orz 2
2 oy

» the machine (see Figure 10.2) mmncm:

ya computer program, wh

withir
tions make uf
nputer does at any given time

ed Ceg

Ich fg the

01 XX ul

rer instr uc
what a cor

prox essed
dual compu

to be

of indhive

ng uter architec

mnanads 3 .
nands ¢ examine COME re—that

ynized. We will also see

of comf is -
how om
ng ones and 26104

b::. we Vv
srdware is 0rge
simply by manipu

this cha
omputer hé

Larn how ¢

1asks

any fascl

N1: pigital Logic

HEY IDEAS >

¢ functions are the building blocks of computer

o Basic digital 109!
hardware design-

design s based on the binary number system,

e Digital system ”
] i f key architectural elements
rdware is composed o
Computer ha ; e

including registers, counters,

create digital systems, including computers
and many other products. Digital logic Qmsnmm
built from transistors, diodes, and resistors, By
trical components in various ways, logic functions are Createq,
e how digital signals are processed. When logic functions
digital systems. Basic digital logic functions are the

gic devices are used to
high-definition TVs,
ectrical circuits

Digital lo
MP3 players,
are specialized el
arranging these elec
Logic functions determin
are combined, they produce

building blocks of computer hardware design.
The computer is @ common digital system and is the primary subject of this

order to understand how computers are designed, we need to learn

chapter. In )
mon logic devices and about the binary number system,

+5V about various com

Logic Families

Digital logic devices are useful in digital design because they exist in logic
families. A logic family is a group of digital circuits with similar electrical
properties. Logic families may contain thousands of specialized logic
devices. Digital system designers like working with logic families since
they can concentrate their design efforts on the logical design of a system
rather than on the electrical design. By eliminating the need to consider
the voltages and currents in a circuit, for examyl2, the designer is free to
interconnect devices at the logic level to build the digital system desired.
Manufacturers consider electrical ﬁmac:ma...m_‘.;m when they create logic
1K families, giving the digital designer ﬁ:n%_mmqo.ﬂ to treat digital devices as
interconnecting building blocks. Figlre 10.3 shows how various electronic

] U parts are connected to create a logic device.
CMOS xo:E_mBm:EG...u\

etal oxide semiconductor) is one circult
y sad-in constructing logic devices. Another widely &.&
e clrcuitform s TTL (transistor-transistor logic). CMOS and TTL logic families

Digital devices, such as this 4-input NAND
1structed from electronic componeny
e

8 80 Conpatse Archtactoe

sple for many years. Each has unique electric
milar logic devices or functions. When desig
for example, each device understands the electrical si

MOS devices. Each device understands the signals f; g
o o . thus, logic design becomes refati rTomothers  Figure 10.4 | Logic levels in the TTL system

al senses (= : atively easy, consist of two distinct ranges of voltages.
in digital systems are far different from voltage signals | |

ple lamp: Many w:m_o,m systems use a range of volt iy
stems use only two distinct voltages. Typical volta

are, for example, 0V and 5V. This means each TT
utput of either 0 Vor5Vand responds only to inputs of either oV
jmple and straightforward and leads ys to consider that a di :o._ __
eher off (© V) or on (5 V). Any two voltages can represent on waw_ owm .
put certain voltage levels (such as 0V and 5 V) are standardized b
- nother common set of standardized voltages used in digital uva.m:ﬁ,_,\m
A<%<_nmm are actually more flexible and variable than mentioned. Using

s an example, the output of a TTL part is considered on if its output
where between 24V and 5 V. We do not care if the output voltage
37V, or any other number of volts, for each value between 2.4 V and J
idered to be in the on condition. The off condition exists if the output is
e between 0V and 0.4 V.The voltage ranges make it easier to interconnect
ceaunique, specific voltage level is not necessary (see Figure 10.4),
point is that digital logic devices produce and respond to only two
ditions, on and off. Moreover, because it is easy to build circuits that
thin two different voltage ranges, the digital parts are inexpensive,

al characteristics,  TTL

nersinterconnect 09
levels olrcino<

=— High = +24Vto 5V

ages to function,
gés in a TTL-based Lo
L logic component
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pinary Numbers
Digital system design is based on the binary number system (also called base Output

W) which uses only two numbers, zero and one. This should seem reasonable Figure 105 | A logic circuit, such as this

s digital devices use two voltages. When using the binary number system with 3-Input OR gate, has signal input wires

igital devices, we say devices that are on are in the on state or high state or one and a signal output wire. \
qate. The binary number 1 (one) usually signifies the on state. Any

device that is off is considered to be in the off state or low state

or 260 state, and this state is usually designated by the binary

aumber 0 (zero). AND gate ORgate Inverter |

Asingle one or zero is called a bit; a bit is a single binary digit. !
Using binary numbers and digital devices, designers develop digital :
gstems based on simple on-off responses. In actual practice, the
binary numbers used will consist of more than one bit. Eight bits
gouped together are common in digital systems. Eight bits make
upa byte,

Logiccircuitfunctions are defined by inputs (the wires leading toa
drcuitiand outputs (the wires coming froma circuit). The signalonan
mputoroutput line is always either at the one or zero level. No other
@ndition is possible. Most digital circuits also have multiple inputs
(seeFigure 10.5). Depending on the one-zero values of these inputs,
the circuit output responds with the appropriate one or zero level.
Theautput level is determined by the circuit’s logical function. Fig-
ure __o.m shows the electronic symbols used to represent many of
92.__@5_ devices you will study in this chapter.

Binary numbers can represent many different things in digital
§fstems, A binary number may express a specific numerical value,

NAND gate NOR gate Exclusive-OR gate
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Binary
Numbers

0000
0001
0010
oot
0100
0101
0110
o
1000
1001
1010
1011
1100
1ot
1110
nn

Decimal
Numbers

15

ure 10.7  Binary numbers are
inted in sequence, just as decimal

nbers are.

tter, a COlOF, Or a souny
ent _mjma. and 3:30»2
s 104 keys: Each _:.a_sacm_ key is ) On

oard’s functioniis to Produce “_Ev_m

differentiate one key m<3_uc_:nncm
Tom

sale
Buelle level .

al, U“ means 0
d to the computer, but it is sens
or 104 wires total. (If you take am,
nnector, you will see that it doeg not nwams
m makes it easier to represent a|| the uow:m__:
For example, the _.mzmﬂ "A” is 8U_ﬁmmmsﬂmm__u__m
10); B 15 ‘mn:&m:»ma as a n_imﬂ.m:ﬁ 9rouping of mn as
(000111 :.o:rm 104 keys has its own unique 8-bjt E..EG ight

de), mea

elegg ang

w bits can carmy 50 much information. The secret i
etween the number of bits and the COMbinatioy, to
ce. We already know that one bit may repres, s of
two bits will represent exactly four 3:&53.2 a
Taking this concept a little further, yoy, <<..___o_:
elationship between the number of bigs Seq
onship is determined with the ﬁo___osm_”a
9

information-

" Let us examine 5.3 a ,‘m i

::Qm:E:n the relationship -
binary numbers the c:mrnaanﬁ
sed on this fact

one or a zero. Ba i gt

eros .
f ones and Z i
. ere is always 4 Bmﬁ:mam:mm_

t th . : o
HM number of combinations. This rela
formei® Number of Combinations = 2N
— number of bits. . .
s\:m\ﬂm N @H_hsn_m using four bits we determine the number of combinations;
san ] ik .
Number of Combinations = 24

Number of Combinations = 2 X 2 X 2 X 2

Number of Combinations = 16
By running a few numbers, we see that each additional bit doubles the Numbe
of combinations, Can you figure out how many combinations are possible i
16 bits? o A . |
When designing digital circuits, binary numbers are listedin a counting seque.
er to track individual input combinations

nce. This makes it easy for the design : i
and the meaning for each in a particular design. We increase a binary count the

same way we increase a decimal count, one value at a time. In addition, just as the

number of digits determines the largest decimal number one may represent,
the number of bits determines the largest binary number one may represent, For
example, using three decimal digits, you can count from zero to 999, which
represents one thousand unique decimal values. The binary counting sequence
using four binary bits is shown in Figure 10.7. Four bits permits us to count from
0000 to 1111, a range which represents sixteen unique binary values.

Each bit in a binary number has a numerical value or weight based on its
position in the number. This, again, is similar to the decimal system. For example,
the decimal number 234 reads four times one, pius three times ten, plus
two times one hundred. The weight of each decimal position increases by ten for
every decimal position to the left. In the binary system, the weight doubles for
every binary position to the left.

For binary numbers, the value of the rightmost bit position is always one. The
value of the next position to the left is two. Moving fur her left, the weights of the

, 32,64, 128 and so on. Using thj
_m:m:nm and have a method aoﬁw_‘wﬁwhm M%m_m:acoﬂ e can easily
mbers. For mxm:_,u_m_ the decimal Yaluaor ESM:S, ,..m_cmm of
found by 2dding the binary weights of each one joyor 12t PiNarY
ero bits). TUs, 1 X 2, plus 1 X 4, equals 6, A binary MM%“ WMM:.__o:

ual to

¢ Logic Functions
n :
i tions form the foundati i
ic logic func a ion for most digjtal desi
re defined by the output signal produced for nm@:ﬁ: mwu:.m ?mmm
we discuss these functions next. combinations

he AND gateis the digital device producing the AND function, Ti

o-level output signal when all the gates'inputs are mno. :w AND
NDgate input m.m zero, the o._._GS is zero. For example, an pres :M~m<m._m,
o5 May «mnm_<m.m3< of sixteen possible binary input 83% m.i:_..
ation consisting of all ones produces an output level of e
gen remaining iNPUt combinations has at least one of its input ENMM.mmmHJ
o each 839:&6.3 produces a zero output level, Typical am<._nmw” ;
o and sixty-four inputs. ave
jthe e ‘gate;” when used with logic devices, has a diffe
than the term ‘gate’ b it was used in the last chapter in the a_mnﬁwﬂ,z
An FET'S gateisa physical part of the FET. In logic devices, the term “ :._
e control alogic device has on input signals, ' rm gate
.« something as fundamental as an AND gate used? An example
liar CTRL-ALT-Delete key sequence you might type on <ME

w

B_‘:ﬁ:nm_. i I
e been _uammmn simultaneously. The computer recognizes the sequence
when CTRL, ALT, and Delete are pressed at the same time. All three keys

nl : i

”éwﬂ Eo.\am a high-level signal at the same moment for the sequence to

o _mno@:_mma. Figure 10.8 shows a logic schematic i ustrating this AND  sequence,
%ma:o:.

or and Exclusive-OR Gates The OR gate produces another primary logic

function. The OR gate output is one if even one of its inputs is one; the output is

zero only when all the inputs are zero. Figure 10.9 shows that the output is one

when input A or B or C is one. You can also see that the 2-input OR

0R gate produces an entirely different result than the RNV
0

AND gate.
An important variation of the OR function is the

fxclusive-OR (EX-OR) gate, which produces a one output
when either of the two inputs is one. When both inputs are
ones or both are zeros, the EX-OR produces a zera output.
The EX-OR function is used extensively in mathematical,
error checking, and encryption circuitry.

Inverter, NAND, NOR Changing a signal's level from
one to zero or vice-versa is an important logical operation
accomplished by a circuit called an inverter or NOT gate.
.;m inverter has a single input and a single output, and
s sole function is to flip the logic level. When inverters
_% A_szsa with ANDs and ORs, two additional logic
Unctions result, the NAND and NOR.

- -

OR gate (a), and

CNTL=1

he famil . s
is t _An AND function is used to tell the computer that all three keys AT=1
Delete =1

Figure 10.8 | This simple circuit shows how an
AND Gate is used to detect the Ctri-Alt-Delete key

When output is one,
then CNTL, ALT, and
Delete are pressed.

iioh Shows the symbol and truth table for a 2-input
bol and truth table for an Exclusive-OR gate (b).




igure 10.11 | A D-Flip-Flop has inputs labeled D
1d clock (CLK), as well as two complementary
stputs labeled Q and not Q.

puter Architecture

3-mput NOR G [4 Y
AR
0 5 i 5 i
0 ) 0 3 B
0 ; 1 c Y
0 . 0 0
1 2 1 0
1 : 0 0
1 0

(b)

mbols and truth tables are representeq for
.o shows how the sy a
illustration 3

figure 1010 | ThiS (a)and a 3-Input NOR gate (bl

3Input NAND gate

NAND stands for
the inverted responses of the AND and &t
and NORs are noimlc_ _om_no
digital system just from NAND ol

Mﬁs o&hm %&“ flash memory chips pased on NAND technology.
rives,

Flip-Flops The ability to storé ones and zeros is also important in a digital
Eﬂa design. Memory circuits do this. Digital systems need memory to
Output S .

store any quantity of information, from a single bit to many gigabits,

Inverted output

numbers change on a digital clock). The flip-flop dutifully retains the stored
value until another trigger signal causes a change to occur.
small numbers of flip-flops combined together are called registers. Registers
are common storage areas in computers and typically store between 8 and 64 bits,
Memory devices, on the other hand, are built to store many millions of bytes of
information at a time. Memory chips can be thought of as large numbers of flip-flops
organized to work together to efficiently store massive amounts of binary informa-
tion. Memory devices are discussed in detail in another section of this chapter.

Combinatorial and Sequential Circuits

Digital circuits are classified by their operating characteristics. There are tWo general

classes of digital circuitry—combinatorial and sequeritts: circuits.

In combinatorial circuits, the output is directly dependent on circuit input
signals. Sequential circuitry contains storage elemer = “o that the output level

Q.mum.:%a on existing input signals as well as previc .1y stored data. Sequental
dircuits store data in flip-flops or memory.

e

@m‘m mt.a e

Not AND'and NOR stands for ‘Not OR! Hsm.mm devices Produce
d OR gates as shown in Figure 10,10, NAND;

.« functions. It is possible to design and build an entire
¢ NOR devices (lots of them, of course). Yoy may

es built with these circuits, such as MP3 players and USB thum

Flip-flops are digital circuits that store a single bit (see Figure 10,11 for an
example of a flip-flop). They respond to special timing or triggering signals
that indicate exactly when a pit is ready to be stored (for instance, when

012, 3 truth table shows every binary
1 .mm&_m for the number of inputs in a
o _ﬂ—n:_n. Truth tables are created to detaij)
w_aazw_z should react for every input combina-
e ..cmxw_.%_m_ A, B, C, and D are the names
s S ircuit inputs. The output is identified

" ot th ¥, since there are four inputs, this circuit
Am e combinations. Notice how the input

6 _%qm jisted in an ascending binary count.
ation® ma per represents a possible set of signals
inaty q;:ma. the truth table describes how the

for each set of input values,

ts cable shows that output Y will produce
%:_< when combinations ABCD = 0110 or
_ __cwmﬂm presentat the circuit’s inputs. All other
= pinations are designated to produce a zero
AND, OR, and Invert gates are used,

o o e >
£t mn2 = =—0000@

i created to describe the circuit response, A
and inverters are used to decode the
~tions that will produce the one-level output.
NB urther combines the two decoded signals
:@m final output. The ﬂmwm:.:._u circuit produces a
sput 0Nl for two m.umn_.mn input combinations.
i the same circuit produces a zero level
\ all remaining input combinations.

s0,bY
output 0 in Figure 10.12 shows the

The example in Figure 19 } most common type of combinatorial
it structure: The circuit is comprised of AND gates connected to an OR gate.
mﬂne:m with this structure are called AND-OR networks.
.

fngineers use many techniques to design combinatorial circuits. It is possible to

fesign tWO circuits that uaa:nm.ﬁ:.m mm:z... wcﬁ:v but one will require fewer parts,
sodigital designers employ mvmn._m_ﬁma minimization techniques to reduce circuitry
gze without changing its function. For this purpose, computer aided design is a
helpful tool-

one common technique in designing and simplifying combinatorial circuitry is
kamaugh Mapping (K-map). K-maps graphically rearrange truth table combinations
1o make circuit minimization obvious to the trained eye. This is important because
dircuits with fewer parts are smaller, more energy efficient, and more reliable.

Sequential circuit design is much more involved than combinatorial design and
requires specialized design knowledge. The counting circuit described in the next
section is a simple example of a sequential circuit. The microprocessor chip, discussed
[aterin this chapter, is an example of a highly complex sequential system.

As you have seen, basic digital functions combine to create complex circuits.
Complex circuits, in turn, combine to produce computers and other sophisticated
.e,m_a_ systems, Computer hardware is composed of key architectural elements,
including registers, counters, and ALUs. Within these systems, certain circuits tend
torecur. We will examine these important commonly used circuits next.

Counters

Counters are digital circuits that react to input signals and consequ produce

4 b 2 > , .
binary ounting sequence. Some counters are designed as finters, which

I : " . A
Poduce a binary counting sequence from zero to some aximum value.

Figure 10.12 | This combinatorial circuit
is designed to produce the outputs
levels shown in the truth table for each
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The number of flip owooo 11171, which comprises sixteen different — sw.

ure 1013 counts zoaga s states.n digital systems: ,mmn: counter state may a_ém

refer to _.:Q_s%m_ nou stem. Counter circuits are _om:_nc_m% useful for noiqo__‘_:m

other n_Rc_:.QS ﬂM(M:? In the microwave oven example, the zero state of EM

b= sequenc 0 wu tional circuitry to shut Qos:,, the oven. 4

counter signals @ I fined what the counter is actually counting. We often y,

5o far, we have not de | 25 a clock pulse. The actual clocking signal may Mmm-

s input signa ;
enerated by a sen
g Yy sor. When a clogy

to the counter e signal

eriodic electronic timing m_@_.s_ or m: mno::ﬁm- AT
P ives at the counter’s input; the ) i ¥ One state
pulse armve For example, if the counter is currently in its 25.

ctate, a clock pulse will advance the count to the

sixth state.
Here is simple example of actual eyent

nting. Have you ever driven over a hose

Circuit changing
.D«mm sure to cou
electrical/signal placed across a road by the highway departmenp

The hose is an input device used to help coynt

the number of cars using a highway. A lack of
ghtproducea digital zero while an increase in pressure could
o weight of your car compresses the hose as you drive

in the hose. A pressure sensor detects the air
an electrical signal. These changing
In this arrangement, the counter

Hose in road
pulses represent

cars crossing hosé

Figure 10.14 | A clocking signal derived n-mmmcqm inthe hose mi

from pressure changes in ahose can o
trigger a counter and thus be used to U.d&:nm a Q_o_a_ one ﬁ.m<m_. Th &
count automobile traffic. over it, changing the air pressure witl \
pressure change and converts the change into

signals become clocking signals for a counter.

A
Sum
. counts cars as the changes in pressure are detected (see Figure 10.14).
2 Arithmetic and Logic Unit
o A critical task for any computer is performing mathematical operations. The

digital circuitry responsible for mathematics is the Arithmetic and Logic Unit,
or ALU. The ALU circuitry usually performs mathematical operations such as
adding, subtracting, multiplying, and dividing. Complex ALUs perform high-level
mathematical operations, as well. Logical operations such as AND, OR, and Invert
are also implemented within the ALU. Mathematical circuitry uses many logic gates.
in most computer processing chips, a significant amount of the circuitry is devoted
to mathematical operations.
re 10.15 | This half adder circuit We can demonstrate the use of basic _om_n gate
wmw“ﬂwmﬂoﬁmﬁwaﬁzo il ing the simplest addition circuit, the half 4
4 circuit, along with its truth table, which shows all

A B Carry Sum

mathematical circuitry by
Figure 10.15 shows this
sible additions. The half

ter 10 Comp

scale adders, such as this 8-bit adder, are formed by cascadin
g many half and full add:
ers.

| Large

individual bits together. A two-bit )
oS . N answer is produced on the half
der circuit must have two outputs
i binary requires two places (1 + 1 nvd 0). H.ﬂqm”.mm“””ummnm:mm the largest
_nisthe least significant bit of the result, and carry, which is :,.mEm s!..:ma. sum,
eresult. The sum is generated using an Exclusive-OR gate En,.wn significant
Jusing an AND gate. .while the carry is

16 shows the circuitry for a larger : ’

10000111 + 10000100 = So%osﬂw..m_“m,.‘mm Hmm._m. SOt adder
Jdding any two 8-bit numbers together. Notice how the number o_w _n mmmc_m of
reeded for this level of addition has increased dramatically. Becaus _oo.n gates

k at electronic speeds, this adder easily performs o<mﬂ._.w :.E.M O@Mn .@.23
srsecond. Nonetheless, in modern computing systems, this Is skow oo o
«mputation, even more circuitry is required, adding substantially nr ﬁ_.“ or faster
ofthe overall ALU circuitry. You can imagine how many gates would be e amount
0 add two 64-bit numbers together at high speeds, which is com :mnmmme
fesktop miCroprocessor chips. Also, keep in mind that we are mxmi:..:BM:__u_mnm in
iits. Afull ALU will have considerable additional circuitry to m__vuo:@m:: % adder
nathematical and logical functions required. the other

SECTION ONE FEEDBACH >

1. Calculate the di¢
Sketch the truth table for a 5-input OR gate.

C : ,
_.,”“\E Mﬁm the number of input combinations a 64-input AND gate will
e. How many of these combinations produce a one-level output?

figure 10-

wor

Al value of the binary number 10101.

I . .
nwﬁ““noca a counter circuit be used to count paint cans moving along a
m 1 -
5 yor line in a factory? How could the counter help group eight cans
gether for packaging?
Proy i i
SSmo”_“E the 8-bit adder circuitry shown in Figure 10.16 adds
1+ 11001010 and produces an answer of 10110000
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¥ ,hu way fora k coming fronifie memory cells we say
e operation Data goes thiswayfor ~ ° read opgffiion is occurring.

a read operation

tion and flows out of the

Figure 10,1
.18 | Data fi
mem : ows into a mem:
ory chip during a read o Ezo.._oé chip during a write 0




nary numbers, and there is a relationshi

memory chip and the number of pins ne,

P between the number
eded to represent those

d Readin? ne act of 5019 information, and reading jg , pecall that in0)8 binary system, 2° = 512. This tells us tha th
writing 15 na here are pins on 8 memory chip exclysjyey 2t gs nine PIN® just for the addressing information. Since we K, € memory
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the address lines are 100 !

pensity Density refers to the number of cells per chip. The cell’s electrical structu

Jetermines its physical size, which, in turn, determines the number of cells ommdq_m

| gachip: The more cells, the greater the density of the chip. Building nMS “= ;
ﬁmams_ﬁr fewer chips means using fewer parts, thus keeping costs down puer

_ This row selected when
the address lines are 11

Figure 10.19 | Each memory operation involves only a few cells, which are selected by the

Volatility Volatility describes a memory chip’s ab to retain i i
addressing circuitry of the chip. . I ENITAHOn Once

itis stored. Your home computer, for example, has both volatile and nonvolatile

Memory Addressing ! a%oqnq_u_m .ﬁ”m nonvalatile chips retain their data whether the machine is on or
. i g | f The volatile chi i i .

Let us examine in more detail how addressing circuitry controls the cells used in read , ! chips lose Information as soon as the power i cut.

: : i | Takeacloserlook n et
and write operations. A certain number of cells is used for any one operation, and the e 8 ow at how these three characteristics affect a home computer
’ system.

number of cells used is based on the way the chip is organized. For example, a certain ,. Unfortunately, no single 4

chip ...:m:cvacan toread or write eight bits at a time reads or writes data in one byte and nonvolati ;sm n J -”,mBOQ »mn::o_om.v\ provides high speed, great density,
mcmﬂ;_mw %Q. each one byte storage location has a unique address. A memory chip best suited for mﬂmawmwwﬂdncr_.ﬂﬂmwcﬂmmnmﬂ designers use the memory technologies
capable 0 ill i i i i 1N,

%Msx_aa“w ._QNN 3__%3%%”” MMWH:B MM 2 1M x 8 chip, This means there are Consider the process of turning on <om_uwoau5m. When i
common memory chip sizes according to an,: " Qmmmm on e 96. A ! o,N.o - s the system boots. This reans that the com Em-. read moim:m.._aﬁmo_ﬁa.im
Ml iy _@ their address and word size organization. amemory chip in order 1o pre h P €a mm_ﬂj_m.w:m.chnﬁ_osm from
A electrical control signals are necessary in com- AP ——— owjuwwqmm “ e nMBUSm_. for cqmm. Initialization programs,

S nts and start some of the computer’s hardware,

manding a memory chip to pe i

o macuusm_d_.mummmuw nklo_.amamqo;\:ﬁm operation. Memory chips have arestored in nonvolatile 1.t Therefore, every time the system start samé

m ignals, and many carry the chip~ addressing information. Mstructions run first sipiiotdli--ichl dowiint ;
st, i 1ng the machine for your use. .

As a sim, I

Smman.wmmm” MM&MMMHMNHME e Ly 53y you start a vic' e Th i
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s y ,.nmo S for reading or writing the o he game ,,..zano:.vﬁao: execute. You surely want the game to run fast, so some
e, the cach s o pplied to the chip, téthe chip stores eight bits per With the com s are stored in high-speed memory chips in order to keep
points to eigh fﬁagm.e m_ﬂ_g__.m speedy processor chip. The three memory characteristics of
, and volatility have all affected the operation of a computer system.
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n 0to 511, Each unique
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Total Capacity Organization
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M
16M
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aMx 1
AM %8
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4M x 36
BMx 8
M x 16
M= 8

Figure 10.20 | Memory chip sizes are
organized by address range and word size.
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two main n_mmm_mnm:o:w_ Ra
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RAM and RO " rechnolodi ol (ROM) (see Figure 10.21 for " m
ductor amawm:q gead O logies)- RAM devices, which makg ,, ore
- i !
Em_m Memory i»ﬂ of memory .m%.__dw% pe volatile. RAM chips directly ¢, %ssm
AcC ificatio tem, té - ) oct
indepth n_m.mmi compt® mwwa RAM can keep UP with the B_Qouanmea
2 0! ) bec:
mainmem ¢ chips
0cesso
to microP”
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Random Access Memory
mory
pead Only Me
SRAM
Static RAM
mmable
pROM < Prody Memory
M - Erasable programmable
£ pesdont uﬁwm CACHE
_ Electrically Erd
£EPROM Eomaaiw_m (L1,L2,L3)
Read Only Memor
DRAM Types and Uses
DRAM Packages
SO DIMM Laptops
(72, 144 or 200) (SDRAM or DDR-SDRAM)
Micro DIMM Laptops
(144,172) (SDRAM or DDR-SDRAM)
30-pin SIMM FPMor EDO
(Fast Page Mode or EDO)
72-pin SIMM EDO
(Extended Data Out)
PoH
NN 168-pin DIMM SDRAM
el (Synchronous Dynamic RAM)
184-pin DIMM DDR-SDRAM
(Double Data Rate SDRAM)
240-pin DIMM DDR2-SDRAM
. (Double Data Rate 2 SDRAM)
‘ 1
| CETEREEEES 184-pin RIMM RDRAM
{Rambus Dynamic RAM)
I 232-pin RIMM RDRAM
(Rambus Dynamic RAM)

Figure 10.21 |

Many specific memory technologies exist, Each /. "1 i«1to the general category

of RAM or ROM memory.

_RAM’s best asset Is that read and write operations occur equally
unequal read and write access times, so ROM technologies
a1 25 computer 3.»5. memory, The significant advantage of ROM
or RAM is nonvolatility. Once data are stored on a ROM chip, it
i hout electrical power. ROMs do need power to read data,
here &_mm Jata without power. This m_A_osa you to turn off your noBvEmh
:oni <<an when you turn it on again.
s._:@ it

pt
nd

M) memory chips are among the fastest RAM memory technologies
1022), s0 SRAM is the memory technology most often connected to
+ Infact, the powerful microprocessor chips used in home computers
quently have SRAM memory fabricated right on the microprocessor
cessors execute instructions very quickly with this architecture, since the
pro stored in the SRAM right next to the processor, In the field of computer
5 Ew%m memory is the name given to high speed SRAM used this way.
%m:_._m,namm dvantage of SRAM is its relatively low density compared to other
e Each SRAM storage cell requires a considerable amount of circuitry
d each cell takes up a fair amount of space. Consequently, a chip
ells. This lack of storage capacity makes SRAM expensive for large

M (SRA

Figure 10.22 | Static RAM (SRAM) chips.
are noted for their fast access speeds.

an

ic Random Access Memory (DRAM) chips are used when large amounts of

pynam! re needed (Figure 1 0.23). DRAM chips are dense because each storage cell
a%onwﬁo:_( one transistor and one capacitor. This is a small-sized cell, making it

mw_ﬂ_m to pack millions of cells on a single chip. If you buy a home computer, you
E__ find itimportant to consider the amount of DRAM memory you buy.
wi DRAM chips have the peculiar m:mE.szﬂ._n of losing information after a short
e, even with power applied to the chip. If a one value is stored in a DRAM cell, for
instance, the information lasts for two to four thousandths of a second and then is
gone. The short storage time occurs because of the way DRAM stores data. Ones are
sored as an electric charge in microscopic capacitors. Although it is easy to charge
the capacitor to a level representing the one value, the small
apacitor size prevents much charge from being stored.
futhermore, the capacitors’ poor retention characteristic
means that charge will “leak off” after a short amount of time. In
spite of its short storage time, the DRAM chip is still useful.

DRAM refresh circuits control DRAM memory systems to
counteract the leakage problems. Using refresh circuits, data
are periodically read and rewritten so information Is retained
long as each cell is periodically used. The refresh circuitry
scomplex and makes DRAM memory designs complex. Even
vith this limitation, the .ow cost of DRAM makes it the best
thaice for large memory system applications.

DRAMSs are typically . o :ected together on small circuit cards called DIM
eMemory Mod: s shown in Figure 10.24. A DIMM plugs into a co
dotina computer sy-t- sothat the user can control the amount of memo

EEPROM

M@ﬂss__z Erasabl: Programmable Read Only Memory (EEPROM)I a ROM
“nology. An EEPROM stores information in a special cell st ; e |

(on

A0
91081

Figure 10.23 | Dynamic RAM (DRAM)
chips are noted for their great storage
capacity.

Figure 10.24 | Here, eight DRAM chips
are connected to operate together ona
module.
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10.26 - Flash memory ha i i o e
¥ has operational characteristics similar to that of EEPROM and is the memory technolagy currently dominating the

atile memory market,
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flash to stor€ music and video files; your Usg thumb drive

¢ term paper. I noegmx equipment, flash stores progra uses
em instructions. As in the EEPROM, flash write time :wwoiaa—__za
m_umozf in which one can erase a single byte at a ime ammmﬁ an
ge blocks of information, 2 can
d therefore useful for applications in which large amor

ary and slower write speeds tolerable, In an MP3 pla mw.Mﬁu
ceptable when downloading a music file, In _._m"ms_«. .89
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ndom Access Memory (MRAM) is a promising nonvolatile
hnology- MRAM stores information magnetically, whereas the other
gies store it electrically. MRAM read and write cycles are fast, which
o of the serious limitations of other nonvolatile technologies. Also,
¢ are very high, giving this technology the potential to be the um&mnm

AM is still in development.
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easing Memory System Capacity

omputer systems require large amounts of memory. Usually, one me|

chip is insufficient to meet all requirements, so designers interconné

individual memory chips to create a larger memory system.

yemory capacity may be increased in two ways, If the designer’s goal is to
o wiite more information at one time, she has to increase the data or word s
\he memory system- If the goal is to increase the number of storage location
nustincrease the address range. Of course, she can also increase both dime
ifneeded.

Let us assume we are designing a small computer needing a 512k X 8
gstem. The memory system design will use as many 256k X 1 memory §
a5 necessary because we have determined that these are readily availabl
inexpensive. We also know that a memory chip with 256k addres il
18 address lines (2'® = 256k). Since we are expanding the memory
need more addressing lines. But, how many will we need? B
that each additional bit dloubles the number of combinations, we
changing 180 19, ana « alculate that 2'° = 512k. We have now
specified 512k addres- . < require a total of 19 address lines i
storage location in the: ~ystem. We also notice that the
data lines, A

Our next calculat -+ i show the number g
systemn. When we m il e 8 we get 4,081
system has 4,006k 1l ;

We determin
Getting 256k ¢f
S‘m ne i
hip (4,08
26k »

Inc!

jer of
‘hips

% 1 and

cells per
(4,096k /
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uld be interconnected. Figur,

ec ! ) e
determin® how (e data lines On 2 single 256k x 1 ¢y :271s
Next, we o of the addre |8 address lines are present per chip <<v. w,:nm
5 represent? o addresses” uires 19 total address lines. It |o € knq,,
the chiP :mmuw_ nemory mwm.ﬂahﬂum can possibly use since ﬂx.mm:ohw,mm if e
the over’ jines tha lines. i 'Ps wj

18 2d0eS that far more addres® | g atotal of 288 address lines. We will neeq 4 With
nes have 17 ines each equd SOlvg

18 addres the sixteen chi
pata s dilem™ g data line on %.n::“u mo:nm again, we Hmw:a We neeq [t
There is also wm‘ data lines for the system: M 1o haye __.:a_.a
ight to e

provide €9 p— emory system. O i
sdaresshines [ines than We :mﬂosa how we will puild the _._.“ QEMM_ e fthe sixteen ¢y,
" chip Figure 10.28 8 sz:amﬁ ines to the : ght. As two lines o Ps,
m will connect T vidual data lines result. Nnecy
eight of th® o data line- Eight indiv! '
into on
they fuse il
g address fines

u.\t.\\l.l\l\|\l|| 8 data lines

chips are connected this way to formas512k x 8 memory

Figure 10.28 Sixteen 256k X 1

system-
e from the first chip to the corresponding addres
s

do this for each line on every chip, we combjp,
es. You can see that all the individual Q:v....
S

one address lin
er chips. As wé
n total address lin

We connect
es on all the oth

lin *
1o create eightee

s d in parallel

lines are simply connecte X N . |
However, the system requires one additional address line to bring the fing

ory chip has a chip-select input line, which

neteen. Each mem
s line. This nineteenth address line is the most significant

hich half of the sixteen chips operates together at
| sixteen chips were active simultaneously, data from one-half
trically conflict with data from the other half, so it is
t only eight chips are active at once. When
a lines; otherwise, the lines are

system total to ni
an use asan addres:

we C
¢ it determines W

one becaus
any one time. If al
of the system would elec
critically important in this design tha
chip-selectis active, the chip places dataon its dat

electrically deactivated.

1. What memory technology is most

system? i F?‘ \
2. How many storage cells are in a 4M X w._
3 s__aw%zoahﬁi._ixg%,‘ :
does this chip have? & 7

The main function of the CPU is

10 process instructions
puter systems Use ® Processi .
o COTprocesse! chips as the oceurs D fach instruction
mict” mputing device: 31N two phases called fetch
ain ¢ and execute, ¢
f any microprocessor
heart © . ® Instructj i
’ ._‘n.mn s the central processing a.:mnﬁw_o:m are binary commands
chi g the CPU
i n_uC. 8 4 to carry o
anit O relatively simple mQ__ozmQ "

you think of when you hear the word “computer”? Do you visuali
chines in your computer lab at school? Maybe the iw_.m_msm:w_ﬁm e
ses to check e-mail comes to mind. Possibly, you are nzmmraoﬁcoox
rolling the airbag in your car. It is possible that you r:ﬂ ing about
puter chip controlling how you download, organize, m:ia,\_w.nmhm.“_ﬁ_u

what 4

friend U
vice cont

grone has 3 O

sEono::o__mqm and Microprocessors
[ computers, such as desktops and notebooks, are obvious to most
er computers are not so obvious. Many common products are
computer controlled, but do not appear computer-like to the user. Computer
(hips hidden inside a product (joystick, coffeemaker, windshield wipers) are
masmq%a processors (see Figure 10.29), sometimes known as microcontrollers.
sales of embedded processors exceed those of any other computing chips.
ysually, an embedded processor is programmed to do very specific things,
and the user of the product is unaware of its existence. For instance, when
ending a text message, are you thinking, “I'm using a computer”? Probably
a0t because you are concentrating on the keys you press to compose the
message. An embedded processor is working behind the scenes to handle
the many technical processes required to compose and send the message.
of course, desktop and notebook computers also need computing chips to
function. In these general-purpose computers, the digital hardware doing the
main computing is the microprocessor. Computer systems use Microprocessor
chips as the main computing device.
The modern micr > ‘ocessor is an integrated circuit containing millions of
wansistors that forn: (1 digital logic architecture of the chip. The prefix “micro”
distinguishes these chips from older, larger computers. When integrated circuitss
technology advanced to the point where millions of transistors vﬁ, ip became
feasible, the microprocessor era began, and the computer on sehip became
realty, The Intel Pentium and the AMD Opteron lines of chips examples of

microprocessors,
gas next section defines more specifically the key ha
efn computer microprocessor chip. #

Fam
nmov_m\ Oth

found inside a

music:
Figure 10.29 | Embedded processors are

gﬂ:ﬂ%gsﬁﬁnuﬂ.&a?
order to control the product's functions.
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The CPU

unit, or CPU (seeFigure 10.30). The
%&.acm computing functions at high ¢
.um;oﬂ_“:n functions may include g s;
noﬂu”:._os.:a a byte of information Fa
sucha
theCPUtO another,
Memory

Nl nstucton
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Interface
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jqure 10.30 Th ni ral
forms seve!
r chip per
Raumﬁt _.nn\h ‘ﬁOAMUMQ
Fi e central pre b
key fi ‘z,gu s, as detailed in this block diagram
ey func 3

om
tion, such as multiplying two 64-bjy nu
function.

irecture. Computer architecture for
m.‘muzﬂ a desktop computer s differey,
Q__ua_ cture of an embedded Processor
mREom_ a microwave oven, just as the arch
Mmmvm is different from that of a log home,
The CPU will call for an insery,,
by its address. The instructie,

N is reaq
from memory and moved intq the
CPU for processing,

Ction
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Instruction for

_:m:.:n:o:
CPU

stored in one
memory address.

Memory

Address lines

i instructions after first reading the instruction code from
1 Us begin to execute In
Figure 10.31 | CP:
memory.

Computer Instructions .

uction mh.%unﬁﬂa The main function of the CPU is to process instructions. Instructions are binary

~ 1000 commands directing the CPU to carry out relatively simple actions. Each Specific
H H .
4, RO 1110 binary pattern of the microprocessor defines a small task. When many instructiong
R6 00101110 occur in sequence, we say the CPU is executing a program. A program runningona
" computer defines what the computer can do at that moment. The CPU architecture
determines whether the instructions are simple or complicated.

hese examples of basic

nstructions show how

1s of ones and zeros

CPU operations.

Ve it ture

Instructions are very specific patterns of ones and zeros, and each pattern triggers

the CPU to perform a specific operation. Every microprocessor has an instruction

set, which s the total of all its commands. A typical instruction set may have several
hundred instructions.

When a computer runs a program, the program’s instructions are stored in

memory and called by the CPU one after another for execution (see Figure 10.31).
A computer designer, programmer, or computer engineer creates the sequence
of instructions executed (

making the computer worl

in-depth understanding of

see Figure 10.32). The person or team responsible for
instructions, are part of the

k at this level, called the hardware level, must have an
CPU architecture, Binar y

cructions, or machine-level
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The overall pattern of CPU operation is to fetch and then execute an instruction

. n.omEBB_:m languages such as Visual Basic,

pigh-eV s high-level programming language are con

iitten ”_m.m sequences of machine-levelinstruction, Itism
r

approP

C++, or Java, Programs
wally execute within a microprocessor (
c

that &

Verted by compilers into
achine-leye| instructions
see Figure 10.33),

pigital signal Processor (DSP)

P Typical microprocessor chips all have basic operational n:mannm:mznm_ such as

he ability to move information from register to register, Sometimes, microprog h
! -
designers customize parts of a chip's architecture to optimize the chip's performance,

essor
ADigital Signal Processor (DSP) is such a microprocessor. Insteuctions for DSPs are

designed around a logic architecture specifically created to enhance the mathem
capabilities of the chip.

atical

DSPsare used in products that require continuous computer processing. _..o|qz
example, audio filtering in hearing aids eliminates extraneous sound and noise
information that the user of the hearing aid would find objectionable. A DSp nm: be
programmed to do this filtering, In this application, the DSP constantly qmnm.:.mw audio

information as an input and uses complex mathematical operations to examine the
audio and sort out the

useful and non-useful sound information, A DSP excels at such
atask compared to a standard microprocessor because of the det
mathematical function- built into the chip.

ed high-level

Instruction Execution
Let us examine a micr.)
made from just eight b
instructions. We wil;

processor whose instruction set consistg of ins
instructions,

1ary bits, This machine could have upadh 256 individual

hardware. They are diffeicrt from instructions used in

v«amine what happens as the Cp k,c.;onmmwmm these
% !
" generat, processin

g each Instruction occurs in gzo es called fetch and
“ecute. The CPU fetches,

or obtains, the first instructiol
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