R CESD
BEY FB 2 A




Book V

MICROELECTRONICS

——Digital and Analog Circuits and Systems

BERM (%) HmF & F #®HB
5% FEH #MHeEk W

B ZE M 5030 i A e



A4S RAEEE JACOB MILLMAN f 3%
«MICROELECTRONICS; Digital and Analog

Circuits and Systems> 33 [FURE 45 (1979 £/ A

i e, 7, 11, 13[EE.

BEEERA

FEE TR %
(BB TLaF$)
BRU(ER) KHB & 5 2%
Bms EEE A W

IR B A ;i
EEEUREERER B
AR ¥1.127%



e & ey 1E

ATRIMWHRILRREEEFEHMNERT, BEAFLHER
EHA BRI, AMEHTLE “HER2IHHH K, £ 5
“HMR” EHoRASE, AR GIERFE, W, BESF, KBS
F(HERBAFEA—ASM), CI1F, TRETF, 251 L5,
WARR 32, MRTH F(HWRBELS Ao, FHHENELEET,
ERITAFT—IThFHRAL, ELFRMET ZFHERBREMH B
AleFikew®E) , BRI LHBREEREAM,

LA FRPERARY I ERBRAM, TERNG—REBE, L1
P HREHAFE, BB ARRFHELANIEE, b, KNF
ETHRBERAIRLGAL, AR FAEANIMERE, RATiRER
it A KB R EMHH,

A MR BEHB I AAMMIERKL TN ELLEAFT,
WRERROAEEFERT RS HASARE R, FBF 2l
WILER T, WEHHEEA, FRER. 2B, 4, #2A. R
. REEFREMBRENAA ARG TS 8, 2 H 68 2
F, a8, WILAETER, RATHBIEEE “HitR” 58F,

wTHEeR, i, EEFAEHELAARARLEZR, 7 i
AREETERL, b,

198348



CONTENTS

Unit One
( Chapter 6 Combinational Di8ital Systems )

Binary Adders...-.--.-'-..-...n.--.........-........... .

Arithmetic Functions -« crm i oo issiiracertvoisinvrnnin s

Digital Comparator e r Add b aET EAIA TR FEETIA AN AN AT ATE AN RAE BT AR
Parity Checker/Generator - «-ooenviiieniians

Decoder/Demultiplexer -««-rroeeameuians ovnnunn,

Data Selector/Multiplexer - ovrrevvi i,

1

== = N S - O - - U -
|
W ta w O e WD

I
Pt
o=

Two-dimensional Addressing of 2 ROM veeecinrnimnnciains
6 ~11 ROM Applicationg-s«vrrsrrireiianinins
6 —12 References

6—13 Review QUestions «+rrt-temisi i st act s v ae

Unit Two

(Chapter 7 Sequential Digital Systems)
7-—1 A I-Bit Memo_ry B A hbr bR AAE ARy Ak r b mE mas dhe kA EE
7 -2 The Clocked S-R FLIP-FLOP +w--eeervcivnens

7-3 J-K, T, and D-Type FLIP-FLOPS-++«-xervens
7-—4 Shift Registers “ar rEETL AT 4siumtaas e nE

7 -5 Ripple ( Asynchronous ) Counters -

7—8 Synchronous Couﬂtefs E A R e e e NN e M aEe Rk e A awE st han hbe b
-7 Applications Of Cotnters - rrrrimir et st catamamarans nresar arnaee

References

Review Questions sesrecon

Unit Three

(Chapter 11  Low-Frequency Amplifiers )

11-1 The Operating Point of 8 BT ccortreeatariuirimmrraneeeenreannarnans

Standard Gate Assemblies cooeerevrrmsinarsviiitstieintessiororsraenasrraes

Encoder......... B L L T
Read_only Memory ( ROM ) B R T R L LR L TR T LI T Tt

akw ...10
cer12
w1
...16

. ...21
24
28
N ...32
. ...34
-.....37
awe ...38

=40
43

--.50
w55
60
a0 .-.63
+ .‘.66
=50

70



11-2
i1-3
11—4
11-5
11-6
11 -7
i1—~8
11-9
11-10
11-11
11-12
11~-13
11-14
11-15
11-186
11-17
11-18
11-1%

11 -20

Unit Four

Bias Stablhty?z
Self-Bias or Emitter Bias coretrrrereroriimiiir i s 74
Siabilization against Variations in Ico, Vpg, andBec 76
Output Waveforms for a Sinusoidal INDUL e eeremrreneraenemrnnrrenen8]
Approximate Smali-Signal BIT Models «+ s ceerreremmmmrmeaiaanannis.83
The Transistor Transconductance s« rerreerrereirrsesiieansinsaisnsn 84
Linear Analysis of a Transistor Circuit---c=reermvemanimmiriin 88
The Common-Emitter (CE) Amplifier «+sesseverersrrmrinnmeinnsinienn i o87
The Emitter Follower s rersr o tiuninisieisicsncaraossveeesaesconans sne§)
The Common-Base ( CB ) Amplifier Y
Comparison of BJT Amplifier Configurations +ereereserane veneengg
The CE Amplificr with an Emitter Resistor-rrereseesmeecrrionrsnenngs
Cascading Transistor Amplifiers LTy PPN Y-
Accurate Small-Signal BJT Models s rrmrvesceninainsnninninay 100
High-Input-Resistance BJT Circuits «w+ce:ecreersremrioiiisninennsnceni] 04
Biasing the Field-Fffect Transistor S 1]
The JFET or MOSFET Small-Signal Model-emnssiiiiuennninq 1
The Low-Frequency Common-Source and Common-Drain

Amp]ifiels.................................................................-......113
The JFET as a Voltage-Controlied Resistor ( VCR)Y-=+vvivivniinn 118
References B P B L ¢

Revicw Quesiions M G LIE TR T T PP PRTPPRPRO I N'L

( Chapter 13  Frequency Response of Amplifiers )

11-1
11-2
11-3

it-4
11-5
11-8
11-7
11-8
11-9
11-1¢
it-11
1112

Frequency Distortionm------‘-------—-°-------~-------—------------*----'“120
Step Response of an Amplifier T T 7.
Effect of Coupling and Emitter Bypass Capacitors on
Low-Frequency Response e AR L L L LT ETRP I I ITTR PP [ 7.
The RC-Coupled Amplifiersoseosevmmian it e e e 130
The Hybrid-x Transistor Model at High Frequencies----1c:a0ii131
Variations of Hybrid-x Parameters R L R I RILRTYRPLROPPITS [ 7.
The CE Short-Circuit Current Gain L T F 15
The Generalized Voltage-Gain Funcion s covveveninininiii37
Single-Stage CE Transistor Amplifier Response-vereevrenrinn i 0139
The Gain-Bandwidth Productl44
Emitter Follower at High Frequencies »+-evorviienn i a1 46
High-Frequency Response of Two Cascaded CE Transistor

2



SHAREE +cvvererrint i i e e e s e s e [ 48
13— 13 Multistage CE Amplifier at High Frequencies «wreoresnniienninqf]
13~14 The Common-Source Amplifier at High Frequencies:-+ - vreverea 152
13—15 The Common-Drain Amplifier at High Frequencies«--.-+---2+--156
13— 16 Bandpass of Cascaded Stages --reorrovimenmiiii e 157
REFETEILEES <vvrvecersrammntusmue s s sieisnanssensraraneussrnsnnsns s senseneeesns 15

Review Questions LT -.-.-....159

problems

Answers to Selected Problems AT SRR AL HOAELNEY BEE HSN SRS AR b nBbE bhab

L3

TEYTIY) 1?3
Notes
Unit 1
Unit 2
Unit 3 oo rimirm i s i i s st e e s e ae e R RO
Unit 4

Vocabulary T L I T T T I PR Rp e  X.Y |

Abbreviations LR L T T T N T P T T T P I P T TI 1 g ?



CHAPTER

SIX
COMBINATIONAL DIGITAL SYSTEMS

A digital system is constructed from very few types of basic network configura-
tions, these elementary types being used over and over again in various topologi-

cal combinations. As emphasized in Sec. 5-8, it is possible to perform all logic
operations with a single type of circuit (for example, a NAND gate). A digital
system must store binary numbers in addition to performing logic. To take care @) 3)
of this requirement, a memory cell, called a FLIP-FLOP, is introduced in the next
chapter.

Theoretically, any digital system can be constructed entirely from NAND
gates and FLIP-FLOPS. Some functions (such as binary addition) are present in
many systems, and hence the combination of gates and/or FLIP-FLOPS required
to perform this function is available on a single chip. These integrated circuits
form the practical (commercially available) basic building blocks for a digital
system. The number of such different IC’s is not large, and these packagest
perform the following functions: binary addition, decoding (demultiplexing),
data selection (multiplexing), counting, storage of binary information (memories
and registers), digital-to-analog (}/A) and analog-to-digital (A /D) conversion,
and a number of other operations. Those building blocks which depend upon
combinational logic are described in this chapter.’

&Y

6-1 STANDARD GATE ASSEMBLIES?

Since the fundamental gates are used in large numbers even in a relatively
simple digital system, they are not packaged individually; rather, several gates

t The terms package, chip, and iC are used interchangeably.
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are constructed within a single chip. The following list of standard digital IC
gates is typical, but far from exhaustive:

Quad two-input NAND Quad two-input NOR
Triple three-input NAND Quad two-input AND

@ Dual four-input NAND Dual two-wide, two-input AQOl
Single eight-input NAND Two-wide, four-input AOI
Hex inverter buffer Four-wide, 4-2-3-2-input AOI

These combinations are available in most logic fammlies (TTL, DTL, eic.)
listed in Sec. 5-15. The limitation on the number of gates per chip is usually set
by the number of pins available. The most common package is the dual-in-line
(plastic or ceramic) package, which has 14 leads, 7 brought out to each side of
the IC (Fig. 6-1¢). The dimensions of the ass¢mbly, which is much larger than
the chip size, are approximately 0.8 by 0.3 by 0.2 in. A schematic of the triple
three-input NAND is shown in Fig. 6-1a. Note that there are 3 X 3 = 9 input
leads, 3 output leads, a power-supply lead, and a ground lead; a total of 14 leads
are used.

In Fig. 6-1b is indicated the dual two-wide, two-input AQOI (Sec. 5-6). This
combination needs 4 input leads and ! output lead per AOIL, or 10 for the dual
array. If 1 power-supply lead and 1 ground lead are added, we see that 12 of the
14 available pins are used.

The circuit diagram for this AOI gate is given in Fig. 6-2, implemented ip
TTL logic. The operation of this network snouu be clear from the discussion in

(a)

(e}

Figmre 6-1 The lead connections (top view) of (2) the TI-10 triple three-input NAND. (b) The TI-51
dual two-wide, two-input AOI gate. (No connections are to be made to pins 11 and 12) (¢) A
dual-in-linc package, DIP.
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Figure 6-2 The circuit configuration for a TTL AND-OR-INVERT gate.
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Chap. 5. Thus @1 and the input to Q2 (corresponding to the similarly numbered
transistors of Fig. 5-21) constitute an AND gate. The identical arrangement of Q5
and {6 constitutes a second AND gate. Since the collectors of Q2 and (6 are
tied together at P, the output at this node corresponds to either the inputs 2 AND
3 OR 4 AND 5. Also, because of the inversion through a transistor, the NOT
operation is performed at P. The result is AND-OR-INVERT (AOQI) logic
(AB + CD). Finally, note that @3, DO, and Q4 form the totem-pole output
stage of Fig. 5-23.

An alternative way of analyzing the circuit of Fig. 6-2 is to consider Q1 and
Q2 (with the output at P) to constitute a NAND circuit. Similarly, 05 and 06
form a second NAND gate. The outputs of these two NAND configurations are
short-circuited together by the lead connecting the collectors of (2 and Q6 to
form a wired-aND (Sec. 5-11). Hence the output at P is, using De Morgan's law
[Eq. (5-26)]

(AB) (CD} = AB + CD

which confirms that AOI logic is performed.

Seme of the more complicated Functions to he described in this book require
in excess of 14 pine. and these IC's are packaged with 16, 20, 24, and up to 64
leads.

The standard combinations considered in this section are examples of
smail-scale integration (SSI). Less than about 12 gates (~ 100 components) o a
chip is considered SSI. The rLIP-FLOPS discussed in Sec. 7-3 are also : |
packages. Most other functions (using BJTs) discussed in this chapter ---
examples of medium-scale integration (MSI), defined to have more than 12, *ut
less than 100, gates per chip. The BJT memories of Sec. 6-9 and the MOSFET

arrays of Chap. 9 may contain in excess of 100 gates (> 1,000 components) and
are defined as large-scale integration {LSI).
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Design Philosophy

An electronics engineer should design a system so as to use standard IC’s for as
raany subsystems as possible. He or she must attempt to minimize the required
number of packages (and hence the total cost”). A single MSI is used in place of
& number of S5 chips which could perform the same function. Similarly, an LSI
package is used in the system wherever this IC can replace several MSI chips. In
summary, in designing a digital system, it should be defined in terms of standard
MSI and LSI packages. Discrete gates (SSI) should be used only for “interfaces”
(also called the “glue”) which may be required between the subsystem 1C’s.

A list of manufacturers of IC’s is given in Appendix B-1. These companies
have available data books, handbooks, and application notes which are invalu-
able to the system designer since they keep him up to date on new packages and
applications as they become available. The most important functions performed
by MSI chips are given in Chaps. 6 and 7. After introducing the MOSFET in
Chap. 8, LSI packages are discussed in Chap. 9. The most versatile LSI system is
the microcomputer, a programmable computer on a chip. As discussed in Sec.

9-11 the design of a complicated logic system is usually based upon the use of
the microcomputer.

6-2 BINARY ADDERS*

A digital computer must obviously c.ntain circuits which will perform
arithmetic operations, i.e., addition, subtraction, multiplication, and division.
The basic operations are addition and subtraction, since muitiplication is essen-
tially repeated addition, and division is essentially repeated subtraction.

Suppose we wish to sum two numbers in decimal arithmetic and obtain, say,
the lundreds digit. We must add together not only the hundreds digit of each
number but also a carry from the tens digit (if one exists). Similarly, in binary
arithmetic we must add not only the digit of like significance of the two numbers
to be summed, but also the carry bit (should one be present) of the next lower
significant digit. This operation may be carried out in two steps: first, add the
two bits corresponding to the 27 digit, and then add the resultant to the carry
from the 27°' digit. A two-input adder is called a Aalf adder, because to
complete an add;tion requires two such half adders.

We show how a haif adder is constructed from the basic logic gates. A half
adder has two inputs—A4 and B—representing the bits to be added, and two

outputs— D (for the digit of the same significance as 4 and B represent) and C
(for the carry bit).

Half Adder

The symbol for a half adder is given in Fig. 6-3a, and the truth table in Fig.
6-3b. Note that the D column gives the sum of 4 and B as long as the sum can
be represented by a single digit. When, however, the sum is larger than can be

i
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A B .
Input _.(.)utPUt L Ao ~ i
T T A B Saum D C ~oP = BA + AB
. L ol
0 0 0 0 o _
HA 0 1 01 0
1 0 0r 10 —
1 1 w0 1 'i oC - AR

s 4

(a} (B) it

Flgure 6-3 (g) The symbol for a half adder. {6} The truth 1able for the digit D and the carry C. (c)
The implementation for D with an EXCLUSIVE OR gate and for ¢ with an AND gate,

represented by a single digit, then D gives the digit in the result which is of the
same significance as the individual digits being added. Thus, in the first three
rows of the truth table, D gives the sum of 4 and A Jirectly. Since the decimal
equation *1 plus 1 equals 27 18 written 1 bisary torm as “0I plus 01 equals 10,”
then in the last row D = 0. Because a 1 must now be carried to the place of next
higher significance. C = 1.
From Fig. 6-36 we see that D obevs the ExcLUsne ok function and C
@® follows the logic of an AND gate. These functions are indicated in Fig. 6-3¢, and
may be implemented in many different ways with the circnitry discussed in
Chap. 5. For example, the EXCLUSIVE OR gate can be constructed with any of the
four topologies of Sec. 5-6 and in any of the logic families in Table 5-3. The
configuration in Fig. 5-10b (¥ = A8 + BA) is implemented in TTL logic with
the AOI circuit of Fig. 6-2. The inverter for B (or A) is a single-input NAND gate.
Since Y has an AND-OR (rather than an AND-OR-INVERT) topology, a transistor
mverter is placed between node P and the base.of Q4 of Fig. 6-2.

Parallel Operation

Two multidigit numbers may be added serially (one column at a time) or in
paralle] (all columns simultaneously). Consider parallel operation first. For an
N-digit binary number there are (in addition to a common ground) N signal
leads in the computer for each number. The nth line for number 4 (or B) is
excited by 4, (or B,). the bit for the 2" digit (n =0, 1,.. ., N — 1.

Full Adder

In integrated circuit implementation, addition is performed using a complete
adder, which (for reasons of economy of components) 1s not constructed from
two half adders. The symbol for the nth fuil adder (FA) is indicated in Fig. 6-44.
The circuit-has three inputs: the addend A,, the angend B,, and the input carry
C,—; (from the mext 'ower bit). The outputs are the sum S, (sometimes
designated 3,) and-the output carry C,. A parallel 4-bit adder is indicated in
Fig. 6-4b. Since FAO represents the least significant bit (LSB), it has no input
carry; hence C_, = 0.

5
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AnﬁnC.-nl AQBJ Cg AngC1 A]B]Cn Au Bn( -1

. £9y ¢ o ‘f ¢

Ll [ — Ll
. J‘ . B S Y 1) i L

i

FA [ FA3 l FA2 FAl FAO
by DLy U
C. S, s & 6 S € S € S
P 2" 2% @2h 2%

fa) Tt

Flguwre 6-4 (¢) The symbo! for a Il adder. (3) A 4-bit parallel binary adder constructed from
cascaded full adders.

The circuitry withun the viock FA may bé determined from Fig. 6-5, which
is the truth table for adding 3 binary bits. From this table we can verify that the
Boolean expressions for S, and C, are given by

S.=A,BC,_,+ 4,B,C,_,+ ABC,_,+ AB,.C,_, (6-1)
C,=A,B,C,_, + 4,B,C,_, + A,B,C,_, + A,B,C,_, (6-2)

Note that the first term of 5, corresponds to line 1 of the table, the second term
to line 2, the third term to line 4, and tke last term to line 7. (These are the only
rows’ where S, = 1.) Similarly, the first term of C, corresponds to the line 3
(where C, = 1), the second term to the line 5, etc.

The AND operation ABC is sometimes called the product of A and B and C.
Also, the OR operation + is referred to as summation. Hence expressions such as
those in Eqs. (6-1) and (6-2) represent a Boolean sum of products. Such an
equation is said 10 be in a standard, or canonical, form, and each term in the
equation is calied a minferm. A minterm contains the product of all Boolean
variables, or their complements.

The expression for C, can be simplified considerably as follows: Since
Y+ Y+ Y =Y, then Eq. (6-2), with ¥ = 4, B,C._,, becomes

nna—Jr

Inputs Outputs
Line | A, B, C,_ 8. C,
9 e 0 0 0 0
1 0 o 1 1 0
 § 0 1 0 1 o
3 0 1 1 0 1
4 1 0 0 1 o tigwce 6.5 Truth table for a three-input adder. The lines
-2 1 8 1 0 1 e numbered decimally as if A,B,C,_, represents a 3-bit
] i 1 00 1 binary number with C, .., equal to the LSB and A, equal to
7 1 1 1 1 1 the MSB (most significant bit).

6
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C, = (4,8,Cpy + 4,B,C. ) + (4,B,C,_, + A4,B,C, )
+ (AP!BRE!I!—I + AanCn—]) (6'3)

Since X + X = I where X = A, for the first parentheses, X = B_for the second
parentheses, and X = C,_, for the third parentheses, then Eq. (6-3) reduces to

Cu = Bacrr-ul T Cﬂ—lAn + Aan (6'4)

This expression could have written down directly from the truth table of Fig. 6-5
by noting that C, = | if and only if at least two out of the three inputs is 1.

It is interesting to note that if ali 1s are changed to Os and all 0s to 1s, ther
lines 0 and 7 are interchanged, as are | and 6, 2 and 5, and also 3 and 4. Because
this switching of s and Os leaves the truth table unchanged, whatever logic is
represented by Fig. 6-5 is equally valid if all inputs and outpnts are comple-
mented. Therefore Eq. (6-3) is trus if all variables are negated, or

Cn = Bnc.n—l + En - IA;: + Anﬂn (6'5)
This same result is obtained (Prob. 6-3) by Boolean manipulation of Eq. (6-4).

By evaluating D, = (4, + B, + C,_,)C, and comparing the result with Eq.

(6-1), we find that §, = D, + 4,B.C,_,, or

Sn = A,,,C_‘n + BRC; + Cn—Ié—u + AanCuwl (6'6)
Equations (6-4) and (6-6) are implemented in Fig. 6-6 using AQOI gates of the
type shown in Fig, 6-2. '

o

Y ¥

Figmwe 6-6 Block-diagram impiementation
of the nth stage of a full adder.

-1

=

\:

12
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MSI Adders

There are commercially available 1-bit, 2-bit, and 4-bit full adders, each in one
package. In Fig, 6-7 is indicated the logic topology for 2-bit addition. The inputs
to the first stage are 4, and B,; the input marked € _, is grounded. The output
is the sum ;. The carry C, is connected internally and is not brought to an
output pin. This 20 stage (LSB;} is identical with that in Fig. 6-6 with n = 0.
Since the carry from the first stage is C,, it should be negated before it is fed
to the 2' stage. However, the delay introduced by this inversion is undesirable,
because the limitation upon the maximum speed of operation is the propagation
delay (Sec. 5-15) of the cafry through all the bits in the adder. The NoT-gate
delay is eliminated completely in the carry by connecting C, directly to the

A, B, A B, C|
? [ ]
r

=

<

y

.

o

Wl

UL
Y
%

2h 2

Figure 6-7 Logic diagram of an integrated 2-bit full adder (T1-82).
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following stage and by complementing the inputs 4, and B, before feeding these
to this stage. This latter method is used in Fig. 6-7. Note that now Ithe outputs S
and C, are obtained directly without requiring inverters. The logic foliowed by
this second stage for the carry is given by Eq. (6-5), and for the sum by the
modified form of Eq. (6-6), where each symbol is replaced by its complement.

In a2 4-bit adder C, is not brought out but is internaily connected to the
third stage, which is identical with the first stage. Similarly, the fourth aqd
second stages have identical logic topologies. A 4-bit adder requires a 16-pin
package: 8 inputs, 4 sum outputs, a carry output, a carry inpu_t, the power-
supply input, and ground. The carry input is needed only if two arithmetic units
are casc..ded; for example, cascading a 2-hit with a 4-bit adder gives the sum of
two 6-bit numbers. If the 2-bit unit is used for the 2* and 2° digits, then 4 must
be added to ali the subscripts in Fig. 6-7. For example, C__, is now called C, and
15 obtained from the output carry of the 4-bit adder.

The MSI chip (T1-283%) for a 4-bit binary full adder contains over 200
components (resistors, diodes. or transistors). The propagation delay time from
data-in to data-out is typically 16 ns, and the power dissipation 1s 310 mW.

Serial Operation

In a serial adder the mputs 4 and B are synchronous pulse trains on two lines in
the computer. Figure 6-8a¢ and b shows typical puls: trains representing,
respectively, the decimal numbers 13 and 11. Pulse trains representing the sum
(24} and difference (2} are shown in Fig. 6-8¢ and d, respectively. A serial adder

is a device which will take as inputs the two waveforms of Fig. 6-8a and b and
dehver the output waveform m Fig. 6-8¢. Similarly, a subrractor (Sec. 6-3) will @3
yield the output shown in Fig. 6-84.

We have already emphasized that the sum of two muludigit numbers may
be formed by adding to the sum of the digits of like significance the carry (if
any) which may have resulted from the next lower place. With respect to the
pulse trains of Fig. 6-8. the above statement is equivalent to saying that, at any
instant of time, we must add (in binary form) to the pulses 4 and B the carry
pulse (if any) which comes from the resultant formed one period T earlier. The
logic outlined above is performed by the full-adder circuit of Fig. 6-9. This
circuit differs from the configuration in the parallel adder of Fig. 6-4 by the
inclusion of a time delay 7D which is equal to the time T between pulses. Hence
the carry pulse is delayed a time T and added to the digit pulses in 4 and B,
exactly as it should be.

A comparison of Figs. 6-4 and 6-9 indicates that parallel addition is faster
than serial because all digits are added stmultaneously in the former, but in
sequence in the latter. However, whereas only one full adder is needed for serial

¥ The specific designations (Sec. 5-15) given in this chapter refer to Texas Instrument vnits.? @3
However, equivalent units are available from other vendors (Appendix B-1).
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18B Lsa
2! Ml Decimal

{a) I I I_l ~Ol01 =13 = B
ib) | l I I =01011 = 11 = A

(£} n = 11000 = 24 = Sum

S
A
S
™

@ n “ Q0010 = 2 = Difference
- Time ~—»

Figare 6-8 (o, b) Pulsc wavelorms representing numbers B and A. (¢, 4) Waveforms representing
sum and difference. (LSB = least significant bit.)

arithmetic, we must use a full adder for each bit in parallel addition. Hence
parallel addition is much more expensive than serial operation.

The time delay unit TD is a type D £LIP-FLOP, and the serial numbers A,
B,, and §, are stored in shift registers (Secs. 7-3 and 7-4).

6-3 ARITHMETIC FUNCTIONS

In this and the next two sections other arithmetic units besides the adder are
discussed. These include the subrractor, the ALU, the multiplier, the digital
comparator, and the parity checker.

Binary Subtraction*

The process of subtraction (B minus A4) is equivalent to addition if the comple-
ment A of the subtrahend is used. To justify this statement consider the
following argument (applied specifically to a 4-bit number). The NoT function

A.,, Bn Ca—l

Flgure 6-9 A serial binary full adder.



