14-42. the hquid civstai display
(LLCD) has two glass plates, the insides of wlich are
coated with a transparent pattern of conductive ma-
terials. The plates are mounted so that the conduct-
ing layers are facing each other. The spacing between
the two plates is only about 10 to 30 pm (25 um =
0.001 in.). Liquid crystal materials are relained be-
tween these plates by a peripheral seal of glass frit,
or epoxy. Both outer surfaces of the front and rear
glass require light-polarizing films. Ordinary light is
composed of vertical and horizontal components; po-
larizing it removes one of the components. The po-
larizing film on the rear glass is covered with a re-
flective material (silver bead, silver foil, or gold foil)
or a transreflective material (reflécts ambient light
and transmits back light). The reflective silver foil
type is the most popular.

Liquid crystal displays are activated by applying
voltazc between the segment and the commen elec-

trodes shown in Fig. 14-43. Typical driving voltage
is 5 V... and the allowable ac.frequency range of
the driving voltage is from 30 to 100 Hz. Flicker may
be seen if the drive frequency is below 30 Hz. The
power consumption increases in direct proportion to
the driving frequency, and w driving ireguency of
100 Hz is typically used. The L.CDs are driven with
ac voltages to prevent plating of the conductive ziec-
trodes due to clectrolysis. Dirzct current driving. or
ac driving with a large Je offset, greatly shortens the
life of the LCD. Strict attention is necessary in order
nol o eacced this specified dc offset. typically
25 mV. Usually LCDs are connected 1o logic circuits,
so it is very common o drive theni by using an ac
symmetrical square wave. This ac symmetsical
square wave features less dc offset and can be ob-
tained in all LCD drivers by using an exclusive OR
gate as shown in Fig. 14-44, Waveform C is the os-
cillator signal and is applied to the gate 2nd to the
commen connection on the display. The D waveform
is the output of exclusive OR, which has shifted the
oscillator input 180°, when the control input is high.
Waveform E is the resultant wavetform of C and D
and is the one that in effect drives the display. Many
LCD drivers include exclusive OR gates, The 10 V
between the segments and the common elfectrode is
obtainad from the 3-V logic power supply.

The L.CD display mates very well with CMOTS-
type logic. Decoder, driver, and interface circuits are
available to use with LCD devices. Typical sevan-
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some applications heaters (b}ru};-pl-‘um type) are
added or integrated into the display when it.is fab-
ricated. Flat-panel displays are availeble for viewing
real-time information. This type of display need has
previcusly been dominated by the cathode-ray tubz,
but three fiat-pancl technologies are providing alter-
native choices. They are the electrafuminescent, vas-
uum-fuorescent, and plasma-gas ~discharge tech-
niques.

Electroluminescent panels use certain solids whicn
emit light when an eleetric field is across them. Thay
can display 80 characters by 25 lineson a 4. hy B-in
active area. They must be refreshed (60-Hz rate) 1o
retain the image. High-voltage drive (usually 200 V)
is required for a bright display, and this requirement
limits its popularity.

The vacuum-fluorescent (VF) display technology
makes usc of a low-lemperature filament cathode o
produce electrons that strike the phosphor-couted
anode in a vacuum envelope with a wire mesh grid.
The VF display competes with the other technologies
for the display market. It is very durable (100,000 &)
and less subject to contamination and dirt. and it
produces a visible display in bright lighting or toal
darkness. As VF displays increase in size and ca-
pacity they become difficult to produce. Their cost
goes up with the necessary drivers. and makes their
price almost as high as that of a CRT. Therefore VF
display applications have been limited to small-size
readouts.

Figure 14-36(a) illusirates a VF four-digit displzv
cireuit driven from the TTL output of a seven-¢2g-
ment decoder. Usually V+ is 60 to 70 V; for ihis
reason the high-voltage driver chips are employed =3

o
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an interface between the display and the decoder
outputs.

When both the segment (equivalent to the vacuum
tube anode) and the digir (controlled by the grid).are
switched sufficiently positive with respect to-the

- cathode {filament), the électron cloud around the
cathode will be accelerated by the grid and continue _

-on 1o the anode (grid is ‘meshed and the ele:tmns
pass through).- -where-the digit/segment will become

fluorescent. These displays are typically bluc‘grﬁn- .

in color because of the phosphors employed in their
construction. Filters can be added to display virtually
any color. A CMOS driver that uses a bipolar 12- v
suppI) is shown in Fig. 14-46(b). The driver is com-
patible with 6- to 15-V CMOS logic signals. In this
type of drive the substrate must be connected to a
voltage equal to or greater than Vg4, so while Vgq is
12 V the substrate and the output are tied to the most
negative rail.

Plasma panel dr:p!a)s are a cousin to the gas dis-
charge display tube of past years. A brief look at the
gas discharge tube will aid in your understanding of
the plasma panel type of displays that are in use
today. The gas discharge display uses neon gas,
which produces an orange glow when ionized. This
type of tube is a cold-cathode (no heated filaments)
device. It consists of a common anode and some
number of individual metallic cathode elements to
form the characters. Application of a negative voli-
age to the selected cathode elements with respect to
the common anode creates a current flow. The se-
lected cathodes glow and form the character. The
equivalent circuit for the gas discharge tube is shown
in Fig. 14-47. The tubes require a minimium cathode
current density to assure complete glow of the entire
clement. A maximum current limit is established to
provide a long life. Typical drive circuits are shown
in Fig. 14-48. The anode resistor acts as a current
limiter. A B+ voltage of 170 V is typical.

Plasma displays also use a neon gas mixture and
emit an orange glow when swilchsd at high frequen-
cies. Their light output mlensnl} is a function of fre-
quency. They are sometimes called ac plasma dis-

~plays because they operate from a togeled dc supply
(usually ‘around 20 kHz). The pasel is basically a
‘neon-filled capacitor. It has plates (electrodes) which -
-are covered with a dielectric. The -ac'type has an
inherent memory and therefore ehmmates the need
for refreshing. A cutaway view of 2 plasma display _
is given in Fig. 14-49. Thv dc plasma displays have
no dielectric, and the gas is not separated from the
electrodes. The gas therefore glows with application
of a dc signal and goes off when that signal is re-
moved. Although this operation requires simpler
drive electronics than the ac version does, screen
refreshing is required to keep the pixels lit. Alpha-
numeric plasma display panels are available in one-
to four-line versions with 24 characlers per line and
characters that are about 0.5 in. high. Some panels
utilize a self-scan scheme and significantly cut the
complexity of the drive circuit. Displays with 120,000
addressable pixels arranged in a 250- by 480-pixel
grid offer an alternative to the CRT for many display
applications.

Although hot wire readouts are incandescent de-
vices, their application in multidigit, multiplexed dis-
play systems closely resembles LED operation.
Since hot wire displays will conduct current in either
direction, isolation diodes are required to prevent
**sneak”" paths from partially turning on unaddressed
segments. The hot wire readouts are available in both
7-segment and alphanumeric (16-segment) versions
and are quite well suited for high-ambient-light ap-
plications. They do not wash out in sunlight. Multi-.
plexed schemes can be cumbersome because of the
large number of discrete diodes required.

Though flat panels have advanced rapidly, the CRT
is at the forefront for high-resolution displays, both
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Fig. 1447 Gas discharge tube. (a) Outline. (0) Schematic diagram.

monochrome and color. Computer graphics and en-
gineering and image processing will be handled by
CRTs for many. years to come. :

The CRT is a vacuum tube in which electrons are
produced at a heated cathode, then directed to a
phosphor coating on the tube face. The electrons
striking this coating produce light. The several parts
of the CRT are diagrammed in Fig. 14-50. The coated
cathode is heated by the filament (heater). Electrons
are boiled off and are directed toward the screen at
the opposite end of the tube. The electrons are com-
pacted into a narrow beam so that a point, rather
than a diffuse spot, is obtained at the screen. The

beam is electrostatically focused by succeeding
stages and iS5 acted upon by the deflection plates.”

_ These plates produce an electrostatic  field that fol-
lows the input signal. With the correct signal, it is
possible to deflect the beam anywhere on the face of

the CRT to display characters, lines, or pictures. The ..

" accelerating section of the CRT is necessary to give
sufficient energy’to the beam that the electrons will
produce phosphorescence when they strike the
screen. The magnitude of the voltage in the accel-
erating section is of the order of kilovolts and must
be uniform in space so as not to distort the beam.
The beam may also be deflected magnetically instead
of by using the defiection plates as illustrated.

The block diagrams of the principal parts of a CRT
imaging system are shown in Fig. 14-51. Figure
14-51(a) shows the conventional CRT, where events

Flg. 14-48 Typical gas discharge display drive circuits.
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Fig. 1449 Cutaway view of plasma display panel.

must be viewed and refreshed constantly. Figure
14-51(b) illustrates a storage-type CRT that allows 2
display to be retained for long periods of time (up to
ari hour or morz). This type of display (storage) was

- commonly used before inexpensive semiconductor

__memory was available. Oscilloscopes use CRTs to

- display electronic waveforms in real time. Computer "
 terminals use them to.display alphanumerics and -

- graphic images. Television receivers usethem to dis-
play pictures. All in all, the CRT is probably the
most versatile of all display devices. There are two
basic ways to produce images on the CRT screen.
One is a vector display. To draw a box, the beam is
deflected from corner to corner. This process is re-
peated over and over, and the box appears on the
screen. Or if the CRT is of the storage type the box
need be drawn only once. Vector displays are nor-
mally limited to high-resolution screens used in com-
puter-aided design and drafting.

The other way to draw on the screen is through 2
raster display. The electron beam is continuously
scanned from left to right and from top to bottom.
When the bottom right is reached, the process re-
peats by returning to the upper left. If the beam is
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Fig. 14-50 Cathode-ray tute,
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allowed to remain on, the entire screen lights up.
However, if the beam is turned off and on at the
proper times, u box, or almost anv other character
or picture, can be drawn.

Indusirial terminals and computer displays gener-
ally use a 325-line raster display. About 64 ps is
necessary to scan one horizonzl line and atout
17 ms to get from top to bojtom, Oaly half the pictare
is scannad at a time (262.5 lines). Every other vertical
scan fits an additional 262.5 lines in between. This
process is called inzerlacing and is done to minimize
flicker on the screen. Noninterlaced displays, which
draw all 525 lines in a single pass from top to botiom,
are also used.

Figur= 14-52 indicates what hes to happen to ih2
beam in order to display the letter N on the screen.
With a seven- b ninc-character the beam must
be turned on 1o display dots in column | and column

Foamt
wanl,

PR = e 1

LE-1

Q
7 when line | is being displayed. Line 3 must have
dots appear at column positions 1, 2. and 7. The
beam is turned on with information stored in & RUM
called a character generator. Figure 14-33 shows a
portion of a typical character set stored in a five- by
seven-character-generator ROM.

In order to have the characters appear stable and
in tha correct screen position. the ROM information
must arrive at the CRT at the correct time. It must
be synchronized with the vertical and horizontal
scanning circuits. A block diagram that accomplishes
this synchronization is shown in Fig. 14-34, The
clock circuits are locked to the raster waveforms
mentioned earlier. The characiers to be displayed are
stored in RAM in ASCII form. Note that only 6-bit
ASCII code is required to display the uppercase
character set. The 6-bit ASCII code is ktched and
decoded and applied to the ROM. This code acts as
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80 characters cach. Some terminals display 132 char-
-acters per row but tend to cause operator fatigue and
are not very popular. Raster displays can also do a
fair job with gruphics. Instead of using character
generators, RAM information is clocked out at the
dot rate to draw lines. arcs, and irregular curves on
the screen. As mentioned earlier, a storage CRT al-
lows a display to be retained for long periods of time.
Signals that oceur at low repetition rates ofien cause
flickering of the display. Storage allows these signals
“to be displayed at a constant light level. The typical
starage CRT is culled a bistable storage tiube. s
pirts wre shown in Fig. 14-36. though they are not
drawn to scale. Tmtially. the writing gun is biased
off, and the Nuod-gun cathode is grounded. The col-
lector is fixed at +200 V, and all the targets (phos-
[‘h\.‘lb} are at their lower stable point. The flood gun
is uble to hold each target independently at either of
its two stzble points (on or off). once they are written
or erased 1o those paints.,

When the writing beam is gated on and bombards
any target (point on the screen). this target charges
positive and is now at a stable upper point. It is held
at this upper stable point by the flood gun, while the
other targets remain at their lower stable states. Any
target or targets at the upper state will enut light due
to excitation from the flood gun. Thus, once animage
is written to the screen. it will remain there for about
an hour,

When the eruse pulse. Fig. 14-36. is applied to the
collector (which acts as a capacitor with the targets).
the target voltage drops (as a result of the capacitive
coupling). and the screen is reset 1o its lower slable
point. These tubes can store waveforms with nano-
second rise times, but they are very expensive (more
than $1000). They are used mainly in storage oscil-
loscopes and in some computer graphic terminals,

'REVIEW QUESTIONS

16. What type of solid-state display would vou
use for creating a histogram?

17. ABCDto segment decoder is re-
quired to operate font A of Fig. 14-38.
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18, Liquid crystal displays are driven with
— voltage to eliminate plating of their elec-
trodes. -

19. Liquid <rvstal displays are used mainly with
— type iogic.

20. A fluorcscent display is controlled by signals
applied toits E

21. The individual do;s spots on a display are
known as 2

14-4
OPTICAL COUPLING

The optocoup!ler, also known as an optoisolator, con-

*sists of a photon-emitting device whose flux is cou-

pled through a transparent insulation material to
some sort of detector. The photon-emitting device
may be an incandescent or neon lamp (earliest mod-
els used these) or an LED. The transparent insulation
may be air, glass, plastic, or optic fiber. The detector
may be a photoconductor, photodiode, phototransis-
tor. photo FET. phototriac. photo SCR, or integrated
photodiode/amplifier. Various combinations of these
clements result in a wide variety of input character-
istics, output characteristics. and coupled character-
istics. This discussion will be concernéd with opto-
couplers that use an IRED input with a variety of
output detectors, Characteristies such as coupling
efficiency (eftzet of IRED current on the output de-
vice), speed of response. voltage drops, current ca-
pability, and V-f curves vary from model to model.
The characteristics must be considered especially
when performing substitutions, The only common
characteristic is that the nput is dielectiically iso-
lated from the output. Figurs 14-57 shows some of
the more common symbols for opteisolators.

The optocoupler was designed as a solid-state re-
placement for mechanical relays and pulse trans-
formers. Functionally. the optocoupler is similar to
11s older mechanical counterpart because it offers a
high degree of isolztior heiween the input and output
terminals, Some of the improvements oficred by the
solid-state devices are as follows:

Faster operating speeds

Positive (no-tounce) action

Small size )

Insensitivity to vibration hd-shock

No moving parts lo stick

Cur_npa:"tbi![l}' with many logic and microprocessor
circuits

Frequency response from dﬂo 100 kH7

==th

Isolation is a very important parameter of the op-
tocotipier. The three critic al isolation parameters are
resistance, isclation capasltancc. and dielectric with-
stand capability. Iselation resistance is the de resis-
tance from the mpul to the output of the coupler. A
value of 10'! 0 isolation resistance is very typical;
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Fig. 14-37 Optaisalator coupler symbols.
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this value may be higher than the resistance between
the mountinz pads on many of the printed circuit
boards on which the coupler is mounted. Therefore,
care in handling of the printed circuit board is re-
quired to avoid deerading this parameter. For ex-
ample, the flux residue from soldering must be re-
moved from the board. Isolation capacitance is a
parasitic capacitance from input to output through
the diclectric. Typical values range between 0.3 and
2.5 pFE. Isalation voltage is the maximum voltage
which the dislectric can be expected to withstand.
Typical ratings are around 1500 V, and special units
are available with voltage isolation as high as
50,000 V.

The input stage of an optocoupler consists of an
efficient GaAs infrared-emitting diode (IRED). The
outpur stage of the basic optecoupler is a phototran-
sistor. Two methads of dielectric isolation are shown
in Fig. 14-58. Figure 14-58(a) has a thin layer of
infrared (IR)-transmitting glass between the input
and output stages; Fig. 14-58(b) uses an air gap to
attain greater elzctrical isolation. Regardless of
whether an air-gep or IR-transmitting glass is used

1R glass

i phato-
ety siet

4 M oepitaxy coliector
/ N+ substrate
.': F‘/h:t!;! base

=] .

b}
. Fig. 1458 Oplocohp]ér cu_.nﬁgurafau:iih'{::\.ﬁ!aisi_s;ﬁ!a'.ed. (b)) Alr
isolated. : Fie ; A

-to separate the input and ouizut circuits, -the oper-
ating characteristics are basizzlly idzatical.

The input characteristics of the coupler are the
same as for the IRED previously discussed in the
section on emitters. Typical eptocoupler input char-
acteristics are-shown in Fig. 14-59. Note that cur-
rents from 100 mA to 10 A are permitied only in the ’
pulsed mode. The transfer curve for a typical pho-
todiode coupler is illustrated ia Fie. 14-60(a) and that
of a photodarlington coupler in Fig. 14-60(b). The
current fransfer ratio is a commaon method of cata-
loging these devices. These ratios are given as per-
centages. They range from 10 to 80 percent for the
phetotransistors. For example. if the input is 10 mA,

Vy - Forward voltage-\f

107

I-Impa surrenl <t

o 1w

Fig. 14-59 Optocoupler input tharssteristos.
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Fig. 14-60 Phowatransistor Darlington optecoupler transfer curves
fa) Transistor. +5) Darlington transistor.

and the collector current (output) is 2 mA, the trans-
fer ratio is 20 percent. Photodarlingtons exhibit ratios
of 100 to 1000 percent. With a 1.0-mA input. the
output might be 10 mA for a transfer ratio of 1000
percent.

The dynamic response of the optocouplers is dom-
inated by the capacitance of the photodicde, the in-
put resistance ot the iransistor, and the voltage gain
of the transistor. Through the Miiler effect, the stray
capacitance (C,) is considered as a single capacitance
across the input whose magnitude is approximately
equal to the gain times C,. The RC time constant
becomes input resistance X capacitance X voltage
gain. The penalty for high gain is slow response.
Typical rise and fall times of the pholotransistor are
on the order of 2 to 10 ps. which is quite satisfactory
for most anzlog types of applications. The addition
of a resistor from the base terminal to ground will
lower the gain but speed up the circuit's response.
Figure 14-61(a) uses a 10-mA current source to bias
the photodiode for linear response to the inpat signal
{Viy), and the pholotransistor is also biased for linear
aperation. Figure 14-61(4) shows noninverting and
inverting digitat eoupling. The basc lead is not avail-
abla but is not required since linear bias is not used
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Fig. 14-61 Optocoupler applicatiors. ac and digital. (a) Linear
coupler. (A) Logic coupler.

in logic circuits. The photodarlington optocoupler
offers two major advantages, low input currents and
very high output currents. Thaaigh gain of the pho-
todarlington permits output cilrrents of tens to hun-
dreds of milliamperes with input currents as low as
0.5 mA. The switching speeds in the low-input-cur-
rent region are quite slow but are acceptable for
driving loads such as sclenoids and lamps.

In the past, phototransisiors were used to drive
external SCRs, but today the photo SCR is packaged
with the IRED. The pheto SCR optocoupler differs
from other SCRs in respect to the very-low-level gate
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Fig. 14-62 Typical cpte SCR applicatiofs.

drive available from its detector. This-low-level gate
drive requires a sensitive gate structure for the SCR.
Applications may require the SCR 10 aperate in 120-
and 240-Vac circuits. Recent fahricasign techniques
have rediiceéd some undesirable effects. such as rate
effect (dvidi). The pulse capability of the SCR makes
it ideal for capacitor discharge and triggering appli-
cations. It is also applied in full-wave ac conirol,
high-voltage SCR series string triggering, three-phase
circuitry, and isolated power supplies. Figure 14-62
shows two applications of the opto SCR. In Fig. 14-
62(a) a logic level output from a processor_Or com-
puter is used to safely control a line-operated 120-V
lamp or indicator. In Fig. 14-62(b) the device is ap-
plied as a solid-state relay (no moving parts) as 1o
allow a logic input of 5 V at 15 mA to control a 220-

V. 10-A load. The 100-0 resistor and 0.1-uF capas-
itor are the supprassion tsnubber} network for ans

inductance in-the load. The SCR is a half-wave de- . '
_vize: so to obtain full-wave control, two have 10 b

_connected as configured in Fig. 14-62(b). The result
is known as an antiparallel (or inverse paraliel) SCR.
Figure 14-63 shows a triac full-wave solid-state relay.
For the most part, the dptocoupled SCR can only
switch milliamperes of load current, but that capa-
bility is more than sufficient to trigzer larzer SCRs
and triacs.

S previously mentioned, zero voltage switching
{Tnecessary in many cases to reduce in-rush current
and radio frequency interference (RFI). Solid-state
relays with zero crossing give approximately a factor
of 10 improvement in RFI, mainly because they do

. . SO vt
120V rms
-< 1o 2¢ voltage
* . ard lcad
i y tarminals
Ogte
;—- SJERHPRE 3 Zero Triac MOV ]_,
Input Iriput e y Vot
terminals eresit A N ] swiich
L oupu :
= circuit "
22 T
n 01pF

Fig. 14-63 Optocoupled trizz.
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Fig. 1464 Zero voltage switching couplers. (&) Half-wave ZVS.
(b) Full-wave ZVS.

not arc or bounce when operated. A half-wave zero
voltage switch is illustrated in Fig. 14-64(a). The
gate to cathode of the SCR is short-circuited by
the transistor at any line voltage greater than7 V
positive. This prevents the SCR from being gated on.
Figure 14-64(b) shows a full-wave zero voltage
switch. :
Phototriacs are convenient devices when ac loads
must be controlled from digital logic circuits. These
devices are not designed to act as ac load switches,
but as pilot devices for triggering pONWer tracs. They

Fig. 14-65 Opto SCR/trige equivalents

allow reductions in components and circuit size when
compared to the photetransisiar or photo SCR. Fig-
ure 14-65 shows how 2 phototriac coupler is the
equivalent of antiparaliel SCRs. A simple solid-state
ac relay using @ triac optocoupler is shown in Fig.
14-66(a), and Fig. 14-66(b) shows a zero voltage
solid-state relay circuit. Figure 14-67 indicates the
way that the motor-starting contactars of Chapter 4
can be replaced by solid-state relays (SSRs) with 0o
moving parts or arcing.

The bilaterz! analoz FET optocoupler consists of

* -

Bacomas
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2 ENVT wlid-state relay,

an IRED source coupled to a symmetrical bidirec-
tional silicon detector chip. The characteristics are
similar 1o tno+. of & bidirectional FET. The cutput
conductance s linear at low signal levels, and the
bilateral anslog FET optocoupler performs as a
nearly ideal analog switch. A commutation circuit is
illustrated by Fig. 14-68. When the control signal is
high. the IRED in optocoupler (1) is on. This allows

the signal to reach the op-amp because optocoupler
(2) is oif. When the control signal is low, optocougler
(2) is on, grounding the op-amp input. Switching ke
input alternately from the signal to ground is cailed
chopping or commutation and is used to eliminate
offset drift in the amplifier. Figure 14-68(b) shows a
four-channel multiplexer circuit that selects ons of
four analog input signals.
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Wipeelorms

Waeelorm
15}
utator. (5) Multiplexer.
ac or dc The high-speed digital coupler, also known as 2
“trans- Schmitt- coupler (because most include an internal

e output Schmitt trigger), can interface directly with iransis-
SSR and tor-transistor logic (TTL), and LSTTL familiss. It
d sizes. provides ac and dc isolation to eliminate ground
a trans- loops, allowing direct interfacing betweea computers
lires and peripheral devices al data rates up to | M bits/
ble with s. Four common data isolatars are pictured in Fig.
shows 14-70. Both inverting and noninverting types are
7, which availzble, as well as totem pole and open cellector
cand com- output styles.
- The coupled interrupter module is znothersmember
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of the optoisolator family. This device is also known
as a slotred swirch or source/detector assembly, but
the name eptical interrupter is most descriptive of
its function. The device contains an IRED and a
silicon photodarlington detector in a plastic housing.
A gap in the housing provides a means of interrupting
the light with tape, cards, shaft encoders, or any
opaque material to switch off the internal transistor.
Figure 14-71 shows two typical applicatioas using
the interrupter as a achometer/speed monitar and as
a linear encoder for relating distance to pulses.

The last member of the optocouplerfisolater family
is the reflective object sensor. Each assembly con-

Duptex

i dd

Bus multiplex

[ >
cr loaa

Star

Fig. 14-73 Basic amengement for data communizaticns

.
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sists of an infrared-emitting diode and an NPN silicon _

phototransistor or photodarlington mounted side by
side on converging optical axes in 2 black housing.

The photosensor responds to radiation from the

IRED only when a refiective object passes within its

“frald of view. These devices are sensitive only within

a range of less than 0.3 in. (75 mm). A typical use is
detection of the beginning-of-tape markers on mag-
netic tapes. A typical interfacing circuit uses a com-
parator with sensitivity and hysteresis controls.
Fiber-optic systems offer an alternative method for
transmitting information and sensing physical events.
Fiber optics offer a small, lightweight, durable, cor-
rosion-resistant, nonconducting signal path that is
virtually unaffected by and has no effect on the elec-
trical environment through which the signal passes.
Figure 14-72 shows that the electrical sizn al is
changed to light, which enters the fiter cable. The
light signal is changed back to an electrical signal at
the other end of the cable. The systam illusirated in
Fig. 14-72 is called a simplex system (one-direc-
tional). Two-way communication (duplex) raquires
two such links. Figure 14-73 shows the basic data
transmission systems. Distance limitations of fiber-
optics communications arise meinly from the means
of producing the optical flux and from path losses.
Although power inio a wire cable can easily be sev-
eral watts, the flux into  fiber-optic ceble is typically
much less than a milliwatt.. Wire cables may. have
several signal raps; however, multiple taps on fiber-

optic cables are impractical at preseat. - -

TFhe losses in a point-fo-point ficer-oplic” s¥stem
are insertion loss arthe input and-output, conaector

. loss, and transmission loss, which is proportional to

cable length. Fortunately, no noise is picked up by 2
fiber-optic cable so the receiver signal-to-noise ratio
(SNR) is limited only by the noise produced within
the receiver.

Light rays are confined to the core of the optical
fiber by cladding the core with a transparent material
having a lower index of refraction. This defines the
critical angle of reflection at the core cladding inier-
face, thereby confining rays at smaller angles to the
core of the fiber. A typical optical fiber cable is
shown in Fig. 14-74.

There are three common optical fiber types: the
stepped index multimode, stepped index monomode,

Ax'zl ard radial structural members
Suress refief tube

Pratective jacket

) Strergth membssg
Fiber

Anti-abrasin weatherpron! covering
Fig. 14-74 Optical fiber cable construction.

Fuly protected

Jacketed
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and graded index multimede. We will be concerned
mainly with the stepped index multimode fiber,
which is used for moderate bandwidih applications.

The term stepped index fiber refers to the abrupt
change in the index of refraction between the core
and the cladding. All transmission of light occurs
within the ¢are. The different index of refraction
between the core and the cladding defines a critical
angle such that any light ray enteiino the core at less
than that critical angle will be compictely reflected.
The numerical aperture is the sine of this anzie and
defines a cone in which incident light may be
launched into a cable. The smaller the numerical
aperiure, the harder it is to launch light into the fiber,

A wide variety of fibers exist, with little standard-
ization, in three basic materials: plastic clad-plastic
core fiber (plastic fiber); plasiic clad-glass (silica)
core fiber (PCC fiber); and glass clad-glass core fiber
(glass fiber). Fiber attenuation varies greatly within
the core material types and with the wavelength of
the light used. So far, this discussion of optical fibers
has treated only single fibers. In some applications,
improved performance may-ha ed by utilizing a
fiber bundle; which consists ofa 2roup of single fibers

in a single jacket. A bundle i= more flexible than a
single fiber of equal area and continues operating
even il a few strands break. A bundle is usually
harder to terminate with a connector than a single
fiber. It is usually more difficult to polish the ends of
tre fibers of a bundle. Higher-power insertion losses
are caused by 2 poor finish. Poor fiker connections
and pelish have been ohserved to cause up to 10-dB
(90 percent power loss) signal loss per end.

There is a wide variety of fiber-optic connectors
because of a lack of standards. To provide a low-
loss fiber-to-fiber splice, a connector must position
the two optically polished fiber ends very closely
together in axial concentric alignment. If the fiber
ends touch, abrasion may spoil the end finish and
cause power loss. Some connectors for plastic fibers
maintain pressure between the fiber ends. The pres-
sure deforms the plastic ends for a better fit. Cou-
pling efficiency falls off rapidly as the distance be-
tween the fiber ends increases and also with angular
error and errors off concentricity. In general, con-
nectors for fibers of 200-um core diameter and

* greater are easier lo install and provide better con-

sistency than connectors for the smaller-diameter ca-
bles. !

Most active devices, such as emitters and detec-
tors, are applied to fibers with adapter connectors or
short lengths of fiber built into the active device and
terminated within a connector. Figure 14-75 illus-
trates the mating of a fiber cable’connector with a
detector/emitter.

The preparation for repairing damaged cables is
quite tedious. The 10- to 12-step process requires
skill and practice. The cable connectors are ultrason-
ically cleaned and baked. The fiber in the cable is
cleaved (cut with a blade). cleaned. and epoxied into
a ferrule shoulder, The sezling of the fiber is shown
in Fig. 14-76(a). Eighteen hours must clapse for the
fiber to be cured before it can be polished. The cu-
taway view of the polished end is shown in Fig. 14-
76(b). Caution must be taken to wear eye protection
to aveid injury from any frasments of the fbers. Alsa
avoid any skin punctures. In Many Cases, prepurs
cables with connectors are used or installed. They
are available in |- to 1000-m lengths.

The emitters are usually LED/IREDs or diode las-
ers (lasers will be covered later in this chapter). A

-majority of LEDIRED emitters operate at wave-

lengths of 550 to 1300 nm, with most falling in the
640- 1o 940-nm range 1o work more efficiently with
the detectors. Figure 14-77 shows simple digital and
analog fiber transmitter circuits. The detectors (sen-
sors) can be photodiodes, phototransistors, PIN pho-
todiodes, or avalanche photodiodes. all of which op-
erate on the same basic principle. In some cases, the
recciver circuitry is integrated in the same package
with the detector. This assembly may be no larger
than the tvpical metal case transistor {TQ-5). Figure
14-78(a)} shows a simple receiver tdetector) eircuit.
Its response would be limited to about 150 kHez by
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Fig. 1478 Transimpedance configuration. (a) Slmplz receiver. (5) Bootstrap configuration.
{c) Transimpedance. (4) Discrete transistor amplifier (transimpedande).
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the time constant of the 10-pF shunt capacitance
along the 100-k0] load resistor:
T, = 2.2RC -
2.2 % 100 x 10* % 10 x 10~"
3.2 us

I

Il

I, = rise time (unie from 10 to 905 of
the output wavelform)

= upper cuteff frequency of an am-
plifier ;

F = T, = 0.35, a constant

m
|

Figure 14-78(b) is a bootsirap configuration. The
amplifier follows the voltage developed by the pho-
tocurren: flowing through the résistor and applies this
voitage 10 the oppositc end of ihe photodiode. This
configuration provides a lower load impedance and
a faster response. By rearranging. as in Fig. 14-78(c),
a transimpedance amplifier is obtained. Since the
inverting input is a virtual ground, the bandwidth will
be determined mainly by the amplifier used. Figure
14-78() shows a transimpedance circuit with dis-
crete components that has a bandvwidth in excess of
50 MHz. Many receivers are made with the connec-
tor, detector, and amplifier all contained in a small
low-profile package that can be mounted directly 0
a printed circuit board. A fiber-oplic link in a hostile
industrizl environment is shown in Fig. 14-79. The
outstanding noise immunity of optical links allows
them to cperate flawlessly in situations that are very
difficult for cenventional data transmission tech-
nigues.,

REVIEW QUESTIONS -

optocouplers uscaGads.  as

23, The use of a photodarlington coupler pro-
vides an increase in speed. (true or false)

24, If the collector current changes 10 mA for an
input chunge of 2 mA the transfer ratio is
percent.

25, Thephoto SCRisa _—— — - wave switch,

26, The antiparallel photo SCR confiection is far
wave control. A
27. The zero voltage switch (ZVS) control turns
on at zero current crossings. (true or false)

28. The true solid-state ac relay uses a
for output switching. .

29. Which optocoupler type is used for linear an-
alog signals?
30. The three main output parts of a digital opto-

coupler are the phototransistor, the linear amplifier,
and the 2 B

14-5
LASERS

Lasers were originally referred to as optical masers.
Maser is an acronym for microwave amplification by
stimulated emission of radiation. Laser is an acro-
nym for light amplification by stimulated emission
of radiation. The first laser was a ruby crystal device
developed in 1960, [t provided a single wavelength.
which is called monochromatic (one-color) light.
Lasers can also provide coherenr light, with all of
the waves in phase. Early lasers were fragile and
expensive. By the 1970s. reliable lasers were avail-
able for industrial applications. They are a practical
source of energy for culling, welding, and drilline.
They are used in precision alignment and measuring
‘systems. Fulure applications in the areas of mass
storage and ultra-high-speed logic circuits are antic-
ipated.

Practical lasers commonly found in industry in-
clude the following: .

1. Solid-state laser (ruby)
2. Gas laser

3. Semiconductor laser
4. Organic dye laser

Ruby is sapphire (crystalline aluminum oxide) ia
which a small percentage of the aluminum has been
replaced by chromium. The chromium concentration
is around 0.05 percent. Figure [4-80 shows the com-
ponent parts of an optically pumped solid-state laser.
Energy is stored in a capacitor or a bank of capaci-
tors. The energy is produced by a de high-voltage
power supply. For smaller laser crystals, the voltage
is in the 2000- to 5000-V range. The flash tube is filled
with xenon and does not conduct tmtil the gas is
ionized by a high-voltage pulse from the trigger trans-
former. When it is pulsed by the trizger, the stored
energy (in joules [J] = 1/2 (farads ¥ volis?) zauses
the xenon tube to emit very intense radiation, which
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then is absorbed in the laser crystal by 2 pumping
action. This optical pumping action is necassary for
all solid-state lasers to function. Light from the flash
tube pumps the chromium atoms from ground state
G to excited levels in band E or band F. The pumpad
atoms are unstable at this level znd lose enargy ina
two-step process. The first sizp is 10 a metastable
level M. No emission takes place at this level- The
second step is from M to grovnd G stz with release

of phatons by simulated,or spoatanzoys emissions. -

This is called a three-level energy laser action. There
is also a four-level energy aciion in some lasers. The
main laser action occurs in.the optical cavity formed
by the reflecting mirrors at the ends of the laser rod.
The laser beam emerges through the partially trans-

mitting mirror at the right end of the laser shown in

Fig. 14-80.

To-increase the effective optical coupling between
the flash lamp and the laser rod, it is necessary to
surround the complete assembly by reflecting walls.
Figure 14-81 shows a system that uses a helical flash
lamp with the ruby rod centered in the enclosure.

The flash lamp is similar to thosz used in photog-

Raflecting walls

Flashlera
eleciracs

Xzron fiash tube
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_raphy. The flash lamps used in lasers are glass or

quartz tubes filled with a gas at low pressure. Xenon
is commonly used, zlthough higher brightness is
achieved by using krypton or helium. The lamps can
come in various shapes: helical, linear, and U-shaped
are the modt common. Electrical input energy, pulse
duration, and lamp size can be varied over 2 wide
range. When an eleciric current is discharged
through the lamp,-& high-temperature plasma which
emits radiant energy over a wide range of wave--
lengths is formed. The gas type and pressure can be
adjusted to produce 2 wavelength pezk that maiches
the absorption spectrum of the crystal matenal being
used. .
" Discharge in a flash lamp is initiated by causing a
spark streamer to form betwezen electrodes (usually
at the ends of the tube). This is done by pulsing the.’
lamp with a high-voliage trigger pulse. A typical cir-
cuit using a pulse transformer to step up the exter-
nally applied trizzer pulse is shown m Fig. 14-82.
Once the flash lamp has been triggerad, the main
discharge capacitor € can discharge through the 101-
ized gas. The series inductance is added to shape the
current pulse through the lamp and to avoid ringing
or reverse flow of current. which is harmful to the
lamp life.

The lasers we are concerned with produce light in

the near-ultraviolet. visible, znd infrared porions of

the electromagnetic spectrum. The wavelengths are
in the approximate range of 1077 to 1073 em. and
frequencies are on the order of 10110 10" Hz. Note:

Light wavelengths are usuzlly expressed in-microm- - o

eters (pm) or nznometers {nm). The micrometer is

equal to 107* cm and was ofien referred to aie

micron. The unit argstrom (A), equal 0 107* em.
was also commonly used. For example, a green lizht
of 5.5 x 10~° cm = 0.55 pm = 530 nm = 5300 A.
Both the angstrom and the micron are considerad
obsolete terms. Their use as modern units of mez-
surement is being discontinued.

Lasers can be coastructed by using a variety of
different materials, each of which produces a dis-
tinctive wavelength. Figure 14-83 shows where the
output of some of these materials occurs in relation-

Eeamostpul

Tripger eectrods

trpm sransformes

Fig. 14-81 Ruby laser, including enlaser
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ship to each other and to the electromagnetic spec-

trum as a whole. The most useful lasers include the

following:

1. The CO, laser, far infrared to 10.6 pum

2. The neodymium glass laser, near infrared at 1.06
pm

3. The gallium arsenide laser, near infrared, at wave-
lengths around 0.85 to 0.90 pm

4. The helium-neon laser, emitting 0.6328-pm radia-
tion, reddish-orange in color

5: ‘:l'he argon laser, operating at several wavelenzths
in the blue and green portions of the spectrum

6. The nitrogen laser, an ultraviolet laser, operating
.at 0.3371 pm

This listing is not complete but will serve as a ref-

erence point for the significant types.
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Gas lasers function quite differently from pui'scd_

“solid-state lasers. Gas lasers are not powerful. They-
operate mostly in Uiz conlinuous-wave (CW) mode.
Their steady beams will not burn holes or vaporize

" \teel as the pulsed {crystal and semiconductor) laser

can (this effect will b2 discussed shortly). There are
many reasons for using gas. The volume of the ma-

terial can be large. in contrast 1o those of crystals -

and semiconductors. Heat can be removed readily
by transporting the heated gas out of the region and
replacing it with cooler gas. A mixture of two gases
is required for laser action. Atoms of the second gas
are raisad to higher levels with external excitation.
For example, a laser might use 10 parts helium and
1 part neon. The mixture is pumped with radio fre-
quency energy. A more modern approach is touse a
high-voltage discharge from 2 voltage multiplier gir-
cuit. while a filament heats the gas as shown in Fig.
14.84. A further reAnement of the electronics has
eliminated the nesd for 2 filament to start the ioni-
zation of the gases. The circuit uses @ voltage quad-
rupler to produce 2 starting boost of 7.5 kV to ionize
the gas in the tube.

As discussed earlier, it is possible to generate light
beams (emitter section) by using the principles of
semiconductors, Laser diodes made from direct

bandgap material differ from conventional light-emit-
.ting diodes in that they require an optical cavity and

a high-injection carrier densitv. Thus the name injec-

-tion diode usually refers to the semiconductor laser

diode. The semiconductor laser is very efficient and -

small in physical size comparzd to other 1ypes of

“lasers. Figure 14-85ia) shows an injection laser dicds

structure. with 2 PN optical cavity formed by cleav-
ing opposite ends of the diode and sawing the adja-
cent sides of the rectangular structure. In Fig.
14-B5(k) the radiant output power as a function of
the diode curreat is demonstrated. Note that a
threshold current (/) of about 10 A is required for
coherent output. Since the required current is so
high, the device is operated in the pulsed mode only.
The emission wavelength depends on the semicon-
ductor material, doping level, and temperature of
operation. In some injection lasers, a film of silver
or gold is deposited over one end so that the other
end will serve as the only output. The gallium arsen-
ide material is refective, so no internal mirrors are
required to produce reflections, Typical lasers of this
type emit 0.5 10 30 W of pulsed energy. Many injec-
tion lasers are operated al cryogenic temperatures
(about 77 K). Two basic difficulties in achieving high
peak power output from single laser diodes are that
(1) high drive currents are required to drive the larger
laser pellets and (2) the larger source size Tequires
large, costly optics.

Laser diodes zre also arraved to provide increased
power outputs at reasonable drive currents. Stacked
diode lasers ars currenily available with minimum
peak radiant fiux levels ranging from 75 10 30 W
with a drive current of 40 A. The increase in source
radiant excitancs (emittance) for these arrays com-

-
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Fig. 14-86 Basic circuit blocks for solid-state pulser for injection
lzser diodes.

pared to single-diode arrays is significant; however,
some sacrifice in duty cycle limit must be made.
The SCR serves as an off-to-on solid-state switch
for many injection lasers and laser arrays. Figure
14-86 illustrates the basic blocks for a solid-state
pulse power supply for injection lasers. The dis-
charge circuit generates the current pulse in the laser
and is the most important section of the pulser. The
current pulse is generated by discharging storage ca-
pacitor C through the SCR and the laser diode, laser
stack. or laser array. The rise time of the ‘current

Ve = +3000r 350 V V; = <600 V
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Fig. 14-87 Peak laser currents and capacitor voltage for pulsed
lasers,

pulse is usually determined by the SCR; the fall time
is determined by the capacitor value. The peak laser
current and the charged-capacitor voltage relation-
Shlps for some typical injection lasers using the cir-
cuit of Fig. 14-86 are illustrated in Fig. 14-87.

The circuit shown in Fig. 14-88(a) can deliver a
peak current of 30 A for both single-diode lasers and
laser stacks. The circuit in Fig. 14-88(b) can drive
single or stack laser diodes with currents up to 73 A.
The circuit of Fig. 14-88(c) is capable of driving a
laser array consisting of up to 60 diodes in series.
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Fig. 14-82 cacar and jaser-amuy pulse power supplies.
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The repetition rates are limited 1o less than 500 Hz.

Liguids have useful advantages in refation to both
solid and gas laser media. Several different liquid
lasers have been developed, but the most-important
is the dye laser, which has the advantage that it can

be tuned over a significant-wavelength range. This
.. capability is extremely useful in many applications

such as spectroscopy and the study of chemical re-
actions. The materials that are used imdye lasers are
similar to many familiar dyestuffs that are commenly
employed as colorants in fabrics, plastics, soaps, and
cosmetics. A pulsed laser is put through a block of
the dye material then filtered (optically); this type of
Iaser has almost no industrial applications at present.

Industrial applications of lasers include welding.
hole drilling, cutting, trimming of elestronic compo-
nents, and heat treating. The most important prop-
erty of laser energy is thal it can be concentrated by
2 lens to achieve extremely high-power density at
the focal spot. Let us compare a CO, (gas) laser and
a large mercury arc lamp, The CO; laser emits
100 W of power in a beam that can be focused by a
lens with a focal length of 1 cm to a spot 0.01 cm in
diameter. Without going intoe the physics of beam
divergence, the power deasity is 10° W/em®. In com-
parison, a mercury arc lamp of 1000 W has much
more output; however, all the light from this lamp
cannot be focused because the large divergence angle
of the rays leads to'a very large focal area. Therefore,

~the power density from.this lamp is much lower. It
~ " can be shown (although we shall not go through the’
- _details here) that the same lens (focal length of | cm)

wili deliver a power density of only 100 W/em® in the

" focal area. Thus, the total power emitted by the lamp

is 10 times larger than for the laser, but the power
density delivered to a workpicce by the laser is
10,000 times greater. Pulsed lasers can deliver much
higher values of power density. A ruby laser can
easily produce I-ms-duration pulses with a power
density of 10° W/cm? at a workpiece. When a high-
power beam interacts with the workpiece surface,
the material at the focal point is vaporized.

When laser radiation falls on a target surface, part
of it is absorbed and part is refiected. The energy
that is absorbed will heat the surface. Reradiation
from the surface is usually insignificant. Heating
from absorption can occur rapidly (losses due to ther-
mal conduction are small if the pulse width is short
but are important with long pulses). The surface
quickly rises to its melting temperature. Melting is
important in welding applications, and vaporization
should nof occur. Many workpiece factors such as
heat flow, thermal conductivity, and material density
determine the required power density for laser weld-
ing. The depth of penetration is important when seal-
ing lids on difficult-to-weld containers housing deli-
cate, heat-sensitive components, such as in a heart
pacemaker container. 2

Metal removal (cutting or drilling) generally means
operation at higher levels of laser power density than
for welding. As in welding, material properties influ-

T ﬁub)‘ lasers ar2 usually excited by a
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Fig. 14-89 Lasér pulse shapes for welding asd dnlling.

ence the amount of metal removed. Pulse lengths in
the range of several hundred microseconds are gen-

. erally used. Repeated pulses to the same targel area

form deeper holes. Hole drilling is possible in ce-
ramic and similar materials which are hard, brittle,
and easy to break. There ar¢ no drill bits to break or
wear out. For example, a jet engine part with 400
holes can be drilled by laser machining (with com-
puter control) in less than 30 min. Figure 14-89 illus-
trates laser pulse shapes used for welding and drilling
(drilling waveforms zre also used for cutling, by
overlapping the holes). The marriage of laser ma-
chining with robotics provides a manufacturing ca-
pability able to handie some very intricate production
tasks. The laser is also used for alignment and is able

" to obtain accuracies of 0.085 pm/m.

Lasers have a wide range of potential applications
in processing, storing. 2nd transmitting information.

" -They will have a large impact in these areas in the

near-future.

REVIEW QUESTIONS

flash lamp.
32, This excitation action is also called optical

33, The flash lamp is triggered by a high-current
low-voltage pulse. (true or false)

34. The laser cavity is formed by
rors at each end.

35. Helium-
lasers.

mir-

and CO, are common gas

14-6
PHOTOTUBES AND
PHOTOMULTIPLIER TUBES

* Light striking the large photocathode surface of a

phototube will transfer energy to electrons in the
metal, causing them to be ejected. This effect is
called photoeleciric emission. The photocathode sur-
face is selected for 2 low work function (least amount
of energy needed to remove electrons from the sub-
stance). Cesium is the most efficient photocathode
used in the visible and infrared range. The phototube
cathode emits a number of electroas which depends
on the number of photons (intensity of the light)

VI L4



Fig. 14-90 Phototube coupled to op amp.

striking its cathode surface. The electrons are then
attracted to the anode, which is positive with respect
to the cathode. In a typical simple circuit for a pho-
totube the photocurrent develops a signal across a
load resistor. Increasing the value of the load resistor
increases the sensitivity of the circuit (volts/lumen).
This effect is desirable in some cases but can produce
nonlinearity. Operating at a lower voltage (say,
100 V) will decrease the output voltage, but not the
sensitivity. - -

Since the phototube current is a function of the
anode-cathode voltage, if below 20 V or so, it is
important that the voltage developed across the load
resistor ke as small as possible tompared to the ap-
plied vol:age. This places a limit on the value of the
load resistor if a linear response is required (as it
almost always is). This problem can be overcome by
using an operational amplifier. as shown in Fig. 14-
90. This configuration has been shown previously as
either a current-to-voliage or transimpedance ampli-
fier, where

* Vo=~ XR

In this case, the anode of the phototube is kept at
virtual ground, and a negative bias is applied to the
photocathode.

To improve the sensitivity, gas-filled tubes that
produce larger currents for lower light input are used.
The increase in photocurrent is due to secondary
ionization of the gas molecules, but the characteristic
curves are quite nonlinear. For accurate measure-
ments, the vacuum phototube is employed. When
less accuracy, but high sensitivity is required, the
gas-filled phototube is selected. This device is similar
to the photodiode previously covered. Most appli-
cations today use the solid-state device. As a result
of certain environmental constraints, such as high
temperature, nuclear radiation (which destroys most
solid-state devices), and high humidity, the photo-
tube may be used in some situations. The phototube
is a rugged, leng-life, durable device and will be
employed in certain environments for many more
years. E

The phototube has very low gain at low intensities
of light. The photomultiplier (PM) tube overcomes
this deficiency. The basic operating principle of the
PM tube is illustrated in Fig: 14-91. Light faliing on
a light-sensitive photocathode causes it to emit free

Protocathiode

c

i

Electron

First dynode—
[~ Secondary
“electron
— emilters
Electron — | [dynode}
paths

Fig. 14.91 Basic PM tube principle.

electrons, which are drawn-away from the photo-
cathode by an electrode having a more positive po-
tential. These electrons accelerate and strike the first
dynode, where they dislodge additional electrons.
The next dynode is more positive, so the electrons
are now accelerated to it. This process is repeated,
with each stage having a higher positive potential
than the previous one. The electrons emitted from
the last secondary stage are collected at an anode (A
in Fig. 14-91), and the resulting current is passed to
the accompanying circuitry. o

The number of secondary electrons emitted is de-
pendent on the type of surface, the energy of the

bombarding (primary) electrons, and the angle of in-

cidence of the primary electrons. The ratio of the
number of electrons leaving the surface to the num-
ber of incident electrons is called the secondary emis-
sian ratio. The total current amplification factor (G)
between the photocathode and the anode is given by

G =Y

where G = current gain
N = number of dynodes
8 = secondary emission rdtio

Considerable gain is possible. If, for example, d = 6
and N = 9, we obtain a gain of 1 x 107,

The gain for a particular PM tube depends on the
physical structure and the potential difference be-
tween each stage. A graph is prepared for each in-
dividual tube type to indicate the change in average
overall amplification with the voltage per stage.

The dynode biasing chain in most cases is a linear
resistor network. The negative high voltage (=HY)
is applied across a resistor string which serves as a
voltage divider and maintains the dynodes at increas-
ingly higher positive potentials. The first.dynode
may be a grid used for focusing in some PM tubes.



If so, thé cathode resistor will be two times (twice
the potential of) the other elements, When the am-
plified signal current (or pulse) arrives at the anode,’
it fiows through the anode 1oad resistor or into the
input of 2n op amp for 2 curren{-to-voltage transfor-
mation. =~ ' .

The curreat that fiows in the PM tube when no
light or radiation is falling on the -photocathode is
called the dark current. The dark current will limit
the minimum detectable signal since it will be ampli-
fied along with any photocurrent due to light input.
The dark current is temperature-dependent, 2nd
some applications cool the PM tube to improve its
weak signal performance. :

Current peaks in the dynodes can cause the voltage
supplied by the divider network to sag. This sagzging
results in a type of degenerative feedback which may
result in 2 nonlinear output from the PM tube. The
last few dynode bleeder. resistors are bypasszd to
stabilize the voltages. The PM tube is a very sensitive
device, with gains of an order of magnitude greater
than those of solid-state detectors. They are less
sensitive to temperature and environmental eifects.
A great deal of development work has been done o
photoemissive surfaces. :

. REVIEWQUESTIONS - -

** .36. Pholotubes use "césium-i:oal_ed anodes to'in-
 grease their integrity. _ =N
37. Refer to Fig. 14-90. If fpis — 10 pA and-Ry
is 1080 kO, V, equals
38. For higher sensitivity a
tube is used.
39. The PM tube relies on the
of the dynodes for multiplication.
40, The dynodes of PM tubes must be increasingly
to sustain secondary emission.

type photo-

emission

14-7
TROUBLESHOOTING AND
MAINTENANCE

Possible hazards unique to optoelectronic devices
are due to some of the materials employed. Although
gallium arsenide and gallium aluminum arsenide are
both arsenic compounds, under conditions of normal
use they are considered relatively benign. Electrical
or mechanical damage to devices containing these
. materials should not produce a toxic hazard, but
thorough washing of one’s hands before eating or
touching any food is recommended.

The eye may be damaged by infrared light. Most
present Gaas and GaAlAs devices do not approach
the safe limit values set by govermental agencies,
but all the manufacturer's safety recommendations
must be observed. If any doubt exists, check first
before servicing an infrared device.

The output from a laser can be 2 source of fasci-
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nation, but one must always maintain caution while
near these devices. Never look into the beam of any
laser. Reflections from polished surfaces are as dan-
gerous as the original beam itseli. Always be aware

- of the beam path and of others in the area when

performing any action that may cause movemsnt of

the beam. Also, the high voltagés involved may be -

lethal, so read the manufacturer's manuals and be-

come familiar with the unit before emergizing or
troublashooting any high-voltage components.

All PN junction emitters are operated in the for-
ward-bias region. They can be tested in the same
way as a common diode; using a multimeter with a
diode test mode will exhibit the similar (with different
thresholds) characteristics in the forward direction.
The reverse breakover voltage is very low, usually
only 2 V. As with all electronic equipmeat, the power
supply must first be verified. With opteelectrenics,
dust, dirt, oil, etc., on the light-sensitive emitter or
deteclor can be a source of problems. Ia some cases,
the build-up is slow, and adjustments are madz until
they are out of range. lnput from an operator may
provide useful clues. High ripple on a power supply
can have a very adverse effect and can cause un-
stable operation, including relay chattering. over-

heating. and premature failure of solid-state de vices.
_ A good maintenance record provides valuable infor-

mation and may indicate trends. :

‘All photodetectors are heat-sensitive and exhibit -
increases in dark cusrent-and shifting of operating -

characteristics. Therefore, any changes in ventilation
or the surrounding -environmént should be -noted.

Many photodetector circuits caf be verified (zo-no- - -

o) with the use of a small test lamp. which c¢an aid
in localizing problems. The output of the first ampli-
fier in a system can be observed by using a meter.
probe, or scope. A blinking light source is preferred
1o avoid saturating any of the circuits.

Photocells can be checked easily with an chmme-
ter by exposing them to light and dark conditions. If
the device is used in a bridge configuration, the
power supply along with the other legs of the bridgze
must be checked. The bridge and detector circuil can
be verified by substituting a variable resistance for
the cell. It can be varied to simulate the cell's re-
sponse to check the response of amplifiers and de-
tectors.

Most displays that incorporate LEDs have some
sort of driver and limiting circuitry. Failures here are
not uncommon. In the segment-type display, know-
ing the function codes can help chin whether the
decoder or the display itself is defec jve. Many units
have a test input for lighting all of the segments.
Multiple failures may indicate a power supply prob-
lem. Overvoltage shortens LED lives exponentially,
2nd excessive ripple may cause the displays 10 twin-
kle and lead to premature failure.

Liquid crystal displays require an oscillator drive,
which is more critical than the supply voltage in most
instances. Even though most units are modular in
form, the failure of a decoder or driver should not

e
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ha ruled out, especially when the digits are multi-
plexed.

Gas-type displays 1y pically require 2 supply in ex-
cess of 150 V for illumination. Because overvoltage
will cause metallization (blackening) of the glass sur-
face it should be investigated. Some units have a
built-in diagnostic test for the plasma display pancls.
If available, the test should be made before proceed-
ing to other checks.

Any CRT display, whether storage or non-storage,
must be serviced by using the manufacturer's main-
tenance manual, which will show how to perform
any self-tests along with the other test points to be
checked. The CRT may implode if it is scratched or
<truck severely. Do not handle the CRT by its neck
and wear protective clothing and a face shield when
handling it.

The optocoupler combines the emitter and detec-
tor in the same package. Therefore, the input drive
must be certified first. The input device is an IRED
or an LED and may be operated in a pulsed or
steady-state mode. The voltage drop in the steady-
<tate mode is more than that of a regular diode. If it
is driven (sinking current) by a gate, no drop across
- the input diode indicates an open transistor in the
gule’'s ouptut, an open limiting resistor, or a short-
“ircuited diode. The pulsed mode requires the use of
a scope or a probe. If the input diode is suspect, &
simple diode test (with an ohmmeter) will venfy
whether it is functioning properly.

Repeated failures may indicate transients. Since
-hese devices are often employed for isolation pur-
poses they are subject to high transients. All circuit
suppressors should be checked because they may be
intended to protect the optocoupler from transients.

The detector side of the optocoupler may be any
of the devices shown in Fig. 14-57. Many are hard
10 test except for a short circuit or an open condition.
Substitution is the simplest course in some Cases.
Voltmeters are used to verify steady-state condi-
sions. bul scopes or logic probes are preferred for
pulsed circuits. Triggering the scope from the input
to the optocoupler should synchronize the output
waveform, In a zero crossing circuit, the output
should appear when the input is active and the line
is near 0 V.

Fiber-optic transmitiers may be LEDs or IREDs
and are usually high-current pulsed types. The IRED
output can be confirmed with an optical detector or
a special IR-sensitive card made for detecting the
beam output. The drivers, usually transistors, must
be checked along with any current-limiting resistors.
The oscilloscope is the most effective instrument to
verify that the drive is pormal. Heat sinking and
cooling are very important, and any loss or reduction
can cause repeated failures. The coupling to the cable
must be firm and clean. The biggest loss in fiber
optics is in the interface cdnnections. Qil or other
liquids may build up in loose connections. Cleaning
procedures must follow the manufacturer's recom-
mendatio

Receivers are usually sensitive 10 visible light, so
they can be checked easily. Clean and tight connec-
ticus are just as important at the receiver end as they
are at the transmitter end of the cable. It is advan-
tageous to have Lest unils for cach end of the catle.
Lengths of test cable are also valuable for locating
the source of problems. In most cases, a logic probe
or scope will verify correct levels out of the detector
modules. The transmitter and receiver constitute a
system and should always be viewed as such. The
idea is to isolate the difficulty to one end or the other
or to the connecting cable.

Most lasers found in industry will be high-power
and will involve high-voltage circuits. Along with the
safety precautions for working around laser light, the
high voliage supplies and circuitry demand cautious
work. Measurements (other than live) must be made
after all power is locked off and capacitors are dis-
charged (as mentioned in other chapters). For live
measurements, all test equipment must be rated in
excess of any voltages to be encountered. Never
work alone when high voltages are anticipated. Most
units require an ignition pulse that is only present
for a short period. This pulse can be of extremely-
high potential and can damage test equipment. Con-
sult the manufacturer’s recommendations. Helium
will leach out through the glass in due time, and its
joss is inevitable in helium-neon lasers. Metal-re-
moval lasers have water cooling, vacuum, and oil
pumps. along with a host of interlocks for safe op-
eration. The use of the manufacturers’ manuals is
imperative before maintenance is attempted.

Phototube circuits are very dependent on bias volt-
age and load resistance (if used). These tubes are
<ensitive to visible light, and excess background light
can disrupt normal operation, Cleanliness is also
yery important. Yapors can cause dirt and grime to
collect on surfaces and desensitize the unit. When
they are used with a curreni-to-voltage op amp, a
simple current source (high-value resistor from the
bias voltage) substitute for the phototube will verily
the amplifier’s integrity.

All PM tubes must have at least 100 V between
dynodes to perform properly. A simple resistance
check (with the power off, of course) will confirm
the divider string. The high gain of these tubes pro-
hibits exposure to ambient light with the dynade volt-
age applicd and may destroy the tube if it is exposed.
Never expose any PM tube to light with the supply
voltage applied. A flashing LED or ncon lamp pro-
duces more than enough light to test a PM tube. With
100 V per dynode, high voltages are required and
breakdown can occur in wiring or sockets and must
also be checked. All test instruments must be able
to handlc these potentials with safety.

REVIEW QUESTIONS

41. Excessive ___can increase the dark cur-
rent from a photodetector.




42, Segments of a seven-scgment display may
appear bad if the is bad.

43. Blackening of a plasma display means the
s too high.
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44. The best aid for troubleshooting pulsed fiber
opticsisan —— .

45, laser power supplies use afan 1o
start lasmg,

CHAPTER REVIEW QUESTI ONS

14-1. The combination of red and green light
produces a light.

14-2. The light produced by a forward-biased
PN junction is due to transitions in the en-
ergy gap. .

14-3. emitting diodes produce a very
narrow spot.

14-4. Refer to Fig. 14-21(b). If [pis 100 pA. hee
is 100, and [z is zero. calculate Ig. :

14-5. Dark current in 2 phototransistor wil
increase times for a 20° rise in tempera-
ture. 2

14-6. To double the light falling on a detector,
its exposed area would have 10 be

14-7. The PIN diode includes a
beiween the P- and N-type material.

13-8. The PIN photodiode with no bias is in the

mode.

14-9. Refer to Fig. 14-21(h). A PIN diode pro-
duces 2.5 pA of photo current and zero dark cur-
rent. With the op amp feedbuck equal o 1 MIL
calculate the output voltage.

13-10. The light-sensitive SCR is also called a

__region

14-11. An increase in the light level produces an
s in the resistance of a photaconductive bulk
cell.

14-12. Photoconductive cells may not quickly re-
turn to their original resistance after exposure 10 2
bright source because of their ___— effect.

14-13. A big drawback of hot-wire readouts is
the large number of isolation needed.

14-14. A CRT monitor may be gither a storage
ora - 1ype.

14-15. CRT graphic displays may be of the vec-
toror ——Wype.

14-16. The information required 1o form charac-
ters on the screen of an industrial terminal is stored
in a ROM called &

14-17. The photo
and speed monitors.

14-18. A beginning of a tape sensor is typically a
object sensor.

14-19. Fiber optics that provide two-way com-
munication form a system.

14-20. Fiber optics operate in the tens of watls
range. (wue or false)

14-21. The __ index fiber table tvpe oper-
ates at moderate bandwidths.

14-22. Poor end polishing can cause losses up to

dB in fiber cable systems.

14-23. Identify an amplifier that provides a very
low load impedance and thus a fast response time
for a fiber-optic detector.

is used for encoders

14-24. The gas laser operates inthe far _——
region.

14-23. Injection lasers must beina ——— ar-
ray toachieve high power oulputs.
14-26. The is a good switch for injection

laser pulses.
1427, 1f 5 = Sandd = 5, the gain of a PM tube
is 5 a
-14-28. A 10 percent change in dynode voliage re-
sults ina 10 percent change in the gain of a PM
tube. (rue or false)

14-3. Large pulse outputs require ihe tast dy
nodes to be .

14-8. The PM tubes should not be exposed to
ambient light with the high-voltage —

ANSIVERS TO REVIEW QUESTIONS

1. electroluminescence 2. longer % F: incoherent
Y, clectric 10, Jdepletion 11, false 12. reverse

45, exciter
o

4. photons 5. 2.0 eV 6. 880 nm 7. visible 8. pair
13. infrared 14. dark 15, false 16, bar/greph 17, seven
18. ac 19.MOS 20.grids 1L pixels 22, IRED 23, false: gain 4. 500 percent 25, half wave 26.full 27. falset
zero voltage 28. trine  29. FET . 30. Sshmitt trigger 31, xenon 32, pumping 33. false 34 reflecting 35, neon
I, false 37.1V 38, pas-filled 39. szcondary  40. positive 41_heat 42, decoder 43. voltage &, oscilloscope
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AUTOMATION

ROBOTICS

This chapter presents programmable control-
iers and robots, which are key components
for industrial automation. They are based on
the devices, circuits, and the concepts pre-
sented earlier. This chapter will help you un-
derstand how all of the elements of electron-
ics fit together to form powerful systems for .
industry. These systems have enabled our fac-
tories to increase productivily; decrease cosls,
and increase the quality of manufactured -

e
]
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PROGRAMMABLE CONT ROLLERS
Programmable controllers are well suited to the cy-
clical and repétitive operations found in sequential
industrial processes. Originally, sequential control
was accomplished with relays, stepping drums, lim-
ers, and counters. These systems were very difficult
to reprogram for production changes and often had
to be scrapped and completely redesigned from the
ground up. The automobile industry was the first to
change over to programmable controllers. They im-
mediately saved money and time, and they gained
reliability plus tremendous flexibility. Now, many in-
dustries use this technology to perform logic deci-
sions, timing, up/down counting, record keeping, se-
quencing, arithmetic operations, report generation,
information handling, debugging, and troubleshoot-
ing. Obviously, the modern programmable controller
is capable of everything the old relay logic was plus
a lot more. -

" Programmable controllers (PCs) are computers.
They will be referred to in this chapter with the
abbreviation PC; not all computers can be considered
as PCs. To qualify as a PC, a.compuler must be
designed to operzate in the industrial environment,
which can be rather harsh. It must have a wide tem-
perature operating range (0 to 60°C) and a wide hu-
midity range (0 to 90 percent). It must be packaged
in rugged enclosures and be well shielded against
electromagnetic interference, dust, dirt, and mois-

ture. It must be capable of surviving power outages,

brownouts, and line transients. Its memory circuits -

must be backed up with battery power. It must be
capable of being programmed with logic commands,
symbols, or mnemonics that corres pond 1o relay lad-

 der diagrams. Finally, it must be designed for scan-

ning operation. A scanning computer solves logic
from the beginning of memory lo some specified
stopping point. Once the end is reached, the opera-
tion repeats again._ He T '

- Figure 15-1 shows a block diagram for 2 PC. The

. central processing wnit (CPU) and the inpur-output-
.-(UO} form the major core of any programmable con- - -

“. yoller. The programmer may=or may not be ‘con-
nected to the CPU at any given time. It is required

AND

only when programs are being entered, changed, or - -

dabugged. It may also be connected during periods
of system maintenance. When the CPU is performing
normal scanning, the programmer may be discon-
nected and moved to another PC. In this way, one
programmer can serve several systems. A typical
programmer is shown in Fig. 15-2. Note the rugged
cass and the membrane keyboard, which prevents
moisture and dirt entry. The keyboard folds up and
protects the CRT when the terminal is not in use or
is being transported. The printer shown connected
to the programmer in Fig. 15-1 is an option. It pro-
vides hard copies of programs, data, reports, and
ladder diagrams. The program storage unit is another

‘option. It could be a floppy disk drive or a tape drive

that connects to the programmer for saving programs
and for loading in control programs or diagnostic
software.

The CPU shown in Fig. 15-1 contains a processor,
logic memory, storage memory, and an optional com-
munications module. The communications module,
if present, provides a data link to other PCs and
possibly to a computer. Figure 15-3 shows the CPU
of a programmable controller. The rugged cabinet has
brackets for mounting the unit iz a standard 48-cm
(19-in.) equipment rack. The connector at the left is
used to connect the programming terminal or some
other RS-232C peripheral. The four dizgnostic indi-
cators tell whether the processor is running, the out-
puts are enabled, the CPU is in the program load
mode, or there is an access in process. The 20-key
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Communications bus

Field Devices

Input dewices

LED displays

) | Relay contacts ] f
el ___.M__..__.__I it ———1 ———ppU l} 10 .—-1— LimiCswiches I
- I T : c Analog sensors
= > L > % 5 - 1 Selector switches i _
Printer Programmer —Iw——. g 2 E £ E| € g g J Etc. I
l IAEHELE: o | [
3 | Output devices I
me e p "1 Rel
Pc uamr “‘m I M:::: starters l
| Solenoid valves I
+ Indicator lights !

Fig. 13-1 Programmable controiler block diagram.

pad and l6-character alphanumeric display can be
used to read and change values such as the preset
value of a timer. The key switch allows the CPU to
be placed in one of three modes. One mode is MEM-
ORY PROTECT ON. which allows an operator to
read memory bul not change it. DATA CHANGE
allows an operator to read memory and change only
selected portions. MEMORY PROTECT OFF allows
read or write to all user memory locations.

The /O unit of Fig. 15-1 is separated from the
CPU and has its own power supply. The L'O unit
butfers the CPU from the noise and transients asso-
ciated with the field devices. It also prevents the
control wiring, which can pick up quite a bit of noise,
from interfering with the CPU. Note that the power
supply shown in the L'O unit powers that umit only.
It is not used to power output field devices. Pro-
grammable controller manufacturers make various

LT

IO modules. The following list is for the Allen-
Bradley PLC-3 system:

ac/dc (120-V) input

de (12- to 24-V) input

dc (48-V) input

Isolated ac/de (120-V) input
Analog (8-bit) input

Analog (12-bit) input

TTL input

de (24- 10 48-V) input
Encoder’counter (5-V)
Encoder'counter (12- to 24-V)
ac/dc (220- to 240-V) input

Fig. 15-2 8200 pro
Co.. Systems Div

Fig. 15-3 PLC-3

rammable controlier. (Courtesy of Allen-
Divigion)

Bradiey Co., 53
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Power flow
—_—

Ladderﬂia;ram_'
: pi7 . .123" 621 254 . 118

-+
483 004
i

Contacts

345 - 031
Neutral raii
Piogram implamentation *

sTR 017 AND NOT 004 AND NOT 031
AND 123 CR STR oR STR
on 210 AND STR AND NOT  D5E
STR B27 AND 116 ouT 205
AND 25+ 5TH 052

STR 463 AND 345

Fig. 13-4 Relay ladder-based boolean language.

de (5- to 30-V) selectable

dc (5-V) selectable input

Fast-response de (12- fo 24-V) input

de (12- to 24-V) driver logic input
Thermocouple input

Thermocouple expander -

ASCII il maras =
Absolute ‘encoder input (Bhit) =eigecd

PIDmodule ~:- - - - e 3 Ry

ac (120-V) output

de €12- to 24-V) output

de (48-V) output 2

Isolated ac (120-V) output

Analog (12-bit) output

TTL output ;
ac (220- to 240-V) output

Protected ac

Contact output (4 N.O. plus 4 N.C.)
Contact output (8 N.O.)

Stepper positioning assembly

Servo positioning assembly ~ -

Look this list over. It will give you an idea of the
diversity of control applications that can be achieved
with this type of equipment. - ;
The method of programming PCs is really a throw-
back to the old relay logic systems.. Ladder dia-
grams, originally developed to represent relay logic,
have become the universal language of sequential
Control systems. Figure 15-4 represents a typical lad-
der diagram. The left vertical line represents the hot
side of the power line and is called the hof rail. The
right vertical line represents the neutrai side of the
power line and is called the neutral rail or the retirn
rail. Power flow is assumed 1o be from lefl to right.
This is merely a conceptual approach to designing
the logic. Its use helps the programmer avoid unex-
pected circuits in the diagram (and in the logic) called

=
'™
-
+ B
=
s
ibn
&
=
[
™
En
"
[
L=¥ T

Fig. 15-5 PLC-4 programmable controlier and programmer. (Coir-
1esy of Allen-Bradley Co.. Svstems Division)

sneak paths. All contacts and coils are assigned ad-
dresses. Note that simple boolean siatements may
be used 1o describe the ladder diagram. Many other
things can be done in a program as well. Coils may
be latched so they are retained after a power failure.
Latched outputs are restored to their previous ON or
OFF states when the CPU resumes scanning. Coils
may also be designated as one-shots to create refer-
ences which are energized for short periods of time.
Timer, counter; and arithmetic functions may also be
assigned in the program. Many PCs also allow sub-
‘routines and ‘other advanced prograrnming _tech-

. niques.-Some allow more than one program 10 be

resident in CPU-memory af a time to permit produc-

‘ tion operations to change quickly-from one product

to another. The various features and programming
details are brand- and modet-dependent and cannot
be covered here. e

Programming in some medels may be accom-
plished online. This mode allows existing programs
to be changed in relation to reference numbers,
timerfcounter functions, contact types, latching, and
so on, without disturbing the scanning operation.
Offline programming centers around the programmer
terminal unit itself. The logic program and - all
changes are entered into the terminal’s memory with
no intervention from the CPU. When the program is
ready, CPU scanning is halled, and the program is
transferred to the CPU memory. If the terminal's
memory has battery back-up, or if disk or tape stor-
age is available, offiine programming can be done at
some remote site.

The programmer terminal is also invaluable for
troubleshooting. It can be used to display the status
of field devices and the real-time power flow of any
portion of the ladder diagram without disturbing
scanning. Inputs and coils can be overridden so that
their status can be forced by a human operator. The
content of registers can be displayed. Some models
have a special online mode in which the CPU scans,
reads inputs, establishes all coil states internally, but
holds all outputs in the OFF state. This mode allows
the logic to be exercised with real inputs to check
for proper operation without the danger of unex-
pected outpuls.



.
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Fig. 15-6 Sample di-r avs from PLC-4 programmer.

Larege PCs have tremendous capacity. For exam-
ple, the Allep-Bradley PLC-3 has 192K bytes of
memory and czn handle up to 8192 inputs and vut-
puts. Not all industrial situations demand this much
capacity. Small FCs are also available; Figure 13-3
shows the Allen-Bradley PLC-4 PC and programmer.
This system is c¢zpable of handling 20 inputs and 12
outputs. Allen-Bradley also makes an expander mod-
ule which allows up to eight PLC-4 controllers for a
capacity of 256 1O points and over 4K bytes of
memory. Figure 13-6 contains some sample displays
from the PLC-4 programmer. Note that rungs from
the ladder diagram can be viewed one at a time on
the liquid crystzl display.

REVIEW QUESTIONS
1. Programmable controllers are flexible because
they allow production changes by modifying
rather than modifying hardware.
2. What are the two main sections of a PC?

3. The programs for a PC are based on
diagrams.

4. Programm
grams with repz

controllers execute their pro-
ive passes from the beginning of
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memory 1o the end of the program. Tﬁ:s process is
knownas __ £

5. The CPU memory of a PC must be provided

with _______ back-up.

&, The CPU and the VO sectiois Uf.l PC are

scparated to protect the CPU from =,

— —

15-2 :
ROBOT CLASSIFICATIOXNS A\D
TERMINOLOGY

There are several ways to classify industrial robots.
One way is to categorize them as low-, medium-, or
high-technology types. Another is to divide them into
nonserve- and servo-controlled groups, They can
also be divided according to their axes of moveinent
or their system of coordinates. Yet another way is
1o divide them into nonintelligent and intelligent
groups. All of these classification techniques have
advantages and disadvantages. This section will ex-
plain the classification techniques and define the ba-
sic terms used in industry. _

Four basic configurations for industrial robots are
illustrated in Fig. 15-7. The rectangular rcbot moves
along X. Y, and Z axes. As it extends and retracts
to its maximum reach and its minimum reach along
cach of its axes, it describes a rectangle in space.
This rectangle is also called its work envelope. The
cvilindrical robot rotates at the base and extends and
retracts along Z and Y axes; its work envelope is a
cyvlinder. The spherical robot rotates at its base, pi-
vots or bends at its shoulder, and has arm extension
and retraction; its work envelope is'a portion of a
sphere. as shown in Fig. 15-8. The jointed spherical
rabor adds an elbow joint: its work envelope is also
basically spherical. as shown in Fig. 13-9. The ad-
dition of an elbow joint gives it greater flexibility and
a larger work envelopz than that of the spherical
robot.

Each axis of motion aZds another degree of free-
dom 1o a robot arm. Figure 15-10 shows a six-axis
jointed spherical robot. Yaw, pitch, and roll have
been added to a wrist joint at the end of the forearm.
Robots with six or more_axes can be classified as
medium- or high-technology robots. Some robots
must be capable of rather complicated combinations
of movements. As an example, robat arms may be
used to reach inside automabile bodies and perform
welding operations. In addition to the axes shown in
Iig. 13-10, horizontal base motion is achieved by
mounting of the base on a moving track. This enables
the robot 1o weld and follow the work piece down
the assembly line at the same timei Also added is
column extension to allow the shoulder to raise out
of the base. the forearm to be extended, and the
waist to be bent by means of a joint below the shoul-
der. O course, it doesn’t have to stdp theie. Almost
any number of degrees of freedom can be used. How-
ever. the complexity and cost quickly get out ol hand
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Fig. 15-7 Basic configurations for industrial robots.

Maximum sphere,
4332 in. {1.10 m}
arm exiendad

{0533 m}
Arm retracted

* height 2138 in.
(2543 m}
-~

Fig. 15-8 Spherical work envelope.
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as the number of axes increases. Robots with more

than 8 degrees of freedom are the exception rather
than the rule. Most industrial tasks require from 3 to
6 degrees of freedom. s

“Simple robots do many routine jobs in industry.

Some may have as little as two degrees of freedom.

These robots are in the nonservo-controlled cate-

gory. There is no feedback used ir their centrol sys-

tem. They are often called *'bang-bang™ robots be-

cause of the way they work. They bang from position

to position, as shown in Fig. 15-11. They are set up

for a task by adjusting fixed stops. They are excellent

robots for pick-and-place operations. In fact, they

are often called pick-and-place robors. They are also

useful in simple assembly operations such as stuffing

printed circuit boards and loading and unloading

parts from machines.

Figure 15-12 shows a typical low-cost robot, and
Fig. 15-13 shows some examples of its motion pat-
terns. It uses pneumatic cylinders to activate the
axes. 1he following list includes some of the ways
that the robet of Fig. 15-12 can be classified:

1. X, ¥, Z tvpe
2. Non-servo-controlled type
3. “'Bang-bang'' robot
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=

Low-technelezy type

. Three-axis roout

Poeumatic rotot
Pick-and-placs ribot -
Rectangular-ceerdinate robot
Limited-sequence robot

R

There is a prodlem with using any single classifi-
cation system. Lock again at Fig. 13-11. This robet
is also in the nonsznvo-controlled and low-technol-
ogy Ldt-.amics Howeveril is-a jointed spherical arm

4 ’r‘nges lh it make it suited w a
Il may use dificrent
) and have very L{IE
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Eibow
Berd

— Earearm

Fig. 13-10 Six-axis jointed spherical robot.

urged to learn the terms and use them in combina-
tions 1o describe any robot accurately. Another trap
to avoid is the assumption that low-technology ro-
bots ure iimited in accuzacy and uscfulness. Actually,
they terd to be the most accurate of all robots. They
can be expanded with more degrees of freedom to
perform fairly intricate tasks. Figure 15-14 shows the
addition of roll. pitch. 2nd yaw 1o the low-technology
robot of Fig. 15-12 and Fig. 15-13. In a sense, the
term e rechnology is unfortunate: it can cause peo-

le 1o rezch apronecae conclusions about robot ca-
pabilitics and has cven caused some companies to
install high-technology  robots in applications in
which less expensive robots would have done the job
faster and better.

The general altributes assigned to low-technology
robcts 'I“'! ide the fdl‘.:\\lnc

. Limited sequence of movements

Iy the endpoints of travel are controllable

. A speed range of 80 to 160 cm/s

. Low cost and low maintenance

. A 0.03-mm resolution and 0.15-mm repeatability
. Load capacities from 150 g to 15 kg

. Controls ranging from eleclromechamcwl timers
L0 mICTOProcessors

. Usually 2 to 4 degrees of freedom

. Nonservo-controlled

. Short cycle time {xypically 30/min}

11. Used in parts transfer, assembly, loading, pack-
g"‘" mSpcmon ;=nd automatic testing

T e e —

Z v ™

um- and htsh-‘cchruiuoy robots are servo-
Serve-conrrol can be divided into 1wo
znd contingois path. Point-to-

il i 8 il
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Y axis i =

point servos move from orie work eavelope position
to the next in & straight-line segment. They exhibit
jerky motions; however, more than one axis can be
activated at a time to alleviate this somewhat. Con- -,
tinnous path Servos produce true curves as the work
envelope is traversed. They are useful in applications
such as spray painting and welding. They require
more memory to store all the positions needed to
follow a smooth path. ;

The general attributes assigned to medium-rech-
nolagy robors include the following:

Zawis

|. Point-1o-point servo control
2. Up to 6 degrees of freedom "
3. Pavloads up to 70 kg

1. Longer cvcle time than that of low-technology
types

Less zccurate than low-techaology types

5
6. Electrohyvdraulic actuators typically used Tup st
7. Electronic controls (typically microprocessar- Fig. 15-13 Robot pants and tpisa! motin patterns. (Mack Cor

based) poration!
8. Walk-through programming
9. Medium cost and maintenance requirements

e : .

Fixsastop 1 :
%’h 4/ BANG! et “Surive! base amembly

Gripper
Transporier

2 {(EN ]

Transporier

Pirch/yaw rotator

Fig. 1512 Nonservo-controlled robot. (Couresy of Mack Cor-

porationa}
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it

Gas heating torch

Spray gun
Fig. 13-15 Robot end efectors

Walk-through programaing inveolves a human oper-
ator leadine the robot through the desired routine
step by step, It will be covered in more detail in a
later section.

High-rechnology robors are the most complicated.
Their attributes inciude the following:

1. Continuaus path servo control

2. 610 10 degrees of frecdom

3. Microprocessor and minicomputer controls

4. Expensive and increased maintenance reguire-
ments

3. Moest flexibility of nll robots

6. Advanced prezramming, including high-evel
languages

7. Built-in editing and diagnostic software packages

8. Mass storage devices (disk and tape)

9. Looping, subroutine. interrupt, and branching

<apabilitics : -
10, Control of some ot

arcund them

1. Sensor inputs such as vision. proximity, touch.
and sound

12, Applications include sorting, inspection. weld-
ing, painting,; and assembly

Robot actnators include pneumatic cvlinders or
motors. hydraulic ¢ylinders or motors. and electric
motors. The pnewmatic actuators are low in cuost,
require little maintenance, and are well suited for
high-speed operations with light payloads. Hydrawlic
actuators are more costly, require more mainte-
mance. and are best ~uited 1o heavy loads, Flecnie
mators are the easiest 1o control, have moderate cost
and muintenance requirements, and lend themselves
to applications that do not require high speed or
heavy loads,

The robot arm may be called a manipu/aror. The
part that handles the work piece or holds the tool is
cften rcferred to as—anend cffecror. Figure 13-158
shows some examples of end cffectors. These may
te changed automatically, as shown ia Fig. 15-16.

e znd 2ffectors are stored in atool holder within




" shape in space called its

Too! holder

Welding torch

the manipulator's work envelope. One lool is placed
in the holder, and the wrist disengages from it. The
_manipulator then moves to the next tool and engages
the wrist. Programmed tool changing is usually lim-
__jted to-high-technology robots. Fingerlike grippers
are also common end effectors. There arc a myriad
of gripper designs to handle the many tasks being

assigned to robots today. .

BEVIEW QUESTION .

.~ 7.2The perimeter of a robot’s reach describes a

gEERE

“PNEUMATICS AND MECHANICS

The industrial electronic technician must have a well-
roiinded understanding of several technologies. Au-
tomation involves more than electronics; fluidic and
mechanical systems interact with the electronic con-
trols. The term fluidics covers both hydraulics and

! Cylinder

F Double-acting actuator i‘;‘,_?”t

_§

A\

FTTTTETEIT ST TSI CIIFEISTT IS

Po ¥ Port
L Pistan

A B

Compressed 3ir —pe

Vent —d—

Spool valve
* Way be single—ended which eliminates one output shaft
Fig. 15-17 Pneumatic actuator,
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pneumatics. Mechanics includes " gears, pulleys,
bearings, transmissions, chain drives, timing belts,
and so on. The technician must have as overall un-
derstanding’of what each component I a system
accomplishes and how each component interacts
with the othér components. .
Pneumatic systems are similar to hydraulic sys-

_ tems. The major difference is thal pneumatics uses

air instead of 2 liquid 10 transmit power. Air com-
presses, limiting the amount of force that can be
transferred. For this reason hydraulic systems are
preferred when large loads must be handled. How-
ever. there are many benefits to pneumalic systems.
Compressed air, once it has delivered its potential
energy to a cylinder or a motor, can be rewurned (o
the atmosphere. This is a key advantage since it
prevents the build-up of contamination in the system.
“Air is also a coolant. Pneumatic motors, for example,
are cooled by the air that drives them. Compressed
air is easy o produce and can be distributed to var-
jous machines at low cost. The pressures used are
often not more than 130 psi (approximately 1 million
N’m’). and distribution is inexpensive and relatively

-safe.—- L

Figure 15-17 shows a pneumatic actuator; it con-
sists of a cylinder with_a port at each end and a

- piston to drive the output shaft or shafts: A single-
~ended actuator has an output-shafl at one end; a

double-ended actuator an output shaft at each end.

‘When compressed air is applied 1o one port. the =

piston reacts accordingly. The four-way spaol valve
provides the control. With the spools in the position
<hown in the drawing. the compressed air inlet is
blocked, and no air is delivered to the actuator. If
the control handle is pushed down. the spools will
lift: compressed air will flow to port B, and the piston
will be forced to the left. At the same time, port A
will be vented through the spool valve to the atmo-
sphere.Raising the control handle produces the op-
posite reaction in the cylinder, and the piston moves
to the right. The two motions make this a double-
acting cylinder.

Reversing air motors are also available and are
controlled in the same way. They may have eight or
so vanes connected to an output shaft. There are two
input ports. The direction of rotatioa depends upon
which port is pressurized and which provides the
exhaust.

The spool valve can be controlled by a solenoid;

. this solenoid can then be controlled by a microproc-

essor. Microprocessor control greatly improves the
performance of air motors. This is the system used
in the robot arm shown in Fig. 13-18. Air motors
tend 1o give rough performance at low speeds. The
microprocessor control smooths this out by digitally
pulsing the air supply to the accumulator of each air
motor. This technique is called dithering and pro-
vides performance characteristics once considered
beyond the capabilities of air moters. There are five
air motors in this particular manipulator, one for each
major axis. Each is controlled by a dedicated 8-bil
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Fig. 15-18 IRI M#0 rofot arme (Courtesy of dnternsrional Robormation fereilivencer

microprocessor which drives a spring-ceniered spool
valve. I'he microprocessors dither the «iv supply to
their respective fm[ors by adjusting lh: frequency
and duty cycle of the pulses supplied to the solenoid-
activaled valves. Optical encoders provide feedback
information to aliow the microprocessors 1o provide
accurate positioning and to 1djll‘\t the motor perfor-
mance for vary conditions of fricuun and eravity
under different load conditions.

Figure 15-19 is a diagram of the pneumatic system
for a model M30 robot. In this robot, an equipment

module contains a pressure control valve for each

axis. Packing the air motors and the valves together
eliminates transieants due w0 the compressibility of
air. A control valve assembly is composed of a so-
leneid-activated spool valve and a two-position valve
that operales at pilot pressure when the solencid is
activated. A volume chamber uwccwmularor is
mounted on each pressure contral valve assembly.
The pressure control valve dithers the =ir supply to
the velume chamber accumulator 1o maintain a con-
stant pressure supply (o the motor under varying
conditions.

Air motors are high-speed, Tun-.uu, = acluators.
Some type of d reduction system is required for
robotic applications, Fiaurs 1 shows the chain

drive stages of the M30 robot. They step Jown the
§090-rpm motors to 16 rpm at the outpur shaft. The
chain drives pm\:d a bon'n function. The pu'x‘::d
output of the air motors appears smeoth z2nd contin-
uous after translation through the reduction cheins.
Each chain must be adiusted o the proper tension
10 avoid backlash and 10 avoid stretching and exces-
sive wear, A chiwin tensioning adinsuren: is providea
for each chain-driven ""IOdLI.lL. Two pneumatically
up;m!ed caliper brake assen:tlies engage the first
sprocket in each chain module. A corrol valve Teg-
'..'!.'IE': the air pressure supplied to each brake. The
modules also contain the optical encoeders that pro-
vide axis position feedback te the microprocessors.
In addition to the five 8-bit axis microprocessors,
the M30 robot also contains onz 16-bit microproces-
sor. The 16-bit processar provides commands to the
individual axis processors. The robot can be pro-
gremmed by walk-through commands, assembly lan-
suage, or high-levellanguages. Eight digital I/O ports
are available on the main processor for interfacing
tha rebot to other equipment in the Factory,
Ordinary belt drives do not find much application
a1 roberics and other pvsmmhm- svatems hecause of
siippage. However, timing belts ars used in some
cuses. A fiming belt has teeth and drives or is dr
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Fig. 15-19 Pneumatic system of the M50 robot.

by a pulley which also has teeth. The teeth eliminate
the slippage problem. Timing belts are usually ap-
plied where the forces are small lo moderate.
Robots and other automation devices often require
a way 1o converl rotary motion to linear motion.
Figure 13-21 shows a rack and pinion arrangement
that accomplishes this task. The tecth on the pinion
gear engage the teeth on the rack. If the pinion shaft
is driven by a motor, the rack will move ina straight-
line path. Rack motion can be reversed by reversing
the motor. Figure 15-22 shows a ball bearing screw
drive which accomplishes the same objective. The
full name is seldom used, and they are usually re-
ferred to as ball screws. Ball screw drives are more
expensive than rack and pinions, but they provide
better positioning accuracy because backlash is con-
trolled. Also, the balis exhibit rolling friction, which
is less than sliding friction. This results in a more
efficient drive, The return tubes shown in Fig. 15-
22(a) recirculate the balls in the ball nut. Figure 15-

Air supaly
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To
remaining
motors

22(b) and Fig. 15-22{c) show that the screw or the
nut can be driven, respectively. Figure 15-23 shows
some applications for ball screw drives. They are
also widely applied in numerically controlled ma-
chines such as lathes and milling machines.

Chain drives and timing belts can be used to reduce
speed and increase torque. They are subject to some
elasticity and backlash effects, however. Gear boxes
may b used to control the elasticity, but backlash is
still a problem. The harmonic drive system shown in
Fig. 15-24 provides large reductions in speed with
essentially zero backlash. It is also more compact
than multistage gear boxes. These advantages make

- the harmonic drive system very altractive for robatic

and other automation applications. The drive is com-
posed of a rigid circular spline, a flexible spline
(flexspline), and an elliptical wave generator. The
reduction ratio of a harmonic drive is determined by
the number of teeth on the circular spline divided by
the difference in the number of teeth between the
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Fig. 15-20 Chain Jrive stuges of the M30 robot,

circular splinc and the flexspline: For example. if the
circular spline has 300 teeth and the flexspline has
302 teeth, the difference is 2, and the reduction ratio
is 130 to 1. Single-stage harmonic drives with reduc-
tions of over 300 to 1 are available. Ordinary gear
drive reduction ratios are based on the ratio of the
number of teeth on the larger gear to the number of
teeth on the smaller gear. This means that large re-
duction ratios rcquire muliistage gear boxes. The
backlash is additive in the multiple stages, and so are
the friction -losses-The- harmonic drive. although
costly, is used in some applications because of its
marked-advantages.

The wave generator, shown in Fig, 13-24, is ellip-

tical and forces the tecth on the flexspline to engaze
the teeth on the circular spline in two places. The
engagement points are opposite one another, and ap-
proximately 10 percent of the total number of teeth
are involved. This relatively large tooth engagement
contributes to the zccuracy and zero backlash of this
reduction drive, The wave generator is coupled to
the input shaft of the transmission. As it turns, ths
points of engagement move, I the numbers of tecth
on the two splines were the same, no relative moticn
would be produced between them. Because there is
a slight difference in the number of teeth. a smzll
relative motion is created between the two splines
for every rotation of the wave generator. If

439
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Fig. 15-21 Rzck and pinion systzm.

flexspline is fixed,-this small relative motion appears
at the circular spline and becomes ths reduced speed-
output.

A moving robot arm has kinetic energy. If the
combined weight of the arm and its payload is sub-
stantial, the energy is substaniial. If the arm is mov- =
ing fast, thep_even more kinetic energy is involved. -

. Some robots Use shock absorbers te provide con- - _
trolled deceleration and to prevent- damage due'to -~ .

Fig. 15-23 Applications of ball screw drives. {a) In the robot itself.
{4) In the axes of zn X-¥ table. (c) In a linear slide base. -

hammering. The absorbers are usually cylindrical
(8] vnits with an input shaft. The input shaft is connected
to a piston inside the cylinder. When the shaft is
moved, the piston acts against hydraulic fluid inside
the cylinder. The piston pumps the fluid through re-
stricted passages. The restricted flow inhibits motion
of the input shaft. The more rapid the motion, the
morz opposing force is developed by the piston
working against the restricted fiuid flow. The fluid

fel will heat as the piston forces it to flow. This action
Fig. 15-22 The ball bearing screw drive. (z) Screw and nut assem- converts the kinetic mechanical energy of the robot £
bly. (b} Driving the bail screw. (c) Driving the ball nut arm (e heat ensrgy.
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REVIETW QUESTIONS |

8. The term fluidics includes both — and

9. Examine Fig. 15-17. Which way will the pis-
ton move when the control handle is litted?

10. Is the arm shown in Fig. 15-18 an example of
a servo-controlled or a nonserva-controlled robot?
Why?

11. Digital pulsing of the supply to an air motor
iscalled . .

12. Drive belts are smooth: wintis velis hase

13. The chain drives shown in Fig. 15-20 pro-
ducea__ reduction.

15-4
CONTROL AND PROGRAMMING

Ruobot controllers range from simple electromechan-
ical svstems to powerful minicomputers. Figure 15-
25 shows an example of a simple control for a low-
technology robot. An electromechanical timer has a
series of cams that activate microswitches. The
microswitches control four-way solenoid valves to
activate pneumatic cylinders for the X and ¥ axes

and the gripper. Mechanical stops are sel to limil the ™~

travel along the axes. The gripper has no stops and
is either full open or ¢losed on the work piece. Set-

p this robot for a task invoives adjusting the
timing and sequence of the cams and adjusting the

hng u

" There
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mechanical stops. Thus, the robol is not programnied
for a task: rather, it is adjusted,
smmabic controllers can be used with iow-
technology robots, as shown in Fig, 15-28. The X', 1,
and Z axes are controlied along with the gripper.
is also anm intermediate —stop criinder 1hat
works in conjuncuun with the Z uals, The iolal suiii-
ber of outputs is 3, which is easily within ihe capacity
of a small programmable controller. Other outputs
may be required to move the work piece out of po-
sition after the robot completes its cycle and to bring
the next work piecé into position. Inputs on the con-
troller will normally be used to determine the proper
position of the work piece before the cycle is initi-
ated. The inputs may also include operator, com-
mands or commands from another computer con-
trolling the overali preduciion process. Another way
to use inputs is 10 read limit switches that siznal
+ manipulator position. The following sequence is {yp-
ical for a nonserve-controlled robot and will help you
understand the programming steps:

AUTOMATION AND ROBOTICS

1. When the program starts executing, the controller

-~ initiates signals to the valves on the manipulator’s

actuators.

2. The valves open and admit air or hydraulic fluid
to the actuators. The atfected members begin to
move.

3. The valves remzin open, and the members con-
tinue moving uaiil the stops are contacted.

4. Limit switches signal the controller that the move
or moves are cemplete. The controller closes the
valve or valves. i

3. The nex' sceucnca is initinted. The process is
repeated untii the entire program is somplete.

6. A new scan is started by the contreller, and the
entire program runs again when the inputs signal
that the next work piece is in positien.

Programmable controllers may also be used with
servo-conwellod robots. The following sequence is
tvpical for a niwdicm-technology robot:

1. The controller addresses the memory location of
the first command and reads the encoders to de-
termine the zctual position of the manipulator
aAXCS.

2. The two sets of data are compared, and any error
"is amplified 22d becomes a command signal to the
axis motors or servo valves.

3. The actuators move the manipulator and the en-
coders (or oher sensers) send data back to the
controller, The feedback signals zre constantly
compared with the programmed gosition data;
new error sienals are developed and become com-

__ mand signals to the actuators.

4. The precess continues until there zre no 2rrors,
“The manipulater comes to rest.

L

The couatroller now accesses the next memory
locution and responds accordingly to the data
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T Fig 1527 PUMA TR0 (Cowrresy of Unimation, Inc.)

work envelope under software direction. It is also
feasible to control velocity, acceleration, and decel-
eration with the software. This capacity is especially
useful with heavy payloads. The memory capacity is
usually large enough to store many positions with

th point-to-point and continuous path operation as
possibilities. It may also be large enough to store
several programs, thus allowing for rapid production
changes.

A high-technology robot and its minicomputer-
based controller are shown by Fig. 15-27. The equip-
ment cabinel stores the teach pendant when it is not
in use and also houses a2 CRT terminal. the central
processing unit, the VO module, and the power sup-
ply for the control electronics. The teach pendant is
one way of programming medium- and high-technol-
ogy robots. A human operator holds the pendant and
uses it as a remote control device to lead (usually at
less than operating speeds) the manipulator throagh
a series of moves. This kind of teaching or program-
ming is called lead-through. A store button on the
pendant is pressed at the end of each motion to store
the position in memory. Walk-through is another ro-
bot programming techaique. The human operator
grasps the arm and the end effector and manually
moves them. The operator signals the computer to

CHAPTER 15 AUTOMATION AND ROBOTICS - 443
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record each motion or position. Walk-through 1s
commonly applied in continuous path robots for
teaching operations such as spray painting and weld-
_ing. Figure 15-28 shows some typical walk-through
control handles on a painting robot.

Lead-through programming must be done with
some care, as indicated in Fig. 15-29. The spot weld-
ing end effector is shown in its start position. The
arm must be programmed to move past the roof col-
umn and then into the window opening where the
welding operation ds to take place. If an operzator
fails to record the intermediate point in memory, the
robot will take a direct path when the program runs.
This will result in a collision and damage {o the work
piece and to the robot. 3

When minicomputers are interfaced to robots. an-
other control method becomes available. It is called
controlled path and combines the best features of
point-to-point and continuous path programming. It
takes advantage of the computational abilities of the
computer to provide coordinated control of all axes.
The operator uses a pendant to move the end effector
to various end point positions. The computer then
generates a controlled path at the desired velocity,
acceleration, and deceleration. Teaching is more 1a-
stinclive if the operator can specify tool or gripper

o st bR B 44



Fig. 15-28 Walk-through control handles.

positions without worrying about commands to each
axis to achieve them. For example, in poini-to-point
programming the operator must move each axis until
the combination of positions properly aligns the end
effector. Continwous path programming requires the
operator to move the arm and end effector manually.
This becomes a problem with heavy manipulators.

ontinuous path also requires quite a bit of memory.

A controlled path system is shown in Fig. 13-30.
During teaching. the operator presses position and
orientation buttons on the pendant to move the end
effector. The teaching coordinate system may be any
of several types. Continuously changing position sig-
nals are generated as long as the buttons are pushed.
The compnte; ransforms the teaching coordinates
to rectarpular coordinates (if the teaching coordi-
nates ar¢ reciangiiar, this operation is not required).

INDUSTRIAL ELECTRONILS AND ROBOTICS
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Fig. 1529 Point-to-point programming.

The computer then transforms the rectangular coor-
dinates to robot coordinates, which become com-
mands to the axis servos. The servo loops then act
simulianeously to provide the desired positicn and
orientation of the end effector. The computer opsr-
ations are very fast, and the operator sees an appur-
ent immediate motion for every command. The pro-
gram button on the pendant is pushed to store the
current rectangular coordinates in memory, The
dant also has a keyboard and other buttons to cnier

~ velocity. tool length. and functions to be performed

at each point. The CRT displays the information
being programmed.

The CRT terminal shown in Fig. 15-30 also pro-
vides editing features. The operator may view the
data stored at the previously programmed points.
Data may be changed, deleted, or restored. Points

Pendant
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] w -
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Trans‘c: mation button  [end painti]
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>
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Fig. 15-38 Contrelled path system.
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between programmed points and program functions

can be added. Some typical functions are the follow-

ing: )

1. DELAY: This function stops the robot for a de-
fined period of time before moving to the next
programmed point.

2. CONTINUE: The manipulator does not stop but
moves to the next point. An output signal can be

. programmed 2t the contiaue point if desired. -~
3. WAIT: Motion is stopped until a signal or-a con--
ditional set of signals is received..

4. QUTPUT: Motion is stopped, and an output sig-

- - nal is produced before proceeding to ihe mext
* point. The signal may be 2 pulse or a level,

5..TOOL: Motion'is stopped until a tool operation

is completed.

6. BRANCH: Motion is stopped, and the robot
awaits input conditions. It jumps to different pro-
gram segments or subroutines based on the com-
bination of signals received.

tal
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~ Robots are one part ofthe automation puzzle. Fig-

~ures 15-31,15-32, and 15-33 provide examples of the

robotic’automation relationship. Few, if any, indys-
tnal rpbots can work effectively without being ifter-
Jfaced to otherequipment. Figure-15-31 is an example
of a robot controller equipped with D'A converters .
to provide output signals to the weldingz controtler.
which in turn controls the wire feed and the arc
voltage. Figure 13-32 shows a robot integrated into
a flexible manufacturing cell. The robot’s computer
provides signals to, and accepts signals from, the

-
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Fig. 1533 Automzted mold making
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thres nuperically controlled (NC) machining cen-
ters. All 0‘ the machines communicate through the
computer o provide an automated flow of machining
steps. paris transfer, and inspection.

A robot nead in automated mold making is shown
in Fiz. 15-33. The process involves coating a wax
pattern by dipping it into a ceramic slurry. Different
slurries are available at the five rotary mixers shown.
Afler dipping, the mold must be coated in the rainfall
sander or in the fluid bed. Next, it goes into the
drying tunnel. After multiple applications of slurry
and sand, the mold is-dried one last time and loaded
onto the exit conveyor. The robot, through its com-
puter, controls the entire process. This includes turn-
ing the mixers on and off, operating the conveyors,
and controlling the sanders.

The capabilities of high-technology robots are as
much due to their software as to their hardware.
Looping, branching, conditional testing, and inter-
rupts are examples of software features that make
the robots *“intelligent.”” For example, a subroutine
that provides an appropriate response can allow a
robot to recover from a difficult situation. Suppose
the tips of a spot welding gun become stuck to the
work piece. When the program detects the problem,
it branches to a subroutine of twisting motions de-
signed to free the tips. It will attempt this several
times before shutting the robot down and alerting a
control operator, as well as signaling the other ma-
chines around it. Robot decision making is imple-
mented in other wavs. When a robot is used for
palletizing (stacking), deceleration is often pro-
grammed into the cycle. The manipulator slows
down as the vbject nears the stacking point. Then, a
sensor detecis contact with the stack to stop the arm
and release the payload. What happens as the stack
grows? The deceleration does not begin soon
cnough, and damage may result. The software can
take care of this possibility. The last stacking position
is used 1o replace the destination point in memory
on everv civcle. In this way, deceleration will begin
carlier and earlier as the stack grows.

REVIEW QUESTIONS

14, Refer to Fig. 15-25. How would the sequence
of operations be changed with this control system?

15. How would the sequence be changed with
the system shown in Fig. 13-267

16. How many positions can the robot shown in
Fig. 15-26 stop at along the Y axis? The Z axis?
Why is this so?

I7. What type of robot allows stopping al many
positions along each axis?

18. Using a teach pendant to move a manipula-

tor from point to poiat is known as teach-
ng.

19. Grasping the ma nsp!ll.ﬂo and moving il man-
rom position to position is called _
teaching’

uatly

15-53
SEASORY SYSTEMS

The term hard automation seicis to special purpese
machines performing specific repetitive tasks in an
automatic fashion. Many industrial activities fit this
pattern and do uoi requoire sophisticated or intelligent
machines to support them. However, there is an ex-
panding effort to move toward "intelligent automa-
tion.”” There are two Key components in this effort:
sensory systems and artificial intelligence. Most in-
auslnai robots paint, weld, load and unload parts,
grind, drill, or perform simple assembly operations.
By the addition of sensors and intelligent software,
the applications can-expand to complicated assembly
operalions, inspection, part identification and sort-
ing, and adaptability to a range of situations. Another
important aspect is the ability to change rapidly from
one production run to another. When this is realized,
there is no longer a need to maintain an inventory of
spare parts because they can be quickly manufac-
tured on demand. .

Sensors may be used to provide touch, tactile,
proximity, vision, or sound information. Touch and
tactile sensing are related but are not the same.
Touch sensing involves contact detection at one or
several points. Tactile sensing measures continuous
and variable forces in an array; it is similar to the
type of feedback people obrain from their skin. Peo-
ple also use haptic sensing. which comes from the
muscles and joints. Joint angles and muscle forces
provide the brain with quite an array of information
during manipulative operations. Robots may crudely
approximate haptic sensing by measuring motor cur-
rent or fluidic back pressure as an indicator of the
forces acting on an axis. This procedure gives an
indirect measurement at best and is considcrably in-
fluenced by mampulalor position, friction, and iner-
tia.

Figure 15-34 shows a wnist sensor fer a robot ma-
nipulator that provides feecback signals proportional
to the X, Y. and Z forces acting on it. It consists of
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a metal tube with elastic beams. The beams flex in
response to forces acting along the various axes.
Strain gage sensors are placed on each side of the
beam at the measurement points. Temperature com-
pensation is achieved by using pairs of sensors. The

wrist measures three components of force and torque -

between the manipulator and the end effector. The
wrist semsor is illustrated in~combination with a

" touch-sensitive gripper in Fig. 15-35. Each jaw face .

has a three by six matrix of touch buniéns to sense
the ‘work piece. The outer jaw. surfaces are also
equipped with touch sensors to detect unexpected
obstacles. The touch buttons provide on or off sig-
nals. They can supply only a limited amount of in-
formation; true tactile sensing requires more.
Various synthetic rubber and plastic materials are

Fig. 13-36 Robor skin.
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used to produce materials with elastic properties.
These materials are called elastomiers and can be
used tormake skin for 2 robot gripper. Conductive
‘elastomers can provide feedack signals that are pro-
portional to the forces acting on them. Another pos-
sibility is to use a matrix of touch cells, as shown in
Fig.15-36. The touch cells zlso produce signals that
are proportional to force. The X and Y scan circuits
connect the various cells to a mulyplexer. The analog
signal from the selected cell is s2nz to an analog-lo-
digital (A D) coaverier. The processor stores the bi-
nary values from the vanous cells in a memory array.
The contents of the array rapresent a force contour
of the object, which is dictated by the shape of the
object and its orientation in the gripper. The software
then develops a “picture’ of the object being held;
this process is much the same as a human's grasping
familiar objects in the dark and identifying them. It
provides the robot with some ability to identify ob-
jects and determine their orientation by touching
them. The current systems are crude by human per-
formance standards. but improvements are expected.
Arrays of touch cells produce high-frequency sig-
nals when the gripper is moving. The information
must be processed rapidly for the manipulator to
respond in a2 reasonable fashion. Some touch cells
are ‘actually complete microcircuils containing-an -
-amplifier, an A'D converter. and'a microprocessor.
Another microprocesser receives; parallel informa-
tion from the individual microprocessors, rapidly as-
similates it. and then sends its oulput 1o the main

~ processor in the controller. It is interesting to note

how difficult it is to simulate something humans do
with such ease that thev tzke it for granted. It is also
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Fig. 15.37 Proximity sensing.

comforting to know that people are still the most
amazing and sophisticated of all **machines’ and will
not become obsolete in the foresecable future.

Arrays of conductive parallel strips may be used
for tactile sensing. Scanning circuits reveal the con-
tact points, and images can be created by the soft-
ware. Piezoelectric polyviny! fluoride materials pro-
vide signals that are proportional to changes in
pressure. These materials offer promise for slip sen-
sing, which is also very important in robotics. It is
possible to design a single gripper that can pick up
an egg without breaking it or a heavy metal machine
part by sensing slip and applying only that amount
of force required to eliminate it,

Proximity sensors are noncontact devices, They
utilize magnetic fields, radio frequencies, ultrasound,
or light for their operation. Some types were covered
in Chapter 9. Figure 15-37 shows a simple system
based on an infrared LED, a photodiode. and a lens
system. lis semsitive volume is approximately the

Target surface

intersection of the two cones in space as shown.
Such systems can be used for collision aveidance
and motion detection within the work envelope.
They work from centimeters to meters away. The
intensity of the light received by the photodiode var-
ies according to the distance to the target surface,
its incidence angle, and its reflectivity. Therefore,
this simple system cannot be used for ranging (dis-
tance measuring to the target) unless the angle of
incidence and the reflectivity are constants. This is
seldom the case. Figure 15-38 shows a more compli-
cated laser scanning system that is capable of ranging
as well as imaging. It utilizes an amplitude-modulated
iaser beam which is split into two paths. One path
leads directly to a detector and the other to a two-
axis scanning mirror. The mirror scans in two planes,
and the laser beam is reflected toward the area of
interest. The target surface reflects the beam back to
the mirror and then on to the detector, The amplitude
of the reflected beam provides surface information

1l Target
surfavy
Reflected
light
Transmitted Heceived
beam light
F____' Light beam Amplitude
Transmitter > R 2l
(surface cetails)
Amplitude A Interference fiiter,
my‘jm;teﬂ Scanning _nhdu;mu:_umier,
leser light mirrar unit kogarithmic
source amplifier, and
phase detector
Refetence phase P——

Fig. 15.38 Lzser im:

irange)
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about the target. The phase of the reflected beam is
compared to the. ﬁ:feren-.e phasz to profide range
information: -

The U.S. National Bureau ofStanda.rds (NBS) has
developed a robot vision systear that uses triangu-
lation 10 compute the distance the target. This
system is based on a 123 by 128 pixel image from a
solid-state video camera and a stroboscopic source

"~ __ that emits a plane of light.- The calibration chart for

" the NBS vision system is shosn in Fig. 15-39. It is
possible to compute the distance from the robot to
each point in the image. Whea aa object is in front
of the robot, a line segment image is formed by the
plane of light as shown in Fig. 15-40. The shape of
the segment image indicates the orientation of the
part. For example, look at the sample line segment
images shown in Fig. 13-41. A cylinder can produce
an image that appears as a curved segment, a straight
line segment, or an angle segment, dependinig on the
orientation of the cylinder. The rectangular solid can

Fig. 1540 Light plane forms segmen: imag2
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Fig. 1341 Lin2 8227

produce 2 lonz segmen:. 2 short segment, or an angle
segment. depending on its erizntation. Holes ia an
object may produce angles and brokzn segments as -
shown. By reducing imazes to line. segments; the
NBS system reduces- memory requirements ajd
speeds image processing. It emphasizes the acquisi-
tion of images that arz 225y to analvze. It has been
used successfully to pick up parts from a random
pile. identify them as to shape and size, and place
them into a work holder. It has also allowed moving
parts to be captured by the robot gripper.

Not all robot vision systems use a plane of Imh[
Other systems process the entire image. which may
consist of 236 by 236 pixzls. The image can be binary
or Gray scale. A binary imaging system converts
each point into black or white. A simple threshold
circuit performs the conversion. Binary systems re-
quire less memory. and the images can be processad
quickly. Gray scale systems provide more informa-
tion, however. Some can even infer three-dimen-
sional information by using nonuniform lighting and
interpreting the reflective imagz. A binary image with
256 by 256 pixals requires 8K bytes of memory. The
same image with 8 Gray bits per pixel rzquires 64K
bytes. Some future systems will use 1024 by 1024
pixel images. IM byte will be required to store one
of these images in binzry form; of course, even marz
memory will be required to stere a Gray-scale image
Such systems are becoming more feasible as the
price and space requirements of memory continue to
drop and as processer speed continues to increasa.

Internationzl Roboimat ion/Intelligence, the man-
ufacturers of tha M50 manipulator-coverad earlier in
this chapter, offer a robot vision system that accapts
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Fig. 15-42 Machine vision system (International Robotmation/In-
telligence).

the input from up to four video cameras. The 256 by
256 pixel images are digitized in an 2.bit A'D con-
verter and are stored in a 64K byte page of memory.
The memory can store four images at ong ume for
color processing or stereoscapic analvsis. Figure 15-
42 shows a block diagram of the M50 vision system.
A 16-bit processor is used for image analysis and
recognition. The system uses a feature vector to ac-
complish recognition. A feature vector consists of a
sel of measurements, or descriptors, that condense
a Gray scale image into a small number of charac-
teristic features. Recogaition is the process in which
the system compares the descriptors of an unknown
object with those of model objects stored in memory.
The models are developed during a training process
by presenting objects to the system so the descriptors
can be computed. The most useful descriptors are
those that remain most constant regardless of posi-

Top view

Lens
D diode array

Encoder

[
“~Lens

Sida view
diade array

Fig. 15-43 Qrthogonal views with dinde 1

tion or orientation. Some of these are area, elonga-
tion (the ratio of the minimum radius to the maximum
radius), number of holes, and length of vectors from
the center of the object to points along its radius.

Descriptors are developed by analyzing the fmags
for Gray scale gradients. A gradient is defined as a
rate of change: for example, edges are recognized as
sharp gradients in the Gray scale image. The edges
define the basic geometry of the image so that mea-
surements can be taken. Recognition follows with
the nearest neighbor algorithm, which computes the
straight line distance from the point representing the
unknown object to each of the points representing
the stored models. The model that most closely
matches the unknown is selected. The software tech-
niques are complex, and even with a fast 16-bit proc-
essor, processing and recognition require 0.1 s. For
high-speed operations, an optional coprocessor can
be added to speed this up to 0.01 s.

The block diagram of the vision system shown in
Fig. 15-42 also shows a histogram processor. This
section performs image enhancement operations at
the same time the image is being digitized and can
also process images that have been stored in the
frame buffer. The enhancements improve contrast,
subtract background information, window the image
(select specific portions for further processing), and
select various Gray scale thresholds to eliminate
noise.. The contrast is enhanced with histogram
equalization. The histogram of an image provides the
frequency of occurrence of cach Gray level. Equal-
ization expands the number of Gray levels near the
maximum portion of the histogram and compresses
the number of Gray levels near the minimum. This
expands the brightest parts of the image and com-
presses the darkest for an apparent increase in con-
trast.

Machine vision systems are not confined to rebot-
ics. Figure 15-43 shows an arrangement for inspect-
ing moving parts, Two diode arrays are used to de-
velop orthogonal views (two right-angle images). The
diodes are arranged to scan one line of the image at
a time. Encoder signals are used to synchronize the
scans with fixed increments of part movement. The
video signals that result from each scan are sent 1o
a computer for analysis in real time or are stored in
memory until the entire part image is available for
processing. Such a system may be used to identify
parts, inspect them for defects, and verify their ori-
entation on the conveyor. In some areas machine
vision inspection is superior to human vision, Com-
plex printed circuit boards are an example; it is un-
likely that a person will detect a missing hale, but it
is highly likely that this defect will be detected by
the machine,

Sound sensors also find some application in auto-
mation. They can be used to detect abnormal situa-
tions. For example, a cutter bit makes a different
sound when it is dull than when it is sharp. Digitized
wersions of the sharp and dull sounds can be stored
in computer memory. The computer can then contin-
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- uously compare the output of a sound sensor with

the memory standards and make a decision about~
when it is time to change tools. ‘ .

- REVIEW QUESTIONS

"0 The two major parts of “intelligent automa-
tion'" are the computer software and the
that provide information.

21. Touch sensing involves contact defection, and

sensing which measures continuous forces
in an array. .
23, Proximity devices are examples of noa-
Sensors.

23, Refer to Fig. 13-34. Why are the strain gages
placed on both sides of the beams?

24. Refer to Fig. 15-41. The segment images
change in relation to part distance and part

23, Machine vision systems may be divided into

or types.

26. Which type of vision system requires less
memory?

=

15-6 .

TROUBLESHOOTING AND - :

MAINTENANCE BT
Automation systems may be very easy 10 repair. tret- - -

they canvalso be very difficult. The diagaostic me 2ih-
ods used are as varied as the technicians who pr
tice them. However, there are common prastices that
vou must make 2 part of your routine. Safety is the
most important aspect of your work. You must zl-
ways be concerned about your own safety and that
of others, and you must work to minimize equipmant
damage wherever possible. Please review the general
safety practices in Chapter 1.

As you probably realize by now, knowing what 2
system is supposed to do and how it accomplishes
what it does is over half the battle when troubls-
shooting. This is the *‘what and how" part. The
remaining part deals with keen observation and 2
logical process of elimination. The symptoms must
be filtered through the “‘what and how" framework
to enable a skilled technician to focus atiention on
the correct area quickly. With experience. this tech-
nique will produce results in the least amount of time.

Do not forget the other rules of troubleshootinz
that have been discussed. Power supply malfunctions
can create a myriad of symptoms and should always
be investigatad early in the troubleshooting process.
Supply failures are common in programmable con-
trollers and robotics. They are ofi2n caussd by heat
or line transienls. Vents on eguipmeat cabincls
should not be obstructed,  The cabinets themszives
should not be usad to store manuals, spare parts, or
any items that could interfere with the flow of cooli
air currents. You may have to educate other |
personnel. Afterall, to most peoplz it seemsinno

enough-to place a blueprint on top of a power supply
“temporarly.” Repeated supply failures may indi-
cate line transients. Many jnstallations use line con-

* ditioners or uninterruptible -power supplies to im- -

prove reliability. The ‘L0 modules also fail with

greater frequency than other parts of the automation

system. They often receive transients of thousands

of volts and are subject to damage from short cir-

cuits, bad connections, and wiring emors.
Controllers may have diagnostic indicators. Somz

of these are as follows:

1. Overvoliage

. Undervoltage

. Overcurrent

. Overtemperaturs

. Processor

. Memory/parity emror

. T'O function

With modular designs, the indicaiors may sugzest

which module or modules should be changed. This

indication can be misleading: for example, a memory

error may be caused by another module that has

access to the memery. Always power down when

changing modules znd follow the manufacturer’s rac-
ommendations. Also, never change more than one

=1 O Ln da L D

module at a time. Power supply shuidown due 1o

overcurrent may also require removal of the mod-

ules. If the overload persists, the chassis wiring may .

be defective, a coanector may be short-circuited, o
the supply itself may be defective. If the overipad
clears, the quu 25 can be inseriad one at a time
until the problem shows up again. Again, consult the
recommended procedures before using this tech-
nique and disable any high-energy circuit that can be
activated during testing.

Timing problems in controllers can be difficult 10
diagnose. They may be caused by software faults,
contact bounce, noise, of circuit failures. A common
software fault in this area is the program end state-
ment. Verify its format when timing problems occur.
The scan time may be too long to provide adequate
response to rapidly changing input conditions; this
condition is known as program raring. Some con-
trollers have diagnostic software to help locate dif-
ficulties. A contact histogram records the status of a
bit in memory over a period of time. If the bit
changes more times than its input device has toggi=d,
then contact bounce or noise is indicated. The exclu-
sive OR (XOR) furction is znother diagnostic tool
that can be used to compare a number of inputs
against their desired state:

10101001 « ACTUAL BINARY INPUT

11101001 « DESIRED BINARY STATE (MASK)
——— « XOR OPERATION '
01000000 « RESULT

Any differences between the inputs and the mask
will produce a nonzero result. This technique is use-
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ful when the operating cycles are fixed and the input
palterns are repeatable at each step. The XOR func-
tion is also useful for building a sequence table. The
last entry in the table is continuously compared to
the inputs. Each time a nonzero result is obtained,
the new input status is added 1o the table, When the
sample cycle has been recorded, it can be compared
i the program cycie to determine whether they
match.

When machines are being controlled, the cycle
times may vary with factors such as friction. Delays
may change the order in which input transitions oc-
cur during any given cycle. The diagnostic program
may be able to construct timing windows to allow
for these variations. The important test is to deter-
mine that each transition occurred within its own
time window. The built-in diagnostic software may -
also provide “‘watchdog timers"' to detect excessive
scan times, machine cycle times, or motion times.

New installations or recently modified installations
can present a special set of maintenance problems.
Errors in wiring, poor connections, and short circuits
are among the possibilities. The placement of wiring
is also important because it can cause noise pick-up.
Electrical noise is a prevalent problem in most in-
dustries. Wires are antennas; they radiate as well as
receive signals and should be twisted in pairs to help
cancel external fields and reduce this effect. Shield-
ing may be required in some cases. Sensitive circuits,
such as data communications lines, control lines,
sensor lines. and feedback lines from resolvers,-must
be routed well away from motor supplies and other
high-energy circuits. Some installers, in the interest
of neatness, tie-wrap all possible wires together into
a bundle. Although this bundle may be pleasing to
the eye, it is not acceptable because of noise.

Ground loops are another contributor to noise and
faulty operation. Verify that the manufacturer’s
grounding and shielding recommendations have been
followed. Use an oscilloscope to check low-level sig-
nals for the presence of noisc. Make sure that the
oscilloscope is properly grounded to the signal cir-
cuit. Use safe floating measurement techniques as
discussed in Chapter 1 when necessary. Ground
wires may also have to be rerouted in some cases.
Poor grounds or missing grounds can even cause
oscillations in a robot manipulator.

The placement of equipment is also important. Na-.
tional Electrical Manufacturers Association (NEMA)
enclosures are most often used to house controls.
Some motor drives use large inductors. It may be
tempting to house these inductors in the same cabinet
with the control electronics. This is not recom-
mended practice, butif it must be done, the physical
separation belween the inductors and the control
eiectronics must be maximized.

When data communications circuits will not work,
check the wiring. Pins 2 and 3 on RS-232C connee-
tors tend to become reversed. Make sure that the
grounds are intact and that all necessary signals and
jumpers are provided, Verify that the baud rate, par-

ity, and the number of stop bits are correctly set up

INDUSTRIAL ELECTRONICS AND ROBOTICS

at both ends of the circuit. Input-output modules are
often wired incorrectly. Make sure that high-voltage
circuits hzve not been mixed with low-voltage con-
trol circuits.

Servomechanisms should be checked with no load.
if possible. If normal operation cannot be achieved
under this condition, the defect is not an overload.

- The gain should be adjusted for good stiffness and

no oscillations. The gain may be controlled by a

hardware adjustment or by software, depending on_
the controller. Next, measure the drive current under

no-load conditions. It should be far less than maxi-

mum. Or measure the drive voltage at the input of

the power amplifier. It may range from -10 to

+ 10 V. It is safe to assume that maximum current

occurs when the drive voltage is at one end or the

other of its range. Again, the drive voltage should be

less than maximum under no-load conditions. If

everything appears normal, the servomechanism can .
ba reconnected to its mechanical load. In the case of

a robot manipulator, a typical payload can be added

to the gripper. Readjust the gain for the proper char-

acteristics and measure current or drive voltage

again. Try different operating speeds. Higher drive

voltages and currents can be expected at the faster

speeds.

Asystem will not work properly if it is overloaded.
Overloads may be due to pinching or binding in a
mechanism. This may show up at only one point of
travel so exercise the entire range while monitoring
drive. Oscillations may be caused by abnormal back-
lash. Check the ball screws, harmonic drives, rack
and pinions, chain drives, and other parts of the
system, Hammering or banging may indicate a de-
fective shock absorber.

A fluidic mechanism can be checked by using an
oscilloscope to monitor control signals to the valves.
For example, if a pneumatic system uses dithering
to control the air motors. the duty cycle of the con-
trol waveform will be an indication of how hard the
servomechanism is working at various speed and
load conditions. Once again, you must follow the
manufacturer’s recommended procedures. A tech-
nique that works on one machine may be misleading
or perhaps dangerous on another.

REVIEW QUESTIONS

27. The prime consideration in troubleshooting is
28. When modules are being removed or re-
placed, the power must be
29. A contact histogram is a software diagnostic
that can be used to detect contact i
_30. When a mask is exclusively ORed with inpui
signals, any discrepancies will produce a
result.
3L A built-in diagnostic to detect excessive scan
times or cycle timss is called a timer.
32. It is possible to cancel external ficlds around
conductors by the wires into pairs.
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CHAPTER REVIEW QUESTIONS

15-1. Another name for degree of freedom in
robotics is ——2 . 7 ok

15-2. Most industrial tasks can be accomplishad
with ___ or fewer degrees of freedom.

13-3. Robots that usz ro feedback may be
called low-technology. pick-and-place, limited se-
quence, and other namas. However, thay are dis-
tinctly in the calegory.

15-4. “'Bang-bang’” robots are sei up for a task
by adjusting ==

15-5. The three terms usad to describe the wrist
axes of a robot are N and

15-6. Medium- and high-technology robots use
feadback and are therefore considerad as

types.
15-7. Point-to-point servos require less memory
than types.

15-8. Which robot actuator is best suited for
fast operations with light parloads?

15-9. Which actuztor is bast suited to handiing
heavy -loads?

- 15-10. A manipulator is another name for a robot”

-~ 15-11.. End effectors arprobot _____ of

15-12. Rack and pinion acsemb}ies are used 10
convert rolary motien 10 motion. What
other mechanism does the same thing with much.
less backlash?

15-13. The input energy to a harmonic drive
transmission is applied to an elliptical

15-14. If the rigid spline of a harmonic drve has
400 teeth, and the flexspline has 402 teeth, calcu-
late the speed reduction ratio.

15-15. A harmonic drive will exhibit less
and less when compared to a gearbox with
the same reduction ratio.

15-16. Shock absorbers convert mechanical en-
ergy into energy.

15.17. A robot will 1ake an unexpected path
when executing a program if the operator has ne-
glected to - a point in memory.

15.18. Using a compaier o calculate path moves
eliminates'same of the problems associated with
point- la-pmm and continuous path sysiems. This
technique is based on the computational ability of
the computer and is known 23 path pre-
gramming.

15-19. Some robot controliers allow the data znd”

programs to be modified at a CRT terminal. This
feature is called

15-20. What software capability will most lixely
be used to stop a robot when a sensor detects an
obstruction {such as a person) in the work enve-
lope?

15-21. A robot is uszd to drll holss. It hes s2n-
sors to detact a defective drill bit. It also has the
ability to change the bit. What software feature
would probzbly be used to control the bit chan“?

15-22, Which 1ype of vision system requires e
least processing time?

15-23, “Which 1ype of vision 5} stem provides the
most mfcrma..on

15.24. 08 ect cd_f:s in 2 Gra¥y s¢

“be found ‘m 'no!urg for sharp

- age. z

- 18.5.-Hist ogram enJailza tion caa be used o en-
hance the apparent of 2 Gray scale pic-
ture.

15-26. Sensitive circuits must be routed well
__ high-enargy circuils.

15-27. Ematic operation at one point of travel in
a manipulator may indicate in some mech-

g pi‘lure can
in 1he -r-

anism.

15-28. Oscillations in a manipulator may be duz
to ____ caused by 2 misadjusted mechanical
syslem.

ANSWERS TO REVIEW QUESTIONS

provide lemperature compensation 24, orizntation
29, bounce 30. nonzero 3. watchdog 32, twisting

1. software 2.CPU;10 3.ladder 4.scanming 5. battery 6. roise (irznsients) 7. work envelope 8. hyvdrzciics:
pneumatics 9. to the right 10, servo: it uses feedback 11 dithering 12.1e2th 13, sp
cams 15. by entering 2 new program (or changing the existing ong)
cylinder 17. servo-controlled  18. l=ad-through 19. walk-through 20. sensors 21 tactile 22, contact
35. binarv: Gray scale 26, binzry

d 14, by adjusting the
15. 2: 3; the Z axis has an intermediate s10p
23, to
28, off

27, safaty

a
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