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CHAPTER 1 - CODES, DIGITAL DEVICES, AND) MEMORIES

In order to understand the architecture of a microprocessor and to design microprocessor-
based systems, it is important that the key concepts of basic digital hardware devices and design
are fresh in vour mind. Therefore, after a refresher on computer number systems and codes, the
majority of this chapter is a review of digital hardware devices and design methods at the level
needed (o understand the operation of a microprocessor, to design dipital interface circuitry for a
microcomputer system, and to follow the discussions throughout this book. It is nol intended o
replace a full, “stand-alone™ digital syslems design course. IF the malerial in this chapler is not
clear to vou after careful study, you may want to study a basic digital design text to gain a more
thorough understanding of the concepts and techniques as needed.

In the last major section of the chapter, we discuss semiconductor memory devices currently
used in microprocessor systems. The discussion of these memory devices 1s intended to review
the basic memory types and characteristics or to serve as an introduction, if you have not smdied
these before. In Chapter & we discuss these devices further and show vou how to design the
memory section of a microprocessor S¥shem.,

Objectives
At the conclusion of this chapter, you should be able to:

Convert decinal numbers to binary, and binary numbers to decimal.

Express posibive and negative numbers in 272 complement sign-and-magnitude form.

Show the hexadecimal representation for a given binary number.

Describe the characteristics of standard ASCI and Unicode alphanumeric codes.

Express a combinational logic problem in several different forms including a truth table,

Boolean cquation, logic symbol{=), and an if-then-else statement.

6. Describe the operations and uses of multiplexers and demultiplexers, decoders and
encoders.

T, Ddesenibe the operation of I Jalches and D Mip-lops, use iming diagrams to illustrare the
differences in their operation, and identify applications where the use of each is
appropriate.

§. Draw a block diagram for a state machine, desenbe the operation of a varicty of state
machines, design a stale machine [or a specific function, caleulate the maximum clock
frequency for a given state machine circuit, and describe the design process for
implementing combinational logic or a statc machine in a PLD or ASIC,

9. Deserbe the basic characteristics and operation of current semiconductor memiry
devices, including MROM, PROM, EEPROM, Flash EEPROM, Synchronous Flash
EEFROM, SHAM, S5RAM. DEAM. FPPM DEAM, SDEAM, and DDR SDEAM.

10, Tlse o manufacturer’s data sheet to determine specific fiming parameters for a piven

memory device,

Wl



Refresher on number svstems and codes

THE BINARY NUMBER SYSTEM

| ¥

20 = 1 28 = 256 2% = §5536 2% = 18771216
2" = 2 2 = b2 27 = 131.072 22 = 33554432
2 = 4 21t = 1024 21" = 262 144 2% = §7,108,864
P = § 21 = 248 2% = B34 288 2:F = 134 217,728
2= 1B 2% = 4006 2% = 1,043,576 2% = 7258435456
2% = 32 2B = B192 28 = 2097152 2= = B3 A70.912
2% = B4 2" = 16,334 22 = 4194304 2% = 1,073,741,824
2 = 128 2w = 32 TR 22 = §308603 2¥ = 2147483 648
{a)

Binary Mumber 1 0 1 o 1 1 a . 0 1

Power of 2 P o - R <~ 21 22

Decimal value B84 32 165 4 4 2 1 05 025

Conver 1a 2
& Decimal (surmj) 684 0 16 0 4 2 0 ] 025 = BEZ2h

Figure 1-1. Binary number system. (a) Decimal values tor powers of 2. {b) Decimal values for
binary digits.

Each digit in a binary or base-2 number represents a power of 2. Figure 1-1a shows the
decimal equivalents for the first 32 powers of 2, and Figure 1-1b shows the decimal equivalents
for the lowest digits of the binary number system. Since the number of possible values for a digit
in a binary or base-2 number system 15 two, the value ol a single binary digit can only be a0 ora
1. Each digil of a binary number is referred to 25 a 57, The rightmost bit 15 referred 10 as the
[.east Sipgnificant Bit or LSB and the leftmost bit is referred to as the Most Significant Bit or
MSB. For the three least significant bits, you count up in binary as follows: 000, 001, 010, 011,
100, 101, 110, 111, ete. A four bit binary count is shown in Table 1-1. The number of diflerent
values that vou can represent with an N digit binary number is 2¥. An 8-bit binary number, for
example, can represent 2% values, D0000000-11111111, or 0-255 decimal.

Binary numbers with certain quantities of bils have been given special names. A 4-bit binary
number is sometimes called a nibble and an -bit binary number is commonly referred to as a
byte. In some systems, a 16-hit binary number is referred to as a word and a 32-bit number 15
refierred to as a double-word. In other systems, a 16-bit quantity is referred 1o as a hal~word and
a 32-hit quantity is referred to as a word, The processors that are used as examples in this book
all follow the 16-hit half word, 32-bit word naming convention.

To convert a binary number to its decimal equivalent then, just multiply cach of the 1 biis i
the number by its decimal value and sum the resulls, For instance, the binary number 101
represents (1 x 283+ (0% 21y + {1 % 2V}, or decimal 5. To convert a decimal number to its binary
equivalent, either use your caleulator or proceed on paper as [ollows. Find the largest power of
two that is less than the decimal number (using Figuee 1-1a 25 2 puide) and put a 1 in this bit
position in the binary number, Subtract the value of this power of 2 from the original decimal
number. Then, find the next largest power of two that is less than the remainder, pul @ | in this
bit position, and subtract the decimal value from the remainder left from the determination of the

Lad
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previous bil, Repeat the process unti] the result of the subtraction is 0 or 1. This 0 or 1 will be the
value of the LSB. For example, 1o convert the decimal number 21 1o binary, you can sce from
Figure 1-1a that the largest power 2 thal will fit in 21 is 2° or 16 decimal, so put a 1 in the 2° bit
position and subtract 16 from 21 to give a remainder of 3. Since 27 will not fit in the remainder
of 5, put a 0 in the 2* bit position. However, 2% or 4 will fitin the remainder of 5, s0 put a | in the
2? hit position and subtract 4 from the 5. The remainder of 1 15 equal to the least significant
binary bit, 50 put a 1 in the least significant bit position. The result then is that decimal 21 is
1011 in binary. Notc that bits to the right of the binary point in Figuore 1-b represent fractional
values and arc vsed to represent values less than 1, IF you want 1o convert a decimal number that
has & fractional part to its binary equivalent, you just continue the binary to decimal conversion
process we have just deseribed until you have a binary number with the desired degree of
Preclsion.

25 COMPLEMENT SIGN-AND-MAGNITUDE BINARY CODE

When you wrile 2 number by hand, vou simply put a *+7 sign in front of the number to
indicate that it is positive ora -7 sipn to indieate that it is negative. However, when you want to
store sipned numbers in a computer, you need to have some other way to identify numbers as
positive or negative becavse a compuler can only store 0°s and s and not the signs. A common
way to represent signed mumbers 5 10 reserve the most significant bil of a binary data wond as a
stgm Bt and use the remainder of the bits to represent the size (magnimade) of the number. The
usial convention is Lo represent a positive number with a [ sign bit and a negative number with a
1 sign bit. To make computations with signed numbers easier, the magnitede of negative
numbers is represented in a special form called 2's complement. The 2's complement of a
positive binary number is just the standard binary representation of the magnitude of the number
with a {0 in the M5B as the sign bit. The 2's complement representation for a negative binary
number is formed by inverting each bit of the positive binary number, including the 0 sign bit,
and adding 1 1o the result. Some examples should help clanfy this in your mind. For simplicity
wi will use B-bit binary words for the examples here, but the principles are the same for binary
numhers with any number of bits.

The decimal number +7 15 represented in B-bit sian and mapnitude foom as 0000011 1. Since
the munber is pusilive, the sign bit is O and the 7 bits for the magnitude are just the straight
binary value for 7. To represent —7 decimal 1in 2's complement sign and magnitude form, start
Wwith the 8-bit code for +7, or Q00BN 11, Invert each bat, including the sign t, to get 1111 10:00.
Finally, add 1 eo get 11111001, which is the correct 2°s complement tepresentation for —7
decimal. Figure 1-2 shows more examples of positive and negative numbers expressed in 2°s
complement sign and magnitude form.



Sagn bit | Magnitude
+7 ] oog 0111
+i46 ] 013 1110
+1I]5- D_ - 'ﬁlﬁlih_
-2 111 0100
54 1 100 1010
=117 000 1011

Figure 1-2. Examples of numbers represented in 8-bit 2's complement sigh-and-magnitude fom.

To find the magnitude of a number expressed in 2"z complement sign and magnitude form,
proceed as follows. If the number 15 positive as indicated by a 0 sign bit, then the least significan:
hits of the word represent the magmitude directly. I the number is negative as indicated by a 1
sign bit, then the magnitude is expressed in 2°s complement form. To determine the absolute
value of this magnitude. invert each bit of the word, including the sign i, and add 1 to the
resull, For example, given the word 11101011, invert each bit to get (010100 and then add 1 to
aet 00010101, This binary valus 15 equal to 21 decimal, s0 vou know the onginal 2°s
complement number represents <21 decimal

MNext let's take a look at the range of numbers that can be represented by B-bit 27z
complement s1gn and magmitude form. Eight bits can represent a mazimwm of 2% or 256
numbers. The sign and magnitude form is being wsed to represent both positive and negative
nurnbers, so half of this range will be positive and half will be negative. Sinee 0 counts as a
positive number, the range of 128 positive values that can be represented 15 0 to 127, The range
of negative values that can be represented is -1 to — 128, The represemtations of the boundary
values for 8-bit signed numbers are as follows:

0l = +127

Q00OoGL = +1
Qodeoo = U
11111111 = -1

1O CCN ~12%

If vou like patlerns you might notice that, in this scheme. the values used for +128 to + 255
ine standard binary are moved downward below zero to represent 128 1o -1 in 275 complement.
To cxtend the concept, note that in a system that uses 16-bit signed numbers, the range of signed
numbers that can be represented 1z —32,768 o + 32,767, We leave 1t to vou to think about the
range ol numbers possible wath a 32-hit signed number. You can use Figure 1-1a to help with
thiis.

Figure 1-3 shows some examples of how you add &-bit signed numbers. Sign bits are added
topether just as other bits are. Figure 1-3a shows the resell of adding two positive numbers. Since
the sign bit of the result is positive, the result is positive and the magnitude is in true hinary form.




The example in Figure 1-3b shows the result of adding a negative number 1o a positive number
af, in other words, subtracting 9 from +13.

+13 DO0G1101
+ 8 00001001
+22 00010110
L_Sign bit Is 0
50 rasull is posilive
(a)

+13 00001101
—- 8 11110111 E’_a complement for —8 with sign bit

00000100
Lignbitis 0
50 result is positive
Ignore carry
(b}

DB TR TATAA'A A4 4 0'e
+
-9

00001001
11110011 2's complernent for —13 with sign bit

11111100 Sign bil s 1
00000011 So invert each bil
+ 1 Add 1

equals )
;l:lmnﬂiﬂﬂ Prefix with minus s:gnj
(€]

- 8 111101111 2's complement,
-13 11110011 | sign-and-magnitude form

—22 11101010 Sign bit Is 1
00010101 So invert each bit
+ 1 Add 1

equals
=00010110 Prefix with minus sign
(d)

|I+
b
L3 W

I
o

_Figure 1-3. Addition of signed numbers. (a)+9 and +13. (b) <% and +13. (¢) +9 and -13_ {d) ¥
and -13.

The sign bil for the result is a 0, 50 we know the result is positive and in true binary form,
Figure 1-3c shows the result of adding —13 to +% ar, in other words sublracting 13 from 9. The
sign kit for the result is a 1, indicating the result is negative and the magnitude is in 2's
complement form, To determing the absolute magnitode, just mvert the entire word and add 1 as
we described carlier. The next example in Figure 1-3d shows the result of adding two negative




numbers, Apain, the sign bit of the result is a 1, so the result is negative and in 2°s complement
form.

An important point to keep in mind when vou are doing sipned arithimetic by hand or with s
compuler is thal, if the result is too larpe (o O e the bits reserved for the magnitude in a word,
the result will overffow into the bt reserved for the sign. The resull will then be incorrect. For
cxample, if the signed positive number 01001001 is added to the signed positive number
01101101, the result is 10110110, The 1 in the MEB of this result indicates that it 15 negative,
which is obviously incorrect for the swn of two positive numbers, Fortunately, most
microprocessors have built-in hardware o detect and notify you if an overflow occurs during a
calculation.

THE HEXADECIMAL NUMBER SYSTEM

Computers can only work dircetly with binary values, but people have trouble remembering
and accurately working with, for example, the long string of 15 and 0s in a 32-bit word. One
solution for this problem is to use the hexadecimal or base- 16 number svstem 10 represent the
vilue of the long binary words.

Do Hex Dec  Hex|
ji0 = 1 o 0 8 a
180 = 16 11 e o
188 = 256 z 2 10 &
187 = 096 3 3 ik B
164 = 85,535 a 4 17 c
185 = 1.04B.576
- b 3 D
168 = 1777218 E g o7 S
T = d
16 268,435 456 : s o i
fax)
(b

Fipure 1-4. Hexadecimal (base-106) number system. (u)} Decimal values for powers of 16,
{b) Symbols used to represent valucs in a hexadecimal digit.

In a base-16 number system, each digit represents o power of 16, Figure 1-4a shows the
decimal equivalents for the first 8 powers of 16, and Figure 1-4b shows the symbals used to
represent hexadecimal digits. The number of difTerent symbols required to represcnt the digit
values 1n a parbicular base number system 5 equal Lo the base number, so the hase-16 or
hexadecimal number svsiem requires 16 symbols. As shown tn Figure 1-4b, we use the numbers
(-2 for the Tirst ten values and the [etters A-F for the last & values. You count up in hexadecimal
as follows: 00, 01, 02,03, 04, 05, 06, 07, 0B, 09, 0A, OB, OC, 0D O, OF, 10. 11, 12, etc. The
key point here is that, since one hexadecimal digit can reprasent the same number of valees as 4
binary digits, you can use one hexadecimal numbser (o represent each group of 4 bils in a binary
word, starting from the LSB. The 8-bit binary number 0011 0101, for example. cun simply be
represented with its hexadecimal equivalent of 35 hexadecimal, Likewise, the binary number
1010 10071 can be represented with its hexadecimal equivalent of A%, The twa-digit hexadccimal
represcntations are much casicr to remember and accurately communicate than the §-hit binary
numbcrs. In this book we use a lot of 32-Bil binary quantities und o most cases we will use the
hexadecimal representations rather than show the hinary values directly, To indicate that & given




number represents a hexadecimal or “hex” value, we either put an upper case H after the number,
as for example, ASH, or a Ox in front of the number, as for example, 0xA9. Tn this book we will
for the most part use the latter notation, but both are used in manufacturer’s data books so you
should recognize either of them

To convert a hexadecimal number to its binary equivalent, simply write the 4-bit binary value
for each hex digit, starting from the least sigmbicant digit at the nght end of the hex number. As
an example, suppose that the manual for an instrument says that the value on a signal bus at a
particular time should be 0xD6. The 4-bit binary equivalent of hexadecimal D is 110] and the 4-
bit binary equivalent of hex & is 0110, so you know that the binary levels on the eight signal ines
are 11010110. Note that you always need to use 4 binary values for each hexadecimal digit, even
if 4 bits are not required to represent the value. For values less than 8, you add 0's in the M5B
positions to fill the binary value to 4 bits. In the preceding example, for instance, only 3 bits are
required to represent 6 but, since the 6 represenis a hexadecimal digit, we wrote 0110 as the
binary representation.

ATAAA A A e,

|

) Gray T-Segment Display (1=on)
Decimal Hex. CD Cod
s 3 : ® |Code [abcdefg | Display

0 0000 0 0oo0 | 0000 1111110 |0
1 001 1 0001 | 0001 011 0000 1
2 o0 2 0010 | 001 110 1107 2
3 0011 3 0011 | 0010 M1001 |3
4 0100 4 0100 | 0110 011 0011 4
5 0101 B 0101 | M1 101111 |6
g 0110 & o110 | 0101 1011111 |6
7 0111 i o111 | 0100 1110000 |7
B 1000 B 1000 | 1100 1111111 |8
g 1001 9 0ot | 1l 1110011 |9
10 1010 A 0001 000D | 1119 1111101 | A
1 1011 B 0001 0001 | 1110 W11 | B
12 1100 C 0001 0010 | 1010 0001101 | C
13 1101 D 0001 0011 | 1019 0111101 | D
14 1110 E 0001 0100 | 1001 1011141 | E
15 1111 F 0001 O10% | 1000 1000111 | F

Table 1-1. Common number codes: binary, hexadecimal, BCD code, Gray code, 7-Segment
Display code for common-cathode displays.

BCD CODE

In applications such as frequency counters, digital voltmeters, or electronic scales where the
outpul is a decimal display, a binary-coded-decimal or BCD code is often used to represent
decimal digits. BCID uses a 4-bit binary code to individually represent each decimal digit in a
decimal number, The most common BCD code uses the 4-bit binary values 0000 - 1001 to
represent the decimal numbers (-9, Table 1-1 shows the BCD codes for the first 15 decimal
numbers. To convert a decimal number to its BCD equivalent, you just represent each decimal
digit with 1ts 4-bit binary equivalent. The decimal number 529, for example, 15 represented in
BCD as 0101 0010 1001,




To convert a BCD number to its decimal equivalent, just divide the BCD number into groups
of 4, starting from the least signiticant bit, and write the decimal equivalent for each group of 4
bits. Note that each BCD digit value must include all four bits, even if four bits are not required,
to represent a particular decimal digit. Also note that the binary values 1010, 1011, 1100, 1101,
1110, and 1111 are not valid BCD values because they do not represent single decimal digits.

The correct BCD representation of the decimal number 12, for example, is 0001 0010, not the
binary value of 1100,

GRAY CODE

Gray code is another important binary code that is often used for encoding the position of a
rotating shafl in a machine such as a computer controlled milling machine. For a given number
of bits Gray code has the same number of possible combinations as does standard binary, but the
codes are ordered so that only one bit changes at a time as you count up from 0. For example, the
values {in order) for a 3-bit Gray code would be 000, 001, 011, 010, 110, 111, 101, 100. Table 1-
| shows the values for a 4-bit Gray code. In a later chapter discussion about optical encoders,
you will see that the advantage of Gray coding is that, since only one bit changes at a ime, the
error in reading a number at a boundary is at most one bit. With standard binary, an error in

reading the boundary between 000 and 111, for example, would result in an error of 111, the full-
scale value,

SEVEN SEGMENT DISPLAY CODE

For digital instruments that just require a numeric display, we often use seven segment
Light-Emitting-Diode ( LED) displays. Figure 1-5a shows the segment identifier letters fora 7-
segment display and Figure 1-5b shows how the LEDs are internally connected in a common
cathode display. For this type of display, a logic high (binary 1) must be applied to light a desired
segment. Figure 1-5c shows the internal connection for a common anode LED display. For this
type of display, a logic low (binary 0) must be applied to light each LED.

fal 1o

Figure 1-5, 7-Segment LED display. (a) Segment identifiers, (b} Schematic of common cathode
displays. (¢) Schematic of common anode displays.

In & later chapter we discuss LED interfacing in greater detail. However, to introduce you to
T-segment displays, Table 1-1 shows the codes required to display the decimal digits 0 through 9
and the letters A through F on a common cathode 7-segment LED display. These codes would
simply be inverted for a common-anode display.,
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ASCIL CODE

When communicating with or between computers, vou need a binarv-hased code that can
represent all of the letters of the alphabet as well as numbers and a variety of contrel signals.
Codes capable of doing this are relemed to as alphanumeric codes. Probably the most common
alphanumeric code is ASCIL the American Standard Code [or Information Interchange, which
has been used in svatems sinee the late 1960°s, For fulure reference, Table 1-2 shows the
hexadecimal representations for the 7-bit ASCII code. As vou can sec in Table 1-2, the ASCII
codes tor the numbers O theough 9 are (30 — 039, the ASCII codes for upper case letters are
041 — 3A, and the ASCIT codes for the lower cace lattars are 0861 - 0xTA. The ASCII codes
lrom 0x00 — 0x2F are reserved lor puncluation and contral characters. The ASCIH code (x01,
[or example, is the code for a Camage Retum and the ASCIH code 0x 11 is the code for the Fse
key. Mote that the names of these control codes in the lower range of ASCH are standard, but the
codes mn this lower range are used for different functions in difforent systems, Therefors, you
need 1o consult the manval for the system you are working with to determinge just how they are
used in that system.

ASCT standard codes have only 7 bits, but there are several current ASCII code extensions
that that include an additional bit in the MSE position and thus give an extension of 128
additional codes for symbols and control characters, Apgain, different systems use different
assignments [or these extensions, so you need to consull each syvstem’s manual to determine the
specilic code assignments (or that system. The Umcode deseribed in the next secthion 15 8 nower
alphanumeric code that is a standard, and it is much more versatile than hasic ASCIT code,




AZCH | Hex Coode | ARCH | Hex Gode | AEC llea_:rI:.En-dt |
Syl | for 7-Bit Syreal | fr T-Ri Symbsal | for T-Bil
| ASCI ASCH ASCH
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Table 1-2, ASCH symbol names and hexadecimal codes,
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UsCOng:

The Unicode Standard, developed by the Unicode Consonium and available on the Infermpeg
i1 hittptwewws inigode.orw, provides eodes for characters in almost all of the written lan
the wirrlel. Eacls code has an identifying mame and a code poine. The code point is sim
rameneal value of the code. The current Unicode 4.0 starbard provides 1,114,112
and since most of these are available for Tepresttiling characters, the okl Bumber
churacter representations is very large. However, the characters necded for most of the major
lemgmiapes of the world are eontzined in the first 64 K codes, CelM0 — 0xFFFF. These first 645
ciies are called the Sasic Mruisilingual Plane (BMP).

The Unicode Standard has three encoding forms, UTF-32, UTE-
32bits {4 octets in Unicode terms) o represent each ¢

codie poine, UTE-32 can represcil & very lasge number of characters but gince it rejiires 4 octets
for cach charaeer, it is not very efficient in terms of MEmdry space or data iransmission. UTE-16
1= maore space-cfficient for cases when the fafl capabilities of UTF-32 are not needed, UTF.16
e 2 0etets o represent each of the codes in the Basic Muhilingual Plane. The BMP contains

enouh code points to represent most of the characters needed for the most common languagpes
arvk, using soibe spaces intentionally left in the BMP. UTF-16 can slso repeesent 2o additional
characters beyond those in the BMP. UITF-§ encoding was desi thali

cade prints
ol possible

16, and UTF-5. UTF-32 uses
haracter and can represent all of the defined

151 1), are trested a3 ASCI codes. Character codes Lrent

L'TEH-B encoding is used for HTML and XML, documents and is supported in most C++ and Java
Sy s, This availabiliny makes i1 caster o develop software and web r=ges for infermational
markets.

Combinational Logic Analvsis and Design
ANALYSIS OF COMBINATIONAL LOGIC CIRCUITS
In order to understand the combnational

siune cases e “plue” logic between the larg
for you to be able to predict the Lopic

loogie: dizyrams in manofeirers” dats sheets and in
& devices in a microprocessor system it i ImporLant
level a1 any point in a digital circuit directly from the
schermatic, rather than having 1o work your way through the tneth table for cach gate. The way
that the schematic symbals are drown in modemn schematics makes it very easy 1o predicr the
aaitput of @ Iogic gate by fllowing two samnple mabes:

I, The shape of the symbol indicates the operation or logic function performed by the
device,

A bublle on an input or outpa indicates that the e o7 ouTpat has an sclive low

assertion level. Mo bubble on an input or an cusput indicates deat the input or outpar has
un aciive high assertion level

-

Some examples will guckly refresh your memory on how o read logie symbels in this way
ar teach you biow 1o do i, if vou haven™ done it before
Figure -fn shows the schematic symiols and truth 1ables for non-ivertimg,

and inverting
buffers. A buffer is woed to increase the drive curment foe a =izl

andor change 1he logic level of



asigmal. The Nimt symboel for a bulfer m Figore 1-6a has no hubhles on the inpst oF owtpat, 50 5he
input is active high and the owpar is active high. You sead thiz symboel as follows, 1§ the inpu,
AL 15 aseerted hagh, then the oatpul, X, will be asserted high, The rest of the fruth table tells you
that if the A input is not asserad high, then the X cwtput will naot be asseried bigh, For the builer
symbal with a bubble on the output and no bubble on the inpuat, you can express the aperation
performed with the simple starement. “1f the input 1= asserted high, then the Y output will be
asserted low = [Else the owutput wall be azserted high.™ In a similar manner, the operation for the
butfier svebol with a bubble oo the inpul and no bubble on the sudpul can be expressed as, Y11 the
input is assered ko, then the Y ocuiput will be asseried high — Else the owtput will be low. Mo
that both symbols represent the same tmeth table with just the -Then and Else clivses reversed
in the rwo differem eocpressions for te operaton performed. A little bter we will build on this 1
Then-Eise way of expressing logic operatiens but next we disouss ansther tvpe of buffee. which
1% Very Important in mdcrecompuler systems.

The bettom twe symbols in Figurs 1-6a represent buffers wich three-stase cutputs. I he
Enable imput of the device on the battom right in Figure 1 -6a is asserted high, then the device
output is enabled and the device will eperate ag a simple inverimg bulTer. I the Enable sipgnal i4
asseried low, the bufler owdpuat will be intemally disconnecied from the cutput pin ad the owtgut
will be effectively disabled. We commonly say that a disabled swpe 15 10 a high-impedance or
“theating™ state, Becmese a disabled buffer is nod asserting any legie level on its outpuy pin, the
logic level present o the pin and oo the signal loe wowhich the line s connecied will be
determined by some other device output conmscted to the same sipnal lise, You eed to use
threesstale ootmst devices whenever you want any one of severl different device outpads 1o be
able v drive a signal liee 10 which they are all connected. You also nesd 1w make swre that only
ong of the three-state outpiis connected to n particular line is enabled at 8 time, so that theee will
never be a conllcl between two or more cutputs. Remember thas, if vou commect the auiputs of
e slamdard-outpn gotes wopcther and ope cutpul gocs low while the other outpur is high, a
shori-cincui will ke produced berween the power supply and grownd through the twe outpuis,
This muy cause the devices 1o get bot and possibly burn owt. (In some systems we conmect o puli-
up resior o sgnal lnes tat hove several three-state cutpals on theen, o that 3 mone of the
devices are driving the line, it will have a valid lopie state on the line, rather than a high
impedance, indeterminate level that might emsily pick up electrival noise,)

The three-state bulfer on the bottom lelt in Fugure 1-6a has a bubble on 15 Enable input, so
the buffer ourpan will be enabled by a low on thee Enable mpar. There is oo bubble on the outpat
of this buffer, so the logic sigaad will be passed though the Buffer without being invened

Figure 1-6b shows the bgpc symbods amd trudh tables for AND and NANTD pates. Lsing
ihe two rules above and the truth table for an AND gate, vou showld see thist the funciion of an
AN gate can be expressed as “IF the A inpar is high AND tbe B inpun s high, tee X output is
hagh — Else the oupur will be low.” The IF clause in this expression seprescins the case for the
Borwem line in the teuth table for the AND gate and the else clause represents the other threo Jiaes
in the inAh lable. [n Boofean algebra, the AND
functiom can be expressed by either X = A Boor X = AR,

The symbal 10 the npght of the basic AL symbol has the OF symbol shape, s0 it performs
the OR function. The bubbles on the inputs tell you that the mputs are active low amd the bublle
on the outpis tells you that the outpat is active low. Vsing these observations you can directly
wrile the expression for the symbol as “[F the A input s low OF the B inpuod is Tow, the ourpat
will be low = Else the output wall be high™ The IF clawse in this expression represents the top
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three cases in the AND gaie truth table amd the Else clouse represents the bottom case in the truth
table. The Boolean expression for this OR function can be writlen as Y8 = AZ + B (The
significance of the # symbol will be discussed fater in this section. ) Since the AND symbol and
the bubbled inputioutput OF symbol represent the same truth table, they must be equivalent and
they are referred to as the DeMorgon equivalent symbols, Figure [-6b also shows the traditional
Baolean algebra representations for each of the alternative symbols. The bottom two symbols in
Figure 1-6h represent the NAND function. For practice, write the If-Then-Else expressions for
ezch of these and compare your results with the truth 1able entries.

Figrure | -6 shows the DeMorgan equivalent symbols for an OR gate and for a NOR gate,
Thee expression for the iraditsonal O symbol with active high inputs and an active high outpat
is, “If the A input i3 hagh O/ the B inpuat is high, the ourput will be high — Else the output will be
bew." Thee I elsuse in thas expression represents the bottom thiee entriess in the ruth table and the
Else clause represents the top entry in the table. For the DeMorgan equivalent OF symbol the
expressiom is, “If the A iput is low AND the B input is low, the outpot will be low — Else the
eastput will be high.” Again, for more practice, write the [f-Then-Else expressions for the NOR
gate in the bottom of Figure [-6c and compare vour results with the truth table.
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Before we go on b show you bow 1o analyee and implement more complex combinational
logic functions, we need 0 review one more simple begic function. Figure |-6d shows the
Ej'mba.ls. Bookean cxpressions, and truth tibles for an Exelusive OF. gabe and for an Exclusive
MR gate. As vou can see from the nath able or the Boolean expression, the oatput of an
Exclusive O will be high if the A input 15 high OB the B tnpet is high bat not 11 both the A and
B inpuis are kigh. Thes function s called Exclusive OR (00OR) becawse it “excludes’™ the case
whene botl inputs are highe (The function for the gate shown ar the wp of Figure 1-6¢ is
sometimes called an “Inelusive OR' because it inclodes the cawe where both the A and B inputs
ang high, but usually we pust fefier ot &8 an OR gate ). The XO0R fusction can be exprsssed in
Boolean nlgebra by X = A & B. Remember that AND, NAND, OF. and NOR gates can have any
number of inputs but XOR and XMNOR gates can have only 2 inputs on each gate, To implement
un EXOME Tunclion for more than 2 varishles, you simply connect the XOR gates in 2 multi-level
“rree” structure that has the required number of inputs,

Mo that we have reviewed how you predict the outputs of basic gates, we need o clanfy the
concepts of signal assertion levels and how the active bevels for signals ane represented in logic
expressions and in schematic symbols. The aciive of asserred bogic bevel for a pamicular signal is
the leve| thal cawses some desired action 10 oCcour in @ cireudt or device, For example, 1he Enable
inpul on the inverting buffer in Figure 1-6a 15 an active high signal becanese it is the high level of
this b.igr:l:ll that eiables the bufler. v contrast, the na- imveTiing artter in Figure 1-fa 15 enabled
by a low o the Enalale drpat, as indicated by the bobhble on thes mpud. To indicate na system
schemntic that this signal is active low, it would be entified as Enable (with an overbar),
Enable!, Enable®, nEnabis, or Enable#. In most of our writkmg, we will use the Enables
represenialion because it is easy to type and read. Howewver, yoo will sse all of these in the
different manufecturers’ data sheets we use n the book, so vou should immediately recogmize
the meaning of any cne of these. An additional potnt 1% that seme svslem signals causs one action
in ihe high state and another scoon in the low state. One exsmple of this i & common
microprocessor signal labeled BWE. The nasne of thes sienal tells you that the sipnal will be
higgh if the microprocessor is doing a Fead operation, and Tow if the microprocessor & doing &
Wrike epeTation

S additional nales you need o remember for analyzing combinational Ingic circuits with
piki sl pessertion levels amd twiooor more levels of logic gates ane:

1. Twa bubbles in series on a signal line “cancel™. just as the ¢ffects of two inverers in
sres do, und the fevm for the signal in the owtput expression is onchanged. If, For
cxample, you connect the output of the first inverter in Figure F-6a to the input of the
seevad inverler in Figuns 1.60, the resull on the final oatput s just A

2 Amnactive low signal conmscted 1o an scbhive bow input asseris that mput. For example, the

signal Enable® connected to the bubbled enable tnput of the non-invertong thoeesstals

buffer in Figure F-6n ennbles the buffer when the Enable sional is low.

If the active level for n signal is different from the active level of the mpat o which il is

connected, that signal will be represented as the complement of the signal in the outpur

expressien. For example, an active high sipnal, B, connected 1o @ bubbled inpar of a gate
will pppear in the cudput expression for the pate as B#. For anether example, if an active
high signal, A, is connecied to an active low input such as one of the inpuls on the
bubbled-input OR shaped symbol in Figues -k, the A term will be complemented i the
outpi expression os shown ghove the signal.
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The ke poimt of the preceding discussion s that once you get this simple system for
amalyring gats citonits in your mind, it is very casy for vou to prodicn the response of a logic gate
¥ou see 10 a cireuil or 1o implement a simple logic function you need in o design, The circuit in
Figure 1-17 and some problems at the end of the chapter will gmive wou a little practics using
these ules.

Implementing Combinational Legic Functions in Simple FLDs

The preceding section reviewed basic logic goies and showed vou how o casily predict ther
vulpuls for grven sets of inpu]: sigmals. However, most real desagns require more i;;;.mph:;-;
combinational logic expeessions than can be implanented by a sinple logac gate. A design might,
for example, require a moli-level boric function expressed by the Sum-Of-Products {S0F)
expresaion W= AsCeD + AsB + Bel) or a lopie function expressed in Product-O0-Sums (POS)
form as X = (A+C+DWB+E) The maditfional steps in developing the designs for a mulsi-level
combinatonal ogic ancuil such as these ae:

I. Draw ablock dizgram for the desired circuit xhl,:uwi:n,g_ all inpl,:rt and aubpat sig]ujs,

2. Write & rruth table thar shows the destred output signal for each of the possible values of
the impud signnls.

3. Whte a Sum~of-Froducts lemm for each nsth table input combination for whech the outpat
is asseried.

4. Combune the terms into o Sum-CH-Prodocts (S0P} or Produci-Cr-Sums (POS) expression.

5. Usc Boolean algebra w simplify the S0P or POS expression. {For loeic lenctions with six
or fewer inpat variables, you may convert the truth table 1o a Karnaupeh map and derive the
simplified S0 or POS expression directly from the Kamaugh map by circling ndjacent s
or adjscent D)

6, lmplenent the simplified S0OF or POS expression with logie gates from a logic family thad
has the desired speed/power characteristics.

Boolean alpebra simplification is vediows and error prone for squatiens with a lange number
of input wvanables. Kamauph map simplification is less error prone bt it is only useful for logic
funcbions with a1 meost six ripnil vartabled. Senve Lhe I“‘E“—' (anctsons :I'l'.'l.]IJi:I'\IHI] ki clrrent r]uﬂl:!mx
often have a large mumber of input varables. we now use computer-based toels o generate the
simplified logic expressioms For our designs and te map the simplified expressions directly ino
single, Programmable Logac Devices (FLDS) such as Programmable Logic Amays (PLAS),
Frogrummable Read-Only Memorics (FROMs), Programmabde Armay Logic devices (PALs), o
Field Programmable Gate Arrays (FPGAS). Therefore, instend of discussing Boolean algebro and
Enrmaugh maps, we wall give you a review or introduction 1o how you implement combinational
logic funclions the L:II.'IIFJL"-I ol these devices.

Frgure 1-7T shows a simplified representation for the combinatonal logic section ol a
Proprammable Amay Logic (PAL) device. The basic strecture is an AND-OR mainix. Fach AND
gate in the figure has four inpins b 1o simplify the dmwing. only a single input line i3 shown
Likewise, each (R gate has two inputs bul is shown with a single ling for simplicity. These
devices are progrimmed by blowing fuses or closing electronic swilches on the inputs of the
AND gates b produce the deared product temms For the wput variables, An X in the diagram

I
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represents on intoct fuse or a closed swich that makes a connection between a buffer output and
ot of the inputs on an AMNIY gate, The expressions along the right side of the figure show some
ol the r,lpul]u.n;l terms fhat can b gr.rr:nu:'rl |'.|_'|-' programming the AN matnx,

The dols in the output OF matrix bn Figuee -7 represent lixed connections made diring Lhe
manufacture of the device and show the product werms that will be ORed together 1o produce the
Surm-Of-Products (50F) oulpul expressions. Shooan next to cach OR gate in Figure 1-7 15 the
SOF expresion produced by the specifie programming of the AND matnox.

The ke point bere s that the AND-OR matrix architeeture allows you to implement any
AND-OR (S0P fusction of the input variables, Since any truth table and therchy any logic
tenetion can be cxpeessed in S0P form, a PAL can be used to implement any combinational
logie function, assuming that the AND gates and OF gates in the PAL have enough inputs. The
dezvice shown m Figure =T has inpuls fiar only 2 wariables et avaolable PAL devices such as the
GAL 2210 from Lattice Semconduetor amd others can have up to 27 inpuls aod up o 10
ouEputs. so ey can be wsed o implement large lopic functions n o single programmalble deviee.

Proprammaoble Read-Only Memones (PROMs) have the same AND-OFR structure gz PALs,
baut 10 PROMNS the AND matrix connections are fixed and the OF mairix connections are
programmable, PROMS are bard-wired to implement all of the possible prodhict terms for the
input varables, so they are useful as neermories and as code converters.

Pregrammaoble Logic Armay (PLA) devices have both a programmable ANTY matrix and a
programmable R matrnix, PLAS are very flexible but they are harder to program and harder to
tean, w0 they ane used leds often than PALS and PROM:

To develop the fles for programining any of tese devices. vou develop te block dizgram
fir the design as in step | above, write a truth table or equations for the desived functions, and
then wie computer-hbased tools 10 generaie the programming file. Coe exampie of a commonly
availeble ool for inplementing logic destens in PALS is the Warpt toolset from Cypress
Semiconductor. Warpé allows you 1o enler the desten data in the editor as Boolean equations, a
iruth table, a Vierilog souree file, or a VHDL source file. You compile the source file to optimiee
the logic functions and create an outpud file. Using te owrpuat file, vou can sinvulste the design
wath the Warpd woveform simulator to see if the ouspur s cormect for each inpan combination,
Adter the desagn passes simulafion, you then use the output fike to produce the “fusemap™ or
JEDIEC (jed) file for the specific PAL you are using. You then download the JEDEC file to a
peoerammer aisd wse i e prograsm your device,
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Figure 1-7. Hasic archilecture of a Programmable Amay Logic (PAL)Y deviee, programmed 1o
implement sosme simple logie funcbons.

In o later section we will discuss bow teols such as this can be used 10 mplement state
machimes in PALs and FPGAx. Belore that, however, we oeed 10 discuss some comomismn
conmbanational logie functions tha are very mmportant n moeroprocessors ad microsoemputer
syateins., Although we seldom use them in current designs, we will use somme older, Mediumn
Scale Integration (M5S0 devices to belp explain the vperation and uses of these functions,
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Multiplexers and Demuftiplezers

Figure -5 shows e’ o multiplexer and demultiplexer can be wsad to send samples of
cight dilTerent signals on o angle ware. The tlerm multiplexing or, more specifically for our
discusziem here, ime=livision multiplexing, means sending different sipnals over a common wire
or sc1of wires at different imes. Here's how this works.
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Figure 1-8, Multiplexer & Demuoltiplexer wsed 1o send 8 signals on a single wire

The THALS 131 ontbe lefi side of Figune 1-8 represients the mechanical switch equivalent of
an B-input multiplexer (MU or, as it is alse called, an 8-input dasa selector. At any given dme,
the signad on one of the B data inputs, [H=007, will be pouted to the Y outps The 3-bit coda
applied 1w the seleat npats (O 1%, A) determines which input signal is routed 1o the outpud. 12 3-
bit binary coumer is connected o the select inpus & shown and the cotnter s elocked the
mulliplexer will cycle through the eight inputs like a rotany switch. Dagital samples rom each of
the eight inputs will be sent out the Y ootput and down the wire one adfter the other in sequence,
We say then that samples of the etght signals ane time-divizion mudltiplexed on the lins, ench
sarmple in ire ovwn time skl

As connected, the T4ALS 3R an the sber end of the soaneenhing wire fupctions a4 an B-ouipid
demubtiplexer (DMUX). The mechanical switch eguivalent deawing shows that, ar any goven
fime, the inpus of the 74AL51 38 will be effectively conmected o one of the § owtputs. Again, the
3=kt code on the select inpads, O, B, and A, determines the outpud 10 which the input is
connected, Bince the select inputs of the demultiplexer ore connected 1o the some counter outpats
ag the select inputs of the multiplexer, the two devices are “synchronized.” For example, with a
silect codde af (00, the multiplexer will rowte data from its D0 input on the wire and the
demultiplexer will roate this data to its Y0 ootpud. Mote thas althoegh we use a clocked counter
to cycle the multiplexers and demultiplexers through the inputs. the multiplexers and




demuliiplesers themsalves are not clecked and imtemally cach consists of just a couple layers of
bepic gates,

The ndvantage of multiplexing is that it allows & common signal line or group of signal lincs
o be wmed b0 ransmin different signals at different Gmes. This redoces the number of physical
signal lings required. The simple circuin in Figure 1-8, for example, requires ondy 4 wires 1
sagnal hine and 3 select lines) to transmit 8 signoks. One probleom with this type of muliiplexing is
thut the multiplesed gignals muost be latched nt the receiving end, 20 that the data valee for a
particwlar signal k= held by the receiver and aot 1051 whin aother data is put on the shared line(sh,
To illustrats this problem, note in the Y0 cusput waveform above the demultipleser in Figure 1-
K. that the data for the D0 impul of the mulbplexer is only present on the 0 oalput swhen the D0
imput and the Y0 outpun ane selecied. Between updates, the Y0 outpul always poes lgh for this
demultipleser. A litfle loter we descnbe how a [ latch on cach demultipleser output can be used
1o hold the valoes from the Y oasiputs between u'pliahzs. Mote als=o thal For dada transmission
multiplexing such as that shown in Figurne 1-8] tse wpdate rate of sate a1 which “the rotary
switches are rotating ™ miast be high enough so that details of the input wavefomes betwesn
wpilates are nod lost.

Time-division muliplexing ks also often wsed 10 reduce the oumber of pins requlred on 105
and conneciors. As an example of this, a given sst of pins on a DREAM memarny device is used w
send in half of o large address in one operution and the other half of the addres in a following
opesation. Multiplexers that are used to put either ome det of signals or another set of sipnals ona
group of parallel lines in this way are commondy called by muwlfiplecers. You will see many
examples of s in a later discussion on DRAM s, One problem with this tvpe of muluplexing is
that ransferring the two halves of the address, one afier the other, 1akes mors time than
transferming all the address bits in parallel on a larger oumber of lines at the same tne,

Decoders and Encoders

The terms decoder and enceder are ofien wsed incormectly, 5o we will give you a simple
scheme vou can e 1o determine which device o look for when you need to selve a parcalar
probéem o aose of vour desipns. The term decoder 4 used 1o deseribe a device which converts o
compael code such as 4-bit Binarv-Coded Decimal (BCD) code to a less compact code such as
ithe seven-sepment code requited to drive T-segment LED displays. By compact code, we men
oae that ases all or meost all of it avalable values, BCLY, Tor example, 13 a lour-bat code that uses
10k of the posaible 16 values o represent decamal numbers (9%, 500t 5 o relatively compast code.
Seven-sepment code has 7 binary bits, 50 it has 128 possible values. However, cnly 10 or an most
I 6 of the 128 possible values are wsually wed, so this b5 on example of less compact code,

Crme common decoder is the 74547 BOULY to 7-sepment decoder. Another 1% the 744051 3R
T-o-8 low decoder shown 16 Figwee 1-9a 17 a T4ALS138 is eanbled by sssenbip s G2AN inpud
leww, 115 G2BR input low, and s G ieput high, this deviee will assen one of its Y outpurs b,
The output assermed bow is determined by the 5-bit code on the C, B, and A select inpus. This
device well ilfustrates a concept of decoding 1hst you will enceunter many times in the contest of
ricroprocessors os, for example, in inswuction decoding or address decixling. The T4ALS] 38
decodes the 5-bit code on its inputs 1o assen a low on one of its B individaal oaputs. Each of the
cight outputs could, for example, be wsed o enable a specific doth path in 0 microprocesser of
select a =pecific memory device in a svsiem. The device selected would then be determined by
ihe three-bit eode (addeess) applied io the select inpuls
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Figure 1-9. Ducoder & Encoder, (a) T4ALS 128 used as 1-0f-8 low decoder. (b) 73ALS |28
Pricrity encoder.

[ term ercoder is used o describe a device that convens a bess compact code 10 a mone
compact casdde. Fol lowing our physical analogy, yvou could think of an encoder as pm'.sing the data
ihrough a funnel from the big end e the small end. A kevboard encoder, for example, might be
wsesd b convert a 16-bit, 1-0f-16 kevs pressed code o a more compact -t binary code. A an
example of an oller, discrete device encoder, the TAALS |48 priority encoder, shovwn in Figure |-
. Seheraes an actrve-bow, 3-bat binary code that comesponds to the highest numbered data
inpuat which hos & begie low asserted on ot For example, ifthe 13 mput is asserted low ind the [5
inpul is asserted Iow, the CBA outputs will show the assemed-low code for the highest nunsbered
uaput with & low, the 15 input, The binary code for 5 is 101, so the active low code for 5 is D10,
the inverse of 101, the active F.||.-|_.',J1 |:ci|:|.a.r_'r' code [or 5. In the context of miooprooessi sysEEMs,
you will encounter tis function in & Preorily Intermupt Comtroller {PIC) that allows yoo ko assign
priorities to hordware deviees that can intermpt normal Poopram execulion.

I» Latches and I} Flip-Flops — Operation, Timing, and Uses

Peow that we have introduced impomant combinatonal logie concepts and devioes, the next
step s b discuss the clocked logic devices, circuits, and design iechniques needed for our
didcussions of stute machines and memory devices later in this chapier, and our discussions of
nicraprocedsors and microprocessor svstens in later chaplers

[ LATCHES AND D FLIP-FLOPS

Figure |-k shaws the schematic symibel and truth toble for s (laech. In the symbaol, D
represends the duta input, CK represents the clock or enable inpud, and O and OF represent
aulpuls that are defined 10 have opposite or complementary logic levels. From the botom swo
entries in the truth able voucan see that, if the CK input is high the logic level on the  output
willl be the same w5 that o the 1 ioput. To assist in analyeing timing wavelorms, the way we like
b exgpeess Ehis as, “i0he CK = lgh, O follows 071 this s nod clear 1o you, then it might help
ot b think of the operstion of a [¥ latch as, "IF the CK is high. the device functions as if a picce
ol wire were comnected between D and (7 Work vour way across the iming waveform for the



D laich in Figure 1-10c to see examples of this. You should see that for the sections of the
wavefomm where the CK signad 15 high, the O output exactly follows the waveform on the D
il Witk an aciual deviee, of course, there is some Hme delay required for a signal 1o
propagate from the D inpuat 1o the ( outpul

These last bao entries in the truth table are very similar 1o the wrath tables for sample
combinational logic gates in previous sections because a chanpe on the input directly causes a
change on the output{s). However, the first entry in the truth table for o [ Iatch clearly shows
oy thos behaviog of this deviee & duffensnl from Lhal of simple cornbimational logic device. This
line im the truth table indicates that, if the CK mput is low, the valee on the O output will skay the
samie and will not be affected by any change on the T¥ input, The X in the TF column for this Time
in the tuth twble indicates that the [ input ks o “don’t care™ when the CE input is low, A pood
way to state this behavior is, “When the CK input goes low, the legic level on te aulpat at that
time will be lalched or held on the output and remain there until CK gees bigh .ag.ni_n._" The D
latch waveform in figure 1-10c shows this. The first ume CK goes from high o low, 0 s low, so
the £} outpt is latched fow, ) does not change undil CR poes high again, even though the data
ooy [F chanpes. Ad the vrme when CK goes low the second time in the waveform in Figure §-10¢,
[ is high, so O is lntched high.

A D larch can be wed o sodve ope of the problems we dentified in our earlier discussion of
multiplexers, Specifically, a [¥ Batch could ke added 1o sach of the eight oulputs of the
dcmulhpl::l.n 10 the MUX-DRMUX circuit in Figmre 1-8 to hold the outpat signals conscant
hetwesn updastes. The CE signnls for the eight I batches could be generated from the 3-bit select
signal with a 3=to-R decoder similar o the 7405138 in Figure 1-%a. For the earlier example we
pave of multplexing the halves of an address into a DEAM memory device, a bank of 0 latches
i5 used 1o laich and hold the first half of the sddress, 20 it will be available fo the internat
circuatry while the input lines are being wsed 1o send in the second half of the address,
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Figure 1-10, [ latch & D flip-flop. (a) D Istch symbol & muh able. (b D flip-flop syrbal &
fiiming truth table, &) Timimg dingram comparing responses of D latch & D flip-flop.

Figure 1-100 shows the schematic symbol and wurh wmble for a 0 fip-flop, This symbed looks
similar 1o that for a 11 letch bud the bebaviors of the pvo devices are very different. The key
difference is that o [ Inteh is o devel-irfppered device and o D flip-flop 12 an edpe-retmpered
cdevice, The small fmnngle next 10 the CK input on the [ Rip-Aop ssmbe] tells sou that the sipnal
on the I¥ imput wall enly be transterred o the O output on the Tising edge of the clock signal. This
is represented by the 1op two lines in the sruth tble for the D fip-flop in Figure [-10b, Work
wour wiy aerass the wavelonm for the D lip-flop in Figure 1-10¢ to see this in oction. The It
flip-Hop tnkes a sumple ol the signal present on the D inpud on the rising edae of the CK and
hetrlcls this walue om the O owtput unbil the next rising clock edpe, when the O output is updated
with the level present on the ¥ inpat &t that tinse. In Fipuee §-10¢, if vou compare the outpat



waveform for an edge-triggered D flip-flop with that for a level-trigoered O lach, you can see
very different. For a D latch, O tracks tlse [ input when the CK is high and then laiches the valoe
present on 0 when the clock goes low, A D flip-flop twkes a ~picture” of the signal presem on the
1% immet wehen the clock goes high and halds that picture until it takes a new picture on the mex
rising cidge of the clock. You can wse these wavelfiorms o belp you decide which device to use
for a specific application in a design.

The I} flip-flop shown in Figure 1-10b also has Set and Feset inputs. The bubbles on these
mnpuits and the three botlom entres in the truth table indicate that these inputs are active low, As
indicated i the truth wable, if the 5 mput s assered low, the 0 output will go e the high or Set
state, regardless of the logic kevel on the D and CK inputs. Likewise, if the R inget 25 asseried
o, the O output will go to the low or Heset state, regardless of the logic levels en the Drand CK
mapidls. Sl and Beset inputs that function in this wiy are referred b as “disect’” or
“asynchronous” because they can direstly change the output without the need fora Ck
trunsition. For devices with symchronous Set and Reset inputs, the effect of asserting one of these
fmpuis will only change the output when the next clock pulse occurs, The two asterisks in the
botoem line of the trunh table represent an indeterminate stave and tell vou thar tee oulput s
unpredictable if both Set and Reset are asseried o the same time, [n the next sections, we show
vou some common applicanons for D Mip=fops bt ficst we eed to discuss some very imporiant
timing pacemeters that vou must comsider i your desigiss that use D baches or D Aip-fhops,

D-LATCH AND D FLIP-FLOP TIMIMNG PARAMETERS

The three wming parameters are sedupr N, fold fme, and minivae pidee wigih, Setup time
ened hiold time are specified with respect 10 the active clock edpe for a particular devics, Fora D
lusch such as that in Figure = 10a, these times are measured from the Elhing edae of the clock
because that is when the data mput value 15 laiched on the outpat. For postive, edpe-ingzgensd [3
flip-fops such as Ul m Figune 1- 106 deese tmes are specified with respect 1o the positive edge
of the clock sipmal. Setup time, fx.. is the mindmum time that dota muost be present and held
sizhle on the I mpt before the active clock edge. Fiold tame, fe, 0% the minimum time that the
data must be held stable on the D) inpu afier the active clock edge. Minimmiam pulse widih is the
minimam time the clock sipmal must be in the active state in order for the data to be transfemed
i the outpuat coarectly

I von violsle any of these three timing requiremenls in one of your desgng, as for example
by allowing the dats sipsal o clange woo close in time te te active clock edge, the outpul of the
Latch o ip-flop may o inte o mesoaile oate, Depending on the particular devies, an output in
a metasiable Sl may say 81 a voltage level that is half way between a logic high and a logic
o o 1t may cacillate at a high frequency between loglhe hagh and logic low. Since a device
olilpul can fefmon i 8 metastable s1ate for a tme much bonger than tse Eme it pormally nkes for
i sigal o pass throdgh the devics, the device, metastability can epsily propagate througls an
entire system amd possibly couse the entire system o Bail. The way o prevemn the metastability
problem 15 o l;..',l.r;.-Full}- check every path through your design o muke sure that data alw,q':'s.
arrives il the [Jinputs betore the setup Ume manimmem amed slays valid until after the hold time
munnan. This i relatively stratghtforsand if the data signale in your design all have fixed time
relutmmiships o the ¢lock signal. However, if a data signal occurs at random e with respect 1o
the clock sigsal input, there will always be a chance that the sipnal will violate e setup or hold
tirne and cause metastability. For this case, you can reduce the chances of metastability by

s

passing the asynchronows data signal to the D input of the flip-Mop through a circait called a
synchronizer, A synchronizer consists of two or more [3 flip-flops connecied in series and
clocked by the system clock, Passing the signal through these additional Mip-flops reduces bt
docs not totally eliminae the possibility of vielsting the setup or hold bme of the inital Jip-fop.
A symchronizes then reduces the possibility of propagating a metastable sagnal throush the
system but docs not fofally eliminate it We will further discuss clocked cireuit oming i the pext
section on shifl registers, oo following section on state machines, in several later chapeers.

Regisiérs and Shilt Registers
CONNECTIONS AND OPERATION

I ip=Nops can be wsed individually or in groops te store binary data. A register i5a group
of D Mip-flops connecled with a common clock as shown in Figune 1-11a. A bimary word applisd
in pazallel o the D inputs of the lip-Nops will be trmaferred o the ) oupues when the CK mpat
is pulsed high. The binary word will be stored on the owiputs of the regiszer for use by other
carcuitry wntil & new word is written oo the register. A new word is “wTitten”™ to the register by
zimply applymy the word to the I inpuis and pulsing the CK input. As we will show in the pexl
chopter, registers of this rype are extensively used in mxroproosssors.

1F the Q outpust of each fip-flop in & register 15 conmecied o the [ input of the next device oo
e mght, a5 shown in Figure 1-1 1k, then the register can function as a shuft register. A logic high
appleed to the 1¥ mput of the first Gip-Oop on the left in Figure §-11b wall be tansfermed or
shifted to the O output of that Bip-llop and w the D imput of the next fp-lop 1w the rmght when a
rising edpe occurs on the CR. The mext rising CE edge will shift this daa high o the cutput of
the second flip-flop to the npht. Eoch additional CK pulse will shift the logic high one kit
|'H.1!|.ili1ﬂ1 1o the righl through the register. Une wse of a senal shifi register such as this is to delay
addigital sagnal For a bl Bme squal 1o the chsck peniod mualizphed by the member of lip-fiops in
the: shift register,

Adding a two-input multopleser on the [ input of each of the flip-flogs & slown in Figare 1-
I 1e can allova the [V inputs 10 be conmected to ither the ) of the preceding stage or 1o an
external dals ingul. Il ke mu|'|||:|||=l:=r= are swilched so that the [¥ mputs are connected to @n
extermal data souree, a bimary word can be wniten 10 the register in parallel. 1 the mulbplexer
inpuats ars then switched so they conpeet the [ inputs 10 the Q) outpas of the preceding flig=flop,
the written waoed can e shifted through the register and R the OO0 pin of the register one bitata
time. When used this wiy, the shaft register effectively converts the paralie! word written in the
ﬂ.'gi:il.cr tv a1 seriad word shifted owt on the Dota Ol or HF pim. This 15 exactly the np:nl:inn ihat
15 peeded e convernt the parallel daca woeds 10 & microprocessor o the senal form in which data
15 trarsmitted over a network of the Intermet. You will encounter this parallel-senal comversion
funiction many times in kacer chapiers,

Just as a shift register can be used 1o conven paraliel daa w senal form e send out oo the
Inbemet, o shifi register can alao be wed to convert the senal data coming off the Inteened 10 the
parallel ferm needed ina microprocessor. For this comversion. the serial data is simply shified
serially mee the Data lopu of the register. When the complete word 15 shifted into tbe remister,
the parallef word on the O outputs of ihe register is read by o microprocesson As you will ses in
a bock dingram for o curment microprecessor in the next chapter, the shifi register for paraflel-
serial comversion and the shift register for the serial-parallel conversion are usually put in a



single function Block that i referred e as 3 Universal Asynchionous Receiver Transmitier or F-_
UART. In Chapter § we show how o UART is used 1o communicate with a Speech Synthesizcr | 1
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T surmmanize then. n shift register can be used to delay digital sipnals. o conver parallal
data words into serial form, or 10 convert =enal datn words 1o paraliel form, Before we go on o
revicw anether Qip-flop based device that plays an mpostant robe in microprscessors however,
wa will use a simple shift register 1o take a firsg look at timing calculations for cireuits comainbng
flip-flops.

SHIFT REGISTER TIMING CALCULATIONS

Mo, suppose than vou need 1o caleulste the maximum frequency (mimimuem clock period) al
which vou can cleck the shift register in Figuee 1-110h. 1f vou assuine that the data mmpal 1o dee
first Nip=flop okeys the required s=tup and hold times. then with the help of the timing diagram
for the shift register in Figuee 1-11d, i 15 a somple matter o caloulate the masimum fregquency at
which the dota can be shifted through the register.

Tl d.:l.l.aa]'.!]:l]:r\d. L the D i:r|.pl|.|l ol the first flip-flop Appenrs on the miatput of the I'Iip-ﬂnp after
A propagation delay frem the clock nsing edpe that we will call tpr. From a provious discussion,
¥ know that 1o avord metastability, data must be present and szabls on fhe T inpuat of the nexa
fip-ilop for a dme called tsy before the next nsang edge of the cleck pulse eocars, The minimam
time betwesn clock pulses, or in other words, the minimum clock period, is then just the swn of
the 1o and by, As a specilic example, if the L 25 3ns and the ta 35 1os, the minimum clock
pericad i= 4ns, which corresponds 10 a clock frequency of 1/M4ns or 250 MHe I the shift registec is
clocked ot a frequency less than the maximum frequency of 250 MHz, there will be sonsctime
between when the dats appears on the output of ope Dip-Nop amd the time when i1 nesds o b
present on the inpat of the following stage. This time ks commonly calbed olack rege af tsack.
Male that the 1o requirement for the Mip={lop usually does notb enter inte this calculation
because the propagation delay through a proceding stape will guacsnice that the data wall always
b presem on the I inpun long enough e satisfy the taocn requirenacnts

FRESETTABLETOADARBLE COUNTERS

Another very important flip-Mop based devies 14 a preseiiable counter such ax the small, 4-big
counter shown in Figere [-12a. If the RESET inpud on this counter = pulsed highe the oatpus
will all be forced 10 0°s. When the counter 15 clockesd, the counter will siep throagh the binary
SOl seguence shw 1 Figure 1=12b. [f the awtputs are @l L1, then the next clock pulse will
eause the vutputs to “moll ever™ w G000 and a Carry pulse will be produced on the CARRY
outpud. This CARRY outpit could be used to enable anebier counter that generates the nest Qo
more significant bits of an B-hit todal count, The maximum count for o binary counter is 2™-1.
whene ™ s the number of bits,

The muost interesting femure of the counter in Figure 1=12a is that 1115 foadkafle or
p.re.wrj'r.rﬁl!r. This means that, 11 the LA impat 15 asserbed low, the data valoes on the 12 :i|'||1|||s
will be transferred 1o or “boaded™ on the ©) oulputs when the el clock pulse gsccurs, When the
LARALYE signal 15 ruised hugh again, the counter will increment from the Ioaded count on the next
whock pulse. For heture discussions, the key pomt e resnember 15 that this (ype of counter can be
“pumiped” 1o @ desired count by simply loading deat count, The counter can then be counted up
from that coum.
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Fignre 1-12. IPresetiable binary counter. {a) Schematic symbol, (b Count g I._. -

This counter is o special tvpe of symchropous state machipe in which the outputs changee from
e Btale to the next when the machine 15 chocked. Samchmnoos state machines are very
impariant parts of micropreeessors, common inserface devicrs, and custom inlerfaces you may
need b design. Therefore, it is important that you umderstand very well how aute machines woerk
and lwiw 10 design them accurately and efficiently. In the next section we give 3 solid ovenvies
of the key concepts of pencral stare machine operation and basie stane mechine dedgn
technigues, tis help inroduce thess to vow or review them for vow

Synchronous State Machines
STATE MACHIME STREUCTURE AND OPERATION

Faigure 1-13z shows the block diagram fog a smchremois stare machine. By synchronous, we
mean that the cutpuis of the flip-flops can only change from one state 1o mnother when a clock
pulse oecurs o, in ather words, synchronowsly with clock polses. For comparison, the cutpits of
msynchronous circuits, such as simple combinational logic devices, change immediately afier
some propagation delay when anm impul signal changes. For asymchmomows devices, no clisck
sigond 18 necded e couse a change on an ourpul

Acsynchronos sinle machine such as that in Figure 1-13a functons as follows:

I, The present stale = keld on the cutputs of the fip-flops
2. The present state and possibly some extemal signals ane decoded by the Next Seate
Drecoder logic w produce the desired nest state signals or excitadion on the inputs of the

Mip-flops



3. When a clock pulse occurs, the desired next state values on the inputs of the flip-flops are
transferted 10 the outputs of the lip-flops.

4, Thiz makes the state present on the outpats of the fip-ops the desined mex stote

5. These present state outpuls and possibly some external signals are deceded by the Cutput
Decoder to produce the output sipnalis) desred for that new state,

P Jeoey

11

Working through the example ©1ate machine schematic in Figore 1< 3h should help clanify
ihe operation and terms in your mind. To star dee Mext State Decoder logie 1o the dotied box
decodes the state outputs, (W and OB, and the exiemal signal E to produces the desired next state
values on the inputs of the D flip-flops. When the cleck signal goes high, this decoded nexl siate
on the [¥ inputs will be transferred o the O outpats and the sate on the outpurs will be the
desired nexl state, Mow L#t°s Iook at the (hatput Diecoder,

Yo can tell directly from the schematic symbol and connections that the 1* outpul signal will
b= high if QA is e ANDY QF is bow or, in other words, wisen tee state machine 13 o slats 0,
The PP sagmal &5 an example of a Mdoore ougrad sigrael. A Moore-1vpe cutpat signal is one that
depenids only oo the present stale outpils. A key poin? 1o remember about a Moore autput signal
i5 that, since it is only determined by the present stase, it will only change when the state
chonges. Another way o say thas is that Moore outpun siznals will abways change symchromoasly
with the clock signal. For some applications, we assagn the bnary valwes for the states swch that
the desired Moore cutputs are produced directly en the outputs of the flip-flops. This is referred
£ s a direch ouelpral state machine. The advantage of a direct oulpa stade machine 15 that, since
the desired output signal docs net necd w propagate theough any cutput decader Logie gates,
ihers 15 less propagation delay betwesn the rising edge of the clock and be time when the
desared Maooee oulpud Sagrid 15 asserted. A special case ol o direct outpat state machine is a ave-
hof seate machkine, which is designed o thar ealy one Tig-fop output ot o taee 18 ever asterbed,
An example sequence for a one-hot fype state machine might be 000, (07 010, 1R, et (O
disadvantage of 2 cne-hot state machineg is tha the member of ip-flops needed is equnl fo the
number of states, 0 8 ope-hid machine wsuslly needs more Nip-flops than dees a decoded autput
state muachine. |

Moo take o look at the & signal in Figure 1-13b. From the schemaotic symbal that penerates
the # signal, v can see that the # sigmal will be high if QA is high, OB is high, AND the
extermal M signal 15 kigh o other wonds, the 2 oulput wall be high, i the machine i3 in state 11
AN the M signal s high A siie moclone owipur thar is devermined by the stee ANKD by onbe o
maore external signals is called a Mealy eugpat sipral. The key point t remember sbout a Mealy
o1dput 15 that, since the cwpat is @ function of both the stale and the extemad signalis}, o Mealy
oudput signal ca champe when the state changss OB when the extemnal signal changes, To
surnmsares then, you implement & Moore type outpul if you want the outgut o only clange
synchronoushy with the clock, and you implement a Mealy type output if vou want the owpul oo
chinge when the siate changes or when an extermal sipnal chonges, Mow that basic stafe machine
eperution and wrminolegy are fresh in your mind, lets kook at bow vou design and implement o
sate machine fora grven egpplication,

LR
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uli'.lr,urr 1-13. Synchronous stobe machine, (o) Block disgram. (b Example circwit. (e) State
digpram for exomple circuit,
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STATE MACHINE DESIGN
The majar steps we 1252 fo design synchronous siate machines are os follows:

1. Asinany design project., rescarch and thenk a great deal about the problem you want the
circuil o solve,

2. Dwaw a rough block dingram for the machine, showing the extemal inpat gignals and the
desired oot signals.

3. Draw a detailed toming diagram shoowving the desired time ralationship belween the clock,
the inpad signals, and the desired outpat signals,

4. [rvide the nming dingram ime states, based on when vou want the ourput signals 1o be
asserbad,

5. Deevsde whether vou want cach outpin signal 10 be a Moore signal or a Mealy signal,

&, For each state decide on the possible nexa state(=) and the inpur condition(s) that will
cause a transition to a particular next state,

7. Draw a state disgram that shows the desired states, brnary skate assignmenes if required,
stafe transition conditions, and output signals,

B, Translate the state dizgram intoea Hardware Description Langeage (HOL)Y such as
Venlog or YHDL.

B, Compile the HDL description of the design and commect any rmoss,

10, Simulaie the design 1o venfy 1hat the logic and timing are commect.

11 Map the design im0 & Programmable Logie Device such & a PAL or an FPGA, or an
Application Specific Integrated Circuit (ASIC).

12. Insert the device m 2 hardware protolype for fimald testing.

Since we don’t have space here to po through the entire process in great detail, we will jus
sliscuss steps 7 =12, As a very simple example for step 7, Figure 1-13c shows the siase diagram
{we ofien call them bubble diagrams ) for the siate machine design in Figure 1-13b, In these
diggrams. each szate is represented by o large circle. The nonse of the atate bs weinen in the fop of
ihe circle and the names for any Moore type signals asserted duning a particular state are written
in the botiom of the state bubble. Mote that the P output signal s shoswm in tbe bottom of the state
50 bubble Because we want it 1 be assered in state 500 An arrow indicates the action that takes
place when a cleck pulse octurs. A looping armow 1o the same bubble indicates that the machine
stiys in the same state when a clock pulse occurs. An srrow tw another bubble mdicates a
transitiod to that state when a clock pulse eecurs.

Input sipnels and MMealy ocutput signals are shown by symbals next to each ransition arow,
The symbol format slatement umder the state disgram tells you that the order of the signals 15
EME On the siate diagram, note thar if the E signal s a 1, the machine will wransimion o the
next stale when a clock pulse occurs. [f the E signal is a 0 when a clock pulse occars, ihe
machine will stay in the sume state, Mow bet™s look at the M input signal and the £ Meoly sutput
signal,

1Lnl"1:-:|' this discussion, it ix helpfal 1o directly see the relabionship between the state diagram and
the finud cincwit in Figure 1-130k From the circull vou cen see that we wanted the £ signal o be
asserted only tm state 53 (0B = 1 and O = 1) and then ondy if tee M signal was alsg high, Take
& look a1 the syimbaols fext to state 53 10 see how vou represent this in the s1ate diagrasm, For the
svimbols next o the taxl of the looged ammow, there are tvo cases. [IFM =0, then £ = 0and if M =
1. then £ = | as desieed. For the symbols next to the armow feaving the right side of state 53, there
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are the same two cises. To summaree then, the s1ale diagron shows that as lomgg as the machine
i3 in state 53, the M sipnal will detenmune the logic level on the £ signal, The E value of 1 in the
symbaol o the right of the siale 53 bubble indicates that on the mexr clock pulse the machine wall
transitiai back e slale S0, [ gtate SO we swant the X iciE.l'.IEJ ey b a n:g.arr]l-eru of the bevel on
the b signal. A shorthand sway o indicate this is o put an X in the M posttion iathe symbol 10
represent o “don't cane™ for the M signal.

For ivre complex slate asaclupnes with many states and many output signals, we wsually use
& tible 10 show the signals that will be asseried in cach state. rather than writing 1hem in the
bubhbles or in the lines pext 1o the transition arrows. For either case, it is uswally an easy step to
trinslote o carefully developed state diagram to an HIDL circunt description that can be compiled,
simulated. and implementsd in g FLIY as we describe briefiy in the next section.

LISING AN HDL TO IMPLEMENT A STATE MACHINE [N A PLD

As mentioned in the last section, once you have a state dizgram and sigmal owtpat 1able for a
desired siate machine, ihe next step is 1o translate the dizgram into a Hardware Description
Language (HDL) such as Verlog or YHIL. As a simple example of ths trrnslaton, Figure 1-
I4a shows the Yerilog HDL description for the simpde stae machine in Figuee 1-13. We chose
Verilog for this example because all of the major companies that we work with are now psing
Verilog for their designs, (1 you are familear with YHIL, you wall notice that Verilog hasa
semnewhat different syncax from YHOL but the basie srruciure of the Yenlog description is very
similar to & VHDL descripriomn)

We abviously can'’t cover all of the Yenlog language here but we can show voo enpuph for
Warid Lor Beer o easy al os b trunslate the statle diagrom for a desined state machine to an HDL. and
then simulate the design before magpag 0 into 3 Programmable Logie Device (PLD) or
Application Specific 1€ (ASIC). IF you plan a career in microprocessos sysiem desion amd have
il plready leamed this process, you shoubd put learming the HDL to hardware path on youar “to
do® list foor funare action, bocanse 18 a very wsefial ool 10 kave in vour skill et toolbox. Veribog
is in many wavs very similar vo the C progranuning lanseee so_ 2 vou are familier with O s a
reladively ensy step to Jearn Vernlog. This similagity also strongly makes the pout that there is
reatlly mo longer a sharp dividing line betwesn hardware and software in the :‘p:-;ign wiorld

ff Yeruleg for mimples stcate machine with
/Ff Mocoa and Mealy ocutputbs.
/¥ Capysight Dauglas V. Hall, dug. Z016
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Figure 1-14. Implementing the state machine i Figare 1-13 wing Verilog HDI. (a) Verilog
description for the siate machine. (h) Verilog testhench fior the design in part a. {e) Verilog
Oulput waveiorms,

I

The module statement at the start of the Verilog description in Figure 1-14a gives the module

] | the pame simple _s.nmlim;mcmpqmmdmnpumfmuunmdcina;:m list. The next
endzane - ! four lines specify which ports are inputs. which poris e oulpats, and which ports should be
—— p—— treated as regasters. Ports identified as registers maintain theit values between evahuations during

sumudation, The parameter satement identifias four oomstangs, 50, 51, 52, and 53 tha are the
binary state assignments for the four states of our state machine, The Q=27 00 clause in the
statement identifies S0 as a 2-bit binary quantity and assigns it the binary value (0. The frst
seciiom of the descriplion is similar to declaring variables and constants 3t the s of any high-
lzwel Banguage program.

1

dal
fF wapileg teate=nch for simple Moore and Mealy Stato mechind ‘

4¢ Copycight Douglss V. Hsli, ey, J01E

Sechulyg L oaioole s=[]:

wirm P, Z: /¢ spscidy me wites to Take visible foe .f'._.:-ll' The next three sections of the Venilop deserniption direetly correspend 1o the thre: major
=mtﬁ;.u:i:=:. - | g blocks of a staic machine shown in Figune 1-13a Thers are memy styles for writing Verilog
£ang I:!'_-'_'h.:.i'tr.'ii'l'., H, Enr i tegliter 3 sirmilatas malobtaine values dI:E..I:"rLP'Iluru_ ket For stane machines, we like 10 separale the major ofa d-ﬁign (e way 5o
slmple 3= Ml (Enclack, BaseT M, P, patatal i ¢F IFFT Lnatantamtian i shat the operations in each sestion ane l.."il.l:ifl.l'l'_l.' Vesibte mid f e In Fi ]_141 i
initial begls aeciinn |E|:Iil-|- hl!?,inﬁ_‘-ﬁ'im alwayz@ ll[_'.|_15.-_1-,1q|:_|- clock or pegedge Reset) sponds
1103 Ffknishe £ mun simalation fer 100 tize unika to olse ﬂ’E"H'-"P section of the =tate machine bbisck ﬂia_:l!’:ll The 'ahl.a'yg' S ! Epvl:l:lﬁu that
oy the actions iimnediately below the statement should be executed wheniever  positive (rising)
initial begin f/ speciiy sripuius =zignals edge ocours on the clock inpul f & negative (falling) edpe occurs on the Resel input. 1 the

clock=15 Ressr=ls Ex=J) MW=I;
15 Eesot=0r
3 Eeset=l; En=1; M=1:

excculion waos triggered by Reset = O, then the flip-flops will be reset 1o state S0 This is an
asynchronous reset becawse 1t does not roguire o clock signal b couse the ip-flops o go back 1o
seate S0 U the execution of this always statement was wiggersd by o rising edee on the clock

I

e ' signal, then the fip-flops will go to the next state as determined by the Nexr Stae Decoder,
eod The section of Figure 1-14a that begins with always i psiae or En) implements the Mext
i slate Decoder for tse state machine. Execution of this section will be trggered whenever pstata
#% clock=—ciocks £ gueszeve elesk with 10 pnic pericg changes or the En input changes. The lines in the case statement here directly follow the szare
S f dia_g:um.in Figure 1-13¢, 50 they need linle comment. Note 1that we did include the defiule:
stttk statement 5o that for any stane not explicitly staed in the case statenwent, the machine
by will be retumed to state S00en the next elock pulse. This line is not nesded in this exarmple
35
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becawse all four of the possible stntes for the rwo Mip-flops are wsed. bt we included it ee repnind
vou b di this 1o any machme where vou don’t explicitly use all of the states avarlable with the
number of flip-Tlops vou ase using.

The section of Figurs 1-12a thot begins with alwaysiid petate or M) represents the Onspun
Decoder bieck in Figure 1-12a and specifies the desired P and £ outputs for each state, The
ourput 1* 1% a Moore-type signal et s unconditionally asserted high only i siete 500 The 2
sipnal isa Mealy-rvpe signal thot is assemed in state 53 caly if dee M anput is high Itk a small
proimt bt note that in the putput decoder section, we specificd the desired level on P and £ for
each state. IF you don’t dis thas, the symthesas ool will imply that these signals shoald be latched
1o hobd decir valses and implenrent latches o the Cugpul Pecoder instead of just the desined
combinational Fepic. Mote that begin and end Xeywonds ape used 1o bracket mualtiple statements
for each case achion in this s=ction,

After Wil creale an HDL J.l.'.-u.'npl'il:rn amd g2ELIL D L‘H\:ITI[Ii.II: without errors, the next step s 10
simulate the design with a simulator program o verify Uit is opertion s correcl In order 1o
simulate the design. vou need to creme stimulus signals that the simulator applics to the inputs of
the desien, Youw can crsate these stmulis signals with an HEE test bench or wath 2 graphical test
vector editor. Fipure 1-14b showa a Verilog testbench for the state machine design in Figure 1-
14a. We don’t have space here to go into all the details, but the key paints are that at the start of a
e bench modube, you identafy the outputs that vou wanl ke see in the simulatien waveforms
wires, Yoo identify s fyvpe reg the inpuis that you will be applying so that the simualator halds
these signals constand between updates. Mext you insfandiafe, or in other words ._1:|1¢¢if_|.' an
ustance of the medule thal vou are simulatng, and give it @ mame. In this example the stabement
simple sm MIEnclock Reser M P2 petate ) instamtiotes an instance of cur staie mochus: and
gives it the name M1,

The st section of Figure 1-14b that begins with initial begin tells the sinulator to run 1he
samrulagien for 100 simulator wme units and then rern eontrol o e user. The second section of
Figure 1-14b that begins with initial begin specifies the actwal stimulus sipnals that will be
generaled by the simulaior, To create these signals, we usually draw the desired waveforms on a
plece of graph paper and then just tremslate them inbe the sppeopiale lme siEements in he
iestrench, or draw them directly imgo the simulabor using a waveform editor,

In Figurz 1-14b, we start by setting clock=], Reset=1, En=0, and M=0, Then after 5
szmlator lirme units, we set Beset=0. Aller another 5 simolabor fime wnaks, we sel Beset high
again, sct En=1 1w enable counting, and set M=1 o thar & will be aseried wihsan the machine
reaches state 53 After another 25 simulator time units, we sei M=0 panin to determine if the
Menly-type £ signal works comrectly. The abways, 85 clock=—clock stnfement is simply an
efficient way t create a chock signal that togpeles every 5 simulalor ticee unils and thes precfuces
a clock signal with a perod of 10 sprelator Urme units. Mote that specific delays i nanoseconds
of picoseconds can be inseried i the HDL description asd the simulates can be instnscbed 1o
exctuts & simulation with appropriace simnlation time urits of naneseconds or picosecoids, so
v can get first estimates of the overall timing for a design. However, for the example here we
lzit these delays owt in order to keep the example as simple and uncluttered as possible,

|"|.:un,: 1=l de shows the simulator guipul wavelorms produced by ‘u’cnl-:lggcr Pro from
SvmaphC AL for the d:ﬁlﬂ_ﬂ i I"ip.u': 1-14a and the testhench Fagurs 1-14b, As vou can see,
the maching m resel o sae S0 |_'|_'|.' Resed !'H:inE asgerbed bow and. as dedired, the Gutpial 15
aserted high in sate S0 After the machine s enabled by Ei beang asserted hagh, the machine
steps thought the desimed sequence of states, At the stz of state 53 the M signal i3 igh, so the £
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signal is asseried high. However when the M inpul drops low halfway through state 53, the
Mealy ¥ signal immediately drops low as desiredd. As a final point, note that the counter
advanees 1o slabe 50 after slate 52 even though the En signal is low at the time of the rising edpe
af the clock af the encd of state 53, The reason for thas is (ks due o the way the code is wrilien in
Figure 1-14a, the next state i determined when the present state, pstate, changes at the slan of
atate 53, Al thels tme, the En oepud 13 $466 asserted, so the next state, nstate, will be comectly
deteemined as state 50, On the next rising clock edee, the machine will ransivon 1o sate S0
However, from then on, En = 0 is dewected in the Next Stane Decoder and the machine stavs i
state B0,

Chnee the simulation shows that your design functions perfecily, vou then use the Diesign
Mastomuation tools o map the design into o Programmable Logic Device such as a PAL oran
FECHA, or an ASIC, The term map here means io connect the programmable logic blacks ina
specific devece to implement the desired functions. The design wols automatically implemsent the
Nezt Stace Decoder, lip-Nops, and Ouwput Decoder and all the imerconnections fior your stale
maching. The 100l also create the file peeded 10 actually program the device to implement your
desigm in a PLIY, Although we have shown a very simple siate machine example here, soms
currenl FPOA devices contain over 1 (00000 gates and contaim enough Configerable Lopc
Blocks (CLBa} 1o implement a complete 32-bnl microprocesaos with a larpe somownl of cistom
interface circwitry. However, whether you di a simple design o & very complex design, vou nesd
Lo verify not only that the logic works comectly but alse that the timing is comect, In the pexi
sechon we show you how tor caloulate the maximuom clock frequency for a simiple stale machimes
such as the one wie have just analyred.

STATE MACHINE TIMING CALCULATIONS

Caleulating the fuimmom chek penod for 2 yeneral ssochmonoos state machine &5 just a small
cxtension of the technique described in a previoes section for calkeubating the minmem chixck
periodd for a simple shift regisier. a thai case, the minimum clock perioad was just the sum of the
ielay, ten , for the ip-flops phis the tar. because the data is connected directly from the outpn
of ane Mip-Mop 1o tbe mpat of the next. Howewver, for 2 synchronows state machine such as that in
Figure 1-13a, the signals on the Q) outputs loop around snd propageate throogh the Mext Stage
Drecoder to pet to the T inpads. Therefore, the propagation delay of the Meat Stme Decoder oust
b included in the calculation of the time from a rising clock edpge to valid data on the D flip-flop
inputs. The mintmun clock penod then is just the sum of the three fimes around the loop, T2 +
fnsn + sy MNote that the Outpat decoder 13 01 pant of the feadback loop, o0 it 15 nol included
this fiming caleulation. As a specific example, assume that e flip-flogs bave a 1pp of 3ns, the
BISLF has o tasn 0F 2ns, and the lip-fops have a tsy of 1os. The minimum clock period would be
Ins # 2ns & Ins = dns. 'I'hi-:--;.'l.1rn-_q~r'r||:|:-; o a masimum clock ﬁ'¢ql,|.|:|1-|;}' of l'éns = 167 MHz

T surrsidrize, vou caleulare the minimum clock pereod and indirectly the maximum clock
[requency for a sute machine such as this by simply summing the times amamd the Fhip<flop and
Mext state decoder loop frea one clock edee o dee next clock edee. An important desipn
concepl fer you b stbek o your mind for foture reference i that, any increasse in the
propagation delay in the losp will reduce the maximum fregquency al which yow can clock
the machine.

Mow that we have reviewed combinational logic, lip-Aops, registers, counters, and state
machines. the anly mojor compenenis lef to gevicw bere ase memory deviees. Then in the nexd
chapier, we show vou how 1o pas the picees toegether 10 make a microprocessor and a



microcompuler. Mot (il the discussaons of memory devices here ore intended 1o review the
bask: mernory Bypes and charactedistcs or s=rve as an introdwction 1§ you have ool studied 1hese
before. [n Chapler & we will discuss in groster detsi] the intecfacing and tbming conssderations for
a variety of these memory devices,

Semiconductor Memory Devices

INTRODUCTION

A register stores a single banary data word but o memory device can store thousands of datg
words. T pefresh oF introdaee vou 1o the bagie structure and berminalogy used (or nemary
devices, we will use o simple Read-Crdy Meweere or BOM as an example. Tl term read-only
meemary 15 somewhat misleading because several cument tyvpes of ROMs allow new data 1o be
wrallen o the devicss as well as allowing dats to be read. The key point 1o remember about
ROMs is that they are per-volarife. Mon-volaiile mcans thar stored data s retained by the device
and ned lost when the power is tumed off, This charmcleristic is important for applications whers
v want stored instrections o data e be present smmediately when the power is applied 1o a
SVETETHL

Figure |-15a shows the schematic symbal for a small ROM device and Figure 1-15b shows
hew twe of these devises can be connected in a sysiem o store Twece as many hinary wonds as
could b stored by a sinple device. You can determine considerabls informsation about the
memory devicas by just looking carefully ot these diagrams

[he ergla data ourpats, D007, onoeach device el vou oneeediztely thio this memory device
stores 8-hit data words. You can think of the data words stered in a memory as being in g long
numbered list and the lecobion of & stered word in the 1is is colled its @aidress, The number of
words =tored ina memniry devace 1% just I where M iz the number of aklress lines. The devige
i Figore 1-15a kas 15 address Hnes, AQ-A14, so the device stores 2" or 32,768 wonds, For
simplicity, we simply refer 1o 1his as a 32K x 8 or 32 KByte device,

The data cutputs on the ROM in Figure 1=13n are (hree-stale cutputs, which, 85 we siatad
eurlier in the chapter, mesns that an output can be at a logic low state, a logic high stale, or a
high-vmpedance foating sise. To nmad a desired word from this ROM, you need 1o supply three
tvpes of sipnals. First, vou need to apply the address of the desired word 10 the addeess inputs of
the device. Second, vou nesd o assen the Chip Enable, CES, inpu low to poser up the device
from a low-power stte 1o moomal operating state. Third, yoo need e asserd the OFE# mpot b
coable e thees-stare Data oulputs. Fomember fromn a previous discussion thal, of three-state
outpats ane enabied, tey output 4 standard logie Jow or logie high., If three stae cupuns e
disabled they godo a high-impedance floating state and are essentially disconnected. To prevent
logic condlicts when you connect several ROMs or other memery devices on o shared siwa buy as
shown in Figure 1-15b, you must use devices thal have 1hregsiate oulpuis angd you must maks
sure that only one devece of a time 15 enabled fo outpul data onlo he bus. In Chapter & we will
discoss the desigm of o cireuit called an oeldress deender, which decodes upper address lines from
the microprocessor 1o produce 2 signal that ensbles a desired memory device and only that
device o1 2 particular fime, Note tht the aduress bus Bines in Figure 1-13b are connected 10 the
two devices in pamallel. An address applied 1o these mputs sall select the same addressed byte in
each of the devices. However, since the address decoder enables only one device at a fime, only
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the eniabled device will output the addressed word on the data bus. Wow that we have reviewed
basic memary terminology and connections, let’s take a first look a1 memory device liming.
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Figure 1-15. ROM. (a) Schematic symbol. (b) System Connections. 107 Simplified iming
diggram

F:ELI.I'!'.' 1-15¢ shows a slmp]n'wl! tmang di.pgmn for an asyvnchronous ROM such as the one
in Figure [-153a, Assuming the CES is alresdy ascerted when an address is applied in the address
inputs of the ROM, there will be some propagation delay before the sddsessed dars appears on
the data swiputs. This time 15 called the Addrexs Access Tiowe and is represenced on the timing
dingram as faoc. Basically, this i the time you need 1o wait for valid data 1o be present on the
cuatpaics afier an sldress s applicd o the device, assuming that the device 15 alnsady powered up
by CE# being asseried ond the owtpurs enabled by OE= pssemed. Likewise, if an address is
afready present on the address inpags when the CE#2 is assemed, it takes some time for the device
Ley perwier W amil For the anelput buffers 1o birmy om. This time 85 called the Chip Enable Access
Time, novd &5 :l.‘]:ﬁ':Ml:lLﬂ] = 1ok on ihe 1:irrting dingram. The time labeled toe in Figure 1-13c
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represanis the Chapat Enoble Time, This tme 1z the time required for the cudpat butfers 1o um
o and supply data on the owtpats after the addeess bas been applicd and the CE# 13 assened. As
we demonstmle many times thronghout the book, these memory secess times are ons of the
maior limiting fectors for tee performance of & microcompster system and are thereliore very
imporiant desipn considerations, For mow, however, let's take a look ot the different tvpes of
memnry devices used in currenl sy<lems ond their hasic chameclerishics.

ROM Types

Sunnie of Lhe o] conumon Types of FO ane:
MROM = M:.s'l.'apmg;lmnmnﬂ with data during mnmuf.acruring; cannnt be aliersd by user.

PR — Programmed by user by blewing fuses: canpot be altered except as can be done by
blowing ndditional fuses.

EFRON — Electrcally Programsmable by user: erased by shinimg wliraviolet Light through o
guartz windrw on top of package. (Only found in old systems )

EEPFROM — Elecisically Erasable PROM: progranunable by user; erased by eleetocal sipnals so
it cam be ernsed and reprogrammed in the circuit. They are erased pnd reprogrommed cne byie ai
A hime, so Ih:}' are flexthle, However, the omite speed 1% much =lower than the read operatien

Flazh EEPRCN — A tpe of EEPROM electronically programmable in blocks rather than ase
byvte at a time as with standand EEPROMs. The tao types cumrently in use are MO Flash devices
amed WAND lash devices. NOR Flash devices are accessed m |:||.|.r..'||J|:J as are standard BOM e such
as that v Fagure 1-05a MO devices hove Fast read dpeeds. so they ane appropeaate fod bolding
cxesutable code such as the boot eode for a systeon, MAND Flash devices have faster wnile
speeds aml higher storape copacily than MOR devices. Diata s wntlen beoor read from a NAND
flish device as o secial sising of bybes or hall words i msch the same way as they are writlen
and sead from a hasd-disk drive. Therefore, they are appropriate for storing daia os reguiced 1na
Sobid S1ate Dove (S50 In Chapter &, we discuss Flash memory interfacing and timing in detail

sSymchmnous Flash EEPRUM - Synchronous verslon of the ssvachroneus NOR Flash descnbed
it thee preceding parsgraph. Addresses and controf signnls for repd operations are transterred o
ihe devies on the risi,;ug q:dgl:nfa memory baus clock signal and data i transierred oot on o laier
rising edge of the memory bus clock signal. The operatoon ol the device s then sid o be
svichronous wilth the meomory bus clock.

Except for Synchronous Flash EEPROM, all of the iypes of ROMs we hove dizscussed are
asynchronoes, because their inpub: and vadpuls are comdredled h]-' hig,nalﬁ. such as alddresses, U84
and OFE# rather than by @ system clock. As we discuss in deail loter, synchirenous devices allow
faster data transfer than do asynchronous deviees,
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Static RAM Types - SRAM and SSRAM

The name RAM stands for Romdomedecess- Memary, i sipce ROMs are 2ls0 random
socess, the nome probably should have been “read-wiils" memones becaizse the devices can be
writhen to and read from at the same speed, unlike the EEFROMs and Flash EEPROMs
discussed in the previous section. A static RAM or SEAM = essentially an adidressable amay of
flip-thzps. The term stanic here means that daia stored 1n the BEAM will be retained until new data
i il Gor the poveer i3 turned off '
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Flg;l.u‘t' 1-16. Schematic symbol for Sahc BAM

Figure 1-16 shows the schematic symbol for a small state RAM. Te rexd 2 byie from this
divice, o memory controlber applies an address o the address inpurs. ssserts the BW'S mput hiph
and asserts the CEH input low. After some sccess time, the addressed data word s present on the
Diatn Cnepuals. To wike (o the BAM, a memory controller applies an address to the address
iputs, asserls the RWE inpad low. assents the CES input low. and applies the word 1o be waitten
ot te Dhuta Crutputs.

The BAM in Figuie [-16 has no clisck input, so the mpudt and output signals are asynchronous,
This mreans that they bave o fixed unw relatonship with the ovemll svslem clock =nd therefore
creife memory aocess iming probiems ar high system clock frequences. Funbermons, the
alelress inpuls are net Intched in this device. 5o the memory controller needs to koep the address
stable on the address inputs for the entire memory access cvche. Likewise, the memory controller
st keep the BWY and CES signals present for the entire memony sccess cycle. To solve these
problems and thus grestly improve performance, mast syslems now use Svnchroooes SRAM:s or
S5RAMSs.

To convert an asynchnenows memony device o a synchmomms desvice, youe add I fhp
flops on the address inputs and the control inpuiz as shown in Figure 1-17. When clocked by a
gyseem clock, these flip Nops will larch the addoess and contrel siznals, so the memesny contralier
does s have to keep the sddress and control sheicls on the lines for the entine meomsory cvele.



This leaves the memory conmoller free o pemerate the pext sddress. You alse add D fip feps on
the memory amay data oetpats, When clocked, these flig flops transfer the data read from the
mvermery array 10 their outpuls. Sinee this data @s latched on the outpats of the ip ips, the
memery device can be working on the reading the next requested word, {Bemember that in an
asymchronous memory device, the address and control signals mast be held on the deviee waril
the word i resd from the device and 3 secand rend ennnot be started antil the first is Fially done.
To siee pvore detail of how this s ingleraentod amd s=e the tmeng for ar actaal devace, take 3
bek b Figuare I-18a
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Figure 1-17, Converting asynchronoes memoaory device to synchronoes.

Figure 1-18a shows the intermal architecture of 8 Cyvpress Semiconductor CYTC 13270
Synchronous SEAM. (This specific device ts now out of production but it is easier te see the
basic archateciure and operatiou i this device than o the current versions that have additionn)
feptures fo improve performance, ) The key difference from the asynehronons SEAM 15 that, in
1his device, all of the imput and outpud signals have registers thot are clocked by the T TR
syslem elock Fagure 1 -1 Kb shows & read-vycle l'irrting diagram for the device. Cnce an qp]ﬂi,u::d
address is lached by a fsing clock edpe, the memocy contraller can rensve that address from
the inputs and work on generating the next memory address, Likewise, stonng Uw memory
copntril signals in registers means that they only need to be present on the register inputs beag
enouph 1o be latched. 11 vou work o way across the timing disgram in Figure §-18b, vou
shoubd see that an addeess and the control signals are mansferred ok the SRAM core on the first
clock edpe. These thea propoagase thoagh the SEAM and peoduce te desired word on the inputs
of the output latches, The next rising check edpe rransfers this data word o the dat cutput
latches and the thard rimng clock edpe transfers the dala o the device onputs. This third clock
edge also wransfers a new address and new control signals o the SRAM core. Far o bt mogde
reand, the S5EAM will intemally increment tee addmess supplicd for the Tiest pead and oulput
ancdher data word on each rising clock edge, 11 yous think a lidle aboud this vou might make the
caomnection in your mind that this is the same way that daga moves through o shift regisier.
Systerms that move das through one shill regisier-ype stage on every clock cycle in this way are
often seferred 1o as pipefined. The full name for the device shown in Figune 12180 then is
"Pipelined Synchronous Cache BAM " IE you read the specification for o current PO, v mighi
st a sialement thot it contains a “pipelined synchronons SEAM cache ™ We sill discuss caches
in the nesxl chapter but pext here we will move co b another comemen type of BAM wied i
miLrocompaler systems
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Figure 1-18. Cypress Sermiconductor Corporation CYTC1327B Synchronous Pipelined SRAM
(a1 Intermal architeciure. (b)) Simphifed tming disgram
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Dynamic RAM Types = DRAM, FPM DRAM, SDRAM, DDR SDRAM

STANDARD DEAM

The SEAM:s discuzsed 1o the prﬂ.‘l.-rling sechon are very [ast ar i other words, they have
short apeeds mes. However, sipee they typieally use sid trangislons o ore each bat, they
dissipate a considerable amouant of power per bit. Both tse chip “real-cstate” por bl amd the
power dissipation per kit limit the oumber of bits that can be stored inan SEAM, Dysamic
RAME or DRAMSs store each binary 1 as anelectne charge and each Binany 0 as no electnic
charge on a Lmy capacilor. SEnce ur.||:_'.-' w single imansistor swilch is required 1o read a value from
e capaciter o write & valoe it DREAMS require much bess chip real este and power per bit
than do SRAMs, Therefors, o DEAM chip can stere mony nxore bits, dssipate much less power,
and cost less per bit than an SRAM device built with the same 1T technolopy. One major
disadvantnee of DIAMe 15 that the charges stored on the Hoy capocitors tend to “leak of £
Therefore, the daa stored 10 s DRAM must be refreshed every lew milliseconds.

Figure 1-19a shows a Block diagram for a basic DEAM and Figuee 1-198 shows a ssmphifled
fiming dizgram for the device, The actual stomge architecture in o DREAM iz 8 matrix of rows
and columns. For 4 read operation of the device in Figure 119, a 10:-bil row address selects one
of the fows and a §0-bit colums address selects one of the columns. The data bit from the
intersection of the selected row and the selected column is fransferred to the Diaca Ohar Regisver.
Mt that pltheush a total of 20 address bits are required 8o select one of the 1,048 576 bits in the
device, Figuee 1-19a shows oaly 10 address lines enteddng the device. The tnek bene, af coursa, 15
that the 20 address bits are multiplexed into the device, 190 at a time on the 10 addeess iaputs. The
timing dingram in Frgeme 1-18b shas hoa this works.

Amn extermil controller sends ot the row address o the IIRAM and asserts the RASE (Row
Address Strobe b gignal 10 lach the row address in the DREAM. Afer an appropriate Ume, the
exiemal controller then sends the column address 1o the DEAM and asseris the CASE {Column
Address Strobe) signal io latch the column pddress in the DEAM, After an access fime, the
addressed data kot appeears om the 0 output. The extemnal controller For 2 basic DEAM such os
this has three major tasks. I needs 1o multplex the two halves of e addosss ad sipply the
RASY and CASS sirobes, refresh each row in the DEAM every few ms, and arfirrate the condlict
that (oeurs (1o micropmcesser of some other sysbem atlempts b access te DEAM during a
refresh evele. Altheugh DEAM devices need this extermal controller and are consiserably slower
(longer access time) than SEAMs_ the low cost and bow power dissipation of DEAMS have led
their being wsed for the main memory in mos microcompuder systems, However, the facr teat
rmicroprocessor speeds have evolved much faster than DEAM speeds hos motivaied a log of
researcly on ways 10 redoce the seeess times and iperease the elfective dota rate of DREAMS, Asa
result there are several DIRAM rvpes. For reference, we will sumimanze hire the main
characieristics of & few that are important from an evoelutionary standpeinl and'or are used ina
significant number of current sysems.
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Figure 1-19. Siandard DRAM. (2) Internal block diagram, (h) Simplified timing deagram,
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FAST PAGE MODE DRAM (FPM DEAM)

The first major improvement in DRAMS ams to pdd Fast Pape Made that wosks as follows,
Since reading a bit froan the DIAM army s partially destructive, the row that has been read muost
be restored or precharged before the next occess i3 allowed, After complefing one acoges, the
coniroller must wait this additional precharge time belore it slarts another read o wite access.
Thas prechorps ke is abowt the same as the access time, w6 U effective data rate or Boaadwideh
for the DEAM is about half of what it weuld be without the precharge fime requirersent. Fast
pagre e THEAMS do not require o precharge timee fir each read in o sequence of reads, as long
as the neads are o tse same row (page) i the DEAM. An external comparatos in the DEAM
comireller determines if an access is o the spme roow (paged and if so, the controller doecs not send
o mew o sddress and BASHE signal. 18 just sends a new column address and CASE 1o sefect the
desared coliuminds) m the ow. If the chimgraralor in B contredler detects that an heeesa oeduiesl 1
10 a different row, the controller waits while cireuitry in the DEAM putematically dees the
peecharge. The controller then sends owl the new row address and RASH, followed by the new
columnn addeess and CASF The key point is that Fast Page Mode deviees do not requine the
REASE piart af the memory cvele or the precharge part of the oyele, a5 long as successive nccesses
are 1o columns in the sume row {pagel. Sinee most microcompuber program memory pesds are o
sequential locations, the overall avernge time per read for o Fast Page Mode DEAM is much less
than that for the onginal DRAM devicas,

SYNCHRONOUS DREAM (SDEAM)

A stated 0 the earher discussion of synchronows SERAMS, syncliromzing the dan wassicr
with the svsiem clock or a clock derived from the svetem clock allows for o higher data transfer
rate. Figure 1-20a shows a block diagram for a Micron Technology MTA48LCT6M16AZ
Synchronoas [MRAM - Mote the CLE iput present on this devics bul pet in the basic DEAM n
Figure 1-1% . The second featune to sole for dse SDREAM 5 that the DRAM array is divided
inio four banks. The big advantage of this feature is that for many accesses, one bank con be
precharged while another bank 15 being eccesel. When o senes of sequential accesses reaches
the end ol @ row none bank, the aceesses can continwe inte apother bank without waiting for a
precharge of the accessed row in the first bank, if the next daia in the sequence is siored in the
oiher bank, If the next sequential data is stored in o different row in the bank being accessed,
then u precharge will be required before the new ow can be accessed.

Mo, we peed to ook at the timeng diagram in Figuee [-20b in order 1o understand an
additional improvement built inte SDEAMS. The first section of the waveform shows 1has the
miemory comireller actfvares a row and bank by sending a row address and a3 bank address, and
then assertme FASH low. For a burst read operation such as that o the second section of the
wavelorm in Figure 1-19, the memory controller sends the column address for the first dezired
coluven and pulses CASE low afier a BAS katency tme of three clock oyeles. The berm faremcy
e is the name given 1o the time vou nesd 1o want for the respense 1o some sction, [n this case,
it is Ehe time viou mast wait for the device 1o accept the rowibank address and BASE before
appiving the column address and aserting CASH. After receiving the CASH, the SDEAM then
oulputs @ pre=programmed number of data words without requining an additonal column sddsess
amd CASH signal for each ouput word, This is possible becawse, a5 shown in Figare [-20a, the
SDEAM countains a column address counterlateh that holds the first column address sent in 1o
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start the read operation, and then ausmatically increments the column address for successive
words in the burst. For a hars resd I'.‘lptl.‘dl.'il.llj o @ burst wrile np:'ml'inn, this allpws a data word
1o b read ool from o written 1o the SDREAM on the ri:l"ng clock Ed.gl: of every METMOTY clock
l::jrlﬂt aller the imtial CAS |:|I.|=r.|-|.'}' e of !}]ﬁicaj[_'.-‘ twian or three clock cycles. For burst nccesses
thictn this i3 much more efficient Ui thee I.intirl.g al the basle DREAM shown in Figun: 1-18b.
However, for nop-sequental sccedses to indnadusl words, esch sccess reganres an Activate with
BASH and a Read with CAS#, Ad you will see later, in a microcomputer system mos! menaory
neoesses-are burst oriented, so the performance pain provided by STRAMS @ significant,

The question about burst access that might occur to you at ehis point 15, “How does the
SIRAM know how many data words to burst out™” The answer is thar, the number of words
desired in 0 burst is written 10 the Mode Reglsier in the SDRAM as past of the syatem
initialization process or dynamically during different memory accesses.

[o further nprove efficiency, SDEAMs allow one bank 1o be opened while another is being
rend From or weitten to. Also, SDRAMSs condain a built-in Refresh Counter to simplify the
required refresh operation.

In surmmary, the SDRAM featuses that stpmficantly tmprove memory performance anes
synchronous data insisfer, burst tansfer, programmabie berst leagth with a colomn address and
CASE only regquired for the first access, and multiple hanks that in many cases allow the
precharge of one bank during access 10 another bank. In the next section we discuss a newer bype
of SORAM with additronal performance fsiine:
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Figure 1-20. Micron Technolopy MT48LCIGM16A2 Synchronous DRAM (SDRAM). (a) Block
diagram. (b} Activate & burst read fiming diagram.

DOUBLE DATA RATE SDRAM (DR SDEAM)

I the preceding section we showed that, dunng a burse read opesation, & mensory controller
can read o data word from an SDEAM every clock eyche after the CAS latency time of thees
cycles for the first word, The minimum clock periogd for the SRAM is imited by the pcoess
time for the AN armay in the deviee, The S0RAM cannot be clocked fasver than the dala can
be read from the sterage cells in the device and this limits the memory bandwidih or, in other
words, the rate at which data can be supplied 10 a requesting system. However, 50was found that
a word twice as wide @5 the desired word can be read Trean the stosage eells i the TRAM armey
im Uie same wine as a wosd of the desired ounput width can be read. In a besic Deuble Data Rale
SDEAM. the internal circuitry does a Jo peefercf. In other words, if the device has B data
oubputs, the intermad circaitry will read 16 bils from a row in the armey, mstesd ol just the 8 bis o
be outpal, The two halves of this 2n word are then multiplexed oote the data bus, one after thae
other. Sinee ran byvies are available for sending in the same time as cne weould be inoo device
withoud 2n prefeich, data bytes can be sent down the bus ab o mte twice as fust of the normal bus
iransier rale. Also, instead of using the memory sy=tem clock b ransler data, as in standurd
SIMLANE, separate strabe signals are created from tee clock For cach read access 1 synchromize
s data transfer, As shown by the Uming waveforms in Figues 1-21, the strobe sigmals ars timed
so that effectively, one of the 2n data woeds is ransfemred on the rising edoe of the clock signal
and one is transferred on the falling edpe of the clock, thus the name Dowble Data Rate, The
strobe sipmals are greated and outpud by the device supplying the data Fer o particular operation.
For o memory write operation, the memory controller creates the strebe signals and sends them
b the DR SDRAM along with the data 1o be written to the SDEAM. For o read operation, the
DDE SIHAM penerstes the sirobe signals and sends them o the memory condreller along with
the reyueded data. Sending clesely tmed strobe signals along with the daia and using these
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sirobe signals wo lateh the data inothe recsiving svstems 5 called soprce gmclronons dota
fransfer. The close tmbing of the swolses with the data in sewrce synchronous deta cransfer allows
for much higher data rates than are possible with standard SDEAM systems thist just use the
memary system clock for data transfers.
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“Fipure 1-21. Timing dizpram for DDR SDRAM burst read showing DO} data output on
ellectively both edges of Data Strobe, DOS, 10 give Dooble Data Rate

The peason is that, in a standard SRREAM system, the memory system chock signal smives sl
dilferent devices al slightly different times due 1o the different signad path lengths to the difTerent
deviees, This difference in signal arrival tmes s called fimning sbew. Beeaose of uming skew, a
memory systerm using the memory svstem clock to clock the receiving laches needs to allow a
greater timing margin or siack time in ordet 10 avoid violating the setup times and hold dmes of
the latcbes that are receving the data. To provide this greater tming margim, the memory must
b clocked ot a bower frequency. This decreases the memory bamndwadih (dara transfer mte) ond
thuas decrenses evernll performance. With DDR SDRAM. the somobe sipnals take the sarme sigmal
path as the duta signals, 5o there 13 minimal timing skew and data can be transferred a1 a higher
freguency.

DDE memory wechnobopy has contifsed 1w evalve m speed and capacity past the frrd
generation DR, Succeeding penerations are identified as DORD, DDRS, DDRE4. DDRS. c1e
(iten, several of the basic DDE devices are mounted on small printed circuit boards called Dual
fea=lime Mewrory Mogdes or D0V | such as the DRSS DNMM shown in Figone 1-:22 Thess
BIbM= are plugged inte sloas in a PO o laptop to provede o large ammount of DEAM.
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Figure 1-2Z%, DD;L ]'.F'DI;'EE and DDF.H (I8

I summary, the key prints to remember about DR SDEAM are the 2n or larger prefetch
and the source synchronows deta transfer that uses tightly timed strobe signals to transfier data at
twice the ate of the memory system chck.,

I the mext chapler we will show ond discuss how the hasic digital devices and the ETH T
devices we hove discussed i this chapter are used o buld mucroprocessors and microcmmpisiers
o later chapter we dig much more deeply inte the intesfacing of these memaeny devices

References and Forther Sources of Information

{1} hitp:/weacw intel.com - Dota sheets for Flash EEPROMs

{Z) hitpfwwaw cypress.com = Data sheets for SRAM: and the Warp & Design sadomation
iools b implemend combinational logic and Staie machines in PLEs

13 hitp:woaew . micronecom - Diada shects for TFRARMS

Cheeklist of Important Terms and Concepls

Active haph sigmal, sctive low signal
Thege-siaie autpul

Thebtorgan Equivilent logic symbaols

PLAs, PALs, PROM:

Time Divisson Multiplexing

Stubtiplexer (MLIX) Demulizpleves (DAL
Dhecoder, encoder

13 Latch operstion and tming

L Flip-Mlop operaticn and fiming
Leveltngpered device

Edge-trippered device

Setup tims hokd time, minimuam pulse width
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N

&

I

-,

\i)

e

{1

=

i

Metastability

Repister, shift register

Slnck time

Presetinble’Loadable counter

Feext Blate Decoder, Chutpat Decoder
Muoore type output signal

Mealy type output signal

State dingram

SAlON, LPRCS, EEPROM

Flash EEPROIM, Synchronous Flash EEPROM
SHAM, 5}'m:hn.u.‘|uus SRAMM

DEAM, FPM DEAM, Synchronous DEAM
Bursi mode fransfer

BAS Lotency time, CAS Lateney fime
DIDE DREAM

Iro-Hn Prefeteh in SDEAM

Cloek Timing skew

Sourge synchronous data ransfer

Review Questions and Problems

1. Write the decimal equivalens for 2'%, 27, and 2%,

2. Uonverl the decimal mmbers 22, 76, amd 3000 to thesr inary equivalends

3. Conver the binory nunbers 10 0011 and 1100 (03 1o herr decimal equivalems.

1. Express the decimal numbers <26 and =247 in 2-hit binary, two’s complement sipn and
inagniude Form

3. In thas chapter we showed how to represent integer members in two’s complement sign and
magnitude form. For use in a mictocompater, numbers such as 21,435, that have fractional
parts a5 well as infeger parts, are represented in single precision or double precision IEEE
734 Floating point forman. Tlese formaars are tow called banaesy 32 and binaryéd cespectively.
Mast of the higher level microprocessors pow have specialized coprocessors that work
directly wath members in these fommats. Do on intemet search o determine how oumbers are
represented in these fomnts and hrefly describe the fizlds in the hinary32 formas

b, Conwvert the binasy nuembers 001001 T00 G107 and 1000 0011 OLOT G001 o therr hexadecimal
aquivalents,

7. Cenvers the hexadecimnl numbers [3H and 47FFH 1w their binary equivalens,
& Wrile the BUD representetions lor the decimal numbers 86 and 136,

0. Perbomm the indicated op=mtions on the fellowing members
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14 We deliberately e1nitled a discussion of parity in this chapter. Uze a digial desi
) ; esipn book, the
Intemst, arsars other seurce o find the meaning of the tarm prarity nnsd cxphj:ﬂn'eﬂy how
it is weed 10 001ert sinple-Bit errors in trznsmitied ASCH data wopds,

a Ox3A + w2
b, Oxl7FAa— x4l

11 Use e Bubbled input and bubbled output niles 1o hel ' :
- kly wri i
exPression for the v outpu of the cireuit in Figure | EP; v quickly write the logic

T Figure 1-17a shows the block di : :

; e Lay : agram for a Synchronous RAM. Use the mles w
for analyzing multi-tevel circuits with bubbles te hefp you write the lughe s atasion o (e
signals that assert the CLE# siumal in the Burst Counter,

13. Hriefly i ' i 4] i
3 diﬁﬂm:ﬁ the major advantage of time division multiplexing and the major

14. Given the clock and data winveForms in Fiowe 122
i ’ gure 1-24, show the resulis thar th fi
would produce on the outpel of 4 D-latch and on the output of a I3 ﬁi]:--t'lw:l-l:b.maE A

15, A.ssu.:_uing |.‘r|.;|t_ the n?uH'ip-]ﬂ:tH in Figure 1-11¢ are in the up pesition =0 the cincwit functions
s A SJ!I]‘.'IPJ.L‘ shifi register, ealeulate the maximum clock frequency aisuming that the 1 of the
Hlip flops is 2ns, the tsy of the fip-flops ix Tns, and the tpo of the niniltiphexers is [ns.

I6. For a hvpothetical staie machine you have Just desiymed, the flip-flops have a propagation
delay of 4ns and a setup time of Tns. The output decoder has o propagatian deloy of 208 and
the nexct state decoder has o propagation delay of 2as. Caloulate the masimum clock
trequency for this stale machine and describe what will likely happen if the machine is
chacked at a higher frequency than this,

17, [Mescribe what is required o convert an psvochrenous memory devics o & synchranous
memory device and brZly describe the advantages that a svochronons SEAM Lz over an
asvnchronous SEAM with respect 1o dila transfer rajes.

TR, List and briefly deseribe the taree 1asks that must be done by the memory controller or
DEAM intemal circuitry for a block of DRAM.

19, Brelly describe the two major techniguees wed by DODE DEAMS (o schieve @ dota tronsfer
ride that is fwo times the rate that would be possible without 1he use of these echnigues,

260 As o design engineer and for some of the work in later chapeers of this boek, vou will be
pedting many of the data sheets yvou need from the Intermet. The tosk here will give yoo o firsi
changze to dewnload and look at the complete datn sheet for a neal device taar we will refer o
i biker chapress. [noan carlicr section of the chaprer we discussed the addeess acces me,
o, and tse chip emable woeess e top for asyvnchronous memory devices. [na laer
discussion of Flash FEEPRON S, we mentioned the Intel Strata Flash 28F12813A device. For
this guestion we want you e find the timing parametees cquivalent to faoc and 10 Doy the

52

faslest version of Intel Strota Flash 28F 122034, 128 Merabi i

Fowr the "ZEFIZRI3A data sheet” (Mote that Intel o ImbﬁﬁLlﬁﬂajgmiﬂL
anm_:l the data sheet is eusily pvailable.) When the search list appears, look for an entry that
points i the 28F 128134 data sheet and click on it. Download the PDF dats sheet which
should be about 68 pages. Scrall through the data sheet 1o geta fireling for the tvpe of
Informalion given in this fype data sheet. Then go to the AC Characteristics section and sousdy
ihe tahle of liming parameters for a Resd Ciperaticn undil wou lind the pao times that an= 4
couvielent o facc and 1o but in this dacs sheet have diTerent mames.

21. O the Internel, go to weewmicron.com and search for the data shest for the
MT41K2Z36MI6HA-125 DDR3I DIAM device. Download and read through the firss couple
-:!1'].'-3.,5_-.-3 of the PDF data sheet for iU Briefly describe and give the benefit of at leam1 7
leatures that are improvements over those of the basic fous Bank device b Frgure [-192 and
the DR, 2n peeletch scheme described in the DR section of the chapter.

B
DCI_'

[

>

[

Figure 1-23, Cireuit for problem 1-11.
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CHAFTER I = MICROPROCESSOR ARCHITECTURES AND
EVOLUTION

The discussions of microprocessor ard microcornputer architecture in this chapler are nat
anlencied to function as an in-depth course n computer architectare, They are intended e refresh
of teach vou architectural coneepts ata level aeeded o undecstand the batic features and
operntion of current microprocessors. We will build en these foundations in Lacer clapters whene
wie teach you lrow to whte efficient programs fior curment microprocessors, and hoow o design the
inferfaces for a variedy of microprocessor peripheral devices. To provide an histerical conbexd For
Lthe currenl mucroprocessors, we also gove a briel overview microprocessor evoludion in this

chapier.
Objectives

At the conclusion of this chapter, you should be able ko

1. Draw o block diagram showing bow & microprocessor can be conmected with memory
and VO devices oo build a microcompuarer and describe the basic opesation of a
micTrocomputer.

2. Drraw a block diapram showing how an ALUL oulieplexers, regiscers, and a state machine
can be conmected to implement the date path and controller for a simple micreprocessor,
and desenbe 1ts operation.

i, Explain the operation and advantages of 8 pipelined microprocesser using an
architecturnl diagram and a pipeline diagram

4. Explain how resource duplication, instruction scheduling, coches, write bulTers, Branch
Target Buffers (BTHs), and branch prediction impeeve the performanee of o pipelined
MiCrOpracessne

5, Degeribe the diflerences between a CISC processor apd 0 RESC processor and explom e
advaniapes and disadvantages of each.

6. Describe the major features of microprocessors desipned for embedded systems and those
destyned for deskiop syslems,

Architecture and Operation of & Basic Microcomputer

Figure 2-1a shows a basie block diagram for o very simple microprcsssor-hased
microcomputer sysiem. The heart of the system s the microprocessor, which is idemified os the
Central Processing Unit or CPL in classic compuder block dingrams such as these you mighi
havie seen in a high-level langoape programoning class. Another key componend s the memory,
wlitch 15 used 10 bold binsryv-coded program metructions and data, The binary Fem of progrm
imstructons slored ia memory 13 cormnonly referred o ag sechine codle, becanse Lhese binary
bits tell the machine (microprocessor what action o perform

Clileer key compodients i the microcormputer are the Inpul ports that sre used g read daga info
the microprocessor from extemal devices,; and the Cutput ports that are used 10 write data o
extermil devices. Together these are often referred to as [0 ports. Physically, an 1O pen device
may be just a group of parallel otches that are enabled by o resd or write contral signal, of i moy
be a very complex device such as &n Ethernet inberface controller. The micraprocessor mermary
pniel 1} ports are comnected with three buses: the address bus, the data bus, and the control bus
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Tk prive an overall view of the bus and other actions that need to be performed to execute a
inmpde program. we will quickly walk though the sequence of actions that would be taken by an
carly micraprocessr system 10 do this. As we show later in the chapuer, current microprocesss
ovirlap mony of these aperations and there fore operate musch more efficiently,
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Figure 2-1. A simple micrecompuier. {a) Block diagram. (b)) Sequence for 3 instruction

program

The labeled arrows in Figure 2-Th show the sequence of actions for a simple, three
instraction program that reads a value from microcomputer port 3, adds 7 1o the valee, and writes
il pesuli wo poet 7, Here i3 & sequenteal List of the actions 1o belp you follow the flow, Wote that
“ul" i these steps stands for microprocessor.

14 — P sends out memory address for Inpat istrectien oo Address bus,

TH = pl* sonds out memory read control signal on control bos.

107 = Muachine cade ber *Inpest™ instnesction refurmed o pf on data bas.

10— b decodes insimcton aid sends out port address (05 oo address bus.

1E ~ b sends oo part resd comdrol signal on control bus

1F = Input poet deviee retums byie from port 03 1o a register nthe pf* on data bus

24 — uP sends pui memory address for Add instruction on the address buas

2B - pP sends ot conlmo] sienad {or memery read on contml bus.

20— Memory retuns machoe code for the “Add”™ instruction an dats bus. The processor

|.|'.'I|.".r.|1;.|J|._'r adeds 7 o the dalz word read from the port and holds the resalt moa L':Eiﬂvl‘:l'.

A4 — il spds out the mesoey addrezs for the Oulput instructua on the Addeess bus.

RE



3B = pP semdds out o memory read signal on the conrol bus.

ir - I'rll.".mﬂ-:l'_v reflcns machine code for “hutput™ instruction on the doin bas,
Ak~ pP decodes instruction and sends output port address (07 on address bus,
3E — pP sends sur fromn register o outpul port an the data bus.

AF — pb sends oul port write contrel signal on condrol bus,

To summarixe the operation of a microprocessor-hassd microcomputer then, the machine
code for Use program instrections are stoced ty memory. For this early bype of micrprocessor,
the microprocessor fewches an instruction, decodes the instructhon. exceunes ve mstruction, and
then fetches the next imstruction, eic. In the next ssction we show you how yau n;ln:si__gn ERTY
simple mucroprocessor o petforn tbese steps and then n the Tollowing seclions we discuss
edditional architectural features that greatly improve the efficiency of a microprocessor. For
theee discissions, we lake a botome-up approach becawse we have found thad this npproach best
helps people understand hasdwase design poiaciples amd, in Jater chaplers, software optimization
technigquess,

Designing a Single Instruction Microprocessor
ADDIMNG AND SUBTREACTING WITH GATES

Fapure 2-2a shows the full-adder truth able for the addiion of two binary s, A ad B, plus
o Carry In from a previons kit pesition. Figure 2-2b shows an exampls of hinary “pencil”
addition ustng these rules. As shown in I'":igun: Z2a2a, the aimplified logic expressien for the Sum
bit, 5,05 5= A EXOR B EXNOR Cw (symbolically 5 = A & B & Cp), and the simplitied logic
expression for the carmy out hit from ene eolumn io the next is Con = A AND BOR Ciy (A
X B Ih}hﬂ:\'.‘n]:ruu”} Covr=A - B+ Cp (A & B Sisce these a.n:ju.n !hir'lt_ph: commhinaienal
lowic functions, they can be implemented with basie logic gates gz shown in Figure 2-Z¢; This
circuil could be duplicated and caveoded b create o cireail tho adds multaple-hil kinary wards.
The termn cascading here means tar the Coor from one bl pesition 18 cennecicd 1o the O of the
adder for the next most significant bit. This is exactly what wow $o with a camry when you do
“pencil” addiion as in Figure 2-2b, The key point bere 15 thad it a5 very @asy to baild a
combinational logic cireut thag performs by addidon, [ s also very casy 1o buld a
combanational legie cincuit thar performs boary subtraction, because the simplified expression
for the Diflerence bil for two bimary bils and a Bormoow Iooas: Difference = A & B @ By and the
expression for the Bormow Chut bn is: Boor = A% B+ B (A & B Inthe next secton we show
a combinational legic device that can perform o wede variety of arithmetic and logic opesalions,
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Figure 2-2. Rinary addition. (a) Foll adder wath eable. (b)) Exampls of binary addition.
(o) Capcurt e add 1-bit kinary numbers plus camy.

AN ARITHMETIC LOGIC UNIT (ALLT)

Figure 2-3a shows the schematie symbol for a combinanonal logie cueuit called an
Anthmetic Logic Unit (ALLY An ALLN can ]'.\:rl'nrm addition, sEkraction, or o wide variety of
aher anthmetic and logic functions o twie M-ht bnany wonds. For the ALU 10 Figore 2-54, the
Acand B data inpuns are each 4 bits wide. The function performed oo the two binary words
applied 10 the A and B inpuls is determined by the 3-bit code applied to the Select inputs, 53-50,
and the 1-bit code applied 10 the Mode Input. Mote that il the Mode input e High, the device
petforns o of twe 16 possible logie fusctions on the inpul wornds ag shown in Figore 2-3h. For
cxample. if the Mode input is high and the 5 inputs have the values HHHL, each b i the A
input will be logmcally ORed with the coresponding bit on the B input, as if the bits were
conmesled {0 the inputs of & 2-input OB gate. The result will be cutput on the cormesponding
rumbered bit althe F outputs, Figene 2-3¢ shows some examples of performing logic operations
2 A=hul binary words,
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Figure 2-3. An Anthmetic Logse Unig (ALL R {of Schematec symbal, () Trutl tnble
(c) Exampica

If the Mode ingat 18 low, the ALL performs one of 16 possible anthmetic henciions e ihe
o impud weords as shown in Figune 2=-3b and aafputs the result on the [oar F oatpats, F3=FO, gnd
om the Casry 'Blosmow aatpul, Cues, (The Cpea, Gamsd P slgnals con be used to coscsde o oor
more of these AL to perform aniunctse or logic lmclions on leger lnary waords,

DESIGHMING A SINGLE INSTRUCTION MICROPROCESSOR WITH DATA PATH
AND CONTROLLER

An ALL b an imporian) panl of & microprocesser, However, in order 1o perlorin a seguence
of eperntieng as 18 usually required, a basic microprogessor also pegds 1o have pegislers b bold
operands, muliiplewers fo selecl desired operands, and o stabe maching fo step the microprocesses
hrerugh the desired sequence of operutions. As o lirst example of basic micnrocessor
archilecture, we will show anid descrbe the operation ol omicroprocessor thit execoles o single
sequence of operations or in odher words, @ smgle mocreprcessor mstrsclion, Specifically, our
very simple microprocessor will execiete pn struction tat adds twe Binary -Coded Dlecimal
(HCD ) digiis ond gives o comeet BED resuli. o dan the discussion, bere's o review of BCD
anlalin bt

BT, as discuseed in Clapter |, i a fowr-hat binary code for pepresenting the decomal digies
{14, The BCT valises for the decamal digits -9 are just the binary values 000-§001 . The oiher
wix poasible binary values, PO00-1 110, are not used and are therefore nof valad BCE values

bl

Figure 2= shows some examples of BCD addivon. We have separated the bits m grovips of 4 o
show that cach group of four bits represents a decimal digic. The ininzl addstion of BCD values 15
donee waing ihe same reles as those for binary addition. I the fir addition example in Figure 2.
du, the nddition of the least significant four Bits gives 8 sum of 100 binary of 8 a9 experted and,
since thene is mdr carry From the Bats for this digit, the addition of 3 plus 2 i the mexd most
significont digit gives (01 or 5 &5 expecied
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o1 0111 CORRECT 800 77
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Figure 2-4. Binary Coded Decimal (BCD) adkdithon examples. {2} NG comecton needed (B}
Correction needed because result is greater than 1001, deh Cormeetion seeded bevause of cary
Irem hat 3 b next dagid

I the second exampde in Figure 24k, we add 001 L or T and 0101 or 5 and get a sum of
TRHE Thas s the correct hinary resulf equad 10 decimal 12 b, since 1100 is not a valid BCT
vitduea, the answer is not the comect RO result, Te comect the nesult, vou add 08 80 or 6. o foree
il Carey il the next BCD IJIEiI. Thas second asddition gaves a resudt of O] 0010, which is the
correet BCD representmtion of decinwal 13

Thez third example in Figuse 2-4& shows another case where the eorrection faclor of 00 1D
mst be mdched 10 pive the comrect BCT resule. I this case, the fact that the forst addition
generyies a carry into the second BCD digin 1clls vou thar the comrection factos s meeded. The
first nddition produces D031 K, which is the correwt binary pesult but pot the comect BCD
resull Addding 0010 to the least significant BCD digin geves 0001 0811, which 19 the correct BCD
representation for decimal 1T

Hased on these examples, vou can sumimanee the simple sequence of operations for adding
two BED digits as Follows:

L



CGret o BCD digirs, A and B, froon storage
AddAa+B-Cn
IFSU = 1001 OR Cour =1
Addd 0H 14 i S0
Els=
Add M 10 SUM (does nothing but keeps same pumiber of steps for all cases)

Drata Fath Components

Mow bet”s think about whit you nesd to ndd to the basic ALL in Figure 2-3 to step through
this sequence. First, yoo need registers to hald the A and B digits feiched foom storage for the
AL, amed you need o regester to hold the mitial sum so it s available for the second addition,
Second, vou need & multiplexer on the A inputs of the ALU w select e A operand for the s
addition and select the intermediate sum for the second addition. Y ou need a multiplexes an the
B tnputs o select the B operand during the first addition amd either a comrection factor of 000 ar
a correction fewe of 00 100 be added o the weomporary swn dusing the comection step in the
sequence. Mext, you need & combinational logic circuit 1o evalaaee the [F clovss o, in othcr
words, to determane i the first addition produced 4 result larger than 100 or produced a0 Coy
Finally, vou need a siate machine to produce the reguired conteol sipnals for cach s1ep in the
sequence. Figure 2-5z shows ome way you can connect all these pieces together to execute this
sequence of BCD addition operations.

First note the register file in Figure 2-5a. A register file is simply am oy of repisiers used g
hold muoltiple operands. A speciiic register in a regester e is rewd by upplying the register
number for the desored reglater as an address amd asserting a Read sigral. Likewsse @ valwe is
written 1o o desired register by applving the register number and assening o 'Wnite signal, host
repister files are arudti-ported, which means that twao or more regisbers in the file can be acoessed
al the same Lne. o facl, Tor reasors Lhat we wall r!xp]u.in later, 1t 1 guiie common lora
inicroprocessnt repister file to have ot least two Bead ports and ose Winte port

The A and B regisiers in Figure 2-5a hold the A amd B dipit valees fitched from the seister
file. Multiplexer A (MUX Ajselects esther the A operand for the first addifion, or the femporary
sum from the ALL Cutpast register foe the second agdition, MUX B selects cither the B operand
for the first addition or the desited comection factor for the secood addition. Also. a stafus
register 15 added 10 hold the Coog sipnal and other resull status signals such as Sign, Jero, and
Overllowe. { An ALLY 1% 5||:|:]:l|:.-' combrmol sl b, so if this regesler were nol pul i the Coee-in-
Cpu loop, a race condition and likely oscillation could exist in the loop. ) Ststas bitg such as
Carry, Lero, Owverflow, and Sign stored in @ regisler in this way are often called flags.

The ALLL registers, and mulliplexers topether fomm what is called the dare pash pan of the
ricnprcessor because the data Nows thanegh these. The cenmiridfer in ]-'jgun: 258 |:Ir'l'.ll:|I.-|'l.'J.‘-5 ihe
register and multiplexer enable signals needed to move operands through the data path. To help
with our later discusaons of curment macroprocessor architeciure, we will briefly descrnbe how
vour design a contreller for & simple data path eireut such ag tas.
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Figurs 2-5. A “microprocessor™ that adds two BCD numbers. a) Coeuit. (b States for controller.
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Aditer you have drown the block dizgram of the hordware as in Figure 2-30, the noxl siep is 1o
mentally step the hardware throwgh the desited sequence of operations and write down the
required actions in each step. For the circuit in Figare 2-5a, a reasonable sequence of steps and
actions v each step auight be e follows:

Sulect desited operand registers in regster file for opernnd Read
2. Transfer the A operand from fegister file 1o the A operand regasier
Transfer the B operand from register file to the B operand regester
Set MUX Ao select the A operand for AL
Set MUX B o select the B operand for ALU
Apply the code for AT io ALL select inputs
3. Transler first sum o the output of ALL Chatpast regester
Transfer Cour and other flags 10 the output of the Satus rogister
Set MLUNX A to select the lemporary sum for the ALL A input
Set MUX B w0 select eorrection factor of 00 10 ar 0000, based on first resull
4. Transfer final sum 1o the ALL oufpat register,
Select register in register fle o wnite final resall
(Select regimers in register file for read of next BCD digits, i mula-digit BCD numbers
are being processed. )
5. Transfer (Wate) resull to selected register mthe register [le

Each of these blocks of sizps and pctions then becomes a state in your contrelier siae
machineg. Figure 2-5b shows a radidonal “bubble diagram®™ for the staies represented by the list
plove

The next siep in the design process is bo determineg the signal assericn level for each conrol
signal in e=ch stale, Yoo alse decade for esch sigoal whether it should be o Moone-Lype signal or
a Mealy-type signal (We wsually wnte these signal nomes and assertion levels nesl w
corresponding action in the action list, rather than irving fo put them in a bobble disgram ) Fos
the cinguit in Figure 2-5a, the enable signals for the registers will be Moore-tvpe signals because
we want them o always be asserted i particwlar states. The sebect signals for MUK B will be
hlcaly=tvpe sipnals because they depend on the stste ANDY o the evaluation of the “1F 5L =
1001 QR Covrr = 17 clause by some combinatiomal Jogic, [f the evaluation is true, then in stame 3,
the MLUX B select signals should be asseried to select o commection factor of (00 10 if the
mvaluatson 15 false, the MUY B select inpuls chould be @cered 1 select 8 cormeclaon [actor of
LR

e vou bave defined all the states and sipnals for the controller, the next step s to describs
it in an HOL such as Verilog, compile the HDL description, simulase the design, and mag the
design into hardware as described in the previous chapler. Some review questions af the end of
the chapter will give you a chance 1o think mose abou the “single instruction” micropmcesser in
Figur: 2-5a

[n the mneantime, we need o talk aboat how the cireult can be unproved so tat 1 cen execule
wiy ong of many different instructions and execute sequeces of program inscructions. The
nticrocompater block diagram snd sequence of actions shown in Figure 2-1b stronely supgesit ihe
feaneres peeded 1o do this. To be able w executs any one of many different instructions, the
pkcroprocessor comtreller needs o be designed so that i can decode each of these instnictions
anud cnable the data path components as eeded 10 execule each of these instructions. To
sequetially fetch a serss of program instruciions from the progrism memaory, the micropoocessor
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necds to have a progras coarter (M) dhat holds the address of the instructon that 5 camrenily
being felched and is aufomatically incremented {0 point to the next instruction afer cach
Instruction feich.

Microprocessers destgned m tse 19702 contained thess basic componenis and when wied in
& microgomsputer syatent, they funetiomed as described b the seguencs shown by 2-1h, The
microprocessor fefched on instnaction, decoded the instruction, executed the instructicn, and then
fetched the next mstruction. In the followmg section, we brielly describe the evoluion of
miicrspaocessors from these carly versions and discuss some of the major features that have been
added to greatly improve the efficiency of microprocessors,

CISC, RISC, and A Short Microprocessor Hisfory

In the sarly PTH"s, computer memory was relatively expensive and small in size. Therefore,
the engineers who designed the instruction scts for microprocessors af that time worked very
haard po miormie the amount of memory reguired to bold the instnections for a program., They
did this by creating comples instrections thal packed as many sctions 25 possible inte cach
instruction. Computers that wse this desipn philesophy are called Compder Deorscrion Sef
Cerarpraiters or (IS0 mackines. The BOD-Add microprcessor we described m the preceding
section is o very simple example of a CISC machine becanse o eludes both the Add operation
and the Comection eperation in one instruction. As an extrems example of a CI5C ope
instruction, a single REPNE MOVS mnstruction in the Intel B0XE6 family of processors will copy
a 64 KByvte bleck of words Frem one location in memory to another location in manory. Another
rulionale for the design of CISC machines is that the low-level CISC machine inssmuctions are
close o lugl-level linguage skaements, and in theory this showld make it ezsier for a compiler to
penernie efficient machine code from high-tevel languaee programs. Examples of 16-bit C150
microprocessars developed in the lobe 19705 for use in deskiop microcomputer systems wire the
Intel RURGRIEE, vsed in the origimal [BM PC, and the Motorola MCHE).

Howeevier by the easly 19805, as semiconductor memony became larger and less expensive
per bit, researchers began o question the CISC asumptions. A1l UC Berkeley, Diuee] and
Fattersan (2} presented research showing that a simpler architecture would be a moee efficient
tarped loe kigh-level language compilers and in a later paper, Paderson and Ditzel (3) propesed a
simple pipeloved archaveciure that became koovawn as a Reduced fesruciion Set Computer or RIS
surefine, Inthe early [%80°s, Profes=or Pamerson and his colleaguwes ar UC Berkeley produced
the experimental BISC-[ and RISC-IT machines in MOS techpology. A abouot the same iime.,
Hennessy {4 amel s coileagues at Stnndord descnibed the Stanford MIPS machine which
advanced the coneepls in the RISC-1 and RISC-I machines. Also, as descrbed by Radin (53,
other eaely work on RISC archatectures swas done a1 185 a2 part of the 801 project.

For pure RI5C machines, ihe distinguishing fzatuses and the advanmages of these festures are

as fiollows:

1 All RISC instruction codes have the spme number of bits, pvpically 32, This is in
confrast fo some CT5C machincs, which have instroction eodes that can vary in length
ram ane byte 1o tens of byees, Fixed-width instnactions are much caséer fo pipeline
than variabic-width instructions.

The RISC instniction sen includes only very simple operations thot can ideally be
exevuted in o smoll number of clock cycles. These shor insinuctions can then move
ahrogh the pipeline guickly and not bold up instructions fallowing them taoagls tee
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pipeline. As you will see later, these shon isstructions also suppor the pipeline
ConcEpd -lllt'-:‘:nl‘.'uil_pltu'ng ooe nstruciion EVery clock c_:,.t.[u:, I a BI5C maching |:||:,5ig|,:I
for exarnple. the BCD-Add instrwetion in our non-pipelmned maehine in Figure 2.5a
would be divided into an Add instruction ard a Coreeetion instruction.

3 The RISC mstructons for reading data from memory include only asingle operand
Load instrwction and a single operand Stere instrection. {Because of 1his, basic RISC
machines nre often referred 1o as “Load and Store” machines. ) In comtrast, mosr C150
maschines have single instructions that can, for example, can, Ioad an aperand from
mremory amd add the operand o a regester, Two advantages of the simple bsad and store
instructions are that their machine codes require only & few bits and they Gan be
guickly decoded. As we will show Bater, both of these featores make BISC insmections
easier o papeline.

4 Ihe RISC instruction set s designed so thal compabers can efficiently translase high-
leve] langunge constructs to the instruction codes for the machine, and the resul i
sy ]:luu'!ahh from ane machine to another. (1 s2ems thal compdler writers toak little
advantage of the powerful CISC instructions available on the CISC machines becauss
they were 50 machine specific and would hove made o compaber not easily porablc
from ome machine o apother. Therefone, the compaler wrilers wrole compilers 1o
translate high-level programs o sequences of simple instructions. They wers then
essentially treatkng CISC machines as BISC machines. )

To swmnmariee, the B15C philosophy 35 W0 accomplish a given task with many small, easily
pipelined instructions, instead of a smaller oumber of much larger CISC instruciions. The
'|'n'|.1l.'|l:m with the “pure” EISC spproach is thal the larpe nuomber of small BI1SC insructions
reguarod 1o dis program operalions may cause d propgran o use an exceiseed amount o memary
This excessive use of memory is commonly called code Moar, Inaddition to the excessive use of
memory, code blos requires more instructions 0 be fetched trom memary inoa given ime and
thi mqui'.rn-ﬂ syslern ko harive preater memory b width.

In spite of the code bleat problern, the overall advantoges of BISC machines have |ad 1o the
developmeni of 2 considerable number of commercial microprocessors based on the RISC
philosophy. We obviously dom't have space here o st and deseribe all of them bt some of the
key RISC-based producis ithat bave been developed include the MIPS processors developed by
MIPS Inc. {www.mips.com), the Hewlett Packard PA-RISC (hitp://cpus.hp.com), the [BM
Pawer PO hnigewwow freescale coen |, the Scaleable Procsisor Archilecturs [SPARC)

(www. spang oo, and the ARM-based processor cores (waww amm.oomp.

As owe wall discuss more in a later section of the chaper where we look ot examples of
currend EISC-type processors, the designers of the current RISC machines hove used several
techmigues o reduce RI%C code bloat and solve olher pipelined processor problems. The firsd
technigue 1% 10 comprmuse on the pure RISC pldlosophy of “one operation per instrection”™ and
inelude some nstructions that specify two or more simple operations i a seagle instruction.
ARM-based microprocessors, for example, can specify a register rofate operatzon and a register

arithimetic operation in a single instroctbon, and they can Load muliiple registers with data from
suctesalve memory Jocations of Slove data from Fegisters 10 successive memory locations with a
single imstrection. All of the current generation HISC processors that we are familar with make a
BI=C-CHRC compromise to some extent, in order to reduce code bloat and incresse perfommance,
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Likewise, the curment generation CISC processors with which we are familiar all use some RISC
techmiques 1o improve performance. As a funare designer, e lessen for you hene i thal the besy
fimad chexign often comes from taking the best features from different approsches thas initially
seemn 10 be incompatble. Now ler’s take a lock at the intemal opemtion of a ssimple, pipelined
RISC microprocessor.

Basic Operation of a Pipelined RISC Microprocessor

Figure 2-6a shows a block diagram for a pipelined microprocessor that is moch more realisuc
than the single instruction machine we discussed sardier. The microprocessor in Figure 2-6a is
hased on o mochine created by Hennessy and Pattersond1 ) to explain the operation af a pipelined
RISC processor. We choode to budld on theer basic model becauee it illastraces many cofeepls
clearly, it is very widely used in odher references, and vou will likely mest it again, if yvou toke an
advaneed class m compuler architecture. Forthermiore, it @5 quite close b the archilecture of the
ARM-based microprocessors that we use as examples extensively in this beok and 1o the
architecture of many other cuwment microprocessors wsed for embedded applications.

The first inprovernent to note in Figure 2-6a is the addition of an Insmesction Memory 1o hald
sequences of instructions. Along with this, note the presenable program courrter {PC) that holds
the acdress of the pext Enstrucizon b be fetched from memory.  Afler an instruction is feiched
from ihe Instructson Memory, the PC 15 amomatically incremented or [osded with o new value o
point 1o the desired nect instruction in memory. We will discuss this more a linde later,

Mexl node the additson of a Data Memory. This addition allows the machine o0 access much
o data than can be helbd in the register file. The Data Memory and the Instnscton Memory
may be separete ns shovwn or they may be physically the same memory. Again, we will 1ok moch
moare abril thiz a litlke later, Next let's look ai the data path for this machine,

Tee fursetional sectiois of the data path ane separated by T2 bt wade registers celled
pepeline pegisiers. These registers allow the data path 1o opcrate &s a laspe shift repdster os
pipeling, An instruction and the data for that instrection are shifted through the pipeline, one
Slape al a lime |:|_',-' the sy¥slem clock. Since an irstnction 1% shifbed along with the data for thas
instrwction, the controller for a paricalar seage has all the information it aeeds 1w perfonm the
operalions desired in that stage. The stages are indepandent (0 a farpe extent. Unlike the machine
desieribed in Frpune 2-3a, where onpe insiructson was fetched and completely executed before the
nent nstreciion was feched, a pipelived machine can have several instructions moving throogh
ihe pipeline nt the snme time, each in a different stape of execution. The easeat way to show this
15 with a péreling diopram such as that shown in Figure Z-6h, On the first clock, the mochine
ferches the st istrucebon in the Inszructon Fetch {1F) stage and boads it imio the Insimuction
Regiater (IR section of the pipeline register. Onthe second clock, this st instrection 15 shifted
nlong the pipeline o che Insoection Decode (104 stage and a second instruction is feiched by the
[F stzpe. Duging the [ stage the first instnaction is decoded and the remisters needed by the
instructien are read from the register file. On the third clock, the first instnaction is shifted to the
Execute {EX) stage, the second mstruction 15 shifted into the 113 stage, and a third instruchion is
fetched by thss TF stage. Inothe Execute stage, the ALY performs the operation decoded from the
enapruction in the [0 stage. O the Tounh clock, the fee mstroction moves o the Memory
(MEM) stape where a computed addeess 18 sent out 1o scceds the Darn Memory i needed, the
segond instroction moves inte EX tbe third imsaraeiion moves it [0 and 8 new instrection is
etched by the 11 slage. Finally, on the GAb clock, the first instruction is shifted into the Wrie
Black (W) stuge where the result of a computation is written hack to the register file, the second
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imstruction maves o the MEM stage, the third instruction moves 1o the EX stage, the found
instrsction is shifbed to the 1LY slage, and a fiflh instraction is fetched by the [F stage
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“Figure 2-6h, Pipeline dizgram showing muluple instrsctions h:ing';:i:ncur.:d during each clock
cwile ina pipelined microprocesior,

Simce the pipeline has live stages, the pipeline & full after five clock cveles and holds five
imatruchions, cach in a different stage of execution. The processor is essantially executing five
instructions al the same time, so this is an example of paraile! processing. Although each
instruction fakes 3 cleck cycles i move through the pipeline, ideally one instruction completes
every elock dvele, vnoe the pipelioe i3 full. Aoother way 1o look at this gs thar, sioee five
instructions can complete in the same fime that o pon-pipelined machine requires for one 5 cyele
instruction, this pipelined machine has o speedyp of 5 over a non-pipelined machine such as our
BT Sded machine. Bemember that the BCD Add machimss mquin::: the execution of the BCTD
Audd loop o vise set of BCD values w complere (3 clock ovcles) before execution on another st
of BCD operands can start. There are many conditions that can decrease the pesformance of 2
pipelined machine but in maost cases, a pipelined machineg is obviously mone efficient than a
comparithle non=pipelined machine.

Bext, Jet's beok at the conmroller for the microprocessor i Figure 2-6a Although the
controller is likely implemented ina single lopsc block, we deew i as separare Blocks i remind
you that the code lor ench instruction is shified through the IR ssctions of the pipeline registers
along with the dotn For that instraction, and is used by the controller to determine the required
signals af each stage.

My that vou have an overview of a basic pipelhincd microprocessor, the next slep 1s o
describe some pipelined processor problems that can posemtially reduce overall performsance
sipnaficandiy, and then describe techniques used to reduce these problems. It is important for you
io krow ahaul these, so o vow understand the features in carrem progessors and so thiat when we
tesach you koo 1o wrike programs, sou will betier uribsrstand the technigues uses| Lo wrile
programs thal run mest efficiently on pipslined processors.
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Improving The Performance of Fipelined Processors

REDUCING RESOURCE CONFLICTS WITH RESOURCE DUPLICATION

A proflem is creaced if a pipelined processor does not have eirough of some esource for all
the stages that need it al a particular time. As a first example of this resource conflict, suppese
that & processer has only one monory for both dita and instnections. As shown in the pipeline
diagram in Figure 2-6b, during clock cycle 4, the processor i potentially accessing memory o
Fead or Wrile data for instruction 1, and in the same clock eyele the processaor is attemping to
do an instruction fetch for instruction 4. 1 there s only a single memory, bath operations cannot
nceess the memory ot the same time, 50 the Instroction Felch for insteuetion 4 must be speffed for
one clock cycle until m=truction 1 has finished accessing memory for its daca Read™Wrise.
Funlsermore, if instruetion 2 sceesses imemory dusdng its MEM stage, the instrsction felch for
instruction 4 will need to be sialled another clock cycle until the memaery is available, These
stalls delay the execeuion of instructiim 4 and all the mstructions after it, and thas decrease
overill periormance, The cure for most cases of 1his conflice is 1o dezign the system with
separale code and dals memones as shown in Figure 2260

A second ype of resousee conflics could oceur if the register file did not bave enougl pons
1ox allow operands to be read from the register file inoan 113 stage that occors durnng the same
clock cvcle as a Write to the register file in the WEB stage of an carlier instnaction. /s we
mentioned previously. a microprocessor regrster file is usually designed with of least too Rend
puarts and o Write port 1o avond ths eonflict

REDUCING DATA AVAILABILITY PROBLEXMS WITH FORWARDING AN
CACHES

A socond pipelimed processor problem (s cansed by data sperands pol being avalable when
needed. In manufacturers” data books this is commonly referred 1o as 8 dave Aazeed, The most
commen type of data haeard is a Read Adter Write or BAW hayard, The name BAW comes from
Lhee fact thad for this tvpe of haeand, the processor needs 1o wail te Bead an operand until After i
is Written vo the register file by an carlier instruction. To help vou better understand this, we will
s i simple sequence of low-level instroctions for a typical pipelined BISC processor. The
instraciion sequence with explanations afler the & symbaols 15 as follows:

ADDRI. B2 B3 @ Add the conients of Register B3 o the contents of Regisrer B2
i@ and put the sum in Register R 1

ADD RS, R1, R4 & Add the contents of Begister B4 1o the condents of Register R1
e and pust the sum in Register B3

SURRT, B9, B @ Sublract the contents of Register BB o the contents of Register
'l:!J B9 and put the diffecence 1n Register BT

I'he potential problem with this sequence i3 that the resultin KT prduced by the first ADD

instruction 15 one of the source operands for the second ADLY mstruction. As shown by the
pipeline diagram in Figure 2-6b, the first ALY mstructzon wiles the resolt to the register file in
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ats WH stape but instrsction 2 peeds (o read the operand from the register file of the start of jts 10
stige, which i tstee clock eycles carlier in time. 1F Barruction 2 canot obain the dags antl the
duta s aritien back to the register file, instruction 2 will peed fo stall for three clock eveles uneil
the dista 15 available in the repister file, These stall cycles would, of course, decreass
performance. The cure for this problem i to provide a “shorten”™ or byaes connection, This
conmeciion allows the output of the ALL Ouipu register te be fed back or forwarded directly 1o
the multipleser an the inguat of the ALL, as well as being written to the register file. Look elosely
El FIHIJI-E 2ufhy aned you should be able tn find this connection. This forwarding path 1|1n;rr.|gh the=
minliEplexer will be enabled, if the controller finds that an operand 5 needed befiore 18 will have
been written back 1o the register file. In some machines, forwarding does not totally eliminate the
slalls caused when an operand produced inone instraction is needed in the immedinely
fulloweng instruction.

As we discuss more o later chapter, you can often chminste these stalls by placeng the
instruction that nesds the operand a little later in the program. As a preview of thes, note that the
SUB instruction in the sequence ghove is nod dependent on the results from either of the ADD
inEtraetiogs.

The 5L instruction can simply moved o scheduled before the second ADD as follows:

ADD R, B2, B3 @ Add the contents of Register B3 to the contents of Register B2 /@ and
pui the sum in Regisier R
SUB KT, K9, BR &0 Subtract the contents of Register RE to the contents of Register
i B9 and mut the difference i Register BT
ADD RS, Bl B4 @ Add the contents of Register B4 1o the comitenis of Fegister B
[ and put the sum in Regisier B3

The second ADD will pow be later i the pipeline and therefore one more clock cyele is
avpilable for the resul of the first ADD to be produced befoss 10 i needed. This technigoe 15
called pipefine sohedulfong

Anather example il the probiem cased by operands not being ready when nesded is the case
wlscre an istraetion aeedisg an operand from the Data Memory 15 starfed in the pipelins
immextiately afier the instruction that loads the daca from memory. Thas saneation & <hown wib
lve-bevel instructions and comments as follows:

LDR R, [R2] ¢ Lead (Copy) the valwe from the memory at the address in B2 i
¢ toregister R
ADYEA R, R : Add the condents of Register B3 fo the contents of Repisier R
; arsd put the sum in Regisier R4

Ax shown in the pipeline diagram in Figurse 2-6h, the LR msirection will wrile the value fmom
miemory into the register file during s WH stage. The ADD nstruction needs 1o nsad thas value
at the stan of fis 103 stage, which s three clock eyeles carlier in ims.

Crne way to pedice the number of these daa stabls is to provide a forwarding path from the
pipeline MEM stge wea multipleser on the ALY inpat, so the following instruction docs oo
reed to wanl for data from memery (o be written 1o the register file, This is the same foraarding
trick wie uoed o avowd data stalls for operands produced by the ALLL IF you kook carefully, vou
should find this MEM forwarding path in Figure 2-6a,



Heravever, although forwarding does help reduce memory lood stall cveles by bypassing tle
nepister file, it does not overcomie the major cnse of memaory stolls, which is the time if tnkes o
rerd the data from memory. Over the Bast fow years, processor clock fosquencies have moreased
maech faster than the memory clock frequencies have increased. Ooe result of thas s that it neay
take PO or more processor clock eveles for an addressed datn word to be retumed from the
micToprocessor svsiem's main memory to the register file. The betrocton wating for the diia
wenrd and all the instructions after it in the program mest tall for this number of clock evcles
untal the data wond becormses available. These memory access siall cysles can significant]y
decreate performancs,

The number of stalls cansed by the long memory access time can be redeced by scheduling
the instruction that wees the data as many instructions aller the memory read mstruction, as
poszible. This gives more time for the dota 1o get from oemory 10 the processos. Inoa lacer
chaplier we will further discuss thes and show examples of how o efficiently schedule
instructions in your programs. However, the major way o decrease the average number of slally
for hasth dnga accesses and instroctions feiches is to add caches,

A cache is a block of fast SEAM that bs usually on the same chip as the processor. [ can
therefore be accessed in many less clock eycles than the DEAM main memory can, Figure 2-7
shows how caches and their controllers ane inserted in the memoery hisrarchy fora
microcomputer system. As you can see, the coches are located berween the instruction repister of
register file and the DREAM main memory. For a starl o understanding the opemtion of caches,
here’s how an [nstruction Cache: helps reduce the average numb=r of stall cycles b a program.

The first time tha an instnsction is nequested by the processar, that instruction is wsoally not
present b the instrection cache, 20 the cache controller needs 1o gecess the maim meanory throueh
the DEAM conwrolber 1o read the instruction, Dae te this cecfe miss, the progessor suffors a
significani number of stall cycles in the IF siage while 1l wails for the inslruction o be feiched
from mein memery. However, ot the same time the bstruction §8 setusned wo the processor. il 4
also writien to the cache and ihe cache controfler makes an emiry in the cache dircetory to
indicaie that insiruction 15 present in the cache, The next tme the processor s=nds out an sddress
b mecess the sumne instruction, as for cxample, of the processes s execulmge a program loop, the
cache controller detects that the desired instruction is in the cache. The cache controller then
=upplies the requesied instroction directly from the cache. Since the SEAM cache is much faster
thon DRAM mam memocy, the processor will sufler Fewer <ladl L'j'l.']L".'i liar Bhis coacfae héf Uhan 18
wbild if the 1nstruction hed to come from inadn @mensory.

Adding 8 dats cache ti 8 pipelined machine can also reduce the avernge number of stall
evcles for dota aceesses, As with pecessing instructions, the first time the processor accesses a
J'qnlil:'uiur dato word, 18 will be o cacke orier, 1 the word 15 pot akfreacy in the cache From e
previows cache line fll operation. The processor will suffer a barge number of stall cycles while i
wanils For the data 10 be retumed from madn memery. However, i the dais word 55 wniten 1o the
cache a1 the same 1ime 2= i1 % retarned o the processor, later reguests for that soord will be cache
ity and the word will be supplied direcily from the cache with fewer stall cycles,
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Figure 2-7. A microcomputer memory hicrarchy showing main memory, caches and cache
confseller,

The reasen that caches reduce the average number of stall cveles is that most programs have
lnrpe ameunts of femperral focaliny and spatial fecality, Temporal loczlity means that, ifa
pragnam accesses an instmuction or data word at a paricular time, it o3 very Llikely thar the
processor wall access that instruclion or daia word again in the near fisture. Program loops cyels
throuph a sequence of the same insructions over and over and thus demonstrste the comeept of
Ll ||.11.':.'||'i[_'.-'. In facl, as staded in many references, most common programs spend S0 of
thezif time executing 10% of therr eode and thos show a lorpe amount of lemporal locality. Spatial
Eecality means that if 3 progrm pecesses a panicular memory location, it is very likely that the
priecessor will soon access @ bocation very neir that memony location. Stqu:ﬂl!i_'lf execution of
instructions is an cxample of spatial locality for instructions. Arrays ane examples of spabial
lpcality for datn. To tnke maximum advantzge of spatial kecality, most cache controllers read an
enlire coche fine of 32, 64, or mone bytes inbo the cache from main memory. instead of just
reading the requested instraction or dota word that caused a cache miss. Reading in the additianal
bvtes ahend of time iIncreases the cache A rate. The reason (or this 15 that, if the processor next
requests a data word thar wias already leaded ina the cachs a3 pant of a previcws cache line G
the reguest will produce & cache hit: Because the word is alresdy in the cache a5 a resuli of the
liree (il the request will be supplied from the cache, even though thiz may be the first request for
that particular woerd. Mote that as m the memory erarchy diagram in figure 27, most systems
now hinve several levels of coche, The L1 cache is linited in size bt it is close tothe processors
and very fast. The higher level caches are further from the processor, =o they can be Inrper but
the tradeni¥ s that they ane somewhal shower. However, all of the caches are musch faster than the
SDEAM omin memory.

A preat deal of sesearch bas been done on improvesg cache porformance and the result 15 that
todoy’s systems typically have o W-95% cache hit rawe. [n a later chapoer we discuss cache
chareeristics in more detail, but the peeceding discussien should help yvou underseand the
enches vou will see in the microprocessor examples Toter in this chaprer. In the next section, we
dhiscuss another sipmificant cause of stalls in pipelined microprocessors and describe some of the
basee technigques wsed 10 minimize these stalls,
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BEEDICTSG BRANMCH STALLS WITH BRANCH TARGET BUFFERS AND
BEANCH PREDICTIONM

in a pravious high-lzvel languange programming class, you may have writien some [F-Then-
Else eode of the fomm:
If (zemp = max)
alarm = on;
beater = off;
Elsz
alarm = ofT;
CORVEYOE modor = o

The execution flow and code byout in mermory for this simple If-Then-Elaz program seetion
is shown an Frgure 2-8. The diamond shaped box represents the instruction that checks if temp is
greater than mas and directs execution 1o the correct code sequence based on this detemination,
[f temp is grester than max, then execution goes to the instruction that tums on the alam and
Ui 1o the instructeon that nims the heater off. After executing thede twio instrections. the
program counter 15 loaded with a new value that jumps or franches execution to the next
bnstrucrioa afier the “Else™ block of code. Thas tvpe of branch or jump i3 called an uneonditional
branch or an uncenditional jump becauss the branch ar jump will always be taken. Tt does not
depend on any condition. Mow let's look an the other path theough the program fow.

If temip is less than or equal to max, then the program counter wAill b= Eoaded with a newy
value that femps or francher cxocution W the Else block of code that tums of T e alarm amsd
twrms on the conveyor belt motor, This type of change in program flow is called a canadinpmal
brameh or comditiormal fump because some concition s evalusted 16 determane af the branch s
taken or aot. Both conditional and unconditiona] branches can cause stall eyeles in pipeloed
mimprnl::;r.m:.. We will use the pipeline diagram in Figure 2«6b to help explain why.

Figure 2-8. Instruction execution flow and memory storage for simple IF-THEN-ELSE program
sEclom.
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The major advaniage of a pipelined processor is that an does net wait wmil one instnsction has
been fetched and executed before it fetches the next instrection. As so0n as one Rsruction
oS indor 1o Lhe 10 stape, the next instnection is feiched; and 25 seon as that second instruction
mices tito the I stage, a third insiruction 18 fetched, ec. For nommal executron withoot a
brangh, the propram counter is just incramented and instractions ane fetched from soquendial
memnry locations in order and shified through the pipeline. For the instruction flow in Figure 2-
5 the procesesr will fedch the insiruction osed o evalusde the (Emp > max ) condition andd branch
if the condition is false. By dee time this conditional branch instructoon gets w the EX sape
where the branch destination or dramch treger is determined, the processor will have feiched the
imsiruciion thal ems en the alearm and feiched the instruction that tums the heater oft, (Yoo can
se¢ in Figure 2-6a, that the contputed branch tirget address and sapnal which controls the addnesy
muktiplexer in the IF slage both come from the EX stage } However, if the condition is false. we
don’t want 1o execute the *hum on alarm™ and “mm ofT hester™ instroctions that are in the
pipeline. We want 10 executs the “Else block™ insructions. To do thes, we need wo: disable the ~1f
Block™ instructions in the pipeling behind the comparebranch mstruction. load the program
counter with the starting adidress for the “Else Block™ mstructions, and stard fetchimg and flling
the pipzline with the insructions fiem the “Else block.™ This siuabion is somafar o 13king a
wrong decision ot a fork in the road while you are driving and not discovering yoar mistake wuntil
VUl have driven three miles down the wrong rad. You then have 1o go back the three miles 10
the turming point before vou can go forwend down the cornect s, Just @ it takes e b coemrel
a driving mistake such as this, it takes o pipelined processor some number of clock eycles 1o
pecover from fetcling instructons along the wiong path and then fetch instructions from the right
path, The number of cleck eveles roquired for this is commonly called a broreh penoie,

Another example of @ case where exegution encounters a branch penalty is the uncondizional
bramch-at the el of the “[f Block”™ instruchions. By the time the branch mstruction afier the
heater=off instnsction in the “IF Block” = i is” EX stage, where the branch mrget s known, the
processor will already have feiched e two instructions from the “Else block™ because these ase
in memary :in'u‘nl:di:ah:l_'r after the branch mstruction af the end of the “IT block.™ When the
procesanr determines that the uncondittonal branch around the *Else block™ instnactions i o be
tnken, it nesds f0 disable the “Else block™ instructions already in the pipeline, refoad the program
counter with the sddress of the next instruction after the Else block™, and start fetching
instructions from this branch wrget address. Flushing the instructions from the pipeline and
loading the correct insmuctions, of course, results i a branch penaliy of some nuomber of clock
cyeles,

The bwo most commion kardware fechnigues used to reduce the branch penalty for pipeliced
processers anz freench favget buffers aml dymamic branch prediction. Beoauss these fechniques
e sl vy mnosl cureend :II.'Ii.'LT'.IFI.'I.II.'I.".'IEI.H.'E.. we will give an explanation of how they work af &

depth needed for our discussions in later chapers.

Branch Target Buffers

A branch target bufler is essentlly a cache that holds the targer addresses of branches that
have been taken before, during thi currently execubing program. The first G a processor Lakes
i particatar branch, the processor has o compite the targer sddress dunnge 115 EX stage and feed
e computed target address back w the [F stage. The IF stage can then we that address to start
felching tnstructions from the branch warger address. As previewsly discussed, this process causes
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stall cycles. In a processor with a Branch Tarpet Buffer (BTH), the computed branch targer
address for a laken branch is also stored in the BT for future reference. I the processor fietches
ihe same branch instruction again, as for example it mighr do an execiing a progsam loop aver
and over, the branch tarpet address for thas branch has already been compated and sfored in the
BTH. For the pipeline im Figure 2-6b, it can be copied from the BTE 10 the Program Countcr
during tee 11 stage of tee branch instructivm and wsed o start fetching instmuctions from the
branch target address during that clock cyele. In this case the instructions will be ferched from
the brunch target address with no stall cycles. As with instnaction and data caches, o BT usually
improves performance but it doesn't always. Here 18 a case where it doesn"L

Suppose that the tarpet for o branch instruction is in the BTH and the procescoer usaes it o stan
fetching instructions from the branch targel address bal, for this particular case, the branch
should acnanlly not be taken. Inthis case, the processor must disable ar Mok the instructions
leiched from the branch tarpet address and loaded into the pipeling, louwd the Program Counter
with the addsess of the next instruction after the branch, and start foching bnsfructions from that
address, This, of course, produces stall cycles. Dyvnamic branch prediction can help reduce the
owerall number of stall cveles caused by branches.

Dyvonamic Branch Prediction

The problem with the basic BTH approach i tsat the presence of the branch target addnzs in
the BTE doss nod always mean that the branch showld be daken, What is needed is some woy of
predecting for each branch instruction fetched, whether to use an address foom the BTE or the
address of the nea sequential inseruciion after the brancls ipstruction. Based on the commaon
wisdom that “past behavior is o pood predictor of future behador,™ we do (his by steging
predicior bris wilh each address entry in the BTH. The values of the predictor bits are delerminasd
by whether that particular bromeh was tken or mof taken dunny the previcus emes the branch
amstrucisog was xecuted. Figuse 2-%a shows the states and actions for a comaronly wsed 2-bit
predicter. The four s1ates in this predictor ore Strongly Taken (ST), Weakly Taken (WT),
Weakly Mot Taken (WHNT), and Strongly Mot Taken (5MNT) We will usz the progrm flow
disgram for the program loop in Figure 2-9b o brielly explain bow this 2-hil predicior works
with the HTH.

When execution reaches the branch at the end of the loop the first time. the branch targer addreas
is noi in the BTH, 50 i 15 a BTH miss and the processor will sufler branch stall oycles. However.
the calvulated branch target address will b= put an the BTE, Assuming the branch prl:di-l:tin:ln hits
were mittadized 1o Weakly Taken, the branch was taken, o the predictsen bits will be changed
from Weakly Taken w Steomgly Taken, The mext fune exccution reaches the ranch ostructon at
the ¢nd of the loop, the branch tarpet address is in the BTE and the branch prediction 5 Strongly
Taken. The processer will load the branch target address from the BTE inte the PC and fetch
mstructions from the branch target address with no stall cyeles, The foop will then execwle over
and over with no stall cyeles for the branch instrection. However, when execution leaves the
loap, the processor wall spiher some sall 1:3.'|:|r:= becanse the prediclion of Stronghy Token was
wrong, Inthis case, the Processor mus flush the ]:!.ipc]:lm: amid skart !'L'll.'hmu, mstructions From ihe
adidress immediately after the branch mstrection. Becawse the prediction was wrong, ihe
prediction state 15 changed w Weakly Taken. The mext time this boog i execuled m the overasl]
privgram, there will be no slall cveles dunng any number of loop executions, a3 loog as the
brumch rge? address has not been overamtien in the BTHE. Stall cyeles wall only ocour when
cxecubion lesves the loop, Withoot the BTH and prediction bits, the processaor would suffer stall
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cvcles each timee around the beap and o the exit frem the loop. Therefore, thess [eatures
significantly reduce stall eycles and improve performance. However, it is not & perfect selution,
and the processor will still suffer stall cycles for the cases where the branch target address 15 not
in the BT, or the cases where the brasch prtd:'L'i'.l.m i wrong. To add t vour undersianding ol
|:|r~|:-|:1i.:.-l:-u|' bits, we lemve ot for WOMIL A% an enid ﬂfdu.p{i:rpnﬂ?hm B ﬁgun: ol ko this 2=Bit
predictas and BTH sysiem would respond o the program loop in Figuse 2-0b i the predector bitg
ware initially ser to Strangly Mot Taken instead of Weakdy Taken
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Figure 2-9. Branch prediction bits, (a} Actions and stages for 2-bit branch predicior. {b) Program
TNovw excampde 1o show wse of prediction bits,

ADDING A MEMORY MANAGEMENT UNIT FOR VIETUAL MEMORY AND
PROTECTIOMN

Wirtunl memary 15 essendinlly an extension of the caching scheme we deseribed for the niain
memory that we discussed previously. To implement virual memery, a bard drive is odded to the
memuory hierarchy as shovam in Figure 2-7. The DEAM main memory functions as o high-level
cache for the program sections currently being executed by the micrecomputer. The term virrua!
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mrwary here reters to memory space that appears 10 b present from & programmsrs’ viewpoing
but o5 net all available in physical memory at any one time, In other words, i vou are writing a
progeain for a sysen that nnplensents virual memory, vow can write o pragram that would, for
example, fill &8 Gigabeles of memory, even though the micracomputer bos only 4 Gigabyes of
pavsizal DELAK memory installed. The trick hese is that, just as only the coment code and dala
seis are present ina cachs during program cxecution, ooly the cummently execuling pragram
seclions are present in the DRAM main memony af a particular time. Program sections ang read
in from disk 1o plyysical memerny s nreded, and program sections oo longer needed are swapped
back out to disk to make room for the sections aesded. Tlse Localiny of Refereivee charmactenstic
Tiund in meost programs makes this possible and efficiem

sections are swapped beraen the kard drive or 5510 and DEAM i blocks or pages
of typically a few Kbyies. Mannging virtual memory can be done etally in softwane by the
operaling system. However, microprocessors for all but the simplest applications have an an-chip
confreller called a Memorn-Managesrent Uair or MM o manage victual memory more
elfeciindly.

An MMLU functions in muech the same way as a cache conroller. 1§ checks each meminy
access to ses if the page contnining the requested address is present in the DRAM main memory.
i’ the page is present, the address is senl oul to main memory ancd all is well. 1 the MML finds
thot the page conaining the desired sddrcss is not present 16 maln memory, the MMMMU imerropts
the executing progrom. An intermupt procedure copies a page from EAM out to disk to moke
space i DEAM main memory, if necessary, and then copres the peeded page from the kand Jdisk
to 1he DEAM. At the end of this intermapt procedure, execution retums (b the interrupted
progmn, The processor then rembs the desired wond Frorm the pege now mphysical memory and
COnLnuE.

In addition to mannging viriual memaery, an MML can also be used to prodect operating
system ooxle and data from scoess by user programs, and prolect ane wser progmam rom
unineended access by anther wser program. 'We will discuss this msch moee in a lates chapler
bt the basic principle is that the MML uses tables fo keep track of the pages. The eniry for cach
maps in a page= whle contains o privilege bit that indicates whether the page has supenvisor-level
privilege of user-lovil prvilege. Operating systefns page entries afc marked a2 “supervisor™ and
useT pape eniries are marked as “user.” If a user progrivm attempts 10 access an address that s n
o pitie macked “supepasor,” then the MML will genemie o signol that mieenpds the executing
proeram W mdicate that an emor bas occurred,  Ina systermn executing multiple user programs,
cach wser program has its own able of pages and ondv the operating svsiem can switch from one
user’s poge tihle o ansther user’s program page tnhle, Therefore, wer progrms cannot peoess
each other's puge Labiles or FHRES Axowe said earlier, we wall discuss virtual memory and SEddLTs
misch more in o lster chapler, but the discussion here should give you 2 basic understanding of
teese when vou see an MMU in the mwcroprocessor examples laer in the chapler, Mext let’s take
a ook at bow microcomputer performance has been inproved by Inlegrating peripheral interface
levices into niiuup.rumsurs.

ADRDING PERIPHERAL INTERFACE FUNCUTIONS

[y osisd early microprocessers, there was only enough “clip real estaie” o, in other wods,
Traristsiors avalloble 1o impfl:'m:ml the mMICTOProcEssor 6 the -|‘.'|'.'|.i.p. Asg [1:|‘.'|1|:||.1|ng].' evilved in
allow more transtdors on o chip, seme microprecessors added a programmable Limer, a prionty

interrupt controller, some paralle] por lines, and some memory on the chips with the
miceopracesser. The advantages of having the peripherals on-chip with the microprocesor
include: faster access, less PC board arca, less overall cost, amd since system failure rae s a
function of the number of devices, lower overall failure rates.

A semiconductor technelogy advanced, it became possible to inchude memory controllers,
floating poant processors, gpraphlcs processars, displayfoschscreen controllers, FPOAs, network
interfnces, and many other controllers for peripberal devices. As we reach one-killion ransistor
ICs5, this trend of more and more integration has lead to complete, mualti-processar,
microcompuler systems on single 105, As o nexi step here, l=0's 1ake a first look at the features
of a few examples of current generalion microprceisors,

Armed-Based Frocessors
HISTORY

The two tradifional caleponies for clasafing microprocessors were those designed for use in
“ernbedded microprecessor systems” such as vashing machines, cameorders. microwave ovens,
aulomarhiles, ete, and those designed for use in “desitop systems”™ such as PCs. For the eardy
microprocessars nended for use in embedded applications, the designers focused on low cost,
fow poower, and siomall package size. Thercfone these processors, or mucroconirolbers & they are
usually called, were desipned to: only work with £-bit or &-bit words; operaie with low clock
frequencies; and inclhsde some BAM and BOM memory, 10 ports, and other imlerface cirewiiry
o ihe same [C az the peoctssor. Seme representaiive examples of 8-bi embedded controblers of
this tvpe inclide che Indel 8051 family, the Motorola MCSEHC | 1MCSEHC 12 family. the Texas
Instruments Th53T0 [amaly, and the Micnechip PIC 1205 family.

For imiceoprocessors desagmed for wse m deskiop systems, the desipn cnlenia bave been:
maximum clock frequency, large memory address ranpe, macimum performance on benchemark
programs, efficient procéssing of fleating point and video graphics data. and ability to
canrmunicale over gh speed networks, Processors designed to meet these cotenz nnelly
dissipate considerable power, and svstems using them may require cooling fans o, 10 the case off
the AR} FX devices, a baalt in ﬁquid conling sysiem, o remove the hext g-mmtaj by the
processor. Also, v reduce the power penerated in the processor 10, many of the system
intzrincing and 10 functions ore implemented inextemal ICs or evien on a peripheral peinted
circint board, rather than in the procescor. Current eu’nrrrp'le-.:- ﬂrlhl-E.T_\-‘p# of nﬁcmprm;m
i lude the S3-bat Intel Pentium 4 based processors such as the Core 3, Core 5, and Core 7
devices ol the o4-bit AMD FX-senes devices.

The dividing line between the two traditiono] microprocessor categories hus essentially
disappeared wath the introduction of bptop computers, smart phones . and ather batterv-powered
spadenns that reguire feanires fooem both categories, specifically high pertormance, small packape
sz, low power dissipation, networking capabalities, and muelimedia capabiibes.

Hovwever, 08 microprocessors became mone popular and were used in a wider renge of
applications. a lirge member of companics designed and prodeced micropeocessors. For tee minst
part. each company developed its ovwn aschitectune. instructions set. imterfaces. e, A
considerable number of companies even producad several different processors with different
prchitectures and instruction sets within their own product lines. This lack of standardization
mides it dafficult and time consuming for o designer te move from one processor to another as



needied for different products. In recent vears, this silustion has been somewhat improved by the
foct that many companies have developed microprocessors, based o processor coses that use the
Advanced RISC Machine (ARM) architerere and instraction set developed by ARM Lid in the
LIK. (At this writing there are ot least 25 companies tha have developed ARM-hased
mizeroprocessers and the number of companies keeps growing. )

Aucording 10 Furber (6), the first ARM processor was produced by in the ARM Lid UK in
1985 for use in the Acorn personal computer. I the years since then, ARM Lid. has developed a
semies of increasingly powerful ARM processor cores that are licensed 1o semiconductor
muanufaciurers for use in those companies” microprocessor desipns, Cores are available eftler as
HDL descriptions or as physical 1C designs. Starting with the core processor desipn, each
company adds memory and perpheral interfoce circuit blocks around the core to prsduce a
complete microprocesses 10 o other Sysiemed n-a-Chin (00 with the desired featares. Some
of the advantages of starfing with an already developed core are: the basic processor core has
alrzady been tested and debugged; the Instruction Set Architecture for the core provessor may
already be well known 10 programmers; and extensive software developmient toels and
application programs, such ac an operating svetem, e very likely available for the core
processer. All of these factors significantly decreass the “time-to-market” for a new peocesaor
amed tcrease the chances that the new processor will make a profit for the company, The desipn
tradendf here, of course, is reduced effort and time-to-markel yversus the cost of leensing the
TICTOPIDEEREOT COre.

Bevern| years aon, dats presented ol an Embedded Systems Conference in San Francisco
vwdicated tha a siprificant number of cmbedded agplication designers wers moviog from $-bil
and | 6-bit microprocessors 1o 32-hit processers and that ARM-based processors accounted for a
substantial majenty of the 321 processors being used 10 new embedded designs. Basel on 1his
tremcd and the fact that thene are o large number of enginsering jobs available i e aosa of
cmbisdded svstem desigin, we use an ARM-based microprocessor and development hoard for the
embedded design and interfocing expmples in this book, The data for all the many diffzrent
ARM cores is availzble on httpsSesew anm conmyproduc s processod s, bat for eur diseussiong
here, we will focus on the ARM Cortex- AR that is wsed in the Texas Instmaments Sitara AR3359
processor. This Tl processor is the ome wsed in the Beagle Bone Black board that we use ns the
example development board for the programming and aoterfacing examples i the nest of the
ok
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Figure 2-10a. Basic block dingram for an ARM Cortex- A8 core,

Fagure 2-10a shows & bosic block diagram for an ARM Corex-A% core and Figure 2-108
shows the pipeline archilectures for this core. Note that the Tnteper pipeline has bwo ALU
pipelines, ALL pipe 0 and ALU ppe 1, 50 two ALU instructions can be staned oc i in
parallel the sume clock cyele. This i indicated by the Dual-issue Inemer CPU bock in Figurs 2-
FLLR
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“Figure 2-10b. Fipeline architectures for ARM Corex-AS.

The Meon Pipeline section of the Corex A-8 provides high performance media processing
for some audio, viden, and grophics workloads as well as standard flopting-poing processing.
Mote that the core has o st Level 1 mstroction cache and a a1 Level 1 data cache. As explained
in an earlier section of the chopier, having separate instrnesction and dota coches alflows both an
instructinn and data 1o be fetched in the saome clock cycle and this reduces pipeline stall cveles,
The core alse has a larger Level 2 cache that is shared and contains both istractions and data.
The L2 cache is farther away from the processor, so i can be lorper bt the tradeoft is that itwill
e sbvwer a5 showwn i the memery herwrchy in Figure 227,

The core aleo has branch prediction circwitry thar uses a branch target buffer and global
history/prediction logie. As we described previously, this hardware reduces brunch salls. Also
present in the core 15 the Trest Zome block which supplies hardware support Lor secunity for code
and datn

Adsor present in the core but not shown in the bleck dingram is & full Memory Mamagemens
Limuid A MIRALT ) that sUpports virual memory. Abse, thas ARM core has a Jaeelle capability that
allows 1l 1o execute B-bat Java byvte code metrections with a combination of hardware and
sofiware as peeded in Java-enabled 4G mobile phones and PDAs. Furthermore, this core is a 32-
hit processor bt this core has copability 10 we 16<hit inztructims called the Thuwmh furfruciions,
The Thumb instructions are @ subsed of the full 32-bit instructions and help reduce code hloat
because two 16-Bi Thumb instrustions eccupy the same MEamory space & a single 32-hit
tnstrwction. The Cormex A-8 core also
contains Sk Test Aotten Gronp (ITAG)Y imerfice Gircuitry, The ITAG interface 15 a dedicated
serinl interfisce thal is used o serially shift test dats mowe the processor and shiff tess results out
from the processor, The JTAG interface 1= abee used by an external device called an fa-Crowis-
Emutador (1) 1o transmat d.l:l;lumping inborrmatsen belvween o ProETam d:v:lu‘p‘rne:nl swslem and
the microprocessor. In Chapler 3, we descrbe the use of an ICE for debugging prototype
hardware and soltware, For some syslems, the JTAG inferface 15 abio e W program op=board
Flash EEFROM.

oo, tBuat soue bave an overview of the ARM Cortex AS core, let's look =1 an example of a
current microprocessor family that is built on this core.

TEXAS INTRUMENTS SITARA AM335X MICROPROCESSOR FAMILY

For the example microprocessors in this book, we obviously could med cover even @ small
percentage of the available microprocessors or even a small perecntage of the microprocessors
hased on ARM cores. In this section of the chapter, we introduce the T1 Sitara AM333X family
of mecroprocessors that are based on the AEM Cortex A-8 core. We use 2 member of this family
processors Tor the examples in tdids book beeause, wath thas level processor, we can lead you all
the way from simple controller applications 1o more complex, Androbd/Linusx-based sysiems
such as an intelligent robot with camera, GFS, wireless, audio, and video interfoces. Also, low-
[ d.l:'.-'eltq'u'n:nl bireds are avaikable For this processor so, |I'].I|:||:| wani, you can obiin one of
theae boands e experiment with tee applications shown in the book and/'or devebop your own
microprocessers applications. This is imporiant becase it &5 by designing real systems and
kearning from your misiakes that you gain maturity as 2 designer and go beyond the wsual
“rextbopk”™ bovel of understanding. An additional point here is thar onee you learm bow 1w work
with a moere complex processor such as one of those in the AMI35X family, il is very eosy to
“step back™ 1 a less powerlul processor st may be more sppropraate and cost eflective for a
given applicaticn. The reason it is easy to maks this ransition from ope ARM-basad processor o
anciber simpler ape 15 that the instruction sef and basic instructon s achitecthures for all the
ABRM-based processors ane nearly the same. The main differences are in the peripheral interfaces
availabie and in the memory address assignments. In a lxter section of the chapter, to gve a
compartson with deskiop procestors, we give an overview of the Intel Fentium 4 family of
processors that are used inn large number of deskiop systems. Thes in the pext chapeer we stan
showane weu how 1o wrile low-lievel programs for an ARM-based microprocessor system,

Figure 2-11 slwws a Mook diagram for tee TI AMSGISX Senily of microprocessocs that
are built om an ARM Cortex A-8 core. For a comparison of the major feamres of the differemt
members af this family, you can go 1o kitps fwaow B comy product'am 3359, However, heng we
will take a ferst look &t the features shown in the AM32EX block diagram in Figun= 2-11. An
irmporinnt point to remember, whenever vouw are approaching something new like thie. 122 don't
be vverwhelmed by what you don’t recognize. Start by just skimming over the diagram and
prcking our features that you recogniee 1o get an overview.,

i
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Figure 2-11. Block diagram for the T1 AM335X family of microprocessors.

Then dig into the data sheet as needed to find descriptions of the blocks you don't recognize. For
a start, first note the ARM Cortex A-8 core with a 32 Kbyte instruction cache, a 32 Kbyte data
cache, and a 256 Kbyte L2 cache that we described previously. Next, perhaps notice the
Graphics processor that can handle all of the current types of 2D graphics data as well as 3D
graphics. Then. notice the Display Controller block that, not only provides full color capability
for LCD displays, but also includes a touch screen controller. Next, take a look at the Memory
Controller that can be used 1o interface with DDR type DRAMs, NOR flash devices. or NAND
Flash devices. As an overview of some of the other blocks, the Senal Interface block contains
interface controllers for many serial communications lines such as USB, CAN, and Ethernet. The
Parallel block contains controllers for some common parallel interfaces such as SD cards and
some General Purpose Input/Output (GPIO)ines . The System Block contains, along with some
other stuff that we don’t need to discuss nght now, several programmable counter/timers and a
Real Time Clock that can be used to time events or keep track of clock and calendar time. To se¢
a detailed list of all nfﬂu: III:H.II.I.I'I:'.'I of the Mr'l 335?: processors, skim though the first few pages
of the data sheet at i f. We will discuss the operation

and use of many of th:-s-: f-:almﬁ in Lm:r sections of the book.
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Figure 2-12. Beagle Bone Black board.

As shown in Figure 2-11, the Sitara AM 335X family devices contain a current generation
processor and the controllers and interfaces required for a wide variety of low-power hand-held
and other products. All that is needed for many products are a baniery or power supply,
connectors, a kevboard, an LCD displav, a camera. and the low-level hardware needed 1o
implement a wireless interface. I carefully designed, a system such as this can fit on a very
small Pnnted Circuit Board (PCB) and have very low power dissipation. These features make it
ideal for use in a handheld device or for use in any type of “sman™ embedded microprocessor
system such as an autonomous robot, medical instrument, or automotive control system. Figure
2-12 shows a photograph of the Beagle Bone Black board available through distnbutors listed in
http;‘beagleboard.org/. This board contains a Sitara AM 3338 processor, Flash memory, DDR3
DRAM, and a variety of interface circuitry and connectors. To make it easier, we will from now
on refer to the Beagle Bone Black board as simply the B3 board. This board is inexpensive but it
has a very wide range of built in interfaces and free software development tools, Linux, and
Android. Therefore, it can be used as the processor for any of a great many different “smart™
embedded microprocessor systems. We will use the B3 board as the example system for the rest
of this book. Throughout the rest of the book., we will discuss the operation and the use of this
board for many different applications, ranging from tuming on simple LEDs to much more
complex systems. However, to complete this chapter and provide a contrast with the embedded
system-lype processors descnbed in the preceding sections, we give in the next section an
ntroduction to the architecture of the Intel Core Family Processors and an overview of a typical
desktop microcomputer system using one of these processors,
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Intel Pentium 4 Based Processors

For the design of a deskiop microcomputer system, minimizing power dissipation is certainly
one consideration: but the main design criteria from a marketabality standpodnt has been
maimuang clock frequency, maximixing compute performance ns mensured by standard
benchmark programs. mavimizing the speed of muliimedia features soch as 3-13 gmphics, and
minimizing cost. As we mentioned earlier, examples of microprosessors used in curremt deskiop
systems are the Gi-bit Intel Core 13, Core 15 and Core 17 processors and the f4-bit AMD FX
series processors, Since the Intel Core processors are wied moa large percentage of the curment
deskiop systems, we will use them it as examples here. These progessors are too complex 10
sk m detml, 5o we “‘U]jlu! hncl]:.' chigcwss a lew main feafures that diztrngush them from
the basic embedded system type processors.

The tahle &t hitpe/en wikipedin ki i shovws o
comparison of some of the franeres of the Imel desktop-type microprocessors Irom the Pentium
im 1993 to the current Core §7 devices. If wouw take a leok at this table, mote the large increase in
clock frequency from 60 MHz fo 4.4 GHz, the incrense in the number and sizes of eaches, the
iwcrease in the number of priocessors cores, the increase in bus transfer rate, and the increasa in
power dissipation firom less that 10 Wars to a5 much a8 135 Watts over this approsinsately 240
wear period.

Thae leared Pentium procescors in the carly 1990 and all the processors aller them conlain
Floating Poimt Units (FPL). These are designed to accurately perform foating-point
computations in bardaare, controlled by special flonting-peint instructions that were added o the
basie nucroprocesser instruction sel Doing Meating -point compatations with this dedicaled
hardware 18 many times fster than dotmg theen watls the regular microprocessor instruetions.
Likewize, the Pentiom 11 ard later processors eoch eontaiiy o Multi-Media {MMX) coproceases
that is designed to efficiently perform operations on video and oudie data in hasdware using
specait] hwli-Yedis instructions that were added to the basic processor instruction set. In the
Pemtium 1L and in laver processors, the mubtimedia copabalindes were enbanced by adding 128-biat
repizters and the Sireaming Single Instruction Multiple Drata (SIMD) instructions that allow the
same operiation to e performed. for example, on the values for multiple image pixels at the same
time,

Ckher major feaiures added dunng that trme mchede Out-of-Urder instesction execution,
Hyper-Threading Techaobey, ad Mualti-core architecrures, Flere's a quick overview of how
these features work and how they bnprove system perforosance.

Intal Core 2 Archeeciure

Figure 2-13. "lmel Core? archieenae® by Appalooszs - Own work

Figure 2-13 shows a block dizeram of the Intel Nehalem architecture used in some of the
fabel Core 17 processess. Circuitey in the wop blocks fetches a sequence of instructions from the
predicied code path, decodes the x86 CISC imstmuctions, and beeaks teese inte smaller operations
cilbed micra-pgre or C10 pe, Needed pepisters ane assigned to the siicro-ops in the Regiser
Allocntien Table. And the result is put into the Beorder Buffer ithat functions 0s an instraction
el
When there is space available in the Reservation Slation the wicro-op is moved to the
Heservition Station, ywhere it waits until its operands are available. A= spon as & sricro-og has its
srperaneds ansl the peeded Functionol Unit is available, the sicro-op is dispatched o the




Funmcional Unit (Moee that the Functional Units are pipelined, so several micro-ops can be
moving throwgh a Functicmal Linit at the same time.) The micre-oe and the resul from the
Funcrenal Umit i retumed 1o the Beorder BufTer to wat for retirement, When 2l of the micro-
e for o CISC instruction have completed and the resulis of all the instructions before thay CISC
instruction have been written back o memaory of the regiser file, the results of this instnaction
will be written back 1w memory of the register Ale, o In other words retired.

The important poding here @5 that micro-aes can be execuded as soen as their operands are
available and the needed Functional Unart is available. There is no need for a previous instnaction
o complete before execution of this micre-op can get starmed. This Cut-OF —Oreder execution of
miicro-ops provides a solution for many of the salls suffered by simple pipeline architectunes we
desenbed previcusly, Remember thar 10 a simple pipeline, as in the grocery store checkout line,
if onie instmction stalls while waiting for dato. all of the instructiens behind thart instruciien stall,
even i the following mstruections have all the data they need o execute and the ALL is available
However, in order for the program results o be correct, the results must be wotten back o
regisiers and memory in the same order they would be if the instructions were executed in the
ofiginal program order. The major advamtape of this “Out-ol-Onder™ execution al micra-ops is
that it keeps the pipelined functional units busy doing useful work as much of the time as
pirsstble. Howeves, the overall CE30 instructions must be retired in the original progrum order,
=i that the overall result wall be the same as if the progean weee exccited on a simple, in-onder
execution machine, This order 15 also necessary, so that in:errup:ls can be handled in a way thas
assures the results for the mtermupted program are cormrect.

T summarize the overall process, CISC Instructions are fetched “In-Order”, CISC
nstructsons are converied to ouore-aps, mucns-opr are execuled Cht-of-Chder, and the CISC
instructions ate retired “In-Order” O disadvamtaps of this appreach and the mesost likely reasea
it iz miod wsed in basic embedded processors is that if takes a lot of transiswors to implemsent the all
the necded hardware. Mot only do these fransistors increase the die siee bud alsa, clocking all
these transislors a1 a high requency 1o obtain de desired perlormance reonds 1o imensese overall
power dissipation bevond acceplable levels for o handheld system,

However, the increasing ability to put more and maore fransistors an a 1 die made i1 possible
for Intel to implernent Hyper- Fhreading m the laler versions of the X865 procesors A tread 15
sanall sevtion of execuling code that = part of a larger prograoy. [0 current systoms i is very
commaen for several different threads to be executing “al the sarne teme™ or “concumently™. [As
an example of this, yoo may have noticed a wond processor program deing an auto-save o disk
operalion @1 tee same Eme &5 vow were Iyping in text ) However, if there is oaly one processor in
wour machine, only one thread is octeally executing at any particular instant in time, Execution is
switched from one thread io anather often enough that 5l appears 10 you that several are
execubing concurmenly . Each thread switch requires saving the registers from one thread in
memdry awd copyang the cegister values for the new thread from memory ot the workmg
megisters. This comfead swirfch takes valuable time and stooas cocerall execution. The ideal sinaation
wirld be 1o have muliiple register 5213 and multiple processors that could b achually executing
two or more threads simulianeously, A processor with Hyper-Thresding Technology essentially
mplenvents two “legical processors™ by having two program cownters asd two complele regasier
se1s. The context for 2 thread can be loaded into one set of registers while the other set s being
used For the executing thread, When it s time to switch to the second thread, this can be done
very quickly because tw alernative registers have already been lpaded with the valses Tof e
new thread. While this second theead is executing. the register values for the pext thread

exerte can be laded info the regrsters that were used for the frsl tbread. Since the fwo “logical
processars” are in the same processor clip, the mubi-threading «ificiency is usually preater than
it wonld be for oo system with wo separate processors wsang @ shared extemal bos,

The logical extengion of the having twe “logical processors” by duplicating registers as we
deseribed in the previows section is 1o bove two or more complets cone processons on a single
processor IO, Ax semicondector technolopy has scaled transistor sizing down to a few tens of
nangameders., is his become very possible 1o put lallions of transistors on a single 1C. (The Intel i7
Hazwell processor has about 1.6 billion transastors. ) This large number of available trensistors
has inade il pessible o put multiple cores on an 1C. As one example, the [ntel 17 Haswell
pracessar is available with up to & cores ot this point and each core can maintain 2 “viriual
processors”, so sdeplly the device could handie 16 threads concorrently, |

The major dilficulty with ths assumptioen, however, 19 that 11 assumes that there are enough
threads of enoaph tasks available 1o keep all of the eores busy a significant percentage of the
time. The number af threads availahle depends on the nature of the program and on bow the
PrOEram i writien., A server program Por an lntermet site or & server program for procsssiimg
ATM machine requests may be essily written to have a kot of thread level parallslism and thus be
able o ke sdvantape of multicore processors, However, for sther types of programs it may nol
b 50 obvions hew o implement enough threads o take full advantage of & muliicore processor,
A kew poing here is that the movement to multicore processors transfers much of the
responsibility for propram perfonmanes from the lardware design 16 the programmers. The
hardware designers are giving the progrunmers 2, 4, oF Mofe cores in 3 single MicToprocessor
amd tellieg theos, = Youw figure out how Lo wrile progrons that wes these cores efficiently.™

INTEL CORE 17 SYSTEM ARCHITECTURE

Frgure 2- 14 shoows the typical configuration of an Intel Cere 17 system using the Intel £77
Express chipeed, A chipaet is an IC or proop of 1Cs that are added 1o the basic processor to
provide system interfaces. As shown in Figure 2-13, the Uncore section of the processor las built
in inteelaces for DOES DRAM. Iualse has High speed PO Express mierfaces and a very high
speetd Chaick Poth Interface for communicating with peripheral chips.

The £77 Chipset contaims display interfaces such as VG A and HDMIL several USE ports,
a Gigabit Etherner inerface, and 6 8ATA pors for conpectzng with band disks, DV s, and
5510, It also has additional PCT Express connections that can be used 1o interface wath a wide
varely ol devdees 11 v happen 1o lake the cover off a P, you should notice the PCIT Expmf.s
connectors (ale1s) on e main M board. Somall PC beards are plugged into these PCT Express
comneciors to provide custem interface capahilities.

ik
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Figure 2-14. Typicel configuration of Imel Core 17 system,

Summary

We have chosen to use an ARM Cortex AR-bazed processors and o B3 boord tor the
exampies 0 this book mslead of wsing an Intel Core 17 processor system, Cne major reason for
pur chenve was thal by using a development boand such as the B3 as & buse, you can destgn and
build mecroprocese svsiems of vour own for 8 wide variety of control and oteer applications. A
second hgjor reason for ous chobee was the fact that mony of the curment jobs opportudities arc in
the embedded system worsld. In this embedded world a great mony ARM-based processors ane
used and thercfore know ledge of ARM-based processors 15 a pood asset oo Bsave on yowr nesun,
Howewer, the many inderfaces that you will leam about, for example, memonies, Keyboards,
displays, serial bues, wireless networks, cameras, motors, and oiher devices are used in bath
embedded and desktop svstems. Therefore, you would have a good start if, al some point, youo do
nesd b work wath an Intel Core 17 by sy slem I any CASE. W that Yol lave had an
intresbuction s the T1 AM335X family processors, we will in the next chagter stan showing vou

e W N

how to ellicrently program an ARMbaced microprocesser. Mote that the basic machine codes
and basic instruction sets for all of the AR -based processors are essentially the same, so that,
except for contraller details and addeesses, puost of what you leam aboul programming a T1
AMIISKE iz directly applicable w other ARM-hacod PIOCESSOrS,
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Checklist of Important Terms and Concepts

ALLL repister Ble, mulii-ported register files

Crata poth

RIS muchine chamcteristics, advantages, and disadvantages
CI58C machine characieristics, advaniaces, and disadvaniages
Pipelined microprocessor, pipeline registers

Pipeline diagram, pipeline speedup

Hardwired contreller, micro-programmed coatroller

hin hagard, RAW hpeard, dats forwarding

Femporal becality, spatial Bocality

Slemory hicearchy

Cache hit, cache miss, cache hil rote

Canditonal branch, umconditional brunch, branch stolls
Bramch Targe! Buffer (ATH), dynumic branch prediction
Viruad Mevory

Memory Masagement Lini (3L

Embedded system type microprocessor claracisrisiics
Processor core, System-Cin-Chip {50C)

Dezkiop syslem 1vpe microprocessor characleristics
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Review Questions and Problems

1. Show the nesulr of ©ing ghe dinary murnber 111 10000 with 10101010 a5 might be done by
an ALLL Make a statemment #bout the effeet of ORing a bit with a 1 and the effect of ORing a

bt with a (i

2. ANDing an 8-bir binary word with 11110000 is sometimes referred to as “masking” the

Jower 4 bits. Explain what this mcans and make a statement about 1he effect of ANTHDE a bit
witha 1 and the cffect of ANTHng a hit with a 0.

3, Forthesingle instrection “microprocessor” i Figune 2-5a, design the combinastional logic

4.

3

thardetermines if a comection facioer of 0] 10 should be added 1o the initial sum of the BCD
ﬁj;'nt..

Communicating complex ideis to odhers in ways that they can understand is an impartant
skill for vou to develop as an engineer. Assuming thal your mother 15 ol an elecinical
enginesr or compuier engineer, briefly el how vou would exploin to her the differeinec
betwern a BISE machime amd a CI15C machine amxt how you would explain the udl'nnraga:s
and disadvantages of cach approach.

For the pipelined processor in Figure 2-6a, why must a pipeline register be included in the
forwarding path frodmn tee ALL oulpn o the ALL input, rather than jusd comecting the ATL
cartpnet diregthy fo the muaktiplexer on the input of te ALLU? Hinc Bemember that an AL
conssts of just @ couple layers of combinational logic and think atout the behador of a
cireuit created by booping the output of a seres conneciaon of two inverlers asound oo the
input.

fi, The pipelined microprocessor in Figure 2-6a has five slages, 5o 3 instmctions are execuling

ik

wl any grven time and one instruciion mmpiﬂps every clock 1;:|.'4;I:. The ideal -s.pmlupn-fd'lju
machine over that of 2 non-pipelined machine that anly completes an instruction every 5
clock cyeles 15 then 5. 1t would seem that decreasing the wmount of work per stapes and
incrensing the number of $ages would allow the pipeline 1o be clocked Faster and give an
even grzater speedup. Lse an aulomobabe assembly lioe analogy for a pipelined processer to
help vou think of some possible problems with, for example, buliing a pipeline with 40
5|ﬂlb=5-

Llse a pipeline diapram w kelp explain the magor advamtage of baving separate code and das
memones for pipelined microprocessors.

8. When adita coche socess misses the cache th some current pipelined processor systems, it
faay take 100 processor clock cveles for the desined data word to be read froim msin memnory,
Describe tlse effect this will have on the operation of the pipeline and bricfly describe a
pmgrn:nrrl.'ing 1|:-||:hr_|i;|1|= thatt can often be used o redoce this effect on the Flip-:f.in:

% I our discussion of Branch Targel Buffers (BTBs) and dynamic prediction bats, we assmned
that the prediciion bits were initialized in the Weakly Taken state. Describe the sequence of
actions that this processor with o BTH and a 2-bit predictor would Fikely take for the program
lwop in Figure 2-9h, il the predicior slarts m the Smonsly Mot Taken stse instead of in the
Weakly Taken state,

L. Assuming that an [FThen-Else program structure is contained in a boop, 50 that if exerutes
cach time that the program gocs around the loop. Further assume that the probabilities of the
tan branches of the [f-Then-Else program strecture being taken are equal. (In eaher words,
there i 2 50% chance that executinn will Follow the [ branch and a 509 chance that
exceution will follow the Else branch esch wme the overall execution resches the 1§-Then-
Else stricture, }

a. Deseribe the operabion of a BTE amd brimch prediction bits for this [ Then-Else
ghruciune.

b Compare the performance of a system with a BTH and the performance of a
sydtern without o BTH for this If-Then-Elue stfsetene.

L1 You ase designing a simple controller for a chemical process system. As part of this
controller, you aeesd twioe AT channels and one DA channel. Your company already uses
several different Atmel ATY] processors i their products, so for cost and inventory
efficiency, vou want to use a processes tat the company alveady buys in large quantites. Go
b the Atmel website, www.atmel com. go to prodocts > micreconmollers = ARM Thumb to
flitel the AT9 ME42800A and the AT NIS800A product descriptions, Based on these
descriptions, determine the part that would be the best choice for your desizn amd explain the

reasons for your choace.

I, Bnsed on vour own experience and on the discussion in this chapter., list some major design
criteria for hand-held microprocesor- hased devaces.

L3, We brelly introduced the T Sitar AM3350 processor. (o o

oy B oL b das? 1o see the conplee dats sheet. Skim through the device
summary b detenmmine if the processor has an AT converterf AT and a Pulse Widith
todulaiion outpat that veu need for 2 motor control application

I4. Describe the mupor method that the Intel i3, 05, and i7 processars wse to keep the fuscibonal
it busy a5 misch of the e & possible and overcome pipeline stalls,
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CHAPTER 3 — INTRODUCTION TO MICROPROCESSOR SYSTEM
PROGRAMNING

In the last chapter, we focused on the basic architecture of microprocessors and
mecroprocessor systems. The magor goal of this chapter is to give a solid imrodoction 1o the
|a.||gu:|E|.'s. lools and technigues commondy used for pn:l-g;l:lmmi:r:gn mii;rnpn:u;qsnr system
While the archateciure madiels [room the last chapler are stll fresh i your mimd, we stan by
dizcussing the Programmers” Model for the ARM-based processors. Then in the nest section of
the chapler we descrbe and show examples of the thres differen levels of programming
linguages available for programming microprocessor systems: machine language. assembly
banguape, aml high-level linguages. The next s=ction of the chapter introduces the featwhes wnd
operation of the computer-based tools you will use 1w wrne, tes, and debup your programs,
Finally in this chapter, we describe the sequence of steps vou take to systematically and
cificiently deveiop programs for microprocessor SyElems.

Ohjectives
At the conelusion of this chapier. youo should be able o

I Lizand briefly deseribe the features of the Programmens” Model or Instrucion Set

Architecture for the ARM-based microprocessors.

Lisa and briefly describee the basic hpes nfl::tl::pﬁnns that ihe ARM-has=d processors

SUPEOE,

Explwin the terms Big-Endion memory storoge and Linle-Endian memory sforage. and

alsow havw thee bytes of & word would be stored in memaory for each.

4, Deseribe the differenee between Memory-Mapped L0 and Diseet 1 and pave the
ndvantages and disndvantages of =ach

5 Descrbe the operatlon(s) pecfonned by basic ARM assembly language instructions,

Write AERM assembly langrage instructions wo perform specified simple operations.

Dieseribe the 1adentls hetween assembly language programming and high-level lanpeape

propramming,

K Deseribe the types of applicabons npr.rnpri.m:c For assembly Inngaape prngramminp: amd
those appropeiate for high-level langrage programming

% Drescribe the Mow of o program through a evpical peogram development wool clain,

15 B ﬁ}' deserbe the use of an Instruction Set Simulator, an one=board debugrer, and an In-
Circuit-Emulaior.

11, List and describe a sequence of steps for systematically developing, testing, and
debupeing aswsmbly language progruons,

12, Represent the program selution {algonitlhm) for a given problem wing standard program

siricEares,

e
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Frogrammer’s View of Arm-Based Microprocessors

Whenever vou take on the sk of wnting programs for a microprocessor tat s onew 1 you,
onpe of the first steps is 1o dig through the daa books Tor that processor until vou find the
d:f.:.:ripl:im ol the fevruction Sef Arohiledinre I:_.:'E-H of P.I'u;l;rl:.lmm'r:'r'.v Fiew for Lhe processor, As
rmplied by the name, the [5A includes the features and characteristics of e processor that affect
or are affected by instructions, The 15A includes the ALLY repister fils, operating modes,
intermupts (exceplions], memory organization, O orgamzation, status registers, confiauration
regasiers. and to some exient, an overview of the actual pliysical svsiem. The lnsiruction Set
Architecture discussions in the manufachurers” mamanls are gatewsys to an unbslicvable amown
of detadl for each of these feaneres and the 1oea] ia overwheiming i1 vow try 1o absorb i oll ot
once. On your first pass thrgugh the manufocturers” data manuals, vou should just try to get an
overview and make some potes about key fearures that seem important, As part of the design
process, vou will spiral through the data manuals many Uees and learn more and more specific
details as you need them. In addition to intreducing vou to the ARM [SA, the discussions that
follow pive vou an exammple of the bevel of understanding vou should attempd ke gain in vour first
read through the manufaciurers” datn sheets for a pew processer and a new system board,

THE ALLL DATA PATH., REGISTER 5ET, AND OPERATING MODES

The ARM Cuortex A-B cores are classified as 32-hit processors, because they lave 32-bi
ALLs and all of therr intemnal date path operations such as sddition, subtrmction, ete, are
performed an 32-hin operands. As we will discuss moee a Linke later, bowever, the ARM Load
imstmection can eopy a byvie or a halfword | 16-bita) from memory ingo the lower part of a
specified 32-kit register. For those cases, however, the remaining bils in the 32-hat destination
register wall be Hilled wath ceros of the data s specilied in the mstruction as unsipned, or i will be
filled with copses of tee sign bit if the data 2 specificd as signed in the instroction. Themrefone tee
opcration is really a 532-bit operation.

Figure 3-1 shows the regaster file or programmer “vesible™ 32-bit regsiers for an ARM
ProCessoT core 1n exch of s feven 1.'lj:lv|:r.:|li.1'|.cgh s, The regsbers shown 1n the el column m
Figure 3-1 are those st are aceessible when the processer is aperating in Lser made, The
processor is run in User mode fior general application and dotn processing programs, The first
TTOEram crampic we show a little later in the chapder 15 intended e rum o wser mode, Kegisters
FikFt 14 can all be used as peneral purpose registers for holding data operands. Register BL1S i
the Propram Coumter of PC. In addition 1 i1s use as a peneral purpeses repisters. 14 is uged o
haold the address that execrtion will retum to ad the end of a procedure, so0t 15 wsually referred 4o
as Link Hegster or LR in programs. B 13 15 used 1o hald a peanber 1o a locatson set aside in
ey as - atack™, 20001 s aseally relemed o as Saek Podoer of 3P o progroms, [n Chagprer 4,
wie deseribe and show by dewal] low these reglstiers are used in prograrms.

Ihe remaining columns o Figuee 3-1 show the registers thot are available o prograrns
opserating 0 one of six Provtleged modes. These six modes are called “Prvileged™ because Llser
sickde programs cannod switch to one of these modes 10 access system resounces, exoepl through
apeeinl mechanizms. This restoection proyvides one way 10 protect Sysicm programs from
mallunctioning User programs. However, a program eperating in o of the privibeged modes
can directly chanpe the operming mode to any one of the other privileged modes or 0 User
iode.
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Figure 3-1 Programmer —visthle™ |tgi5':;::c:s'._t'ﬁr'lhi=' ARM processor care

As shown wt the Wp of Figure 3-1. the Supervisor, Abort, Undefined, Isteroupt and Fast
Interrupt mades are entered when the processor experiences some exceprion that causss a change
ti program execution Mow. For example, asserting 1he Fast Imermupt (FIG) inpul pin on the
proceszor will inveroupt the executing program and cauvse the processor 10 switch 1o the F1O
execution made. This 15 an expmple of a furdieare excepdion or frfermapi. An example of o
safracnie excegtion 13 he software interrupt instreetion (5W1, Execution of the W1 instruction
will smudomatically switch the precessor to the Supervisor execution mode.

Wihen the processer switches from one mode 1o another, it swilches 1o a différent register sel
for some of the registers. The registers shown as shaded in Figure 3-1 ane the sers that ane
switched when the processors enters that msde. For example, if the processors is in User mods
and the FIC input is asserted, the proceszor will swateh o Fase Imermupt oxode amd will now have
azeess o fhe FICQ RE-R15 repister sot, The FIC BB-RL 5 register set is wotally independent fron
the RE-I 15 tegister 3018 an the sther orodes. Mote that the RO-R7T negister set for the Fost
Inteerups mode is nod shoded, so it i tse same as the RO-BT register se1 for all the other modes.

We wall, of course, discuss and show the use of these modes extensively in later chapiers
However, o give vou an intmsduction to the ARM Cortex A<8 operating modes, here are brief
descriptions of the seven modes amd some noles abod the regrster se1s that ane specafic w each
e

Userfusrl— Mormal applicataon progrmm execiaion made



Sxveiemisyal — In g processor with an eperating system, the operating system s usually mun in
Svstem mode. The processor is switched into the System mode from one of the oiher privileged
mindes. For example, when the syslem power i3 first wmed on, the Reset signal i asserted 50 the
processor will po o Supervieor mode, The Supervisor made program can then switch the
processor o System mode 1o run the operming systemn, In Svstem mode, the processor accesses
exaclly the same register sel that % ued for Lser mode PCHITAITES.

Supervisor sve ) = The processor enters Supervisor mode in response (0 @ signal en the processor
Raset inpul or 10 response K the Sofbware Intermupd {5W1 Instruction that is often used fo call
operating system procodunes. As shown in Figere 3-1, the B13_sve and R14_sve registers will be
used by the Supervisor mode program in place of the B135 and B 14 registers wsed in the mode the
processor was operading in when the Beset signal or 5W ocourmed,

Abcrtiabth ~ The processor emers Abort mods if it attempes 1o feteh an iestmaction or dara from
memory and finds that the instruction or dada has oot been loaded from disk imio the physical
enemmory of e board. As shown in Figure 3-1, the B13_abtand R14_abi repisters will be wied
by the Abort mode program in place of the RIF and R 14 registers used in the mods the processor
wies pperating in when the memory fault ccoerned. A procedure operating in the Abor mode
program will boad the missing code or data fror disk into physical memery and retem execution
i the interrupted program where the memory faelt occurred.

Lndefinediund — The progessor enters Undefined mode if 1t expeniences an “Inyvalid Instnechon
Ciseb= fault o7, in other words, i Iinds that the word fetched as an mstruction s et ane of the
irstructien codes delimed for te core processor, [n additon 1o detecting an dlegol instraction,
this mechaniszm is used 1o discriminate between instructions intended for the core processor and,
for mmpl:. I'inming-pnint instractions imdended for a foating-poiml coprocessor that shares the
instruction stream from memory wilh Uhes coare PrOCEsaoT. 1f the System Un a Chup (SR i &
floating-point coprocessar, the core processor will wait and the oating-poind coprocessor will
execuie the ﬂn..'l.l:ing-ru:ui:nt instruction. If the S0 doees not have a floating=point coprocessor, the
Undefimed mode program can call a procedure that implements e foating-pobt insruction
wath a sequence of core processor instrections. The 13 und and B14 und registers will be used
b-':' the Undefined meaxde PrgTIm in :p'lu.n: of the B13 and E14 registers used in the mode the
processor wiss operating in when the undefined instruction exveplion occumed,

1RCK i) - I the Intermopt Inpat (IR} is enafied and a signal assens the [RO input pin on the
processar, the processor will switch e [RO) masde aperation, As shown in Figure 3-1, the R13 i
wt R4 rg regesters will be wsed by the 1RO mode progrun o place of the B3 and R4
registers weed in the mode the processor wis eperating in when the TRO ocourned,

Fley fig) — Fast lnterrapt Mode. If the Fast Interrupt Inpae (FIQ pin on the processor s enabled
and o signal asserts the FICY input. the processor will automatically switch o FIO) mode
operation. As shown in Figure 3-1, the FIQ) registers RE_ fig - BL14_fiq will then be used by the
FIy myode prograkn in place of the corresponding registers from the mode the processor was
omerating in wlsen the FIO mmerrupt oegurred.

The registers labeled CPSR st the bettom of the register columns in Figure 3-1 arz the
Current Program Sizlus Hegisters. The fimctions for the bits in the CPSE ase shown in Figure 3-
Za. The ™. 2, O, %, and O s the high end of the register may look ke part of an eye test chart
bt M, £ O and Y sere pepresem comditiow code Bics or fags. These lags indicate some
consition such as o camy produced by an ALL operation. As we show in detail later, the state of
ane of these flags is often used 1oy ddetermine whether a conditional branch is taken or not takern,
or whetler a particular instruction is executed or not. Unlike many processors, the ARM-based
processors allow vou to specify in cach ALU-tvpe instruction whether yvouo want the flags to be
alfected (updated) by that instruction or not. The meanings for the ARM condition flapgs are as
fllonws,

Mz The ™ or MNegntive bit is the sign bit. This bit will be a ] ifthe last instroction that was
specified 1o affect the flags produced a [ in the Most Significant B (M5B) of the nesult.
(Rerpember from the exercizes ai the end of Chapier | that in the Two's Complement
representation, the stn bit for 2 nesstive oomber wall be a 1 and the magnitude of the
member will be in two’s complement fomm. )

Zr The £ or Zero Dag will be a §if the last insvroction that was specifved 10 affect the fags
left all zeres in the result register.

C: The Cer Camry flag will be affected as follows:
I. € will be setto a b il an addition instruction produced a caory.
20 O oawill b ser oo & [ af a subtraction insruction produced a boorow,
. For seme shift operations, C will comain the Last bt shifted oug of a register. We
will show examples of this in Chapicr 4.

¥ The W or oWerflow Nag wall be o | oof the kst addiion or sublmction instruction that was
spezified to affect the flags produced a signed resuli thar “overflowed™ the aumbser of bits
avatlable for the magnstude of the result. To refresh yvour memory of the overflow
discussion in Chapter I, here's an example. If vou add the 8-bin signed number 21000010
(+E6) o 011010 (+ [0, the hinary result is 1100EKWE. The | in the M5B position
idicores tsat the signed resull s negative, which is obviously incorrect for the sum of
fwm positive numbers. The problem here is that the binary sum of the twe pumbees 18 100
large b £ in the 7 bits available for the magnitude 10 2n 8-bit signed number, and the

result has “pverflowsd™ imto the sign bt positon,
Cr The O bin is nor oe of the fags for the basic ARM instructions. but is used bo indicate an

averflowsaturation conditicn for some of the enhanced Digial Sipnal Processing
insdructions present in the later versions of the ARM core processor family.

)
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Figure 3-2 ARM current program status register. (a) Bit format. (b) Mode bit assignments.

As shown in Figure 3-2b, bits 0-4 in the CPSR indicate the mode in which the processor
is currently operating. When the processor swilches from one mode of operation to another, the
CPSR for the previous mode of operation 15 stored in the Saved Program Status Register (SPSR)
for the new mode. For example, if the IRQ) input pin is enabled and the pin is asseried, the
processor switches from User mode to IRQ mode. The CPSR for the User mode program will be
stored in the SPSE_irg register. Saving the CPSR is necessary so that execution can be returned
correctly to the old execution mode after, for example, the IRQ service procedure completes. In
Chapter 5, we show you how to write and use interrupt service procedures,

The T bit (bit 5) in the CPSR indicates whether the processor is operating in standard
instruction mode or in “Thumb™ instruction mode. In standard instruction mode, all instruction
codes are 32-bits in length and all register and data operations involve 32-bit operands. In
Thumb mode, register and data operations also involve 32-bit operands but all instruction codes
are only 16-bits in length. The 16-bit Thumb instruction set and capabilities it provides are
essentially a subset of those for the 32-bit ARM instruction set. Remember from a discussien in
Chapter 2 that RISC-only processors tend to suffer from “code bloat.” One of the solutions for
code bloat is to implement a compressed instruction set that requires fewer bits per instruction
and thus less memory space for programs. The tradeotl, of course, is the reduced memory space
for the Thumb instructions versus increased capabilities for the full 32-bit ARM instruction set.
You should be aware that the Thumb instruction set exists in case you need to design a system
where memory usage must be absolutely mimmized. However, in this book we will tocus just on
the full 32-bit instruction set and the features it provides, because performance is a key design
criterion in most current designs

The F bit (bit 6) indicates whether the FIQ) interrupt input is enabled or not. If this bit is set to
a1, as 1115 by default after a Reset or power on, the processor will not respond to an interrupt
signal on the FIQ input. Likewise, the [ bit (bit 7) in the CPSR in Figure 3-2a indicates whether
the IRQ interrupt input is enabled or disabled. If the [ bit is set 1o a 1, the processor will not
respond to an interrupt signal on the IRQ) input. Other bits are used for more advanced functions
or are reserved and should Remain At Zero for a Cortex A-8. Now that you have had an
introduction to the ARM data path, register set, operating modes, and flags, the next step s 1o
take a look at ARM system memory organization.
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MEMORY ORGANIZATION

In an ARM systemn, each address represents a byte of data stored in memory, so a 32-bit data
word or instruction occupies four memory addresses and a 16-bit half-word occupies two
memory addresses, For easier access, 32-bit instruction words and data words are always stored
m memory at word aligned addresses. The term “word aligned™ means that the addresses are
integral multiples of 4 bytes, starting from Ox00000000. For example, a program might be loaded
into memory with the first word at Ox00008000, the second at OxOOD0E004, the third at
0x00008008, ¢tc. Half-words are always “half-word aligned ™ This means that they are stored at
addresses which are an even multiple of 2 as, for example, Ox00008080, (00008082,
OxDOO0R0RA, etc. Now let’s look more closely at how the bytes of a 32-bit word are stored in
four successive memory locations.

The ARM “Load Word™ instruction copies a 32-bit or four-byte word from a specified
starting address in memory to a specified 32-bit register. The “Store Word™ instruction copies a
32-bit or four-byte word from a specified 32-bit register to a specified starting address in
memory. This seems simple enough but there 15 a problem.

The problem 15 that, as shown in Figure 3-3, there are two possible orders in which the four
bytes of a word can be stored in four memory addresses. A svstem that copies the “Little End™ or
Least Significant Byte of a register into the lowest address duning a Store operation is said 1o use
Littfe Endian ordering. Figure 3-3b shows the order in which the byvtes would be copied to
memory for Little Endian storage.

The easy way to remember how Little Endian ordening works is probably with the expression
Little Endian = Low Byte (@) Low Address. If, for example, a register contains (x0144Fb89 and
the processor executes an instruction to store the word starting in memory at Ox 1020, the Least
Significant Byte of Ox89 will be written to address Ox1020 as shown in Figure 3-3b. The next
Most Significant Byte, O0x7B, will be wrnitten to address (1021, etc. Likewise, if the word is read
from memory to a register, the byte from the lowest address will be wnitten to the LSB of the
register as shown in Figure 3-3b. Incidentally, the Intel desktop svstem type processors such as
the Core 17 use Little Endian byte ordering.

Big-Endian Littie-Endian
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Figure 3-3 Byie ordening. (4) Big Endian ordening example. (b) Little Endian ordering example.
{ Improved ant version here provided by Eric Krause)
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Figure 3-3a shows bow the bytes from o 32-5i0 register would be stored in memory foz a
machine that uses Big Emdian ondering, As you can see. in this system the byte from the “Big
End™ or Most Significant Byie of the register 2 copied 1o the lowest sddaess in moemory during o
Store operntion. Likewise, a byte from the low address is pat in the Most Significant Byte of &
regmster when the word 15 road from mooory o 2 register. Following the example m the last

yOu can write your own mule to help you remember how Big Endian ordering works,
The Motorola MOSED family of desktop type MICTOPocessors wWere one comimon exampls of
mibcroprocessors Ul wse Big Endian byte ordering. A key point is that, as shown in figare 3-3,
the order of the words in memory is the same in both systems bat the onder in which the bytes are
stored or read s diflerent.

There have been many lengthy discussions as to whether Little Endian or Big Erdian byte
ordering is the betier approach. As in the endless discusaons about the better way (o instnll oo rell
of toilet paper in the holder, thers is no final spreement as 1o which i the better order, 2o both
ame pommonly wsed. The ARM-hazed processors pctunlly aliow a svolem ﬂcsigﬂﬂ ta mif}'
cither Littke Endsan byie erdering of Big Endan byte ordering. The default for many ARM-based
pricessors such as the T AM3I3SX family of processors is Little Endian byee ordering, so we
will u=e Lintle Endian ordenng throwghost this book,

Bode that most of the time when you are working with a given systemn, vou den't rexlly care
which ordering is wsed. In either case, when vou write a word o eemeony and thei pead 5t back,
you gel back the seme wisrd voo wrote, One case where you mipht need o know the byte order is
the case where you are writing data o memory o words and readinge data back one byie of a tme
for seme operation on the bvtes. Also, when debupggping progranms, it is useful to kvow wiich
orfering is osed in @ system =¢ vou can better understand the memory display produced by the
debupper. A third case where it s imporiant to know which ordering s wsed 15 1he case whenz
vou ane looking a1 dara bus signals with a logic analyeer. Since the data bus is 32-bits wide, all
four byies of & word will be on the data bus at the same time, but the bytes will be on different
divta lines for o Little Endinn system than they will be for o Big Endion system. We wall talk
much meore aboul program debisppers and logie analyrers later. For now, however, let's conlines
on our path throueh the ARM Instruction Set Architecture with a discussion of bow mpul ports
and putput ports ane s6t up in D sYsiem

INPUT PORTS AND OUTPUT PORTS

When & rucrocomipller program instraction resds an inpur por, the dats supplied by te pon
device is copied to a register in the processor. As mentioned in Chapier 2. an input por may be a
simple set of parallel latches with their cuputs commected {0 the data bus, When the Iniches are
clicked by a read operation the data is transferred 1o the data bus and flows into the processor
Amn npul port mmy alun be 2 |.'|:|r|1'|':l|r_'::. device such &= an Edhermet imterface 1O, Likewase, when a
:|:|'|m1|.'l.r|r.|pIJ!|::r IEELrUCIbOR Wriled a wisrd 1o an CUlpLIL pOrT, the ward 1s uupi.n:d Iroan & regpsler m
the processor o the outpt port device oo the data bas. Apain, the owtput device may be a simple
sel of parallel latches of a complex programmable device such as a USB coatroller, In any case,
cach input por and each output port must have & unigue address, so that enly one pon at o thine
is ever enabled, The tao ways of setling up the addressings for [0 ports are called Memory-
Meagped 10 and [hrect 20,

In a system using Memosy-MMapped 1O the memory systemn address decoder iz degigned w
assipn addresses o the PO devices as if they were simply additioral memory devices. [n these
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sysbems, an input port is fead with the same instruction that is used fo read a memory locaion
and n word is writien 1o on outpul port with the same instruction that is used to write 8 word 1o &
eermery bocntion. The advantages of memdady-mapped E'O are simpler address decoding and na
need for separale inpul and output instnections. The disadvantape of memory-mapped L0 15 that
the 10 ports take up some of the available system address space and this space cannot then be
used tor memory devices, This lost acldress space 15 ool a big considersdion with curremn
procesors such as ARM-based proccssors that have 32-bit addeess buses and thereby have 4
GByies of available address space. Therefore, ARM-based processors use memory-mapped [0
and do not have direct [0 capahality.

Provessors desigrad o implemenr direet 10 have a sepasate [10 aldress space in addsbion 1o
the memeny address space. Each address space bas its own address decoders 1o assign addresses
Loy Lhe devices in its space A special “INT Instructhion 5 wsed to read a word from an ingut port in
the direet L0 address space, and a special “O0UT™ insrscrion is ased to write a data word 10van
owtput port in the direct [0 address space, The obviows advantage of direct [0 is that in a direct
[0 systern, LY ports do mol e up any of the syilem memory addrei= space. The dosdvantage
of direct [0, of cowrse, is the need for an additional address decoder and the associated control
lagie. Maote that o processor designed with direct 10 capability can also be wied o implement
memory-mapped DO iy addition to the direct DO or in place of it The Inrel deskop svstem-1vpe
processors, swchoas he [Intel Core processors | ane examples of processors that have direct 100
capability os well a3 memory mapped 'O capabiliny.

Ax we stnfed at the beginming of this section. when vou are faced with writing programs for a
MECroprocesses syatcan thal 18 new o vow, the fEral step is o study the lnstruetion Set
Architeciure ta get on overview of the features and capabilities of the processor. As you do this,
it 35 good practice o summanze your fndings m compect. digestible form in your design
lopbaok, Before taking a look at an example ARM-based processor svstem, here's a summary of
the Features of the ARBM Instruction Set Architecture (1540, The ARM [5A has:

. A 32<hit ALLL n 32-hit data path, and a Load-amd-520re anchitechare where only the Load
and H1ore instructions can scecss the data memory or VO devices.

2. A dofa paih register file with 13, 32-bit general purpose repisters (R-R14) and a
Fragram Counter {PC).

3. Exceptions that include: vwo hardware Interrupt inputs, FIQ and IROY: a Software
Erderrapd [nstruction (SWT) that can be wsed to call operating system procedures; and
Bl that change the processor eperating mode when some emmor condition such a5
“undefined instruction” eccurs during progesm euecution.

4. A Elser operating mode and the six privileged operating modes: FICH TRCE SV O, Abor,

Lndelined, aisd Syvsiem. The openstimg modes F10, TR, 50, Abort, and Undefined are

cilered in response o specific exceplions or fwels. Svevem msde 1s entered from one of

ihe other privileped modes and is used for operating system code.

A Current Progeam Status Repister {CPSR) with condition code bits (flags) 1o indicate

Mepative (sipnh, Loy, Uarmy, and Ohverflows bits 10 indicate the l;u]'-cnuing minde {User or

ane ol the six privileged muxles): bits o represent the enabie staus of the FIG and FRO)

inberrupt inputs: and a bil w incicate wheather the processor (s executing Thumb
campressed instructions or regubar 32-hit snstruciions.

6. Programer sclectable Lintle-Endian byle srdenng or Big-Endian byie ondermg for
words stored in mensory, Tlee defaisl is Linde-Endian ordering.
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7. Memory-mapped VO port access only.

The next step as you are learning a new processor on the job is to is to study the specific
physical system for which you will be writing programs so that you can determine: memory
types and memory addresses; General Purpose 'O (GPIO) port connections and addresses;
specialized VO controllers and their addresses: and IO configuration register addresses. The
extensive memory map for the controllers provided by the Cortex-A8 in the Sitara AM3359 on
the B3 board is shown in the AM3359 Technical Reference Manual at
iwewaw ti.com livug spruh73n/spruhT3n.pdf, starting on Page 175 in the current version.
You can skim through these tables 1o get an overview of the many components in the processor.
We will refer to this table to get needed addresses as we move through the interfacing sections of
the book. Also, for future reference, the starting address for the system memory DRAM on the
B3 board is Ox80000000. The T1 Code Composer Studio tools that we describe later in the
chapter are set 10 automatically load your low level programs starting at thas address when set up
for the BeagleBone Black board. MNow that you have an overview of the ISA and the hardware
for an ARM-based processor system, the next step here is to start showing you how to write

programs for one of these systems.

Programming an Arm-Based Microprocessor System

INTRODUCTION TO ARM ASSEMBLY LANGUAGE PROGRAMMING

In the last chapter we reviewed how a microprocessor fetches a binary-coded instruction
from memory, decodes the instruction, and executes it These binary-coded instructions that the
processor understands are commonly called the machine language of the processor. You could
wrile a program for a microprocessor by simply constructing the required sequence of machine
codes using the instruction templates, loading the machine codes into memory in some way, and
exccuting the sequence of machine codes. (In fact, your grandfather or grandmother may tell you
about how, in the old days, he or she had 1o set up cach machine instruction for a microprocessor
program with manual switches on the front panel and then press a button to enter that machine
instruction into the processor’s memory.) The immediately obvious problems with this machine-
level programming are that it is very tedious, time consuming, and error prone. As
microprocessors have become much more complex and programs have become much larger, we
have moved more and more toward higher-level programming languages for wnting
microprocessor programs. For that reason, we will emphasize machine-language coding much
less in this book than we did in our earlier microprocessor books.

I'he next step up from machine language programming i1s assembly language programming.
In assembly language programming, you use more “English-like” instructions to identify each
desired machine action and then you use a program called an assembler 1o translate the assembly
language o the actual machine codes that the processor
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The ARM Cortex A-8 uses the ARM v7-A instruction set and the complete manual for the
instructions set is available at

tps:silver.arm.com/downlc ] i ARST0-DA-TNN-rpl-
00re| 2/DDIMOGC_C_arm_architecture reference _manual pdf with proper registration. This

instruction set has several functional groups as follows:

Data Processing Instructions

Single Register Load and Store Instructions
Branch Instructions

Multiple Register Load and Store Instructions
Status Register Access Instructions

Exception GeneratingHandling Instructions
Semaphore Instructions

Coprocessor Instructions

Advanced SIMD [nstructions

Floating Point Instructions

Rather than showing vou all of the instructions in each of the groups and discussing each, we
will in this chapter concentrate on key instructions in the first three groups and then show some
simple program examples using instructions from these groups. As with leaming any new
language, it is more productive to start with a few useful words and sentences than it is to try to
memorize the entire dictionary for that language. As we move through the following chapters,
we will introduce more instructions as needed for the programming examples. In the next
chapter, for example, we will discuss the Multiple Register and the Status Register access and
use instructions.
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Opeode  Mpuemonic Operation Action

Cx0ui) AND Logical ANT Rd=Ra AND shifier_eparand

001 EOR. Logical Exchisnve OR. | Ra=Rn EOR shifter operand

0010 SUB Subaracy R fn-shafier—gperand

ol F=B Feverss Suhact Rd=shifter_cperand Bin

[} ]e 1) ADD Add R=Rn+ shifier_cperand

PITT, ADIC A with camy Rak=Rn + shifber_operand < Carry Fiag

o1l SEC Sabiract wrth caTy Ra=Hn - sufier_operand — NOT (Carry Flug)
i ESC Foverse Sublre w camy Fntlihlftﬂ_upmm-E—_mT {Camy Hu]m

100 TST Teat  Updiie flags efter Ron ANT shifier_cpesand

1001 TE( Test Equalence  Updaie flugs afier Ain— shifer_cperand

1010 ¥ Comgaare Update flags after fn - shiftsr_cpersd

T Caum Comgare Megarad Update flags 2fier oo + shifler_operand

1100 CRR Logical {lnclusive) OF Rd-=Ra OR shifter_opered

1101 MDY Mowe Fd:=shifier opemnd (eo firsl operand)

110 BIC Bui Clear R~ R AND SOT (shifter_operand)

[ELT MVN Moo Mot Fd=R{OT shifier opernd {no s operand)

host deta-processng mstrechons ke men source operands, though Move and Move Mo ke
oaly one. The compert and et msiructons oniy update the condition flags. Cber det-prozesag
st tiene & resdt 10 8 regider amd optonally wpdate the condition flegs as well

0 the mw oL operaads, one i alwEyd o regisler. The ey s clled 8 shifer openand and is
etther pn mrmed e vades oF B regaier 1f the decond opersad B & regisier vahe:, if can have a shift
applisd o

CRdF, CMN, TST and TEC always updaie the oondinon code flags. Tklucu:ﬁl;;mm;‘.}y

weks B 5 bl = the mitrection for them, and e comesponding insirection with the 5 bit clear is
£ B R peni iy miuction, bl matesd bic in ooe of (he metroclion exiemicn guses

Tahble 31 ARM N Scale data processing instructions and 4-hit apcnds values for each

For assembly languape programoniing, you wse 2 10 6 ketter maemorios (o represent desined
instructions, A moemonic is o “shohand™ or abbreviation tat helps you semember something
(The [ira “m” in mocemonke i= gilem so you 2oy the word as if o were spelled “memonce’™. ) 1 vou
bk o the assembly lapguege moemonics for the 16 baxic ARM dala processing instructions in
Takhle %=1, yvou should be ahle lex ey relate oveat of the instructiod inmemomnces o he specified
operaton. For futere reference, Table 3-1 also shows the 4-bit binary “op-codes” that @re puf in
the muchine codes for exch of these nsiructions by twe asiembler

In ARM assembly language progran stalemenis, vou use the regster number to specify a
desared souree or destinarion register, The assembly langeage instrection ADD B3, B2, B for
example, tells tw assembler o produce the ARM machine code For an instruction thit adds the
vilue in register BRI o the value in register B2, and puts the result in regisier B3 withow
affecting BRI or B2 Mote that the destination register, B3, o specafied first, just after the AT
and before the sowrce regisiers

07

For future reference, Appendix B pives briel explanations and examples of all of the haz=ic
ARMXScale assembly language instructons. However, the commented examples shown and
discussed o the following sections here should enable you 1o easily understand the simple
progrem examples we give Later and 1o write some simple progroms of your own, Mote thos we
certainly do mil expect you L absorck all of the inlormation contuned in these examples on your
first or even second reading. Yoo will gradually abzorb the majonty of this information when
you evele throweh it us needed for homework assipnments and for writing your first simple

TIOETAMS
ARM DATA PROCESSING INSTRUCTION EXAMPLES

Below nre some first examples to shoow vou how to write ARM data processing instructions
andl the MLL snstrwetion for a deared operation, We suggest that you read through these in
sequience because coch adds a linle moae 10 vour overall knowledge. Except as mudicated, the
assembly languags syntax shown in these examples is the same for all of the data processing
mtructions e Table 3-2, Also note that any of the RO0-R14 registers may be wsed in place of the
registers we hove used in these examples. Anvthing written after a */@” is 3 comment or
explanation that is moel part of the instrection. (Some assemblers use @ *;7 to identify 2 comment
bt v will wse the (@ svirboel that is slandard for the gnu pregram development fools we
introduce a little fater) The # sign s used fo indicate an “immediate” oumber that will be
inserted directly in the maclane code for an instruction.

ADDI R}, B2 R @ Add BRI + BT and put result in B3 Flaps, B1 and
d K2 ane not allected.

ADD R, B3, 64 i The & symbaol is used to indicate an “immediate
. mumber™ that s coded in the mestruction. This
il instruction then sava, add 4 o the value from
er B3 and pat the result in B3, or in other words
i inemement B3 by 4. Mote that only 8 bits are
il available inthe 32-k instruction template
fadl lor the immedinte number, but the immediate
il nuaber can be rotted o give langer
@ numbers, Flogs are not affecied.

ADDE BRI B2 R @ Add value from B2 1o value frorm R2 and pa
il pesultin B3 The 5 oo the ADD mocmonic 1ells
f@ the assembler to code instnaction so that
i@ Nags are updated based on result of the
m addition.

AL R, B2 R [ Add R1 + B2 + value in Camy flag. result in B3,
ADD RS, B4R LSL #3 @ BS = R4+ contents of B3 shified thres bit
i@ positions to the lelt Lel shaft of W bin

i@ positions multiplics a bnary oumber by 2%, 5o
[ RS~ R4 + 8 * {conbents of B3}

Ind



MLIL RE, B, BT :'i:.l_! Multip]].' the contents of 7 1:3,! the contents of

RARIISLR2E RS =Rdq of B3 shifted tefl the ; : z
ADBRS RAFATIL R o o = ) B and pun lewest 32 bits of the produer in

@ nuraber of bt positions specified n B2, IfR2 9 . = e ;
@ contnins the mumber 2,  lefi shift of 2 i bl Sduc Apetdopmis iy
@ positions multiplics a binary number by 4, 50 s 51 will be fruecated 1o just owieit 32 bits.
@ RS=R4+4* (contents of R1). i Dty Bacaning Coadition Flag Stats
ANDRI, B2 RI @ Logically AN the word in Bl with the word in B2 = il £ Equal Ly
"a'._';' on a bat-hy-hat hasiz and write the resull to : ok NE Mot equal I clewr
@ R Used for masking bite as descrabed in . bodd  CSHS _ Coery st/ Umigoed bigher or same C st
@ chapter 2. Flags not affected because po S - o011 CCLD Coary chearunsigond lower C clear
-7!___‘* after AND. ’ T Fia ! &l Pellinuancpaiive Nz
. ¥l FL Flushposilive o 2o H chear
TST R1. K2 @ TEST - Logically AND the word from R1 wiih the o va Creerlere Ve
@ word from B2 on a hit-hy-bit basis and updaie - _on ve Py eruerflony ¥ albenr
@ flags based on result. B and B2 pot changed. . Lt k) Linsigned kigher ¥ kg e
3 1501 LS Unsigoed lowss o same C choar ot & 40t
ORR BRI, B2 B3 ) Lopically OR woerd i B3 vath word i B2 on a 1319 GE Signod groaicr tem or oqzal :L-:I:::um-ﬂ
ol it-by-bat basis and put resal i B Used T o oSl N &t el ¥ EliE, o
l'i?'i for setting bits 1n a word as descnbed in - N elear getd % e (W 1 W :
% :.ql:mg;; 2 I-lag-_f.r:}zl alfected unless 5 added ; 1190 &7 Bigsed preates than iﬁ::‘f‘:ﬁ.ﬁ"ﬁ_; .:‘:"I-
MMM, z T s end ¥ chexr, or
Wi s A - S B8 choar Al ¥ 3 2 == 1 e B = v
CMP R1, R2 @ Compare R2 with R ' ' 119 AL Al fussosdiseoal) .
& Subtract R2 from R1 and set flags as follows : 2L el i s )
fw RZ=RI Z=1, N=0 : Table 3-2 Conditions thar can be specified for conditional execution of an instruction and the
i R2 <RI Z=0, N=0 cole hits forgach
g R2=RI Z=0, M= g
@ B2 and BT are NOT changed e ARM LOAD AND STORE INSTREUCTION EXAMPLES

ADDNE B2, R1, R} @ ADD contents of B3 and contents of R1 and A stted in earlier discussions, the ARM-based processors pre sometimes refermed o as

= “Loal-gend-Store” machines. Otlser than a couple of eveeptions, the only instruction that can read

fa  pul the result in K2, IF the Zero flag 5 no _ . _ : _ :

g set. ELSE do not execute the instrustion. a word from the docn memory is the Load instructon and the only mstrction et can wibe &
@@ This is an example of specifying conditional word b the ditn memary is o Sone instmuction. In this section we show examples of the ARM
.'% execution. The specified condition can be any imstraclions that lead o single dala valee from memory to a register and those that siore o single
i of hose represcmed by the Moemonic data values from a register 10 the data memory. Conlrary 1o the basse BISC philosophy of single
i@ Extensions shown in Table 3-2. Eunction instructions, the ARM-based processors actually also have an instruction that loads a

sequence of memory locations ino o specified set of registers and an instruction that copics a

MOV B3, B2 [ ":ﬂp}' the contents of B2 1w R3, B2 not changed spul.':i:l-:u.'d ged ol rogeslers Lo @ seouence of memory localions, Flowever, we will wail umiil the next
= chapter o show vou how 1o use teese.
MOV B3, 20 @ Load the immediate number 20 hexadecimal into The address specified for a Load o Stome operstion 15 commonly called the Effecrive ddidress

or EA. As vou will see in the following examples, thers are a vanety of ways that vou cas iell the
wssemibler o processor o delermine the EA for 3 memaery access. Cyele through these examples
undtl L basic ways of specifyimg o memory address are cleor, You will use these ofien in your
proerams, Apain note that any of the RI-RE 12 registers may be used in place of the regisions we
haave wsed in these examples.

-,':li:_' B3 Moge that the size of the immediate number
{5 that can be directly moved into 4 regider 1w
w8 bats, but atcr we show methods that ¢an be
i used o load larger numbers ok a register.

-
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LDE R1, [R2]

LDR Ri, [R2. R5]

LDE R1, [R2, #0x10]

LDRB R1. [R2]

LORSE RI, [R2)

LDRH R1, [R2]

LDRSH R1, [R2]

LDR R, [R2], 44

LDR R, [R2, k)

-IT

--E-:%‘-@-'Em

=

Th-c |] are sharthand for “the contents of the
memory lecatien poinled to by.” This
inatruction then savs, copy the word fram th
memory address contained in B2 into R In
other words, BRI contains the Effective Address
(EA} for the memory access,

EA = Rl + B3 Copy word from memory at EA o K1,

i EA = pontents of B2 + 10 Hexadecimal. Copy
32-bit word from memory at EA o B Yalus
in B2 is not changed

(d] Copy byte from EA in B2 to lowest byte posation

i

in BRI, Put zeroes in top 3 bytes of R

i Copy Signed byvie from memory a1 EA in B2 w

= @J& e

=) ENE

EE E)@Eﬁlfﬁliﬂ'

@

A E_-:l

I'\-

e

(E EELE)

i

lowest byte position in R1. Fill upper 3 bytes
with copies of the sign bit { M5B) of the
copied byte.

[_.gp'.r FEARE wwiordd (165 |'.||15_|- from memory at EA in B2
o R1. Upgser two bytes of BE filled with
FEFOCE

Copy Signed Hall word Trom memory at EA in B2 1w
B1. Upper two byies of B flled with copies
of sipn hit from half word,

1 opy word froan memory at EA o B2 w B and THEN
add 4 to B2 s B2 points to mexd sequential
word in memory, This is an expmple of Post-
Irdexed acfelreesimg mode because the address in
B2 15 mncremented afier the aceess.
b b= wseful for sequentially aceessing e
clements of an amay,

EA=HK2 =4, The*!" here specilies 1hat the
processor should sdd 4w he vidue m B2 and
use this as the EA for the access. This is an
example of the PreJdadeced addressing mogdy
because the immediate number 15 added 10 the
value in B2 before TCIERMY 1% accesed, This
addressmng mode 15 wseful for accessimg the
elements of an array of data values in
sequence, Value lefl i B2 = old K2 + 4,

111

TR RI, [R2] i Copy word from B 1o memory o1 EA contained in
. R2,

STR KL, [R2, #d] e Cogry word froen R 1 o memory a1 EA computed by
i adding 4 to coments of B2, B2 is oot changed.

STRB RI, [R2, R3] @ Copy byte from lowesi byde position in R o
i memory ot EA computed by adding value in B2
g and vahse i B3

STRRI.[R2], &4 it Copy word from BRI w EA in B2 and then add 4 w
i R2 50 B2 points to next sequential word in
w memory. This 15 an example of Fost-indexed
& addressing mode becanse the imawediaie number
@ b5 mlded o the valos in B2 after the value in
w B2 s used to access memorny. This address mode
i e i wseful for storieg e elements of an
2 amay,
STREL, [R2, 84! @ The “!™ here specifies that the processor should
@ compute the EA by adding 4 to the contents of
i@ RZ. The value l=ft in B2 wall be the old value
48 +4. This iz zn example of Pre-frofexed
@ addressirg mode. Tt is useful for storing
"u' the elements of an array of data values
@ SUETISE.

ARM BRANCH INSTRUCTION EXAMPLES

The ARM-based processoms kave both wicorditions branch mnstructions and comdlitronad
branch insinections, When the processor exnecuies an imconditional branch instruction, it always
fetelses the next instruction from 1he SpeCl [ied tarpet address. If the .'spﬂ:il'i:n:[ branch condition is
tre when the procestor executes 4 condinonal branch instisetion, the mext instruction will be
fetched froem the specilied targel address. 1f the specified banch condition is moet true when a
copditiomal branch instruction 5 executed, the branch will not be 1aken and the pext instnection
directly after the branch instruction will be executed. Any of twe conditions listed th Table 3-2
can he wied b specify the branch condition for a conditional branch instoction. The following
examples will show some of the ways used 1o specify the target address in conditional and
urconditional branch instructions,

Il lahel g Uinconditionn] Branch to t instruction thon has the specified name or
i@l kabelin front of it { We will shew an example of this a little later
fit] in e chapler.} The assembler caleulales the commect number
i of words rom the Branch instruction fo the Branch target pokdness and
i inserls this eount oite the Branch instresction code as a signed number.
Since the Branch instrucison has 24 bits reserved for this program

I



counter relative address, the tarpet address for this type PC relative
branch can be up to about 2™ bytes backward from the current PC or
t 2% bytes forward from the current PC.

HO®

BNE label (@ Branch 1o the address identified with the specified label if the Zero
f@ flag is not set. Often used after a Compare instruction such as CMP
@ R, R2 1o send execution to the specified label, if R1 is not equal to
@ R2.

B

' Branch o function (procedure) and Link for return, Call the specified
! function by Branching unconditionally to the first instruction in the
(@ specibied function. Link to the calling program by copying address
of the next instruction after the Branch instruction into R14, which is
i@ also known as the Link Register or LR. As shown in the next example,
', the value saved in the Link Register is used to retum execution to the
‘@ calling program at the end of the function. In the next chapter, we
‘@ show several examples of writing and calling assembly language
. functions.

b=

BL function

B (B (B =)

=]

B () (B

MOV PC,LR (@ Copy value in Link Register (R14) into the Program Counter
(PC). Thas instruction is often used at the end of a function

{procedure) 1o retum execution to the instruction after the BL
mstruction that called the function.

SIMPLE ARM ASSEMBLY LANGUAGE PROGRAM EXAMPLES

EHBNR)

In the preceding section, we introduced you to the hasic syntax or, in other words, the
“vocabulary and semence structure™ of ARM assembly language. The exercises at the end of the
chapter wall give you practice in predicting the results of given instructions and in writing single
or small groups of assembly language instructions that will perform a specified operation. Next
here we show and discuss a couple of simple but complete assembly language program
examples. In addition 1o demonstrating the use of assembly language instructions, these
examples also show vou how to format your assembly language programs for use with an
assembler program. In the next chapter we will show you how to efficiently write assembly

languape programs for a vanety of applications.

i First example of ARM Assembly Language Programming.

B Unsigned addition

@ This program adds a &4-bit number loaded into R2-R1 to a &4-bit number
# loaded into R4-R3 to produce a correct 64-bit sum in R6-RS and Carry
# Uses R1-R& and Cary

& Douglas V. Hall Seprember 1816

Ltext # Indicates instructions follow
.global _start B makes label _start accessible globally
_start: # Identifies start of your code

MOV RZ, ®oxdd # Put values in working registers

KOV R1, P@xBO

113
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MOV R4, mex3p
MOV R3, RexSE

ADDS RS,R1,R3 g Add low words in RI and R3, put low word of
g result in R5. Carry set if carry produced
ADDCS RE,H2,R4 g Add high word in RZ and R4 plus status of
g C flag. Result in R6 amd C flag.
. EMD @ Indicates end of program.
fa)
c c
R2 R1
* | R4
—_——
RE
i)

Figure 3-4 Assembly language file for a simple program that adds two 64-bit numbers. (a)
Source code for program. (b) Diagram showing register usage (Added by Enic Krause for
clarification).

Figure 3-4a shows the ARM assembly language source file for a simple program that adds
two O4-bit numbers, 32 bits at a ime, to produce a 64-bit sum. Whenever you are faced with
analyzing a program you have not seen before, the first step is to read the header description of
the operations that the program performs. Note that when you write a program, you should
always include a header that describes the function of the program, lists the program inputs and
outputs, and gives any other information that would help a reader understand the program. As
shown, comments can start in any column of the source program, so the header can use the full
page width.

The second step in analyzing a new program is to skim through the entire program 1o find the
major blocks and get a feeling for the overall structure of the program. To help with this
understandimg. 1t 15 good idea to read the through the comments section without digging into the
details of the actual instructions. If the program author did a good job of writing the comments,
they should give you an understanding of the operation of the program at a higher level than that
provided by reading the detailed instructions.

The third step in analyzing a program is to work through the actual program instructions, one
step al a time. As you read the program in Figure 3-4. first note the words such as .text. global,
and .end, that have a penod in front of them. Terms that have a peried in front of them are called
assembler directives. They el the assembler program how 1o assemble your program. The .text
directive, for example, tells the assembler that the assembly language instructions will be found
in the following statements. The .global directive tells the assembler that the label _start should
be allowed (o be accessed from other program modules. The .end directive tells the assembler
that this 15 the end of the source statements for this program module. Now let’s look at the
program comments and work through the actions in the program.

AL




The first two MOV instructions in the program put test values for the first double word (64-
bit number) in B2 and R1. (Remember that the # sign is used in an instruction to tell the
assembler 1o insent the specified (immediate) number directly in the machine code for the
instruction, The second two MOV instructions put a 64-bit test value in R4 and R3. In a more
realistic program. these values would most likely be loaded from a data structure in memory,
However. since we wanted to keep this first example as simple as possible, we just loaded some
small, immediate numbers directly into registers with MOV instructions.

As indicated by the comment, the ADDS RS, R1, R3 instruction in the example program then
adds the lower words (32 bits) of the desired double words and leaves the result in RS as shown
in Figure 3-<4b. Because the ADD instruction has the S suffix, the flags will be updated when the
instruction executes. For example, if the addition produced a Carry, the C flag will be set. The
ADCS R6, R2, R4 instruction next in the program will then add the upper words of the two
double word plus the status of the C flag and put the result in R6, as shown in Figure 3-4b.
Because this instruction also has an S suffix, the flags will be updated when the instruction
executes. Therefore, if the second addition produced a Carry, the C flag would be set. Now that
you have gained some familiarity with the basic structure of an assembly language program, let's
take a look at a more interesting and more realistic example program.

Figure 3-5 shows an assembly language program that multiplies each element in one array of
16-bit half words by the corresponding element in another array of half words and stores the
product in the same numbered element in an array of words. (Remember that if you multiply a
1 6-bit binary number by a 16-bit binary number, the product can be as large as 32 bits, so a 32-
bit word must be reserved in memory for each product. ) After you read the header. the next step
in understanding a data processing program such as this is to look closely at the vanables and
other data structures for the program.

ADD R3,R3,ma § Increment PRODUCTS pointer to next

SUBS R4, ¥1 # Decrement loop counter by 1

BHE NEXT # G0 to NEXT if all elements not multiplied
HOP & Instruction for breakpoint. Does nothing.

.data

MULTIPLICANDS: .HWORD @x1111, 8xZ222, Bx3i3i33, oxdddsad
MULTIPLIERS: JHEORD 821111, @x2222, 8X3333, Oxdddd
PRODUCTS: JORD Bx@, BxB, Ox@, BxD

. END

2 Brray Multiply Progras

@ This progras multiplies each half word from the Multiplicands
# array by the same nusbered half word in MULTIPLIERS array and
g puts the result in the same numbered element in PRODUCTS array.
# Uses R1-R4, RE-RE

E Douglas ¥v. Hall Septesber 2816

Jtext

«global _start

__ﬁtll't:

JEgQu  NUM, 4
LDR R1,=FULTIPLICANDS @ Load pointer to MULTIPLICANDS array
LDR R2, =MULTIPLIERS @ Load pointer to MULTIPLIERS array
LDR R3, =PRODUCTS # Load pointer to PRODUCTS array
MOV R4, SNUM g Initialize loop counter

NEXT: LDRH R6,[R1] # Load a MULTIPLICAND Half word in R&
LDRH R7,[R2] @ Load a MULTIPLIER nalf word in A7
MIL RB, RG, RY & Multiply
5TR RE, [R3] & Store result in PRODUCTS array
ADD R1,R1,#2 @ Increment MULTIPLICANT pointer to next
ADD R2,R2,82 @ Increment MULTIPLIER pointer to next

113

Figure 3-5 Assembly language program that multiplies each element in one array of half words
by the corresponding element in another array of half words and stores the product in the same
numbered ¢lement in an array of words.

The .data assembler directive near the bottom of the program in Figure 3-5 tells the
assembler that the program statements following the directive contain data declarations. In the
final version of a system, this data would likely be written in ReadWrite memory so the data
could be dynamically changed during program executions. The MULTIPLICANDS: . HWORD
Ox 1110, 02222, 0x3333, Ox4444 statement declares an armay vanable named
MULTIPLICANDS indicates that the variable is of type half word, and tells the assemble to
initialize the four elements of the array with the specified half word values. Likewise, the
statement MULTIPLIERS: HWORD Ox1111, Ox2222,0x3333 4444 declares a half word
array variable named MULTIPLIERS, and tells the assembler to initialize the four elements of
the array with the four hexadecimal values shown. The PRODUCTS: .word 0x0,0x0,0x0,0x0
statement declares a word (32-bit) tvpe array vanable named PRODUCTS, and initialize the four
elements of the armay with zeros.

Nexl, read through the comments in the program in Figure 3-5 1o get a feeling for the
sequence of actions or algorithm for the program. The terminology and the algorithm are very
“English-like™ and are very similar to the method yvou would use to manually process the data
arrays one element at a ume. We stan by loading the addresses of the three ammays into registers.
s0 we can use the registers 1o access the elements of the armays. Addresses such as these are
commonly called poiniers. Next we initialize a counter with the number of elements in the array.
This will be used to keep track of how many elements have been processed and stop when done.
The next section of code, from the NEXT label to the BNE NEXT instruction, forms a program
loop that repeats until all of the elements in the MULTIPLICANDS AND MULTIPLIER amays
are processed. As shown by the comments, the specific steps are: get two half word operands, do
the multiplication, store the result, increment all three pointers to point to the next elements in
the three arruys, decrement the counter, and determine if all of the elements have been processed.
Now let’s work though the details of the instruction column in the program,

The EQU NUM.4 statement just after the start: label near the beginning of the program is
an assembler directive that tells the assembler 1o create a constant named NUM that has the value
4. Once a constant is defined with an EQU directive, you can refer to it by name anywhere in
your program. The MOV R4, #NUM statement in the program, for example. will load the
number 4 into R4. The advantage of defining a constant with an EQU is that, if the constant is
used several imes in a program, yvou can change the value at once in all of the instructions where
the value is used by simply changing the EQL! value and re-assembling the program. Without the
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EQU approach, vou would need 1o go through the program by hand, try o find all of the
instructions where that particular constant was used, and change each individually.

The “=" sign in the LDR R1. =MULTIPLICANDS statement at the start of the program 15 a
directive to the assembler to determine the address of the start of the MULTIPLICANDS array
and generate an instruction code that will load this address into R1. If the MULTIPLICANDS
array were in the same program section as the LDR instruction and close enough to the LDR
instruction, the assembler would replace the LDR instruction with an “ADD R1, PC, Offset”
instruction, where Offset is an immediate number equal to the number of bytes from the value in
the PC to the stant of the MULTIPLICANDS array. If the MULTIPLICANDS array is in a
different program section from the LDR instruction, as in our example where it 1s in .data, the
assembler will use an indirect approach to load the register. The reason the indirect approach is
used is that in most cases, an ARM-based processor can only load a 32-bit value into a register
from another register or from a memory address. For the cases where the 32 —bit address cannot
be loaded directly, the assembler determines the absolute address of, for example, the
MULTIPLICANDS array, and sets aside four byte-sized memory locations in the .tex! program
section 1o hold that address. The memory set aside by the assembler to hold addresses such as
these is called a literal pool, As we discuss later in the chapter, the assembler will calculate the
offset from the LDR instruction 1o the location of the MULTIPLICAND address in the literal
pool and code this offset into the LDR instruction. When the LDR R1 instruction executes, the
address will be copied from the literal pool into R1. The assembler will also generate entries in
the literal pool for the LDR R2, =MULTIPLIERS instruction and for the LDR R3,
=PRODUCTS mstruction. (Don’t worry if this is not 100% clear to you at this point. We will
come back to i a little later and use a debugger display to show exactly how the assembler sels
up and uses the literal pool.)

The LDRH R6, [R1] instruction loads a halfword from the address “pointed to” by R1 into
the lower half of R6 and fills the upper half of R6 with zeros. Likewise, the LDRH R7. [R2]
instruction loads the halfword pointed to by B2 into the lower half of R7 and fills the upper half
of R7 with zeros. The MUL instruction multiplies the specified word registers and leaves the
lower 32 bits of the result in RE. Multiplying a 32-bit word by a 32-bit word could produce a 64-
bit product but the basic multiply instruction, MUL, always truncates (discards) the upper 32
bits. For our example here, we are multiplying two half words, so the result can never be more
than 32 bits. Therefore the truncation of the upper 32 bits is not a problem. For cases where the
full 64-bit result 13 needed, you can use the UMUL unsigned multiply instruction or the IMUL
signed multiply instruction, if these are available on the particular ARM-based processor you are
using.

After the MUL instruction produces the product in RS, the STR R, [R3] instruction copies
the result to the memory location pointed 1o by R3. Since Register R3 points to a location in the
PRODUCTS array, the word will be copied to the Products array. The next three instructions
increment the three pointers to point to the next elements in each of the three armays. Note that
R1 and R2 are incremented by 2 10 point to the next halfword in the MULTIPLICANDS and
MULTIPLIERS armays. R3 is incremented by 4 because the elements in the PRODUCTS armay
are 4-byte words.

The SUBS R4, R4, #] instruction decrements our loop counter by | and, since it has the *S”
sufTix, updates the condition flags. If the result of the subtraction leaves zero in R4, the Z flag
will be set. The BNE NEXT instruction, which can be thought of as “Branch if Not Equal zero”,
will cause execution 1o loop back 1o the instruction at the NEXT label if the Z flag 15 not set. If
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the Z flag is set, indicating a zero result after the subtraction, execution will exit the loop. Note
that words such as _start: and NEXT: that are followed by colons are called labels. Labels are
used to identify addresses. The _start: label, for example identifies the starting address for the
program and the label NEXT: indicates the target address for the BNE NEXT instruction. Labels
always start in the very first column of the source program.

In this section, we have given you a fairly solid introduction to basic ARM assembly
language programming. Assembly language allows you to represent desired program actions
with English-like mnemonics and syntax instead of specifying the binary coding for each
instruction. Even though you will not be writing your programs at the binary code level, it is very
useful in writing efficient programs and in debugging to understand the format of the binary
codes for the instructions on a processor. Therefore, before we go on to discuss high-level
language programming, which is even further away from the bit-by-bit coding, we will take a
short side-trip and show you how the machine level codes for ARM processor instructions are
built.

ARM Machine Language Programming and Instruction Code Templates

Figure 3-6 shows the machine language coding template for the 32-bit ARM processor data
processing instructions and, for reference, Appendix A shows the coding templates for all of the
ARM-based processor instructions. You do not need to memonze these templates, but when
debugging programs it is very useful 1o understand how they are set up, so you can understand
the coding of an instruction when you have to do so. To introduce vou to how these templates are
set up, here are brief descriptions for the bit fields in the data processing instruction template.
Note that bits 26 and 27 in these instructions are [ixed at 0.

A. Most of the ARM instructions can be coded 1o execute or not execute based on some
specified condition of the flags in the Current Program Status Register (CPSR) when the
instruction is decoded. Table 3-2 shows the conditions that can be specified and the code
that would be put in the condition field (bits 28-31) of an instruction for each. If, for
example, and ADD instruction is written for example as ADDCS R2, R3, R4, the CS
after the ADD mnemonic tells the assembler to put 0010 in bits 28-31 of the machine
code for the ADD instruction. When the processor decodes the ADD instruction, the
specified addition will only be performed, if the Carry flag in the CPSR is Set. If the
Carry flag is not set, the ADD instruction will just be passed through the processor
pipeline without doing the ADD operation, changing the specified destination register, or
updating the flags.

B. The apcode hicld (bits 21-24) in the template specifies the arithmetic or logic operation 1o
be performed. Table 3-2 shows the ARM data processing instructions and the 4-bit
opcode that is used to specify each operation.

C. The S bit (bit 20) indicates whether the N, C, V, and Z flags in the CPSR should be
updated or lefi unchanged as a result of the execution of this instruction.

D. The field labeled Rn (bits 16-19) in the template is used to identify one source register,
the first operand, for the operation. The 4-bit code for the desired number register is put
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II"i..-,l.m* 3-6 Machine langusgpe coding 1c-mp_la1= for the 32-bit ARM/XScale prmﬂw?nt:?
Provcssing insbractions.

E. A sccond source operand can be pnother register or an dimmediade number specified in the

instraction. Bits -1 1 are used to specify the source of the second datas opemnd. If the |
it {hit 25 in thee instroctusn is & 1, then the second opernd i an bl mmedisie number
contammed 10 the lower B bits of the bin 0-1 1 feld as shown in the op template m Figure
3-6. This number can be rowaved an even number of bis, as specificd by the upper 4 bits
{bits B-1 1) of the bit O-11 field. [F bar 25, the [ bit, in the instruction is a4, the second
operand for the data operation is a register, Bm. The 4-bir code for this register is pul m
bits (-3 in the instruction as shown in the secemd and third templaces i Figure 3-6. The
opcrand from the second register can be shifted or rotated by some number of bics
spocificd as an immediate nomber in bits 7-11 of the bt O-11 fiebd as shown by the
second template m Figure 3-6, o by the number of bits contained in the lower 8 bas ot'a
mgisbur, o, identifred with 1 d-nt code o bits B-11 of the kit 0-1 1 fiebd as shown mothe
third template in Figure 3-6.
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F. The nmull of the operation is put inte a specified destination regaster, Bd, which can be
the same as one of the sowree registers or & different register. The 4-bit code (pumber) for
the destinntion register is put in bits 12-15 of the instroction.

As a first specille example of coding an instruction, suppese that vouw needed an matruction w
simply AND the coments of register B3 with the contents of register R4, put the result in register
K3, and =et the 1lags pceordingg to the resull. The assembly language for this instnecton sould be
ARMDE RS, R4, 13, To develop the code for tis instruction, we wall follow the second templae
in Figure 3-6 because, all the specified operands for the instruction are registers. the specified
istruction dees not contain an immediale nember, and there is no shifi specified in the
instrueti. Usong this template the machine code for the ANDS RS, Ré, B3 instruction would
be:

LT e 0 0000 1O DO0 G101 00D O 0 43l ]
[ | | | | Bm=R3 = second sousce repister
| | | |__ Fixed
| | [__ Mo Shift or rotate
| Sl imm valise = 00000
|__ R = BS, destination regisier
Bn = B4, firsl source regestes
5= 1, Update flags
| Oiponde for ANIY operstion = 0000
I =10, seeomd operand is register speeified in Em bits
Fixed
| Cond= 1110, unconditionally (always) execwe AND insiruction

Ag g second example of coding an instruction. suppose that you want o move the immediate
binary mmber TOODMID Grte B 0f the zero flag is sot but moer update the fags based on the move,
The assembly language for this instruciion would be MOVEQ R7, #edd. Since this instmiction
comains an inunediate nuovber, we use the fiest ieonplate m Figure 3-6 w0 determine the code log
thas istructien. The nesulting code iz as folloows:

0000 T 1108 000 ol 11 G & Oc0ds

bl [ R-bit immediate number

Jee-d | .o Miudnber Bl 10 fislale miamber Ledl {muest be even)
| ] | Rd=R7, destination

| |_ Mo source register, 5o default to DO

[ &= do not update 1laps

| Orpoede for MOW operation

=1, opeeramid is o specified 8-bit immediate number

~ Fixed

L Cond = 0000, execute mstroction only if fero e s

I
[ |
F|
I
I |
[
I

|

Some questions st ibe end of the chapter will give you o hiitde more practiee with developlng
minchine codes for ARM Dnstructions g in the next section here we diseuss hiph-level languape
progrimming thag lifks you even fusthes up froon the Be-by-bit machine language bevel than



assembly language. Then in the following section we summarnize the uses and tradeofls for the
different levels of programming languages.

ARM High-Level Language Programming

Even though there has recently been some movement to use the Java high-level language for
embedded application programming, there is a vast amount of embedded application programs in
the C language. The C language is still the most commonly used high-level language for
embedded application programming. Therefore, at this point we will show a very simple C
program to give you a comparison of C programming with assembly language programming.
Even if you haven't had a specific course in C programming, you should be able to follow the
discussion for this basic program.

/* T progran to multiply two arzays =/
/® of ahort inta */

upmigned short MOLTIPLICANDS[] ={0x1111,0m2222,0x3313, Oxdddd;;
unsigned short MULTIPLIERS() = (0x1111,0x2223,0x3333, Oxdddi};
unaigned int FRODUCTSI) = {Ox0, Ox0, Ox0, O=x0):

int index:

int maini)
i
for (index =31; index »=03 indes ==)
PRODUCTS | index] = MULTIFLICAHDS [index! *MULTIFLIERS|index];

Figure 3-7 C program that implements the same algorithm as that implemented by the assembly
language program in Figure 3-5.

Figure 3-7 shows a C program that implements essentially the same multiplication algonthm
as implemented by the assembly language program in Figure 3-5. (Technically, the C program
processes the array elements from highest 1o lowest instead of from lowest 1o highest and uses
the index value in computing pointers as well as using it as a counter, but the results are the same
for the two programs.)

In C programs, comments are enclosed by /*  */ as shown at the top of the example
program. The data tvpe “unsigned short” is used 1o identify 16-bit unsigned quantities or
halfwords, so the stmement unsigned short MULTIPLICANDS(]
=10 1111062222 (3333,0x4444 ) declares an array of four halfwords and imitializes the four
elements of the array with the values shown. Likewise, the statement unsigned short
MULTIPLIERS]] = {0x1111,0x2222 0x3333,0x4444 |; declares an array of four halfwords and
imitializes the elements of the array with the values shown. The statement unsigned int
PRODUCTS]] = {0x0, Ux0, Ox0, 0x0}; declares an array of unsigned 32-hit quantitics or words
and initializes each of the elements of the array with all zeroes. The int index; statement declares

an imteger vanable named index. The default for the int data type in ARM programming is a 32-
bat signed number.

The int maund ) stalement next in the program identifies the start of a function called main.
Every C program must have a main function but will also likely have many other functions. The

121

|

1333338334944888

action in the main function is contained between the curly braces { | shown on the left side of the
program. The action shown in the function is a simple FOR-DO loop. Expanding this into even
more English-like words, the two statements specify the following actions:

Set the value of index to 3
Repeat
Multiply the value indexed in MULTIPLICANDS times
the element indexed in MULTIPLIERS
Put the product in the indexed element of PRODUCTS
Decrement index
Until index no longer == 0

As you can sce from this simple example, the C program specifies the desired actions at a
“higher level of abstraction™ than the equivalent assembly language program. In the C version,
you don't need to keep track of register usage, incrementing pointers by the correct amount, etc.
In the C program, you just specify the data types, data structures, and actions. The compiler then
handles the low-level details as it creates the machine codes for your program.

Based on these last two statements, the logical question would be, “If | write my programs in
C or in some other high-level language, the compiler handles most of the low-level details, so
why would | ever want o write any programs in assembly language™ An analogy that comes 1o
mind 1o give an answer to this question is the process involved in preparng the land around a
new house for planting a lawn. You use a large bulldozer to do most of the leveling because it is
much more eflicient at moving a large amount of dirt in a short time. However, you use a less
efficient hand rake to give the smoothest final result. Here's how this relates to the choice of a
programming lanpuage for a particular program or program section.

You will usually use a high-level language to develop the majornity of the program for an
application because programming in a high-level language is much faster and more efficient than
programmuing in a low-level language. Common folklore in the industry is that a good
programmer can produce an average of about 10 lines of fully tested, debugged. and documented
code a day. Ten lines of high-level language code can obviously specify much more work than
10 lines of assembly language code. The tradeof here is that, if vou program only with a high-
level language. you are “stuck™ with the machine code produced by the compiler. Compilers
have improved a great deal in the last 20 years and current compilers do allow you to specify
several types of optimization in the machine code produced. However, the code produced by the
compiler may not be optimal for your particular application or at least for sections of your
application. You can often improve the performance of these sections by rewnting them in
assembly language. The overall approach we use is o write as much as possible of a program in
a high-level language, then test and debug the program. Once the program is working, we use a
tool called a Profiler to identify modules of the program where most of the program execution
time is spent. Since these sections occupy a large percentage of the execution time, it may be
worthwhile to attempt to optimize them. We also look for any sections that are not executing
efficiently enough to generate the proper handshake signals with external circuitry. We then
recompile the program and tell the compiler to compile the program to assembly language
instead of directly to machine language. Next we analyze the compiler-generated assembly
language for each of the sections we have decided 1o optimize and try to find ways we can
improve the efficiency of the code for each of these sections. After rewriting the assembly
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Arm Program Development Tools
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PROGRAM DEVELOPMENT TOOL CHAINS |

_based tools you use to develop a functioning program 15 commonly
caH::: ﬂﬂﬁﬁ% Lid and Texas Instruments are examples _ul' companies that E'f" tool ]
chains for developing ARM sysiem programs. Also available I'crr this are the open-source, GNU
1ools. These tools are available free and are widely ua:d both in industry and edm:a{mnﬂl
environments. In fact, most of the commercially available ARM processor tool chains are
hasically GNU tools with added Graphical User Interfaces (GULs) and some nlJ'_Ler [ffﬂlm‘l:ﬁ- that
represent the “value added™ for the companies that sell them. The tool chains with GUls are
commonly referred 1o as Integrated Development Environments or IDEs, because you access all
of the tools through menus that are available from a single nmdn_.'-w an the screen, rather than
typing in commands at 3 command prompt. For this book we will use the Texas Ilns:n_;mem;
Code Composer Studio 1DE that works with the B3 board and the Blackhawk ICE. It is available
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for free for educational use from http:///www.ti.com/ccs. Available separately from this book is a
tutorial that shows an introduction to the installation and use of the T1 CCS IDE for simple

program development. The next step here is to give an overview of how vou develop, run and
debug a program a tool chain such as CCS.

USING A DEVELOPMENT TOOL CHAIN

Figure 3-8 shows the general GNU tool chain and the steps you take 1o develop programs for
microprocessor-based systems using this tool chan, Note that except for possibly a few minor
name changes, the process and tools are essentially the same for any program development tool

chair.
g .._d.r
Link | Locate or
L *-map
() !
. Load Debugger
Dafme Probiem
__'i' # L AR
Extension - emaios o
Develop Algonthm | of files ruvdetag | 7]
generated
—

Creale spurce e .:

with edior e -

- - lst

Assemble | p
. Use Handwane ;
Use in-cifcast
73 emuaion (1ICE)
LoadFun to debug
| Program program

Figure 3-8 GNU twol chain & steps taken 1o develop programs for microprocessor systems.

~ Aswewill Flv:m'i.h:: in greater detail in a later section of the chapter, the first and most
important step in developing any type of program

_ 15 10 very carefully define the problem VOu arc
irying to solve or the task you are trying to accomplish with the proeram. Thie is i i
first block (after Start) in Figure 3-8. The next 5tr§ Aeir it

_ _ Fig 15 to solve the problem or describe the desired
action(s) ata high level with just words and pictures, rather than thinking about it in a particular
programming language. Once you have a high-level English-like statement of the solution
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(algonthm) for the problem, the next step is to translate the high-level, algonthm solution of the
problem to an appropnate programming language. You then use an editor program o create a
source file that contains the high-level language or assembly language instructions for your
program. C program source files are given a ¢ extension, as for example mult.c, and assembly
language source files are given a s extension, as for example add64.s. For future reference,
Figure 3-8 shows both the C program path and the assembly language path, but for now we wll
just lead you down the assembly language path. Note that for creating source files for use with
the GNU tools, it is important that you produce files that do not contain embedded formatting
characters. Formatting characters confuse the compiler and produce a lot of error messages. [f
vou use an editor such as Notepad in Windows, you have to save the source file as type “All
files™ to prevent the insertion of formatting characters. The Code Composer Studio editor we use
automatically generates the correct format file.

Assuming vou are developing a simple assembly language program, the next step afier
creating the source file is to assemble your program. The complete manual for the CCS
assembler 15 the Assembly Language Tools V5.1 Users Guide at
hitpe/woww 1 comylit'ug/'spou | 1 BUspou L 1 8Lpd( . If there any syntax errors in your source file,
the assembler output will display lines that contain errors. 1f there are errors, you cyele through
the edit-assemnble loop until there are no more errors.

Once there are no errors that the assembler can identify, the assembler produces an object
(.0) file that contains the actual machine codes for your program and if you tell it to do so,
information that will be used by a debugger to run and debug your program, You can also tell the
assembler 1o produce a list (.151) file. The list file contains the program source code, machine
codes, and relative addresses. Since the list file allows you to see how the assembler treated yvour
program instructions and assembler directives, it is a good idea to produce a Ist file and read
through the file, to make sure the assembler produced the result you intended, before you go to
the next step in the ool chain. Figure 3-9 shows a slightly-edited printout of the Ist file for the
ARM assembly language program in Figure 3-5. Let's take a look at this to see how the values
assigned by the assembler relate to the assembly language instructions, data structures, and
assembler directives in the source program.

The first column in the list file in Figure 3-9 contains the statement (line) numbers assigned
by the assembler. If a program contains assembly errors, the assembler will use these statement
numbers 10 indicate which statement(s) contain errors. The numbers in the second column in
Figure 3-8 are locarion cowmter values that indicate the location of each instruction or data item
in its program section. For example, the location counter value for the LDR
R1,=MULTIPLICANDS instruction is 00000000 because this instruction is the first item in the
JAext section. Since each ARM instruction 15 four bytes, the location counter value for the next
mstruction. LDR R2=MULTIPLIERS, is OU000004. Likewise, the location counter value for the
MULTIPLICANDS declaration in the .data section is Q0000000 because this is the first ilem in
that section. The MULTIPLICANDS array requires § byies, so the location counter value for the
MULTIPLIERS array, the next data item in the .data section, is 00000008,

The third column in the list file contains the actual machine code for each program instruction or,
in a data section, 1t contains the data values. We will dig into these deeper when we look at the
debugger printout but for now, note that the bytes shown in this column are in Little-Endian byte
order. The entry 2C109FES actually represents an op code of OxES9F102C, The byte 2C is at
location Ux00000000, the byte Ux 10 is at location 0x00000001, etc.
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ABRM GAS . ./muoltl.

Usea R1-R4,

D D

WD s g LA de Lo B

Array Multiply Program
This program multiplies esach half word from the Multiplicands
array by the same numbered half word in MULTIPLIERS array and
puts the result in the same numbered elesent in PRODUCTS arcay.

RE-RE

LEERE
.glebal _start
_starts:

.equ NUM, 4

Douglas V. Hall Seprember 2016

12 0000 30109FES LDR R1,=HULTIPLICANDS # Laad pointer to MUOLTIPLICAMDS
13 0004 30Z209FES LDR R2, =MULTIPLIERS # Load pointer to MULTIPIERS

14 0008 30305FES LDA R3,

15 000c O440ACE3 MOV R4, INOM
16 0010 BOGODIEL NEXT:LDRH R, [RI]® Load a MULTIPLICARND Half word
17 0014 BOTODZEL LDRH R7, [RZ]

18 0018 96070BEQ0 MUL RA, RE6. R7

15 D01c OODBOB3ES
20 0020 0210681E2
21 0024 D220B2EZ
22 0028 043083E2
23 002c 014054E2

STR RB, [R3]
ADD R1,R1,42
ADD R2,B2,82
ADD R3,R3, 84
SUBS R4, b1

24 0030 FeEFFELA BNE MEXT

25 0034 00FO20EZ]

26

27

28

29

30 QOC0 11112222

3a 33334444

31 0O0CA 11112222

a1 33334444

32 0010 Q0000000

iz 00000000

32 Q0000000

iz QO0Q0000

i3

DEFINED SYMBOLS

o dmaltl.
oo fmalel,
sofmalel,
o fmaltl.
o fmalel.
«admalel.
o dmalel.
«admElEl.

=PRODUCTS # Load pointer to PRODUCTS

@ Initialize leoop counter

Load a MULTIFPLIER half Word
Multiply
Store result in FRODUCTS array
Incremsent MWILTIPLICAN pointer
Incoe=ent MULTIPLIER pointer
Incresmant PRODOCTS pointer
@ Decrement loop counter by 1

# Go wo KEXT if not all

Rop g Inatructicn does nothing.

.data

MULTIPLICANDS: .HWORD OxIl1l, Ox2222, O0x3333, Oxd444

MULTIPLIERS: LHWDRD Ox1111, Ox2222, OX3333, Oxd444
PRODUCTS: -WORD Ox0, 0x0, Ox0, OxO

+ END

a:10 -text: 00000000 start

&:11 *ASS* : 00000004 Wi

3z 30 dara: 00000000 MULTIPLICANDES

s5:12 «text: 00000000 5a

a:3l ~data: 0000008 MULTIPLIERS

8132 -data: 00000010 PRODUCTS

a:lé ~text: 00000010 NWEXT

s:28 text: 00000038 54

+Arbug_aranges: 0000000z 5d
MO UNDEFIMED SYMBOLS

o

Figure 3-9 CCS List file for mult] program in Figure 3-5.
USING A LINKER PROGRAM TO CREATE AN EXECUTABLE IMAGE FILE
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After your program assembles with no errors, the next step is to run the Linker program on
the Object code (o) file created by the assembler. The linker produces an executable {.elf) file
from one or more object files. This executable file is the one you will load with a debugger or
operating systems to run and debug. As shown in Figure 3-8, the object modules can come from
compiled C programs or from assembly language programs. Note that you need to run the linker
on your program even if vou only have one module, because the linker fills in values, such as
those in the literal pool, that are needed for the program to execute, For a program that will be
loaded into a ROM or executed at a specific address in memory, the linker is used to assign
absolute addresses 1o the program sections.

The manual for the GNU linker, 1d, can be found at www gnu.org. This manual has a large
number of pages because the GNL linker has a great many capabilities. We will explain the use
of some of the more advanced Id capabilities as needed throughout the boak but, 1o link the
multl.o example bere. all that is needed 15 a command line entry of the form: “processor type-
elfld multl.o -0 mult].elf =M mult] mp™ This command tells the linker to link the object file

multl.o to produce an output executable file called mult] clf and a link map file called multl.mp.

When vou are debugging a program, you will find the map produced by the linker very
useful in helping you find where all the program sections are located. The map files are quite
lengthy but, you usually need only a little information from the map file and this is easily found.
As an example, Figure 3-10 shows the relevant sections of the map file produced by linking the
multl.o file with the command above.

Y ou can see from the Memory Configuration section that the DDR3 DRAM starts at
Ox 80000000 and has a length of (40000000, A little further down, you can see that the linker
put the lext section of the program at OxB0000070 and that the text section requires Ux4 bytes,
The address assigned 1o the .text section by the linker 15 the absolute address where the program
will be loaded into memory by a debugger for execution. In the next chapter, we will show you
how you tell the linker 1o use some other starting address and, in a later chapter. we will show
vou how 10 tell the linker to make the program relocarable so that an operating system can load
the program at any available location in memory for execution.

Note in Figure 3-10 that the linker located the .data section at Ox 800000k, just above the
Jext section and that the .data section required (20 bytes. Also note in Figure 3-10 that the
linker assigned an address of OxE00000d4 to the |bss section but that this section contains Ox{
byies. The _bss section of a program is used for data that is not assigned initial values. Since the
mult] program has no uninitialized data, this section has zero bytes. In any case, once you have
an executable file from the linker and know the starting address for the program, the next step is
1o execute and debug the program.

Memory Conflguration

Name Drigin Length Attributes
SHAM Qx402£0400 O=0000£c0O
L3oCHED Dx40300000 DxC0010000
MISHUMEM Dx44400500 CxD0004000
M35HDHMEM Oxd4de00on Dx00002000
DORD D=BO0000000 C=40000000
*default® CxD0000000 OxffEELELE

Linker script and memory map

127

A

1228807728888

Ox00018000 ETACKSIZE = Ox18000
Ox00000400 HEAPSIZE = Qx400
LOAD ./mulcl.o
LOAD ./startup ARMCAB.o
+Esthand e BOO00000 Ox70
OxBA0000000 - = ALTGH (Dx10000)
*{.isr_wector]
Jisr vector D BU000000 Cx30 ./ startup ASMCARB.o
0x80000000 __isr_vector
UxB000004e DEF IRQHandler
‘startup ARMCABS.o(.text)
+LEXRT O B0000050 Dx20 ./fstartup ARMCARB.o
0xB80000050 Entry
Dx80000070 - = RLIGHN [DOx4}
«LEXt Ox8000007T0D Oxdd
*(.text®)
s TEXE Ox80000070 Oxd44 ./ /=uicl.o
OxB000007a _start
.data OxB800000b04 Ox20
OxB00000b4 . = ALIGH (Dx4)
DB 0000004 _AETa STEIT 0=
b=s 0xBO0G00dS =0
OxB80000044 - = RLTGH [(Ox4
DxB00000d4 bss start =
*{.bas*) -~ _
bas Ux800000d4 Ox0 ./mzlel.o
.bag Oxa 000043 Ox0 ./startup ARMCAS.o
* {COMMOH)
DxB00000d4 Bz end -

Figure 3-10 CCS Map file for mult] program
RUNNING AND DEBUGGING PROGRAMS

For running, testing, and debugging a low-level ARM program, such as the mult] program in
Figure 3-5 you can use a debugger such as the gdb debugger that is part of the GNU program
development tool chain or the GNU debugger that is part of the CCS twol chain. As we will
describe in detail a little later, a debugger is a program that allows you to load a program, run the
program to a specified breakpoint, single-step though the program one instruction at a time, and
examine variables, registers, or memory locations al any point in the program. However, before
we discuss the features and use of a debugger, we will briefly discuss the three possible program
execution environments you can use with a debugger. As shown at the bottom of the flowchart in
Figure 3-8, the three debugging environments are as follows:

USING THE DEBUGGER WITH AN INSTRUCTION SET SIMULATOR.

[f you do not have a development board for then particular processor you are using or the
board does not have hardware support for debugging, vou can use an Instruction Set Emulator 1o
run and debug programs. An instruction set emulator is a program that simulates the operation
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ol nne machine whalie n.u:||:|i.'r|g; on another. For :mulaﬁng A P, the emulator reads each
machine instruciion ffom the linker output file and, using a solbware model of the destination
processor architeonuse on Use host system, 11 penemtes the sasme resul as would be penerated by
thar instruction cxecaiing on the targel sys1em. To assist in tming calounlations, some Instruction
Set emulxiors cam even give an estiosate of the number of ¢lock cyveles that would be required by
a piven set of metructions if they were run direet]y on the target machime, A program wall, of
course, mun much more slowly on an Instruction Set Simulotor than it woubl on the actoal
hardware but the results are the same. Obviously, an Instruction Sel Srmulator 15 the only choice
if, for example, a development board for the target processor s ol available. An Insiraction Sel
Simulater for many dafferent processors 15 one of the options in the GDE debugges that is part of
ihe GMLT tosel chain

USTNG A DEBUGGER WITH AN IN CIRCUIT EMULATOR.

If you are developing a board for o particular processor and the board has hardware suppon
for debugeing bul the boand is not vet able o independently execute software, then you use an i
Clreuir Envadater or [CE o run and debug both the hardware and sofiware on the board. An 1CE
umit is a combination of bardware and sofiware that allows vou to use the host sysbem to divectly
execue instructions on the core precessor on a boand. Figure 3-11 shows a Bluckhawk LISH
102 TTAC Emulator that works with the B3 boand 18 connects a USE port on a st syslem to
the processor JTAG poat that we broclly mentkmed in our discussion of the AM335% archateciure
in the last chapter,

Figure 311 Blackhawk USE 10042 ITAG Emulater for use with Beaglebone Black board.

In o later chapter, we will discuss the signals and use of the FTAG port in detail, but for mow
just think of it as a way o get control signals directly imto the pricessor core, The software part
of the ICE nuns on the bost sysiem and functions as an inberface between the debugger and the
ICE hardware. Since an [CE controls the on-board processor directly, it does not require the
execution of a debug server or other software on the development beard. An ICE unat is very
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useful when you are domg the st debug of the lardwane for 2 new board. With an [CE umit you
can, for example, exceule an istrucnon that writes a value o a memory location and then
execuie an instrection that reads the memory locazion. This gives vou a fisst indscation of
whether the memory is working correcily or not, Yeu can nlso execube an instruction thar wrires
a vadue 1o ad cutput port and then use an oscillescope or logic analvzer determine if the value
vou wrote mexbe 38 8o the oulput por pins. [n addition 10 accesang the core processar, an (CE
such as the Blackhawd allows you o access all of the peripheral devices om an ARM-based
microprocessor hboard,

LSING THE HOST SYSTEM DEBUGGER WITH AN ON-BOARD DEBLIGGER.

I vou have an external development hoard that 15 capable of nunning the on-boand part of
debugger and it is connected 10 your cross-development system with an B5-232 or Ethernet
connestion, you can uss this combinagtion of debugeers o s and debug your programs. [n this
1ype af system, the debugger program on the host system works with the on<board d:’hu];_ BEMVET
10 downlowd aod execute programs. The erminalogy ofien wsed for this relationship in mamaals
15 that the an-boord pdb debupmer acts as a debup server for the bost debug client. This simply
mitany that the on=board debugper sxecules commands as requestad by the host debugger and
pelucng resulls of instrection execulbon 1o dee host debuzger. With this combination of
debuppers, you use all of the same debugger commands a5 you do when using the debupger with
an Instruction Set Emulator o ICE onit. The difference is that with this sstup, the instructions
are loaded and run direcely on the target processor boasd, instead of bang simulated on the host
of dovwnlonced through amd ICE unit, ¥our proprams can then directly access all of the hardware
s o coorectied 1o the developmen? boant, However, due > the interaction with the d-l:iﬂ.]gg:-[_
programs nany not punal full speed. Te overcome this problem, the next siep in the development
process is 1o load the program in o Flash memory on the board and have it run indegendently of
the debugger, when the Kewel belton on the larget system is |;ru-5}nd

SUMMARY OF DEBUGGING APPROACHES

Wk vou have no external processor-based board, you use an [ndruetion Sel Emaulaior
nmning in the host system to execute and debug progrms. When vou are developing a
processnr-based boasd you wse an [CE 1o directly contmol the processar on the target board . This
allowws you to restond debag or “bring up” the hardware oa the pew beoasd. Wihen the new boand
is functioning well enough to mim a debug server, vouw use this server 1o run and debug programs
o the targee hoard. For all three of these approaches, vou use a debupaper such as the GTYE
debugoer mumising on the lost development system. Mow thal you have an overview of the three
technigues, we will intrmoducs you to the use of a debugger and take & quick look at the type of
infrrmation fypically proveded by o debupper,

DEBLUGGER OPERATION AND OLITPUTS

Figure 3-12n shows the Graphical [ser Interfivce {GUT) screen that appears when the
debugger is oceessed through the T1Code Composer Siodio wols, One window in Figure 3-12a
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shows the source code for the multl program. This debugger is a source-level debugger, which
means that you can use it 1o step through your source code one line at a time and observe the
values of variables, registers. and memory locations after each step. The debugger also allows
you to see a disassembly of the executable file. Essentially the dissasembler recreates your
assembly language program from the executable file. As shown in Figure 3-12b the disassembly
window shows addresses, the machine codes, and the assembly language instructions that the
disassemble created from the machine code. This display is very useful in helping you figure out
exactly what is happening in a program. We will use it here 1o explain how a hteral pool is used
to store 32-bit values that cannot be directly coded into an instruction.

Note at the _start address of Ox80000070 in the Disassembly window in Figure 3-11b that the
instruction LDR R1,= MULTIPLICANDS instruction in the source program was translated by
the assembler into the instruction LDR R 1, Ox800000A8. This instruction tells the processor to
load the contents of memory at location OxB00000AS into R1. (Remember that the 32-bit address
of the MULTIPLICANDS array cannot be specified directly in the instruction as an immediate
number. To work around this problem, the assembler creates a literal pool to hold the address of
MULTIPLICANDS and codes the LDR instruction to load the desired address from a specified
location in the literal pool.)
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The actual coding of the LDR R1,= MULTIPLICANDS instruction uses Program Counter
(PC) relative addressing, since the LDR instruction obviously cannot contain the 32-bit address
of the desired location in the literal pool. To solve this problem, the assembler calculates the
distance, in bytes, from the current PC value 1o the desired value in the literal pool and codes this
value in the machine code for the LDR instruction. The 0x30 in the low byvte of the codes for the
LDR instructions is the offset added to the PC 1o access the literal pool. Note that when the LDR
RI=MULTIPLICANDS instruction at 0x20000070 is in its EX stage and does the addition, the
PC will have incremented by 2 word values 1o Ox80000078. Adding the offset of 0x30 to this PC
value gives the desired literal pool address of OxB00000AS, where the MULTIPLICANDS
address is stored.

Another example of Program Counter (PC) relative addressing is provided by the “BNE
NEXT" instruction coding. As you may remember {rom the program listing in Figure 3-5 and a
previous discussion, the BNE NEXT instruction will cause execution to go to the instruction at
the NEXT label if the Zero flag (Z£) is not set. If the Z is set by R4 reaching zero after the SUBS
R4, R4, #] instruction, execution falls through to the end of the program. In Appendix A, the
coding template for the Branch instruction shows that the lower 24 bits in the machine code
represents a signed offset from the PC to the branch target. If you look at the code for the BNE
instruction at address 0x800000A0 in the Disassembly display in Figure 3-12b, you will see that
the code for the instruction is Ox1afffff6. The Oxffff6 coded into the BNE NEXT instruction
represents a signed displacement of -0xA words or -0x28 bytes. The instruction at the NEXT
label is at address 0x80000080 and the BNE NEXT instruction 1s at Ox800000A0. However, due
to pipelining, the PC will have incremented to OxE00000AS by the time the BNE instruction gets
toits’ EX stage. The displacement from OxB00000AS back to OxB0000080 is then —0x28 bytes or
— DxA words as coded in the instruction. Note that the offset is coded as the number of 4 byte
words, not bytes, since the branch destination is always some number of instructions that are
¢ach one word. As a final comment, you can se¢ in the Register display in Figure 3-12a, that
since we did the printout just after the first multiplication, register RE contains 0x 1234321, the
result of the first multiplication.

Figure 3-12a CCS Debugger windows - Main screen.

Now, in Figure 3-12b, if you look at the contents of address OxB00000AS, vou can see
that it contains the address 0x800000B4, the address of MULTIPLICANDS. If you then look at
the contents of address OxB00000B4, vou should sce the first two half words of the
MULTIPLICANDS array, 0x11112222. Note that the debugger happens to display these as they
would be loaded into a register in a little endian system such as this.

Key point here is that addresses OxB00000AS, Ox800000AL, and OxB00000B0 serve as a
literal pool to hold the 32-bit addresses needed for the LDR instructions. To further see the
operation of the literal pool, use Figure 3-11b to work through the use of the pool for the other
two LDR instructions in the program

I3l

Eniry( )
E000oOs0:  ES9F0010 LDR RO, (nBR00006E
80000054: EEDCOF10 MCR P15, #0, RO, C12, C0, 20
80000058 ES9FANOC LDR R10, 0xE000006C
E000005c:  E1AOEDRDF MOY Rid. PC
foo0o0ad: ENZFFFIA BX R1D
0000064 E24FFO08 SUB PC, PC,#3
E0000068. BOODDODO ANDHI RO, RO, RO
BO00006c:  BO000GTE ANDHI RO, RO, RO, ROR RO
_sart] )

0000070:  E39F 1030 LDR R1, OxS00000AS
B0000073:  ESSF030 LDR B2, OB AC
AN00TE:  ESSFI030 LDR B3, O BO0000B0
BOOMNOTc:  E3AGA004 MOY R4, =4
FOO000ED:  E1D60B0 LDEH R6, [R1]
BOdeWaEa-  EN1D2TORO LORH K7, [R3]
RO0000RE:  E00R0T96 MLUIL RE, k6, RT
08  ESRIBO0O0 STR RE, [R3]
00000 E2811002 ADD K1, RI, #2

| B0000094:  E2822002 ADD R2, R2, #2
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J0O00IRE:  E2A3 00 ALY B3, R3, &4
JOOO0EE:  ETESHN SLTHS B4, B4 &1
Jo0nul  JAFFFFFS BNE O BOHINED
RN E1ROFH MSR CPSE. &0

Fo000d - EOONRS STREIH R0, R0, R4
Boodne:  A0ONET STRHIH RO, (R0, -R1Z
SO0 U0 ANDHI Bl B, B, ASR #
Boooalibd: 22IX1111 EORCS Rl BE #107574182L
BOOOO0bE: 44443355 STRMIE G, [RA], A=E19
A00ifhe XXEDEEE] EORCS R, B2 ¥1075741824
JOOD000D: 443455353 STRMIB 3, [R4], #-E19
TOOG00:4:  BMHMO000 AN DEC RO, RS, RO
SOODODEE. (MMM A LREC RO, Ra, K
SOODMICE,  OCEMMHMAE AMEMEL) Ro, R, KO
AOO00H)  COCKHHHE AMLIEL) R, K, R

(b}
Figure 3-12h CCS Debugper windows - Disaszembly,

LISING A DERUGGER TO HELP DERUG A PROGRAM

The proceding discussion clearly shows thw need for you 1o understand the processor
architecturs, machine language coding templates, and assembly langonge in onder fior you to be
able to understand and debug few-level programs. Given theses skills, you can use a debupper wo
determane 1f a program 15 domng what you wand 1t 1o oy, trtruckion by mstruction or, 1f Vil don’t
wanl tnsl.q'hﬂmmgh every instructeon ne al a lime, you can set @ b:ru:ukr.v.ﬂnl at a.'pml'il:ulu.r
mstruction and tell the debugger o execule mstruchons witl i reaches the breakpoint instiruchion
and then stop. In any case, however, debuggimg can be a very tome consuming and frusirating
process bnless you di 00 B & very systernste way. As part of this, it 5 impoeast © reowmber
that the proceasor abwayvs does exactly what vou tell it e do, assuming that the processor is
working cortectly. Therefore, if the resul of your pregram is not correet, then it s likely thai you
did mot give the processor the cormect instrection of the correct sequence of instructions. Here ore
sofe hims on bow you use o debogper to quickly find the couse of 3 problem mstead of jusi
demonstmting the probiem o yourself over and over,

i your did not alrendy do so as part of yodr progrun development process, start by carelully
working some les dats values throwsh your algorithm on paper and predacting thse resulr that
vour algorithen should prodsee for each. You ten mentally work the same test valwes Usough
your sousoe progeam and peedict the result that should be produced for each. Obviusly, the
resuli of these slould be the same. if you transiated the algorithm correctly to instructicns. If they
are e, vou need (o comect the transkation and cvcle throwgh 1he foae chain again. 1F they are the
same on paper, then you siep through the program ope instruction o 8 time e find where the
result 15 different from the predicted resuli. The key poant bere is that it does you littke good o
see the result your program produces unless have Ngored out exactly what the correct result
should be, Once vou localize the probdem to a single mstroctom o a few instroctions, you can
wsually find the problem quickly, One of the emors often made by the author is to chanpe a
destination regaster from, for example, B3 do B3 bnone section of o program, forges that he did
thiz change when writing a luter section of the program the rext day, and then wonder why the
desaredd valise 15 nod in BS a5 he remermbered. The point bere is et i be had followed his own
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odvice and writien dooan the predicied contents of each affected register at each step of the
program, he weuld corch the error bedore runping the program. However, he is hurpan and error
prove 5o he sometimies pets ina hary and takes whill seems like a shoriod. The debugpger makes
il T:Iul!i*.rv:l_',r emsy 1o find this 1vpee of ermor, B I expenence strongly shows that alb:'mph:d
shoreuts in program design and lsck ol meial westing ALWAYS resull in greatly inereased
debugzing time and a higher level of stress.

At this peint you should kave enough understanding of the command line toel chain that you
can work though the tuterial available on the text web site and become comfortable with the CCS
toiplses, Mede thal the compete instruchions For the assembly [anguage programmang with OCF
[OE are in the Assembly Language Tools V51 Users Guide at
hitapsfwewew o comdivugspiw ] 1 8o/spaul | Bo.pdf. However, the next step here B to show yoa a
propram development process that is moech faster and more efficient that just writing dewn a
seguence of assembly language or C instructions “off the top your our head ™

A Systematic Program Development Process
THE “FAST IS SLOW™ RULE

In the preceding seetions of the chaprer. we have described the ARM-based processors
programmer s model, shown three alternative programming language levels, and discussed the
compatee-Based toold vou use w develop programs. This wouks seermn 1o be all vou need 1o
develop programs. but the bip missing piece is a systematic program design process. A commeod
mislake of beginning progmmmers and even some E:cp:riqmtd PIRENETITIETS is i =it diown andd
imimediziely sarm writing assembly lanpuage instructions or C program stalements when given a
programming assignment. The problem in doing it this way is that it 15 very casy for you to per
losl in the detacls of the instrucions or in pointer arthmetic and odally lose sight of the tli_g
peciure of what vou ase eving o do. In our observation. the people wha altempe o program in
this way usually suffer very long and painful debugping sessioni=) iastead of gerting their
programs up and runnine guickly. The most efficient way to mﬁﬁul]}' ey l:-lu;lp a progmm is o
follow the “Fast is Slow” e chat we ase. This mile = stared 5 “The Fastest way 1o develop a
wenrking program is o Slowly and carefully sork vour way through a step-by-step design

W brieily desenbed some of the steps in thas process i the section on progrom developmend
tools and debupging, but here we wall give o mere complete list and then discuss some of the
steps b detarl. A reasonable sequence of program developoment steps 15 a5 follows:

I Amalyze the problem you are trying o solve or the programming tssk il you
iclerstand it |:l.'|m|‘.l||."lr|}-- The test Tor this 1= that winin camn clesrly explam it to somesne
glee, Inpractice. it is o pood ideq 1o do tais beeause the otber persoi’s questions may kelp
clarify the problem in your own mind.

F. Detine the datn structures] needed by the program, 1ist and describe the program impauts,
and list ard descrabe the program oupags. This is eguivalent to droowing a Mock dingrem
with inputs and swtpuee for o hardware desigie We usually cvele through steps 1 amd 2
several times before the whole picture of the project becomes clear,

3 Research within your company and on the Web fo see i someons else has developed on
algnn[lnn Or even a nnn-t:i:-p'_lrrijml::;l progErmEm solubion lor Lhe '|'.|:r|1|'-|r:'r|:|. [his aboes mad
sacan that you should just use your clissmate’s solwiion for a progromming assignment. in
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a college class, but on the job it may save vou from “re-inventing the wheel” and save the
company a lot of development time and money.

4. If the programming project is a large one, attempt to divide the project into functional

modules. It is much easier to write, test, and debug one small module at a time than to

work with a huge program all at once. Also, modules can be assigned to different
programmers. Furthermore, tested, well-documented modules can often be reused in
other programs.

Develop a structured algorithm for one of the modules of the program and test your

algorithm by mentally working a range of data values through the algonthm. A little later

in the chapter, we show you how 1o develop structured algorithms.

6. Translate the algorithm for the module to an appropriate programming language, and
mentally work a vaniety of data values through your program.

7. Run the program through the development tool chain to test and debug it as described
earlier.

8. As each module becomes functional, link it with other functioning modules, then test and
debug the combined modules.

9. Repeat sieps 5 through B until all modules work correctly.

10. Thoroughly 1est the complete program with a variety of data valuees. Make sure to try
boundary values such as less than a decision value, equal 1o a decision value, and greater
than a decision value. What vou really try to do at this point is to try to “break” the

It 15 much better for your personal ego and your company if you find and fix a
problem before the product is shipped o customers, rather than afierward.

Lt

STRUCTURED PROGRAMMING HISTORY AND OVERVIEW

In the carly days of computers, a single brilliant person might write cven a relatively large
program single-handedly. The main concemns in this case were, “Does the program work?” and
“What do we do if this person leaves the company?™ As the number of computers and the
complexity of the programs being wrnitten increased, large programming jobs were usually umed
over 1o a leam of programmers. In this case the compatibality of parts written by different
programmers became an important concern and it became obvious to many professional
programmers that, in order for team programming 10 work, a systematic overall approach and
standardized program representations were absolutely necessary.

One sysicmatic overall approach is called top-down design. In this approach, a large
programming problem is first divided inlo major modules. The top level of the outline shows the
relationship, function, inputs and outputs of each module. This top level then presents a one-page
overview of the entire program. Each of the major modules is broken down into still smaller
modules on following pages. The division is continued until the steps in each module are clearly
understandable. Each programmer can then be assigned a module or set of modules to develop
for the program. Another advantage of this approach is that people who later want 1o leamn about
the program can start with the overview and work their way down 1o the level of detail they
newd. This approach is the same as drawing the complete plans for a house before starting to
build it.

The opposite of top-down design is boitom-up design. In this approach, each programmer
starts wrnting low-level modules and hopes that all the preces will eventually fit together, When
completed, the result should be similar to that produced by the top-down design. Most modern
programming teams use a combination of the two techniques. They do the top-down design first,
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then build, test, and link modules starting from the smallest and working upward as we described
above.

Along with developing the overall programming project in a systematic way, it is important
1o develop each module in a systematic way. The first step is to represent the actions desired in a
module in a high-level algorithmic form rather than in a particular programming language. The
following sections describe a couple of ways to do this.

REPRESENTING PROGRAM OPERATIONS

As we said before, the formula or sequence of operations used to solve a programming
problem is often called the algorithm of the program. The following sections show you two

common ways of representing the algonthm for a program or program segment.

FLOWCHARTS

Flowcharts use graphic shapes to represent different types of program operations. To some
people, flowcharts are considered somewhat obsolete because they take a lot of space and are
therefore not useful for describing the operations in large programs. However, we have found
them very useful in explaining the operation of small program sections and sequences of actions
as we did in Figure 3-8. Therefore, we will show yvou how 1o use them before we show you a
more compact way of representing program actions. Note that the flowchar symbols are
available in Microsoft Word under the AutoShapes menu, so you can easily access and use them
on a computer if you wanl to use them for small program sections.

FROCESS

<> [=] @

OFF-FAGE CONNECTOR

V

COMNNECTOR

i o0 TERMINATION O

Figure 3-13 Common flowchart symbols

Figure 3-13 shows some of the common flowchart symbols. Figure 3-14 shows a flowchart
for & program to read in 24 data samples from a temperature sensor at 1-hour intervals, add 7 to
cach, and store each result in a memory location. A racetrack or circular-shaped symbol labeled
START 15 used to indicate the beginning of the program. A parallelogram is used to represent an
iaput or an oufpul operation. In the example, we use it to indicate reading data from the
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[ETUPETaiLTE SENSOT, A reciungular box symbol is used o T-:pn:sl:n!..ﬂ'mp!c' n,m'r.:rm:.mw:ﬂhur thn
input and cutput operations. The box containing “add 77 in Figune 3- 1435 an example of this

A rectangular box with double lines at each end i3 ofben wsed 10 represent a sabronding ar
procedure tat will be wrtden separmely from the main program. When a sei of operations must
b diise severnl times during a program. it is osually more efficient to write the series of
operations once as o separute subprogram or fmction and then just “call” this subprogram each
time it is nesded. For exampde, supposs that there are severnl places ina program where yoo
need to compite the sguane root of 4 momber. Instead of writing the serees of mastouctions R
COMMPUTIAG & SGEare pool in the program cach time you need the oferation, yoa can write the
IRSTFUC O SOUETce ONCE 35 A separate procedure. As we mentionesd carlier in the chapter, the
Branch and Link instruction, BL., can be used 1o branch to this procedure each time vou need 1o
compuale a square rs and a MOV PC, LR instruction at the end of the procedure cam be used 1o
reliim execulion o e ain program. [n the Bowchart in Flgure 3-14, we wse the double-ended
box to indicate that the =Wait | Hour™ operation will be proprammed a8 a procedurs or
subroatine,

STEAT

- —
R WA LI
L= § i) ]

&fip v

l

ATLET BT
1 R

l

WAIT | HEAE

<

Figure 3-14 Flowchan for program o read in 24 dae samples froon a port, correct cach value,
and sore each in 0 memory location.

A dinmond-shaped box ks used in flowchars o represent a decision poing or crosssoads.
Usunlly ot indicates that some condition is 1o be checked at this point in the propram. 1 the
condition is found 10 be frive, one set of octions is 10 be done; iF the condition 10 be found o be
Jelwe, another set of actions is to be done. |n the example Nloschant in Figure 2-14 the condition
te bt checked is whether 24 sunples have been read in apd processed. 1124 samples have oot
been read in and processed. the arrow labeled MO0 in the fowchart irdicates that we want the
comiputer 1 jump back and execute the read. add, store, and waif steps ngain. [£24 samples have
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been read in, the arrow labeled YES in the flowchart indicates thot all of the desired eperations
hove been dene. The racetrnck-shaped symbaol @ the boftom of the Nowchart indicites the end of
the program

The pwo additional Tewehart symbols in Frygere 3213 are commectors. 1 a Nowchart column
pets e the botom of the gaper. but not all the program has been represenied, you can put a small
circle with a better in it ar the bottom of the column. You then starm the pext column at the top of
the znme paper with o small circle containing the same letter, If vou peed to continue n fleawehart
an ancther page, you can end the flowchan on the first page with the five-sided off-page
conmneclor Symbol contaming a leter or number. Yo then star the lowehart oo the mext feape
witl un off-poge connectar symbol comaining the same [etter or number.

PEEUDOCODE

The developmen? ol structured progremmma methods was halped by the disoowvery that any
desired program actions can be reprosemted with three basic operation tvpes. The first operation
type is segrence, which means simply doing a series of actions, The second basic operation fype
1= elecdvion, or sefecrion, which menns choesing bebwesn twn or more altermative actions, The
third basic operarion type i repedition of ierafion, which means repeating a series of actions
indil seme condition 15 or 15 nok presendt.

O the basis of this abservation, the sugpestion was made that programmers ise a sel of three
to seven slandard srraciures 1o represent afl the operanons in thelr proprams. Only three
structures, SEQUENCE, IF-THEMN-ELSE, and WHILE-D), pre required to represent any desired
pragram action, but theee or four more structures derived fmm these often make program
operations clearer. I vou have previously written programs in a high-level language, then these
strsctures nre probabiy already familiar fo you. IF not, the fowcharis for each in Figure 53-13
should help vou guickly soe the operation of cach. [n actual program development, howewver, we
usieally use more English-like suptements catled prewdocods rather than space-comrswming
floachart symbaols. Figure 3-15 also shows the peeudecode format and an evervday example for
cuch ol the standard stroctunes.

Aowery impormant poim kere is that the program algorithm i3 ALWAYS writen so that sach
stmicture his enly ome priry poier and ane exit podng. The output of one structure is connecped 1o
the inpul of the next structure. Program execution then procesds throush a series of thess
structures, The one entry peint and one exit point fearere makes debugeine the fing] program
mrelulde msch ensier. You con set o hreakpoint on the instruction at the stan of a strectare and
check il the data 15 correct af thal poant. ¥ou can then sel a breakpoind on the imstraction at the
cod of the eods for the stnacture, run 10 thet brsakpeant, and check 1o the oesull s cormect at that
paint. [Fthe result s comect, you can repeat the process for the code of the next stracturs in the
program. I the resubt 15 neot comect, you can debug the module before going on to the next. The
pernl i that wath thas structured approach you are debugeing et small program sections of a
e besread of attempting to debug a single. lazge Bock of code.

Any structure cun be used within another. An [F-THEMN-ELSE structure. for example. can
contain o sequence of stplements, Any place that the term srafereens) appears in Figure 3-15
one of the oibher siruciures conld be substinded for that stngement. The term stafeme RIS T Can
ilso represent a subprogram or procedure that 35 called 1o doe @ seres of actions. Mow, lets ook
o closely at thess streciures in Figurne 3-1Ta,
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STANDARD PROGRAMMING STRUCTURES

The struchre shown in Figuse 3-150 is an example of a simple soquence. In this structare, the
actions are simply written down in the desined order. A example 5]

Read remperatur: from sensor.
Add comrection factor of +7.
Store correcied value i memony-

Figure 3-15h shows an 1F-THEN-EL5E example of the decision npn:mﬁl:nln. This siruciun: |.+
usid 10 direct operation o one of two different actions based om seime condition. An example (50
IF tempetarure less than 70 degrecs THEN
Twrn on heater.,
ELSE
Turn ot beater.

The cxample says that if the wempermnture {5 bebow the Urermostal setling, we wanl w fum the
heater on. 1f the temperature is equal Lo or above the thermostal setting, we want to tum the
heeater ofl.

The IF-THEN structiume shown in Figure 3-1 3¢ 15 the same as the [F-THEMN-ELSE except tha
one of the paths contains oo action. An example of this is:

1F humgry THEM
Cret foud

The assusmption for this example 15 that i you e not hungry, you will just continue on with
winlr prel Laek. .

To represent 2 situation in which you want to selecl one of several actions based on some
comdition, vou can use a oested 1F-THEN-ELSE structure such as that shown in Figure 3-13d.
This eviery dav example describes the thinking a soup cook might go througl, Note that in this
example the last [F-THEM has oo ELSE after it because all the poessible days have been checked.
You can. if you wont, add the finad ELSE 1o the 1F-THER -FLSE ehain to senel an error messape
il the data does not match any of the choices.
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Figare 3-15 Standard program strugtures. (a) Sequence. (b)) [F-THEM-ELSE.

fﬂ] [F-TT1EM. I;|:|:| CASE sLItement cepre . -y o
spressed 08 nested 1F-THEN- iV
(f) WHILE-IDO). (g} REFEA T-UNTIL. F-THEN-ELSE. () CASE.

" “[m f_irr‘uE:[IJ structure '.-i|:||.1'|-'.-l.1 in Figure 3-15¢ is really just 3 compact way to I
mnpten - THEN-ELSE structure. The choice of action is determined by testing some variable
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The cook or the computer checks the value of the vaniable called “day™ and selects the
approprate actions for that day. Each of the indicated actions, such as “Make celery soup.” 15
itself a sequence of actions that could be represented by the structures we have described. Note
that the CASE structure does not contain the final ELSE clause, unless vou specifically add a
default case 1o do this. A final ELSE clause can be used to detect the emmor condition where the
variable does not have one of the legal values.

The CASE form is more compact for documentation purposes, and some high-level
languages allow you 1o implement it directly. However, the nested IF-THEN-ELSE structure
gives you a much better idea of how you wnite an assembly language program section (o choose
between several altemative actions.

The WHILE-DO structure in Figure 3-15f is one form of repetition. [t indicates that you want
to do some action or sequence of actions as long as some condition is present. This structure

represents one type of program loop. The example in Figure 3-15f is:

WHILE money lasts DO

Eal supper out
(Go to movie.
Take taxi home.

This example shows a sequence of actions you might do each eveming until you ran out of
money. Note that in this structure, the condition is checked before the action is done the first
time. You certainly want 1o check how much money vou have before eating out.

Another useful repetition structure is the REPEAT-UNTIL structure shown in Figure 3-15g.
You use this structure 1o indicate that your want the program 1o repeat some action or series of
actions until some condition is present. A good example of the use of this structure is the
programming problem we used in the discussion of flowcharts. The example is

REPEAT
et data sample from sensor.
Add comection of +7.
Store result in a memory location,
Wait | hour.
UNTIL 24 samples taken.

Kote that in a REPEAT-UNTIL structure, the action or actions are done once before the
condition is checked. If you want the condition 1o be checked before any action is done, then vou
can write the algorithm with a WHILE-DO structure as follows:

WHILE NOT 24 samples DO
Read data sample from temperature sensor.
Adds correction factor of +7,
Store result in memory location.
Wait 1 hour.

Remember, a REPEAT-UNTIL structure indicates that the condition is first checked after the
statement(s) is performed, so the action or series of actions will always be done at least once. If
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you don’t want this to happen. then use the WHILE-DO structure, which indicates that the
condition 15 checked before any action is taken. As we will show later, the structure you use
makes a difference in the assembly language program you would write 1o implement the
program.

The WHILE-D(O and REPEAT-UNTIL structures contain a simple [F-THEN-ELSE decision
operation, However, since this decision is an implied part of these two structures, we don't
indicate the decision separately in them.

Another form of the repetition operation that you might see in high-level language programs
15 the FOR-DO loop shown in the C program in Figure 3-8. This structure has the form:

FOR count = 1 TO n, DO
sttement
statement

A FOR-DO loop simply repeats the sequence of actions n times, so for assembly language
algorithms we usually implement this type of operation with a REPEAT-UNTIL structure.

Now that you have had an introduction to assembly language programming, to the program
development tools, and to a structured approach to developing programs. it is time for you to
write some programs. In the next chapter we show you how to write algorithms for a variety of
programming problems using standard structures and how 1o translate each into efficient
assembly language. We also show you how to write programs that contain both C and assembly
language modules.

References
(1) hups:/stlver.arm com/download/ARM _and AMBA_Architecture/ ARST0-DA-TOO00-

rp0-00rel2/DDIO406C_C_arm_architectiure_reference_manual pdf .
(2) CCS Assembly Languape Tools V5.1 Users Guide at

Checklist of Important Terms and Concepts

Instruction Set Architecture
Programmer visible registers
ARM User mode

ARM Privileged modes

Current Program Status Register (CPSR)
N, Z, C, and V flags in the CPSR
Word aligned address

Little Endian Byte ordening

Big Endian Byte ordering
Memory-mapped 1'0

Direct 11O

GPIO pins

Peripheral Control Registers
Machine language programming
Conditional execution
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Assemibhy language programining
Mnemonicis)
Load-anid-S1ore machine
Eflective Address (EA)
Uncenditional and Conditional Branches
I relative addressing
Source file
Program header
Asscinbler directives _
High-leve] language prograniming
Cross-developomsnt tools _
Program development 100l chan
Assembler/compiler, linkerlocator
(¥vject file, list file, mop fike
Ex=cutable imaps fike
Debuzger, Source-level detagger
[mstruction Se1 Emualater
In-Circuit-Emulzor {(ICE)
Imegrated Development Environmen (1DE)
“Fast is Shoow™ rule
Bonmedary values for lesting programs
Top-Down design and Botiom-1'p design
Algaritbm
Flow charl syrabols
Paeudocode
Silzmelard program srucTures

Review (uestions and Froblems

|, Bricily describe the register se1 visible 1o the progronmer in the LUser mode of the ARM
ks procenes

kJ

{ist and briely describe the six privileged modes in which an ARM-based processor cin
operEe.

3 Assurning that an ARM-based processor register contains (123456 7H, show the osder in

which the bytes of this word would be written in memory startang sl aibd s D DOKHI000 in &

mochine that uses Little-Endian hyle ordering.

oot wirelesz links. Give some reasons why vou would mest likely write the majority of this
prograce in a high-level lanpuage.

Briefly deseribe some programming tasks where assembly language might be a good
programming langunge cholcs,

Ciiven the User mode register mnd memory contents sheown belaw. predict the nagister

cinttents and, where appropriate, the fug stales prodoced by each of the following AKM-

based processor instructions. Assume the values shown for register and memory contents pre
all in hexadecineal.

RO = DW037 R& — OO00000E

Rl — FEFFNHH) RA -

B2 — AMAAS55S RID -

B3 = 5555aA4A R11 -

B4 — QOO00Gno R12 -

K5 — (0NEDID 15—

Rt — Q0000 E F14 -

BT - PCIRIZ ) — 00008020
ADDRESS

SCORES (ROEIOS0 (4 77 58 27

(HHMIE054 99 22 14 53
(KHMISOSE 27 98 42 T

MY BT, R2

OER B2, BO.R1

ADDS RS 172, B3

ANDS B2, R B

Cadi B3, B2

MUL B9, RO, B&

LDR R4, [R5]

LD B9, [R=], #4

LDE RO, [RS, #4)t

STR K3, [R6]

BEQ NEXT {"NEXT ic a label}
B STOP STOM is a labely

=EerstEn e oD e

-

& With the help of the examples in this chapter and Appendix B, write the ARM-based
:'.-'I:L.:::tl-::;:fnm} language instruction{s) that will perform exch of the indicated operations
4. Inecrement RO by |
b Copy B3 1o RO
% Pul the immediste number (i in R0
Sture the contents of B3 at the address contained in R6.
e Musk the loower § hits of B3,

Serbat 3 of B oo § but leave all oiher bits unchanged

4. Desceibe how 10 pors are accessed in system that wes Memory-Mapped [0 and how they
are accessed in @ sysiemn that uses Direct 10, List the advansages and disadvantages of each
ivpe of port addressing.

3, YWou have been asigied the task of developing the program for a system that aceumplates
atd analyzes data from 20 remede seismic sensors that communicabe with o conral systen
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g Deternune if B2 = R1.

b, Add 5 o BEifcamry flag set.

i Load siaring address of army SCURES into RA.

j.  Left-shifi coatents of RA two Tt pocinions o the left, add result to BS, and put sum in
(4

9. Write a sequence of pwo ARM-basod processor instructions thar will determine if B2 is equal
to B3 and add RO ro R1 if shey are equal.

1 The ARM auto-incremaent addressing maxle can be wed 1o auomatically increment a poinder
a5 part of a load o1 store operation. [ldang the auto-increment mode, sewnie the two LDE
mstructions and the 5TR stroction in the loop section of the assembly languags program ki
Figure 3-5 to eliminate the three separate pointer increment instructions of the form AT
R o, 12

11, Using the coding templates in Appendis A, consinact the machine codes for the Following
AEM instmactions.

ADD RI, B3, R2
ORRS R4, B3, B2
MLIL BB, Kb KT
LDRH Ré.[R1]

-

12, List and bredly describe the major slETs in the program development fool chain for an
assembly lampuape progrum that will be run on an Instrection Set Simuolae.

15 The Debupper display in Figure 3-120 shows thar the space foe the PRODUCT areay was
Ekeated im mermory staring af OO0, The product of the first twe half words,
CheDIMIOE T 1] tirmess Do T 110, ik Credb] 234321 Assuming Lifle=Endian siomge, show the
ardet in wiheh the four bytes of the result word will Be written 1o mersory addresses
(I EOIHI0C S 1o (xBO0D0CT

14, Bricdly descnbe the advantsges of using an Integrated Deselopment Envirenment oo |j-c,-:1.'|;:]|_'|p
multiple-predule programs for a microprpcessor-based systan.

15. Brielly describe a2 Jeast two sdvantages of the top-gown design approach to solving &
programnkig problen,

Li. Explain why is it very imporiant to develop a detailed algocithm for o program before you
wrile any actual program instructions,

IT. When you properly develop the algorthan for a program ssing the standard siructures, each

Rlock of the resuliing code has ealy one eney poant and ane exir point. Brelly explain how
his coe-gniry, one-exdil stnescture helps msakes debugping much easier.
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LR, Amn alporithm is essentially a recipe, Use a lowchan or psewdocode to clearly represent the

algorithm for the following recipe weilten o radiliona] recipe form. The pein is 1o make the
algorithan 30 clear teat someone deesn’t bave 10 read it 23 Bmes i ocder o follow the
directions aceurately. When vou finish, instead of implomenting the algonibm in assembly
lnnguage, implement it in your microwave oven and use the result o belp you get through the
raok,

Peant Brttle:

[ cugp sugar 1 teaspoon batter Y5 cup whibte com symap

I teaspoon vanilla 1 cup unsalted peanuis I tmsponm baking soda

i Fut sugar amd syrupoin 1% quart casssmole dish and stir untl thorooghly mixed,

ii Microwave on HIGH sening for 3 5% - 4 minutes. (Time depends on ovien power,)

Lil. Auddd pennuts and stir undil thoroughly mixed.

iv. Microwave on FIIGH for 3 % - 4 mimees.

v, Add butter and vanilla, stir until thorouphly mied. and mucrowsve on HIGH for
twia Mo minLces

wi. Auld baking soda and gently str upd] gkt and foamy, Pour mixiure onto a son-

sick cookie sheet, =t cool for one hour and. when eool, break into picces. (Makes
| poamd.

19, L5 the program comments o help vou write the pseudocods representation for the
assemnbly language program example in Figure 3-3.

20k Use a flowehant or pseudocode 10 show the algorithm for a simple program that seads g
temperature value fromn & port, lights a green light if the temperamure value is less than
LA, and lights a red lighe if the temperature value is greater than or equal 10 Ox30,

(D't be concened with the details of how voo actually turn on a light. We will show
youn how 1o do tus in the next chapter.)

=1 Usz a flowehart o7 pseadocode to show the algorithm for a simple program that reads a
temperature value from a port. lights a green light if the valwe is less than (oD, lights o

vellow light if the value is 0x40-0x49, and lights a red light if the value i
greates than 0x 50, & i T
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CHAFPTER 4 = INTRODUCTION TO ARM ASSEMBLY LANGUAGE
PROGRAMMING TECHNIQUES

In Chapter 2 we mimduced you 1o the architecture of ARM-based processers. In Chapler 3
wiz described the differcnt levels of propramming languages you can use toowrite programs for
ARM-based processors, discussed propram development tool chains, and showed you how fo use
standard pmgmrnm':n.,u stnactires 1o represent algonthms for vour programes. In this -L'!lup[cr (1o
piall all of these concepts ogether and show you kow 1o translare standard program stactures
inbe assembly language programs thar work most efficiently with the ARM-based processor
arehitectures. We feel that it is imporant that wou leam basie program oplimization lechniques
right from the start as vou pre leaming ARM aszembly language so that these techdalqees
Becoine automatic o vou, This ckapier provides a solid base of how vouo systematically vwrite
hasic assembly language programs and alse how you write programs that contan both zssembly
fanguage modules and O language modules. Later chapters will give you much more experiencs
with programming as we bead you theewph the development of programs for a wide variety of
harcware inferfacing and system tasks

Ohjeciives
After working through this chapter, you should be able 1o

1. Translabe standard proprany structuees inbo efficiom blocks of ARM assembly language
e

[esenibe amd show the use of the ARM Shaft and Rofale msimsctions.

[mitialize and access GPIO pins on 8 BeagleBone Black boasd,

Implenyent Bepent-until and While-Dio program structures in ARM pssembly language,
Last and explun the generad rules for wriling assembly lBangusge programs that execuls
ciiieiently on an ARM-boced processor.

Lse the ARM conditional instruction execution capability in a program

Wirite Ulser-maode ARM assembly langunze programs that: set up and use a stack, call and
retum from o procedure, maintain calling program state, and pass pararmeiers i megleiers
ar the sk,

& Wi an ARM amembly languige procedune that can be called from a O program,

0. Write a C program that conenins a shon sectmon of in-line assembly lanpuage.

LA e Lk ol

=

Transkating Standard Program Structures 1o Assembly Language

Im the lnst chapter we stressed that, if vou want to ged a program working quickly, you never
w0 arite it directly in assembly Innguape or dieecily i any progransning languaee for that
mintter, Instead you first develop the algorithm, repeesent the algorithm using stondard peepram
strisctures, and then translate the nlgonthm into assembly Innguagre or into 2 high-level language,
P begin thas chapter, we discuss some additional technigques tat will help vou quickly develop
algosithimg o Lowe-level sperions sich as those that you would hkely want o implement in
a.-s&tm'hi:.- I;m:gu:l.g-t. [hien we shuow o by you tramslate the standard program slrecleres
discussed i the kast chapree inio assembly language,
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DEVELOPING AND TRANSLATING SEQUENCES OF OPERATIONS TO
ASSEMBLY LANGUAGE

E:qm of bvwsbeve] operalions that are |:k|:]:.' iy e pq'n_gnu'n_m-:-d in iesembly language
often seem decepbively simple, 501115 very casy to generale an incomect pragram. In the
following sections we use [wo very simple examples 10 show some lechnigues we have Tound
helpfil in getrins the right anower the Gest time. Mote that the program development process 1
thee apnpodtant poim here, not the simple, specifie examples.

CONVERTING TWO ASCITCODES TO PACKED BCD

Diatn is often trapsmatted o and from a robot over an B5-2320 serial data line, using a seven-
or ﬂg}ﬂ-'hll ASCH code 1o represeni mombers, l=ters, and other chamcters, Takle 1-2 shovs the
complete ASCH codes and Figure 4-1 shows the B-lat ASCI codes for the decimal monbers (-9,

ASCH Code D Code Decizal #
THY] WERHM LLL] L
(HEE TS ] G0 |
(R0 100 B el L] -
e EREC £l 3 |
[ R R ] o0 4
o0 ] 1o alol 5 |
LL N RTEER L] LUNE &
oO1Ea 11 ol 7
T F 11000 L] 3
®

| 11001 LIH}E
Figure +-1. ASCI and BCD codes for decimal numbsrs 0-9

Froam this ¥ou can see, for example, that the ASCI] code For 5 s GO0 TR0 andd the ASCTT
code for 915 (001 1040 . For many applications, such as reading Lhe nmber of oplical encoder
hobes being sent from a sobol motor encoder, we want teconvert the ASCH codes for numbers 1o
their BCD eguivalents and pack two BCTY digits in o single byte. For example, if the motor
encoder sent an ARCI 5 and then an ABCI Y, we would wand 10 comvert the ARCH codes froam
the encoder 1o therr BULF egui valents and pack the twi BULY codes mio a byte bo gi'l.'n: BCEI 0104
10601 or 3%,

The process we wse 10 determine the sequence of operations for a problem such as this s
shovan in Figure £-2. A key poind 15 that you should develop the sequence of operations and
resulis al esch stage om paper, rather than fryvimg o just remembsr them all invour head. For the
exarmple here, the ficst step is to wnbe an example of a data snp valoe and below it the desired
output value for that inpur. To get from the ASCH code for 9, or G011 10601, 8o the BCD code for
Q. or 1000, you can see that all you need tw div is mask the upper foar bits of the ASCH code,
Likewise, o pet from the ASCI code for 5 1o the BCTY code for 3, yvou alse peed 1o mosk the
uppes four bits. As deseribed in Chapler 2, you mask o bar by ANDing it with a 0,

(EL)

ASCIY TR
Rfask with 0000 1111
Unpacked BCTR® 0000 1001

ASCI S calnonmng

ek wilhs OODHE 111
Unprcked O 5 00000101

Shift kedt 4 hic posions
Linpicked BCD S 0100 G000
Felived Lo ppger niikile

Add slifted BCD S and BLDNO

| Pached BCTY GOl T

P P e

Figure 4-2. Actions 1o perform in each step for converting two ASCI codes to packed BCTh

Froin the pext e 1n Figune 4-2, vou should see that the next step is to shift the BCD code
D10 {BCT: code for 3 10 the upper four bit positions in te byte. As you will soon see, the

AN -hosed processors have an instraction that ensily does this shifi. The final step is 10 combine
of “pack” the BCD code OMRMO0T with the BOD code 01000000 1o give 00011001, the desired
BCTY result for 59, By hoving the pumbers written over each other as in Figure 4-1, you cin see
that you can combine them by simply AL Hng or CGRing 01010 with (001001, The point
here is that, For meest of us, it really belps to sec on paper bow the bits peed o Be manipulated fos
each operation,

Fram the commenis along the nght side of Figure 4-2, you can see that the required actinns
age mwasking, o shift left by 4 bin positions. and an ADD oF OR. To weite the assernbly language
program for this algorithm, yeu first put the two ASCH operands in appropriate registers becase
ver kaosy that in an ARM-based processos, all operations are done on registers, Yo then fook
up the instmactien needed 10 perform each of the necded operations in the sequence and work out
the symtax for each instruclion,

As discussed in Chapter 1, you mask a bat in a word by ANIDing it with a @, To mask the
spper four bits of o byte, you AND the byve with (x0F. Remember that bits ANDed witha 1
reritin unchange

Finding the instruction to do the required sldti-lefl operaion is a linle more complicated
hecouse the ARM-based processors provide five types of shift'rotste opertions. Also, the
shlfl/rotale operations ame always specified as purt of an ARM data processing instruction., mther
than as separate instrestions. A3 a firsst exumple of this, the nstrustion ADD BT, B2, B3, LS0La2
will shill the contents of R bwo bit pesitions 1o the left, add the result vo B2E, and pur the resuli in
L. {#Feros will B shufted tnie tie vacated hit 0 and b 1 possations m B30 As another l,-*.'-c.:mplr_',_
the instnzction MO B2, B2 LSR #2 will shift the B2 megister comntents X bt posations o the
raght and pul seros i el Bat 21 ond ke 30 positions left vacont by the shift.

Figure 43 shows the syntax for cach of the ARM Shift and Botate instructions, The figure
alzo praphically shows the effect that each speration has on the specificd register and on the O
(Carry) Mag, When you need to perforin o st or selate operation in ese of your progrons, you
can mentally iy each of these operations o find the one you need for your specific application.
Mote that in Frgiere 4-3 we wsest the AT istruction for the examples, but the operations can be
used with any of the data processing instnections, For the BCTY packing example here, we just

need o shift the OODGEG] Four bit postions 1o the ek amd pul 2eros i the bower foaer it
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positions. The Logical Shift Left or LSL Immediate operation seems to be a good choice for this.

The simplest tion for this would have the form MOV R2. R2. LSL #4. some immediate ASCII values into registers. (The assembler will automatically insert the ASCII

codes for any text enclosed in single quotation marks.) As you work your way through the
program, you should see that it exactly follows the steps along the right side of the development
process in Figure 4-2. However, as is often the case, ence you wrile the actual program and think
about it more, you find ways 1o make it more efficient. As an example of this and as a preview of

Logical Shift Left an end-of-chapter problem, you might think about how the Shift and Add operations in the
LSL #lmmedisie or Bs - ADD R2, R1, R3ILSL #4; ADDR2 R1,RILSLR4 program in Figure 4-4 could be done with a single ARM instruction. In the next section we give
el TE e ﬂj another quick example of how you “walk through the bits™ to develop an accurate algorithm and
C Flag 13| = program for a sequence of low-level operations.
C fMag = last bat shafted out if ADDS. C = 0if register shaft > 32 bats
Logical Shift Right PackBCD 5

2 ARM XSeale Assembly Language Program w Creste Packed BCD
@ from two ASCII code values.
@ Copynight Douglas V. Hall, Ponland, OR

@ Creates Packed BCD result Fom rwo ASCTT somencal vadees
i ASCTI for Most Sigmficant BCD diget m RS, ASCL for Lesst Significant BCD dige i R

LSR #lmmediaste or Rs - ADD R2, R1, R3ILSR #4;: ADDR2 R1. R3ILSR R4
|

i‘Lm—:H ¥ ]
CFag 3

1]

C flag = last bit shified our, if ADDS. C =0 if shift = 0 or register shift > 32 bils %m&zﬂdﬂhﬂmm““mzwhmmwﬂd' FepeacTin 2
Arithmetic Shift Right & valid BCD digi
ASR #lmmediate or Rs — ADD R2, R1, R3, ASR #4; ADD R2, R1, R3, ASR Rd s
ghobal _start
A 5T i
C Flag 3 0 MOV R, =9 & Load ASCIN code for ¥ m R
C Flag = last bit shified out, of ADDS. Sign bit copled 10 vacated uprper bits MOV R, =¥ & Load ASCT] code for & m R2

AND R RL s0ndF @ Mask afl bt bower 4 bits of R, lezves BCD
ANDYRZ B2 plalF (G Mask af but lower 4 b of B2, leyves BCD
MOV R2, B2, [SL &4 @ Shuft BCD in B2 4 bat pounons lefl 0o upper
& mbble poston
ADDRI RI, R2 & Comdnne ren BOD digoes o B2
i (Could use ORR B2 A2, A maecad of ADDY

Kolate Right
ROR # Immediate or Rs - ADD RZ, R1, R3, ROR #4; ADD R2, R1, R3, ROR R4

b g )
| > ]
CFag 31

0

end

e et daiad o Figure 4-4. ARM assembly language program to convernt two ASCII codes to packed BCD
Rotate Right with Extend
CREATING ROUNDED AVERAGES FOR ELEMENTS OF TWO ARRAYS

ERX - MOVS RZ, R1, REX ; rotates oo bt position oaly

IJLI—)H [ ]

CFag 31 0
€ flag = last bit shified out, if § on MOV, Then C flag i in rotate loop

You will usually write programs for processing arrays in a high-level language, but here we
develop a simple assembly language armay program to further show how vou “walk the bits™ 1o
make sure your algonthm and your translation to assembly language are comrect. This example
also shows another use of the shift'rotate instructions and reviews how you translate the
REPEAT-UNTIL structure inlo assembly language.

The problem statement for this example is: Given two, 4-¢lement arrays of bytes, calculate
the rounded averages for the same numbered elements in the two arrays and put the results in the
same numbered element in a third array.

T'he first step is to think about the data structures required. For this problem, the data is
simply three, four-byte arrays. The next step is to think about the sequence of actions that need
1o be done for cach set of elements in the arrays. Figure 4-5 shows the sequence of actions we
need to do. We want 1o get a byte from one array, get a byte from the second array, add the two

Figure 4-3. Operations performed by ARM Shift and Rotate instructions

The final operation in our sequence is o pack the two BCD digits into a single byte. As we
mentioned previously, this can be done with a simple ADD instruction of the form ADD R2, R1,
R2 or an ORR instruction of the form ORR R2, R1, R2. Figure 4-4 shows a complete assembly
language program for our BCD packing algorithm. Note that for this example we simply loaded
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bytes, divide by 2 1o get ihe average, round the average, and fnally put the rounded average in
the approgoate element of the thind array. Siuvece this sequence of actions needs to be repeated
wniil all four elemess in the source arrays are done, these sleps will be enclosed in a REPEAT-
UNTIL structure as shoan, Mow let’s see how you can transiate the algonthm in Figune £-5 ino

an assembly language program.

Initalizs pointers 10 Tearl, TestX and Averages amays
Inidaliee clemenl counles bao <

Load bywie from Testl armay
Load byie from Testl array
Add byica

Dvrvade som by 2 o pei ave
e
C Mag 31 Regisier o

Bound average - Add 1 1o sesult i resnainder in O o= |
Suede eoufdsd avVedage in Averige saay
Incresmenl paxiaiers

Lindil 4 mlements done

Figure 4-5 Algorithm development for sveraging and rounding ebements of two arrays of byies

When writing a new program, you can aflen save typing tirme by editing (or doing cot-and.
paste fromm ) 4 copy of a program you wiote belore. I you are ambitious, you could also create a
progrem “lemplate™ and use that as a base for many af vour programs. Al any mie, (o
demonstrate that you can often speed op the development work by uikding on past work, we
deliberately mads this averaging example very similar 1o the example shown in Figure 3-5,

Tiwpmp:lm in Frpume 3-3 |m|ﬂ|:11'.r¢nl::. a REFEAT-UMNTIL structime (o nluJ[i]'ﬂ_'r' the elements
of T armays of bl words amd pul the resulls v d thard WrTay. [ FI'.E'pl‘:&'I.-L-rJHH stfuctine for the
averuping exurmple here will be mplemented in the same way as an Figuse 3-5. The two magor
diffizences beiween the program in Figure 3-5 and what we need hese ore; the data asrays in
Figure 3-% are lalf words and in this progrom theey ase byvtes; and 1he major action in Figure 3-5
is myuhiplication and the mojor actiens in this program are adding, dividing, and reunding
Therefore, we can use the basic siruciure of the programs m Figuee 3.6 and just modily if as
needed for the program hire

Frpure d=6 shovacs am assembly language program that inplements thas amay-averagng
camnple. Work your way through the progrirm and mentally execute cach of the Instrictions 1o
understand how cach performs the operation in the algorithn, On vour woy through, pote dar we
weed the ARM auto-increment addressing mode with the LDBEB and STRB instructions oo
eliminnte the need for sepamte instructions to increment the nrmay poirters. Also, nole taar the
st numbers we pat in the armays inglude values that produce o carmy from the division and
vales thid do . 11 15 very important toabways test oll possible paths through your programs

The byie directive can be used 1o declare 2 named byte or a named amray of bytes as. for
:;g.'m]ph. TESTL: byte Gx], 0x2, daed, Oxd, The LIXLA instruction can be used 1o lopd a byt
Irom memory imto e lowest |:|_'|l|.= Fu.ﬁ.l!.i.-url. ma rr.-H_'isllcr and M the rest of the rcgisrcr with #eros
11, for example, B contains the address of the TES T armay, the instruction LDER R, [Ri]. &1
will load o byte from the army into the least sagnificam byte of B6, (il the opper three byies of
Ffi with #eros, and increemenl B w0 point o the sext byic in the TESTI amay,
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& Averapes each clamenl al sy TEST ] wath same sumbered

] element o array TESTZ and sy @ rounded Sversge b

I;ﬂ-_,'l e fee puinbered elermenl ey AVERALE

SR

glotal san

el

EOL AN, 4
LR R, =TESTI -ﬁL.‘:HPb-i.d-hTETtnnr
TR B2, =TEST? idl [.osd Frimier in TEST 2 mray
LIl 3, =aNERAGE iZ Losd Pomar o &WVERAGE prrsy
L% DFLY B, WL A lupalize commey

MEXT: LDRD R& (R T Gera TESTH ks, adicancnl prindcy
LOER AT {RZIL ¥I 1 Gt & TEST2 bz, meyrnem poimics
ATE RAFERT & ALE, dursiin S, so carry prodieced)
MOVE  RERSISE &1 & Drvais by 2, b i oy
A R RS &0 1= Audd comaems of cary (g 0 v @l

& o rounsd ressh wp il TV =1

STRIK KA, [R1], 5] @ Copa resalt bwie 0 ANERAGE sy
LUDs A, B4, w ) 1 Dheotemeil clomed oo ler, ool fags
DxE NIENT 41 Repes: loop sl 4 svemgs done

daa

TEST]. byvicdal, a2, =3, o5

TESTE bede (b2, T2, Tixd, fixd

AVERAGE: byie b

g

s, i, Sl

sl
Figure 4-6 ARM progrom i avernge and mound elements in tao armys of bytes

A shown in Figure 4-6, the ADD Ré, Bb, BT instrocton is wed to add the two byvies fetched
friom the source armays. For this cose, we didn™ have to put an “5" on the ATDD instruction 1o
ugrdote the Carry Plag after the additon because Uee addition of two byles can pever produce o
carmy from thes 32-bit Bé register, The ARM-based processors do pot have a DIVIDE instruction
avidl lahle 1o divede the sum of the sddition by 2. However, as you should remember, you can
divide a binary sumber by 2¥ sinaply by shafling it N bit posittons o the fght, or yoe can
multiply a binary number by 2% simply by shifting it N bit positions to the left. (You might v
this o a couple of bisary numbers 1o refresh your memory andlor prove 1o vourself that it
works.d Fer averaging two numbers, we need 1o divade the sum by two, Since two is equal 1o 2',
we con do this division by shifiing the sem oae bit to the right A ook at the actions of the Skl
and Rolate insdrmctions in Figere 423 1ells us thot the LSE #1 directive added 10 a data processing
bstrucibon will do the shift we néed to divide by fwo. As also shown in Figure 4-3, if we add an
U5 fo the dsa procesaing nstructon that we are using with the LSE opemation, the [L5SE &1
operation will also copy the keast signilficant bt of the register mo the O (carry) flag. For a
division by two, this value in the © ag & tee remaisder from te division, The MOYS Rb, R,
L5E #1 mstruction does the desired actions here.

The algonithim for rouniding the averapge states that if this remainder is [, we wani to add one
i thee average fo round it up ard i the remainder is O, we want 10 add © o the overape (o leave it
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the same. To fousd the average then, all we nesd 1o do s add the contents of the O flog o the
averape with an instruction such as AT Re, Ré, 80, This instroction adds the immedinte
mumber £0 plus fhe bit in the carry flag to B and pus the result in B6.

The SETB B&, [R3], #1 stores the rounded result in the TEST2 aray and inceetnerits the
painter in B2 by | to point to the next ¢lement in this array of bytes. The SUBS B4, B4, #1
instmiction decremments the element coanter by 1 ancd seis the ﬂa.g,&. [ the pesult from the:
suhtrachion 15 nol zemo, the BNE NEXT instrsction causes execution 1o leop through the
REPEAT-UNTIL block again. This loop, of course, is antiber good example of how you
implement 3 REPEAT-UNTIL structure 10 ARM assembly language, In the next section, we
show you bow 10 implement other [F-THEM-ELSE struciures in ARM pssembly languapes,

Developing and Translating IF-THEN-ELSE Structures

INTRODUCTION
As shoem in Chapter 3, the basic IF-THEMN-ELSE struciune has te form:

1F some condition is rue THERN
Specified actionisp

ELSE
Specified actionds)

The IF-THEM structune s jusl a special case af this siructuie whese the ELSE section leas s
actions, As an example of an [F-THEN structuse, the REFEAT-UNTIL koo in the previous seetion
contains an IF-THEN structure that determings whedher fo repeat the loop actions or just “fall
throuph™ 1o the rest of the propram without doing any specific action ns part of the stricture, [n
Chapier 3 we also showed you bow to implement o pesied IF-THEMN-ELSE sirwctore. Tn this
sectipn. imstesd of using o pure progrumming example, we will wse o hardware -based, real-world
exmEmple Ly show }'uuh-u.m 10 translate a pested 1F-THEN-ELSE structure o assembly langunpe ns
well as antreduce you 1o how vou work with memory-mapped L0 ports i ARM-based processors,
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Figure 4-7 Algoathm lor PC board machine with remperanire AD and vellow, green, and red
1LERs,

Suppse Lhat we are developing & microprosessor-based mochine 10 make prinied circuit
bonrds (PC boeards). Pan of the job of the comroller for our machine 15 1o read (he temperature
vitlug lor o tank ol salvent from an Analog eo Crigital (AT} converter; tum on & vellow LED if
s femperatung 15 below 30 deprees Celsius, tum on 2 green LED if the temperaiune & egual to
or preater than 30 degrees Celsins but bess than 40 depress Celsius; tum on a red LED if the
temperature iz at or above A deprees Celbzius. Then the next program section will read the value
fraem anotber AT converter connected 1o o pH sensoer and dee this value 1o check/cotrect the pll
of the solution in the tank, Figurg 4-T shows theee ways 1o represent the algorithm for the
temperature check section of the progran. We will come back to this later when we show how 1o
implement the ectual prograns section bt first we nesd 1o dig inte the hardware connections for
this pﬂ:‘luf!hu P boared machine,
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Figure 4-8 Circuit connections for PC board machine with semperature A, 3 LEDs, pl1 A0
and Mewiralizer’ Agitator

Figure 3-8 shows how the required AT copverters, LEDs, and Ph adjust circuits can be
connected to AMIZER GPIO pans avatlable on the PE carmeetor of o Beaplelhoane Black board,
The pext step here is o discuss how the AM3I35%9 GPIC pins are enabled, read, and woitten to.

THE TI AM 335X GPIO STRUCTURE AND PROGRAMMING

Figure 4-9 shows the four GPIO modules, GPICO-GFIOS, b the AMIISE. Each of these
modules has svalable potentially wp o 32 GP10 pins, so there is potentially o totl of 128 GPIC
pins available on the AMIZSR. The reason we sy ihere 5 “potentially™ P28 GPIO pins availnble
on the device, inaesd of simply saying they are availabile is thal the numbes of pins on the device
is limited and not all of te possibie imermal siprals can be commacted 1o device pins 10 be
socessed by extemal devices. Therefore, many of the sctual pins on the device have the cutpud of
an & iopul muliplexer, such as the 74151 10 Figun: 1-5 commected to it The user programs these
muftiplexens 10 connect one of eight internal signals Lo each pad, The signals chosen depend on
the specific application. In Chapter 5 we will show you how to program one of these
multiplexers but For now, Figune 4-10 shows the GPIO signals that ace muliplexsd 1o the
AM3IIF pods and conmected 1o the PE comnector on the BeagleBone Black board. For casy
reference, Figure 410 shows how some of the GPIO sipnals available on the PR conpector are
wsed for the PC board machine controller

To minimize power consumplion, mast of the modules in the AM3359 are tumed off when
the device is first tumed on. This Peature allows o desigrer o juss fum on the clocks For the
micadules needed for a given system application. For basic setup of the DEAM controller For the
DMLY and sefup of some eiher basic circudtry, TE supplies a GEL file that is then used in the
rudebug process, Inoorder to tum on another module, you have o write a control word to the
appropriaie AMIF5E Control Moedube Fower Managensent cegister.

PR
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CLK RCIZH -—f—tc
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Figure 410 BeoplbeBone Black PR Header Comnections

To turn on the clocks 1o all fowr of the GPFLO modwles, the instructions below are added oo the
initzadization section at the start of any program wsing one or more of the GPIO modules. OF
course, if 2l 4 modubes are not neaded, yord can save power by just taming on clocks 1o the ones
winw peed by weiting (02 o the CLECTRL Regrster an that module..

(! Instructions 1o enable clocks fo GPIO Modulbes in AM235E Processor

LIME ROwx02 w Value 1o enable clock for a GPIY madule
LOE Ril=Ox34E00H08 Address of O WELDP GPION CLECTRL Regivter
STE B0, [RI] 1l Write to regisier

LDE Bl =24 EDMDAC @ Address of €M PER_GPIO] CLECTRE Register
STR RO, [K1] ! Wride #02 b register

LDR R, ~0xsd EDEIRG @ Address of OM_PER GPIO2 CLECTRE Reglsier
STR RO, [ 1) ) Write WOZ Lo register

LIE B =(xdd BB @ Address of ©M_PER GPIO3 CLECTRL Register
XTE B0, |E1] ! Wnte #E 1e register

Later we will exploin im detail bow you detenmine these mldresses and the value o write 1o
them bug lor mow, as shown in the L4 WELUP Penphemn] Memors Map in the Appersliz, the base

5%

address for the CM_WELUP registers 15 Oxa4EDDHM and as shown in section 8.1.12.22 of the
Ahd 3358 data sheet, the offset of the M FELP GPIOM CEACTRE Regliser is Inf. The
address of the ropister then s Ox44EQD408, Likewise, the base addrese of the other thres registers
that are umsder C:l.{_F'I?R line in the L4 WELP Peripheral Memory M.ap in the .-"..pperldi:-l: 1%
LxAaE000040, The offseis for the theee CLECT L n.'gi:lL'.u are o, Ox RO, and UxBs, wo the
theee address, as shown above, are T34 EDAC, (x4 E00BD, and Ox44 BRI,

Omce the GPIO modules are tumed on, they are controiled by memory mapped regisiers,
According to the Cortex A-B memaory map in the Appenchx, the base addresses for the four BRI
mirdule comtrol registers ane:

GPICED basze address — du34ENTHN
GO hase address — xRN
G base sddress — Ou a8 1 ACH
GFTOE base sddréss — IxdR 1 AEMN

FFianare d=[ T showws the oflsets that yow add o the bese address of a module Eo access the
desired control regisier in that module. A quick resd through the register L in Faguse 4-11
showes there e repisters for reading data, outputting dala, enabling @ pin to function os an
gL, m.‘l[iny an ollpul b Iugil: h.lgh. c|ra.r|ng an oulpul Lo tugic o, dﬂz\chng a nsmy edie on
n signal, defecting a falling edge on a signal and one of several other functions, W wall stan
with a discussion of the GPIO Chutput Enable register.

When the GPIO modules are tumed on, all te GPIO module signal lines are snomancally
et wi inpuwds. IF lines were inibinlly set as outputs, and one of the owipuis was cutparting a lopgic
high at the same nme that a connected device was ootpuitting a low om the connecting line, the
high and low and likely destroy the GPIO owipars transistor. {Remeniber from bas:c diginl
design that you never connect one digital devices output to another unless they are thres -state and
DIIJ_'!-' ane is enabled at a tme. In order 1o have one or more of the GPIO lines in & module
function as an output, you have o write a contml word 1o the GO OE regester lor those ping,
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Figare 4-11 AEM Cortex A-R GPIC Control register functions and offsets from hase addeess

!"ngJrr 4-12 shows the AMITS0 dots sheet section Tor the GPID OF regisker. Mole that, afber
a feset. all of the 32 register bits are [, w0 all the outpuls are set as inputs. To enable a GPIO ine
as mn oetpat, you write a 1 to that bit As a fiest example of how 2o do thas cormeetly, suppase thi

yeru wanl b initandize pin 22 of the GPIOT module to function as an owtpi and kove an indcal
high slate

N NN W N W -3 TR AT - LU L | i w
3 CUTPLITERIR
L PR FFEFER

LN Y = BariSirie i = Pl oy, W] = #iis © o clear B = = sk aie rewsl

—mm — ]

| mm Tiwtdl. Ty Figmert Doiviptian
] [FEa ] Forer FEFRRFRFN | el D Erbies
i = The comspordeg. S0 zor @ configersd an el
1 Tl rrmanuibg TP ol i Ol S e e

Figure 4-12 GP1Q_OF register data sheet - GPIO_OE register & field descriptions

lo enshle b 72 as ol put, you have 1o wrile adh o bit 22 of the !_':FJU!_[_:I[_'. r:-gi.';l:u'_ T
accurately keep rack of the bits when working with these 32-bit control registers, you write the
required bat{s) in a template such as that shown m Figure 415, As shown in Figare 4-13, we put
alhinbit 22 aned 175 0 all the res of the bats. By markiog off each group of 4 bits in the femplate,
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iU i3 easy to see that the hexadecimal value for the requined control word to enable bis 22 is
UxFFBFFFFF.

GRIOL 3 |30 |29 |28 |27 |26 |25 |24 |23 |22 !21 |20 |19 |18 | 17 |16
hit#

|
Outputs | 1 1 Jx |1 [ ofx % fac lr e a2 fa 1 fr Ja
Inputs |

Outputs | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Hexval | F I 1F F
Fipure 4-13 Template for initializing GPIOL_22 as sutput

T determine the oddress of te GPEO]_OF megister you look @ Figuee 4-11 o find that te
aflzed for o GPIC OF register is Ox ]34, Bince you are working with the GFIO] repgister module,
virid add thig effeel o 0348040000, the base address of the GO regiater set. The address of the
GEPTO OF register is then (28040 134, However, you do pot write this control word direcily 1o
Lhe L"II‘IUI_U!f negister. The reason bor this s that vou only want 1o change the GPICY X2 line
nnd ot the other 31 GPIO] lines. The correct way 1o do this 19 use a BeodModify- Weire process,
thaet 15 done as follows, You Read the current valee from the G'F‘II:}I_EIE_ Modifv the word 'h:,.'
AMNDhag the value read from GEICHOF with a word that has seros m the bils you want 1o make
autpits and ones in all the rest of the bits. Then you write the modified word back e e
CiPI0 Ol regaster,

For this example, the sequence of instructions would be:

LD BO=O0xFFBFFEFF @ Load word 10 program GPIOZ2 as outpst
LT Rb= D4 B04C 1534 @ Address of GPIOE_OE register

[IDR RZ, [RI] ) REAT GPIOL OE register
AND R2, B2, RO 40 MODEY word read in
TR BRI, [R1) . WRITE back o GPEOE_OE repister

You always have to wie this Bead-Moait- Frite process whenever voo change a value on a
cominol register, so that you only change the desired Bits. You will sew this used many thme i the
examples throughoul the rest ol the ook

Thee miexn seop in chis Arsl example 1% v Bgure out how 0 output o one on the pin conmecied 1o
GPIOL 22 lime, Your first thaught might be o just write a word with a 1 bn bt 22 po the
GPIE_IMATAQUT register at offses dx1 30 in the GPIO register ser. The problem with using
this msthod e tha wund woulkd have 1o use the Bead-Wodif-Pracess to do it so that you dan’
clumge other mdpait bits, T avoll having o do this three 2tep process for every oulput operstion,
ihe designers of the ARM processors have included dineet et and clear abality. To outpul a logic
1 ana set of GO pins progrmmed as outpuats, you can simply write & word with 1°s i the bit
posations for which you want (o euiput a | and zeres in all the other bit positions 1o the
GPIO SETDA T AGLT regisber ab offset Ox L4 in the GPIG rcﬂ'ish:r s=l, To cufpu o '||_'|]_1i|,'. [ omon
el ol GO pi:l'u-: prrourammied as GUpUES, You coan -',imrll}' wrile o wornd welh 1785 1 Ehse Bl
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proastions. for which you wand to output a 0 and zeros inall the other bit positions to the
GPI0_CLEARDATAOUT register at offset D190 in the GPIO register set. The key bere is that
for gither of these, a 1 10 a bat tells the controller to do the Set or Clear operation for tha biy
prstion and a {0 in a bit positken tells the controller o do nothing 1o the bit in that position. For
this first example we specified that vou wam a 1 on the pin connected o GPIOT 22, You can do
this by simply writing a word with a 1 in bit 22 bo the GPIOT_SETDATAOUT regisier o
(4 B CT00 + (h 194 or IedS04C 19, You do this before you make GPIOL_22 and output as
ol bews:

RO RS, O 000000 & Load valoe o set GPIOT_22 w lopic kigh when eufput

LDE Rb= 4240194 g Load address of GPIO1_SETDATAOUT register

S5TR R3.JRA] i Write to GPIO]_SETDATACLIT regster

LDR RO~ 0xFFBFFFFF & Load word to program GPRI22 as oulpul

LDK R1=0x48040134 G Address of GPIO_OF register

LDR B2, [R1] i) READ GPIO1_OF register
ANDYRZ RE RO (@ MODIFY word read in
STR R2, [R1] i@ WRITE back tn GPIO_OF register

The reason you set the GPIO 22 sipnal 1o the desired | value before progamming it to be an
oulpul is 5o that the outpat pin will immedintely have the desired logic level on it when the pin is
converied o an cutput, Now that you know how 10 initialiee, read Froem and write 1o GIELO pins,
the next step 12 o get back 10 develboping the actual program for the 3 LED wemperature seqsor
a]gnnl]'m: n F'igu.rt 4-T.

The first step in developing a program such as this is (o do o high level algorithm such as that
in Figure 4-7. This algerithm is @ top level view and does not reference any registers or specific
GO pims, 50 it can be wsed o develop the program for any microprocessor. When you koow
the specihe mmachins the program 15 going 1o e onoamd the specific GPIO pins, then you can
develop a lower level algombhm that will make iteasy for you 1o write an assembly lanpuape or
C program {or the system. This low level algosithm and task list contains eontral register
addrexses, required instialization wonds. efc. based on the circuit connections and the desired

nctions, H is very imporiant 0 carefully work out all of the values for this and then just translate
the resull into assembly language oo O

Gl |31 |30 (29 |28 [27 |26 |2s |24 [23 |22 |21 |20 |19 |18 |17 |16
hitF

s —

Function | | GR

- .'l' -
1]

oF g le |

o [ R T O
'I-‘Itl:'li'ﬂ 1 F F F

fouTe Jo Jo (3 Jo [0 Jo Jo Jo |o Jo Jo [o |0 [o [o Jo
HexVal | 32 o o ]

chioil |15 (14 {13 [22 |11 Jao |5 [& |7 [& |5 |4 13 |z [1 |o
bit# 1

Function — Temparature A0

O i f1 §1 fa (1 Jio i Ji Ji [f"'h_]_l 1 % | x|
Hex'Yal | F F F T F |
outir) 6 Jo |o jo |o jo Jo |lo jJo |le Jo |Jo |[o Jo lo Jo
Hexval [ 0O 0 o 0
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Figure d-14 GPICH femplate for 3-1LED Tempemature Sensor

Based on many voars of suecessful experience, [ can tell you that unless vou really like
debugping, yvou never try 1o write o progrm direcl |y in assembly lanpage o in any language,
withoul developing this worked out, low=level algorithm, For the algorithm shown in Figure 4-7,
the GEICY conneetions shown in Figure 4-R, and the register template in Figwre 4-14, o
approprizte low level algorithim woeuld be the one shown in Figuee 4-15.

Foie: Hase addness for GaFI0 _ control registers s OnsB 00 D00

Sel GPICH Bats 29:3 1 oo low by write Ox BP0 10 GPEI] CLUEARDATACAIT ar
U S0C [0 O d HOC 000 O | S efffeer for GO CLEARDATAGUT)

St GPICH bigs 20-31 bo cwtpuis by RMW O lFFFFFFF o GPLO_EN ar
D4R 1 1 (St 8000 + O34 offset for GPIO_EN regisiery

Head Teniperature daky from CPIE O-T ap S4BT X8
| oo EDECTHHY = ofTret O 13K Sor GPIODATAIN register)

Sz all bt B LSH with dwDDODOOFF

Cumpare with 30

I less than 20

ey ol O TOOHMHT walue 1o ham on yvelbow LED and send
sz

Compane witk 40
If less than &

G baad o ACC0CNH il far green LED and send
Fhe

Load valuz of D000 000 value Tee red TETS and i senid,
Write LELY value 1o GFICHT_SETRATAOUT repisier ag Dad 3040154
A ST D00 = offset of O 1% for GPIOL SETIXATACHIT)

Fizure 4-15 Low-Level Algorithm for 3 LED Tempemture Sensor Progmm

Meste the mast progrms will start with a sequence of stniements to initialize GPH3 pins and
peripheral device comtrollers such as UARTS, Timers, ete.

Al P Thrard ?rlil.'hhr_ll:rqu.'m“rr Sensor eugram

e feons en Heagicons Rhack Hoard

s Py e pesals o Binary mperdure sabe bom ao 4T comectnd o GIFICT_8-7

i ITdhe leinpesaiuge ia bl 30 degresy The progron lights a yellow LED cenneced
i o GFIC 29 BNike iereperalore iv in Lhe meps of W0-19 degrogs, the peogram

i will light 4 gesen LED connected 1o {IPICH_ 35 18 She fempserasers 13 ol or abovg
L A degrees. the program will light ared LED cmmected o GPH0 1
af Cepyright Doglas . Hall Fal 2006

el
gloal _sman

cetart: LR B A2 o Walue to enable clocks for o GPID modulss
LR R1= (44 E00408 WAddress of CM_WEUP_GPIO®_CLKCTRL Register

STRE RO, [RI] e Wonle o regisler

LD R =4 TE0nnac W Addeess of CM_PER GPIEOY CLECTRE Register
STR R [ K1) (e Write #02 10 repister

LDE Rl =0x44E000B0 w Address of OM_PER 6GPI2 CLECTRE Register
STR RO, [R1] (e Write #02 1o regisier

LR 1 =0 d4EDDDES T Address of CM PER GPN3 CLKNCTRE Repiiter

ind




STR RO. [R1] (@ Write #02 to register
LDR RO~MASMC000 i Rase address for GPIOT registens

ADD 2. RO2m138 i GPIO] DATADY register to resd AT on GPEON_0-7

0 Load value o tum off ail three LEDS
MOV BT #0nEDOG0000 it GPIO1 2931 off with GPIO1_CLEARDATACGLUT register
ADD R4 RO S 1) i Make GPIO_CLEARDATAOUT register address
m'l.'.l'.ll-li o Wnte mEHnt_-E‘I.EH.RD.&TAUl-'T fegIsLeT

id Program GPFIO1_29-31 as outputs

ADD R1RO#0x0134 i@ Make GPIO1_OF register addness

LD Ré R @ READ current GP101 Output Enable register
MOV R78OIFFFFFFF i@ Word 1o enable GPIO1_29-31 &5 outputs
AND RART R i Clear bats 20-31 (MODIFY)
STH Ré, [R1)  WRITE to GPIOY Output Enable reguster
i) Read Temperature from AT outputs
LDR RE [R2] i) Fsad GPION_0-7 port 1o get value from AT
MO RS SO0 i Mask for all but § LSB
AND REEARS i Mask all but & LS8 that bold Temp valoe
CMP RRED & Compare Temp with lowes:s OK value
B YELLOW @ Less than 30, light yellow LED
CMP RE, 440 il Else, check if lews than 40
BMI GREEN el Yies, go light green LED
BACHY RS, el ROGOO000 i@ Else load value for red LED
B S5END i G memid
YELLOW: MO B S 2 00000 @ Load value w light yellow LED
B SEND i G send

GREEMN- MON B9 R0 000000 i Load value for Green LEEY

SENTX  ADD RS Ri,80n 194 i Load address of GPIO1_SETDATAOUT register
STR R9.[RS] @ Use GPIO!_SETDATADUT register 1o light desired LED
NOP &

end

Figure 4-16. Assembly Language program for 3-LED Temperature Sensor

Figure 4-16 shows the assembly language program developed from this low level algonthm.
Skim through the program and comments to get an overview. As shown by the comments in the
program, the low level algorithm translates directly into the assembly language program.

Now in the program note that to create the address for one of the GPIO1 control registers,
we added the offset for that register to the control register base address in RO with an instruction
such as ADD R1, RO, Ox134, instead of loading R1 directly with an LDR as we did to load the
base address in RO. To understand the reason for this, remember that an LDR instruction such as
the LDR RO, =0x4804C000 instruction has to sccess the literal pool in memory to get the 32-bit
address and this takes time. An instruction such as ADD R1, R0, #0x134 does not require access
1o the literal pool and executes in just one clock cycle. Also, note that we used a MOY
instruction in the MOV R7, #0xE0000000, instead of an LDR R1.= #0xE0M0000 instruction. As
we will show more a hittle later in the chapter, if the immediate number has less than eight | bits
in it, the assembler can code it as a MOV instruction that only takes one clock cycle. Also note
that we used the Branch if Minus instruction, BML, 1o branch 1o YELLOW: and GREEN:.
Remember from the examples in Chapter 3 that the Compare instruction does the compare by
subtracting the second operand from the first. If the second number is larger than the first, then
the result will be minus.

You can extend this “branch or fall through™ translation to implement any number of nested
[F-THEN-ELSE structures or a CASE structure. In a later section of the chapter on program
oplimization, we show that in some applications you can use the ARM conditional execution
capability to implement simple |F-THEN-ELSE structures without having to use branch
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instructions. However, a very important point here is that the assembly language implementation
of this structure should always have one entry point and one exit point shown by the algorithm in
Figure 4-7 and the program in Figure 4-16. If you follow this one-entry, one-exit rule for all
structures it will make your debugging much easier. Next here we will make a few more
comments about how you translate REPEAT-UNTIL structures into ARM assembly language
and show an example of how you translate a WHILE-DO structure into ARM assembly
language.

Developing and Translating REPEAT-UNTIL and WHILE-DO Structures

The array multiplication program in Figure 3-6 and the array average program in Figure 4-6
showed you how to implement a simple REPEAT-UNTIL structure in assembly language. The
main point 1in implementing a REPEAT-UNTIL structure is that you do the action(s) in the
structure once and then check if the desired result has been achieved. If not, you repeat the
action{s) in the loop and then check again to see if the desired result has been achieved.

To basic principle of a WHILE-DO structure is that you check the condition first before
doing the action(s) in the structure. For our WHILE-DO example, we will use an extension to the
PC board machine we used for two previous examples. Specifically, we will add the capability 1o
measure the pH of the solution in a tank and if the pH is above 7, add an acid and agitate to
reduce the pH to the desired value of 7. Figure 4-8 shows the PC board machine connections
with the additional connections needed for measuring the pH and twrming on the
neutralizer/agitator.

AM335X GPIO PROGEAMMING FOR A PH CORRECTION PROGRAM

Ihe pH sensor produces an analog voltage proportional to the pH of the solution. To obtain
the digital value we need for our program, we use another A/D converter. We will discuss the
operation and interfacing of A/D converters in detail in Chapter 9, but for this example all you
need to know is that the A/D converter produces an 8-bit binary value proportional to the pH of
the solution and that the converter is set up so that it is continuously producing a digital value for
the analog voltage produced by the pH sensor. Each time the A/D converter completes a
conversion, it outputs the new 8-bil binary value and asserts an End-Of-Conversion, EOC, signal
high. As you will soon see, we “poll”™ or, in other words, read this EOC signal over and over until
we find it asseried high and then read the data value from the parallel data lines of the A/D
converter, As shown in Figure 4-8, the 8 data outputs of the pH A/D converter are connected to
GPIO2_6-13, the pH A/D EOC signal is connected to GPIO2_1, and the pH Neutralizer/Agitator
control line is connected to GPIO1_15, Figure 4-17 shows the GPIOZ register template for the
pH section data and EOC connections. Figure 4-18a shows the high level algorithm for this
program seclion,

(157



Turn off Newtralizer and set pin as output,
WHILE ph=7 DO
REPEAT
Read EOC hne
Check level
LINTIL EOC line high
Read pH valug from AT
Compare with Ph value for 7 (0x7F)
IFpH=7
Turn on neutralizer drip valve and agitator
Wail 5 seconds
Turn off neutralizer drip valve and agitator

END WHILE

[GPO2 |31 (30 |29 (28 |27 |26 |25 (24 [23 |22 |21 |20 [19 |18 (17 |16
bits

Function

OE ¥ O Ix ]2 T2 fv Ja 93 0% 2 |5 0% J3 |¢ |13
HexVal | F F F F

outr) 1o [o fo [o Jo Jo Jo Jo Jo Jo Jo [o [o [o [o [o
Hexval | 0 i 0 0

GPio2 |15 |14 |13 [12 |11 (10 [9 [8 |7 |6 [5 | [3 [z |1 |o
i |

Function pH sensor A/D outputs EOC

3 1 I3 T2 13 T2 J2 0§12 T2 Ja J2 [2 J2 |2 (1 J1 |2
HexVal | F F F F

ouT o o jo (o jo Jo o |o [o Jo Jo Jo |o Jo Jo Jo
| Hex Val 0 1] 0 0

Figure 4-17. GPIO2 template for pH Program Section

Specifically, this program section checks the pH of the chemical solution in the PC board
machine and, if the pH is above the desired value of 7, adds an acid solution in small increments
1o reduce the pH toward 7. The key point here is that we obviously want to check the condition
{current pH value) before we add any of the neutralizing acid and agitate the solution. The
overall point of the algorithm is that WHILE the pH is greater than 7, we want to DO the
following: read a new value from the A/D converter, compare this value with the value
equivalent 1o a pH of 7 and, if the pH is greater than 7, turn on the neutralizer and the agitator for
a few seconds. To determine when a valid value 15 available on the data outputs of the A/D, we
implement a REPEAT-UNTIL structure that polls the EOC line over and over until it finds the
EOC line high. We then read the 8-bit data value from the AT) converter and compare it with the
value that corresponds to a pH of 7. As you probably remember, the pH scale ranges from 0 1o
14. Acids have a pH below 7 and bases have a pH above 7. A solution with a pH of 7, the
midpoint of the scale, is considered neutral. The output data values for an 3-bit A/D converter
with straight binary-coded outputs ranges from 00000000 10 11111111 or in hexadecimal from
00-FF. Since there are an even number of values, the midpoint of this range (equivalent to a pH
of 7) 15 halfway between Ox00 and OxFF. For this example, we will use a value of 0x7F as
equivalent to a pH of 7, because this 1s accurate o within ¥: of a least sigmificant bit for the
converier. You could just as well justify using OxB80.

If the pH 1s above 7, we pulse the neutralizer and the agitator for a few seconds. The
neutralizer dnps an acid into the solution, and the agitator stirs the solution to make sure it 15
thoroughly mixed To pulse the neutralizer and agitalor, we just output a high and then a low on
the port pin connected to these devices. In Chapter 8 we show you the details of how to interface
with solenoid valves, motors, etc. but for now, all you need to know 15 that a logic high tums
these devices on and a logic low tums them ofl.
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Figure 4-18a High level algorithm for WHILE-DO loop that adds neotralizing solution if
pH=>7

Turmn off Newtralizer and set pin as cutput. { Wite word with | i Bit 15 10 GPIO| CLEARDATA DUT REGISTER
at Ox4804C4 190, Write word with 0 in bit 15 1o GPIOI_OE regrster ai Ox480C4 134)
WHILE ph=T DO
REPEAT
Fead EOC line bit | of GPIO2 DATAIN register af (n421ACI3E
Check level
UNTIL EOC line high
Read pH value from A/D on bits 6-13 GPIOZ_DATAIN regisicr af O0x481AC138
Compare with Ph value for 7 (0x7F)
[F pH =7
Turm on neutralizer drip valve and agitator- word with | im bt 15 10
GPIO1 SETDATAOUT register at (n4B04C 194
Wait 5 seconds with delay loop
Tumn off neutralizer drip valve and agitator- word with | m bt 15 10
GPIOI_CLEARDATAOUT register at Ox-48040C |50

END WHILE

Figure 4-18b Low level algorithm for WHILE-DO loop that adds neutralizing solution if
pH=7

Figure 4-18b shows the low level algorithm for the pH program section. This is mostly just

the high level algonthm with control register names. addresses, and bit values added as needed to
wrile the assembly language version. Figure 4-19 shows the assembly language program for the
low level algorithm. Note that since the Neutralizer/agitator is connected to GPIO1 15, this line
needs 1o be asserted low to start the neutralizer in the off state and initalized as an output. Since
we already initialized GPICH_29-31 low and as outputs with GPIO1_CLEARDATAOUT and
GPIO_EN registers for the temperature section, we simply modified the words in these registers
in the temperature o initialize GPIO1 15 as needed for the pH section. By doing this, we don't
have to repeat the instructions in the pH section.

The EOC signal that we need to poll 1o determine if the A/D has a new value 15 on GPIO2 1,

50 to get this value we read the GPIODATAIN2 register. A simple way 1o check this bit is to
rotate bit | of the word read 2 bits left into the carry flag with the MOVS R2, R2, LSR#2
instruction. The Branch if Carry Clear instruction, BCC, is used to implement the [F-THEN-

ELSE. If the Carry flag is Clear, execution branches back to the POLL label and the value on the
outputs of the A/D converter 1s read again.
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o GP102_6-13. To make il easy 10

The data outputs of the AD converter are connected t = A e b daia

compare the value with the setpoint value of 0xTF, we wo

@PﬂﬂuﬁdMnhin:TunpﬂmrrF.ﬂmmdPhadjuﬂmum

: lack Board .
s R.Wum o wmd;tﬂm B temperature value from an AT conected 1o GPIO _0

@ I the lﬂnpﬂ'initl':ﬁhﬂ 30 dcgn‘.':ﬂ- lku': program lights a yellow LED conmected
%u:uﬁﬂﬂl 29 |f the temperature is i the rmg:ﬂm—}'?d.egrmﬁ#mu
i will Iig}l; green LED connected to GPIO1_30. If the temperature 1=

egrees, the program i D connected to GPIO1_31.
el e -~ hghr:;hﬂllrih pH value from an AD connected to GPIO2_6-13

1 EOC) signal on GPI02_1 15 high. .
! mdﬁmm'DMEninquﬂvmm[ g _
.%]m?;m:ﬁ.isgﬂummin.ﬂ:pmqlﬁuumﬁm add acid and agiate
@muing-mnummadmﬁﬂm_u.

@ Copyright Douglas V Hall Fall 2016

et
global _stan .
== ] bie clocks for a GFIL modukes
2 i Walue 1o ena {
LDR nﬁﬂhumwjh%s #Address of CM_WKUP_GFi00_CLKCTRL Register

(@ Write 10 register
1 (i

miﬁ E:nidtﬂmm‘.:r’a‘l Address of E.H_PER_(;{JI‘JI_II'.’_' :.lf'("i" RL Register

£ e (i Write #02 1o regi 3
'IS_ER?& ﬂLEmnBu = Address of CM_PER_GPIO2_CLKCTRL Register

i ) @ Write #02 10 register
STFI;.Flfl LEL EO0OB4 (@ Address of CM_PE !_GFJﬂj_{:‘LIET RL Regisier
1.‘#[& RO, [R1] N @ Write #02 10 register

B4C000 address for GPIO control registers
ol K nw'?u;l?mm fn[; {il'tﬂlc_l"il'-?rln.li- with GPIO1_CLEARDA TAOUT repgister
l:gn RARDA0xI90 @ Make GPIOI_CLEARDATAOUT register address

STR R7,[R4] @ Write 1o GPIO1_CLEARDATAOUT register

@ Program GPI0) 38 O #a0134 (@ Make GPIO]_OF register address

i Enable register
JRI @m}:ammnmrmw
:.‘.E:: :El',l-ﬂr}}'l}'ﬂ FFFF (@ Word to enable GFICH EJEI";!-}'.ELJIE a5 oulpuls
R&RT RE @ Clear bins 29-31,15 (M _
;?F[.}Rb ﬁ.l] ngmTE:muNﬂtqumhhmym

Read Twﬁnﬁﬁ :unm @ Load R2 with address GPIO1_DATAIN register

- - AD
LDR RS.[K2] i Read GPIOI_0-7 port to get value from
S0x0OD00OFF (@ Mask for all bt 8 LSB
r'r?;::.ﬂﬁiﬂ @ Mask all but § LSB that hold Temp value
CHMP RE S30 i@ Compare Temp with lowest OK value
Bl YELLOW i@ Less than 30, light yellow LED
CMP RE. #40 @E.l&t.l:]m:hl.ﬂﬁ!-ﬂunm
Ml GREEN @ Yes, go ight green LED
MOV R9,S0x80000000 @ Else load value for red LED
B SEND @ Go send
Y ELLOW: MOV RYFQO000000 @ LMLH 1o light yellow LED
B SEND o
3 b 1 #0xA 0000000 i Load value for Green LED .
Eﬁ%&ﬂ'nﬁﬁmmuw & Load address of GPIO]_SETDATAOUT register
' STR R9.[RS] G GPID]_SETDATAOUT register to light desired LED

i CTION OF PROGRAM STARTS HERE |
B LDE R =0x4B1ACI38 @ Address of GPIO2 DATAIN register
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POLL: LDR R2[R1] @ Read EOC and pH data from A/'D on GPIOZ
MOVS B2 R2 LSH #2 3 Shift EOC in bit | to Carry flag
BCC POLL @t Poll EOC unil Carry set by EOC high
LDR R2,[R1] i@l Read strobe and data from AT on GPIOZ again
MOV K2, B2, LSRE 76 (@ Shifi pH data on GFIO2 613 to LSB position
CMP B2, W0xTF i@ Compare with vakee for Ph 7
BLS DONE (@ Done if pH <7, else tum on neutralizer
MOV B3, #i=00008000 (@ Value to turm newtralizer on'off GFIOT_15
STR R3, [R5] {ﬁ' Send to GPIO] SETDATACUT register 1o em on
LDRE R7 ~0x0FFFFFF @ Load delay loop constant

LOOP: NOP
SUBS RT, RT, &l i@ Decrement loop counter
BNE LOOP
STR R3,[R4) @ Tumn Neutralizer off GPIO1 CLEARDATAOUT register
B FOLL i@ Loop back,read pH value 1o see if in mnge now

DONE: KOP

MNOP
end

Figure 4-19. Arm assembly language program for PC Board machine with pH correction.

value in the LSBs of a register. This is easy to accomplish with the MOV R2, R2, LSR #6
(Logical Shift Right) instruction. We then mask off all but the 8 LSB with an AND R2, R2,
ﬂ?nm}ﬂmﬂFF instruction to remove any signals from other devices connected 1o GPIO2 input
pins.

Adfter the Compare instruction, the Branch if Less than or Equal instruction. BLS sends
execution to the DONE: label if the pH is less than or equal 10 0x7F. Else, execution falls
through to the instructions that tumn on the Neutralizer for a few seconds. The timing is done by
loading a large value into a register and counting the value down with a Repeat-Until loop. The
delay time is equal to the time it takes to execute the loaded number times around the loop. If we
assume a [GHz clock then cach clock period is 1 ns. If we assume each instruction takes one
clock cycle then each execution of the two instructions in the loop required 2 ns. To get a delay
of 5 seconds then we need Ssec/2ns or ideally 0x9502F900 loops. Note that if the required time
produces a value that is larger than 32 bits, you can add more NOPs 1o increase the time of cach
loop or you can create a nested loop. We leave it for vou to fi gure out how to create a nested loop
as a problem at the end of the chapter and in the next chapter we show you how to use
programmable hardware timers to measure off precise time intervals. Incidentall ¥, the NOP or
No Operation instruction that we used in this section is used 1o take up time or provide an
instruction to use for a breakpoint during debugging. A NOP instruction does not change any
processor registers or memory locations. It simply fills one time slot in the pipeline. For a !r'z;n'ﬂ}'
of reasons, it usually requires some experimentation to get close timing with a delay loop and the
value will have to be modified if the Processor clock speed is changed. In the next chapter we
::::E t;ul:u:u:s I:Jh :.;51: a programmable timer/counter 10 accurately measure times and time

_'I'n- sum_m:m'i':e this section, we showed here that for a REPEAT-UNTIL s
desired action(s) and then check the decision condition, whereas

you chec klth-.-: decision cclm-lii.l.l'-.:rn first and then do the action(s). In the next section of the chapter
we ﬂdmw :ruu more lechnigues ¥ou can use to improve the memory efficiency and execution
speed of your programs. We are introducin ¢ these techniques relatively early in vour climb up

tructure, you do the
with a WHILE-DO structure
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the assembly language programming ramp in the hope that they will become automatic (o you as
YOU WTile programs.

Optimization Techniques for Arm Assembly Language

The program examples in the first section of the chapter introduced you to some optimization
techniques for ARM assembly language programs. This section of the chapter summarizes these
techniques and systematically shows other optimization techniques that you should use in your
programs as often as possible. It is especially important to use these tricks in program sections
that must execute as fast as possible. We have formatted this section as lists so that you can
periodically do a “memory refresh cycle™ by reading the list entries and then review the
examples to get any details vou may need.

GENERAL INSTRUCTION OPTIMIZATION TECHNIQUES

. Use the MOV and MVN instructions to load constants into registers instead of using
the LDR RN, =32-bit value instruction.

Remember from previous discussions that the =32-bit value part of this instruction is
a chrective to the assembler to, in some way, create an instruction that loads the specified
address or other constant into the particular register. The assembler first attempts to do
this with a single Move (MOV En) or a Move Negative (MVN Bn) mstruction. If the
assembler cannot create a MOV or MVN instruction that loads the desired constant, it
puts the value in a literal pool and creates an LDR instruction that loads the 32-bit value
from the literal table when it executes. The problems with this approach are that the
literal pool takes up space in the code section of the program and, if the literal pool is not
in the cache when the LDR instruction cxecutes, it will take perhaps 100 clock cycles for
the LDE instruction to get the value from the literal pool. The ebvious conclusion from
this is that to optimize performance, you would like to reduce the use of a literal pool by
YOUr Programs.

The way we approach this is to use the LDR RN =0x3FFFFFFF type instructions in
the first version of a program as shown in Figure 4-12. One advantage of using the LDR
EM,= 0x3FFFFFFF type instructions in the first version of a program is that they show
the address and constant loads clearly. Another advantape is that the assembler will
automatically translate many of these into equivalent MOV or MVN instructions. [ As we
show a little later, the assembler will automatically do this for anv LDR instructions that
can be implemented with a single MOV or MVYN instruction.) We then look at the
debugger output file for the program. The debugger disassemnbles the executable file and
shows the mnemonics for the actual instructions created by the assembler, as compared
with the assembler list file that simply shows the instruction mnemonics as you typed
them. We then replace each LDR instruction that refers to the literal pool with two or
three simple instructions that load the desired values in the registers without using the
literal pool. The best way to show how you do this is with some familiar examples.

To load a value such as Oxd0EQQOO0 into R 1, for example, vou can first tell the
assembler to load Ox00EQQOO00 into R 1 with a MOV instruction. This would seem
impossible to accomplish with a simple MOV instruction because the immediate operand
allowed in any anthmetic instruction can only be 8 bits, However, an arithmetic
instruction such as a MOV can specify that the 8-bit operand be rotated an even number
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of bit positions. The assembler will code the MOV R, #0x00EQD000 instruction with an
immediate value of OxE0 and a rotate right code of 8 that tells the processor to rotate the
0=ED value 16 bits right before loading it in R1. {The number of bits rotated is equal o
two times the value coded into the rotate field of the instruction, so that only 4 bits are
needed to represent up to a 30-bit rotation.) You then use the instruction ORR R,

BT, # 040000000 to put the rest of the required bits in R1. The assembler will code the
ORR R1, R1, 0x40000000 instruction with 0x40 in the immediate field and a rotate right
code of 4. This instruction then tells the processor to rotate the immediate value Ox40
right by 8 bit positions. The rotated value of Ox4000000 ORed with the (xD0EQQ000
gives the desired result of Ox40E00000 in R1. The trick here is to build a desired 32-bit
result by using rotated 8-bit immediate values and logic operations to get the desired
result.

In cases where only a single MOV or MVN instruction 15 needed. the assembler can
figure out how to do this for you. As an example of this, the assembler automatically can
automatically translate the instruction LDR R3, = Ox03FFFFFF instruction to a MVIN R3,
#OxFCO00000 instruction. The MVN instruction puts the complement of the given
immediate operand in the specified register. The operand (xFCO00000 is obviously teo
large to fit in the 8-bit immediate field of the instruction but a (xFC operand fits. The
assembler will code this as the immediate value and specify a Rotate of 8 bit positions.
When the instruction executes, the constructed valve of OxFCDRO0000 will be
complemented to give the desired result of (x03FFFFFF.

As an example of another technique you can use 1o load a particular type of 32-bit
constant into a register, suppose vou want 1o load the 32-bit value O0x0001FC00 in R3.
You can use a MVN R3,0x00 imstruction to load R3 with OxFFFFFFFF. You can then use
a MOV R3,R3,LSL #15 instruction to Logically Shift this value Left 15 bits to put zeros
in the lower 15 bits and then use an MOV B3 R3_LSK 215 instruction o shift the value
back into position and leave zeros in the upper 13 bits that have 1o be zero as desired.
This may not be immediately obvious but once you have perhaps made a game of it and
done it a few times it becomes almost automatic.

As a final example of these techniques, vou can build a value of Ox3FF in R4 by first
execuling a MOV R4 #xFF mstruction to load 0xFF in R4, and then use and ADD
R4.R4, #0x300 to get the desired result. Again, an operand of 0x300 is too large to fit
directly in the immediate field of an instruction, but the assembler codes an immediate
value that will produce the same result when rotated and added to the OxFF in R4.

In summary, you can load constants into registers using at most four simple
instructions but usually one or two will do the job. Once you understand the principle, it
is fun to figure out the simple instructions that will load a desired operand in a register
without reading the value from a literal pool. Other than the intellectual satisfaction of
doing it successfully, the main reward is a program that executes faster because it does
not need to access a literal pool to load 32-bit values into registers. Of course, if the
particular application does not meed to execute quickly, you can just leave your program
with the initial LDR. RN, =constant instructions 1o reduce the overall program
development time and get the product to market more quickly.
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flags.

% 3 and 4. The array program
There are many “mpifgﬂit::: E’ ;]:; !:;mmﬁf :;:Elr:nm';cnl the element caum.crci: i
i Fipwe %muwd ;J-r: : Us-i lhl: 5 suffix to set the flags eliminates the need for a h;-n
M e il'lll}lh al‘t:nflh: S1U/B instruction. Note that for ll'ur:. SAme n:a.s:l:rnl.lu @
R“_'ﬂ.ﬂ 1o update the -;;lﬁsshnuld also have loops count down to zero instead of having
mﬁﬂmm number, as shown by the example in Figure 3-8,

dressing modes. :
0 A.t“.]“(ﬂ::::l!:: ;f:;;z?:}zugﬁnsze uwd;—"-ﬂFﬂW'E ADD instructions 10
i e oo llﬁ' the operands were read from memory 10 mqu: th.ﬁ: d

It 26 F:mmmlz wever, as explained in the instruction examples in Chapter 3 an
sy spadsilap Figure 4-6, the ARM Load and Store instructions
as shown in the ‘m:‘fr; mmmm capability. The instruction LDRB R6.[R1].#1
B Pory byt pointed to by R1 into R6 and increments the poiner in R1 by 1 10
11:'!?15 * mt b 1,:?2 the array. The obvious advantage of these :ldd.f-:ﬁ:}i-lng mc_h'i":s 18
T
help reduce code bloal.

: : by 2 and LSR to divide by power of 2.

2 }jn“st:lj li;ft:;lgﬂ:lzm;:;hﬁ:jn::mum you can multiply a number ina regisier h‘.'fu:l
power of 2 faster by simply by lﬂsicﬂ_f}:r Shifting ﬂlﬁtppﬁmxz f:ltz: il;%hch; n; :':IEIT]LITE

' csince B is 27, you can multiply ' .

mméﬂ WESL #3. Likﬂ-‘i:c. you could divide the number in R2 by 4 with
the instruction MOV R2,R2.LSR #2. For the cases where it works, this method of
multiplying is faster than using the MUL instruction. Several of the ﬁRM—ha.‘.iE'I_ﬂ- o
pmn:ﬁ:.bm do not have a DIV instruction, but this method does ut-rlf u.tH_I"-:}_ur_dwldl.ng by
a power of 2. For cases where this does not work, you can do a required division by

successive subtraction, with multiphcation by the reciprocal of the divisor, or by calling a
C library function
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6. Use the unigue-to-ARM BIC instruction to clear a bit or up to 8 bits anywhere in a
32-bit word instead of creating a mask and then ANDing the mask with the word.
The BIC instruction is a data processing instruction that ANDs the complement of a
specihied operand with the contents of a register. The BIC R1,R1.#04 jnsu}j.-;l_inn_ for
example, will AND the contents of R1 with the complement of the immediate value 4, or
TTRRRRRLTRT R R R R eI i 111011, This operation will clear bit 2 in R1 and leave
the other bits unchanged. Likewise, the instruction BIC R1.R1 #0x0000FF00 will clear
bits 8-15 of the value in R1. Note that up to 8 adjacent bits can be specified 1o be cleared
and that the bits to be cleared can be anywhere in the 32-bit register. However, as with
the examples in #1 in this list, you must construct the immediate number so that the

assembler can access the desired bits by rotating the immediate number an even number
of bit positions.

REDUCING RAW HAZARDS

As discussed in chapter 2, pipelined processors such as the ARM-based processors will suffer
stall cycles if the processor needs to wait to Read an operand until Afier it has been Written by
some other operation. Waiting for an operand in this way is commaonly called a Read-Afier-

Write or RAW hazard. RAW hazards can be caused by an instruction taking more than one clock
eyele to produce an operand, RAW hazards are also commonly caused by an instruction or data
word not being available in a cache when needed. You can eliminate or at least reduce the elock

cyeles lost to RAW stall cycles by trying to make sure operands are available as close to when
they are needed as possible. Here are a few general rules to help with this.

I. To reduce data processing instruction data hazards, put non-dependent instructions

immediately after the instruction that produces a needed operand, and schedule
dependent instructions later.

Most ARM data processing instructions have a result
means that an operand produced by an
with no stall cycles,
operation is used as
be a result

latency of one clock cycle. This
instruction can be used in the tollowing instruction
However, for data processing instructions, if the result of a previous

an operand for a Shift or Rotate by immediate operation, there will

sult latency of two clock cyeles. As an example of this, the MOV instruction in the
following instruction sequence would suffer a one-cycle stall because the MOV

instruction uses the value of R1 produced by the ADD R1.R2.R3 instruction,

SUB R4, R6, R7
ADD RI1, R2, R3
MOV R6, R1, LSR #4

This stall can be eliminated by s

cheduling the non-dependent SUB R4, R6. BT i tructio:
after the ADD R1, R2, R inst . ’

ruction instead of before as follows:
ADDRI, R2. R3

SUB R4, R6. RT7

MOV R6, R1, LSR #4
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As another example of this, the MUL instruction has a result latency of 1-3 clock
cycles, depending on the value of the operands. Therefore, you should schedule an
instruction that uses the result of a MUL instruction at least two instruction slots after the
MUL instruction to avoid stalls.

For the latencies of other instructions, consult the T1 AM3359 Data book.

Keep data items close together, so they will be read into a cache line with a single
operation after the first miss.

An L1 data cache line and an L2 cache line in the Arm Cortex-AB processors are 64
bytes. In other words, when the processor does a cache line fill, it reads a block of 64
bytes from memory. To make this most efficient, you should start data arrays or
structures on 64-byte boundaries. You do this by using the .align directive. The directive
align 6 will start the next data item on a 64-byte boundary,

2. Use multiple register Load and Store instructions.
The Load Double instruction, as for example, LDRD RO, [R2] loads the word pointed 1o
in memory by B2 into RO, and the word in memory pointed to by B2 + 4 into R1. The
Store Double instruction, as for example, STRD R0, [R2] instruction stores the word in
RO at the memory address pointed to by R2, and stores the word in R1 al a memory
address calculated by adding 4 to the value contained in R2. In a later section of this
chapter we show you how to use the Load Multiple (LDM) instruction that can be used 1o
load a specified group of registers from a series of memory locations, and the Store
Multiple (STM) instruction that can be used 1o store a specified group of registers in a
series of memory locations,

REDUCING BRANCH STALLS

As explained in chapter 2, a taken branch causes stalls in a pipelined processor because the
fall-through path instructions that were automatically loaded into the pipeline need to be flushed
and new instructions fetched from the branch target address. For branches that are encountered
and taken over and over, Branch Tarpet Buffers (BTBs) and branch prediction bits can
significantly reduce the number of branch stalls. However, for branches that are only
encouniered once in a program, BTBs and prediction bits do not help. To reduce stalls caused by
these single-encountered branches, you can in many cases use the conditional instruction
execution capability of the ARM-based processors. As we explained in chapter 3, for Branch
instructions and for almost all of the other ARM instructions, you can specify whether the
processor should execute that instruction or nol, based on some condition represented by the
flags. Table 3-3 shows the conditions that can be specified for conditional execution. The fact
that you can attach conditions to the execution of data processing instructions often allows you to
eliminate branch instructions. As a familiar example of this, suppose that our PC board machine
had only 2 LEDs, vellow and green. We will use the [F-THEN-ELSE decision section of the
LED example program in Figure 4-12 to show you how to do this. To refresh your memory, the
implementation of the IF-THEN-ELSE section of the program with branches is as follows:

I75

CMP RO, #30 ‘@ Compare temperature with setpoint

BMI YELLOW (@ If temperature < 30 po light yellow

LDR R5,=0x80000000 @ Else load mask for green LED

B SEND @ Go write word to GPCRO register
YELLOW: LDR RS, =0x20000000 & Load mask for yellow LED
SEND: STR R5, [R3] @ Wnite LED turn on word to GPCR2

Using the conditional execution capability of the ARM processor, the instruction sequence
can be written with no branch instructions as follows:

CMP RO, £30 ‘@) Compare temperature with setpoint
MOVMI RS £0h 200000000 @ If temperature < 30 load mask for
@ yellow LED
MOVPL R5.20xE80000000  (a Else load mask for green LED
STR RS, [R3] @ Write LED tum on word to GPCR2

As you can sce, using the two condiional MOV instructions eliminates the BMI instruction
and the unconditional Branch instruction. The MOVMI will put 020000000 in RS oaly if the
compare that is done by subtracting 30 from the value in RO produces a negative (Minus) result.
Likewise, the MOVPL instruction in this second version will only load the value of OxB30000000
in RS if the value in RO is equal to or greater than 30.

This second implementation of the IF-THEN-ELSE structure does not contain any branch
instructions, so it will not suffer any branch stalls. However, the instructions for the [F path and
the instructions for the ELSE path are both read in from memory and clocked through the
pipeline. Even though the instructions for one path are not executed. it will still take some clock
cycles to shift these instructuons through the processor pipeline. Since no useful work 1s done by
these non-executed instructions, they represent wasted clock cyvcles. In this example, there will
be only one non-executed instruction for enther path through the IF-THEN-ELSE structure, so
there will only be one wasted clock cycle. However, for cases where the IF path and the ELSE
path are each longer than four or five instructions, it may be more efficient to implement an IF-
THEN-ELSE with branches and pay the branch stall penalties than to have the processor siep
through long sequences of non-executed conditional instructions.

Writing and Calling Procedures in Arm Assembly Language Programs
INTRODUCTION AND TERMINOLOGY

Often when writing programs you find that vou need to use a particular sequence of
instructions many limes in the program. Rather than repeating this sequence of instructions in-
{ine each time they are needed, you can write the sequence of instructions as a procedure and
simply “call” the procedure each time the sequence of instructions is needed. Figure 4-20a shows
how this works. A branch instruction in the mainline program, or in some cases an interrupt
signal or exception condition, “calls™ the procedure. After the procedure instructions execute, an
mstruction at the end of the procedure returns execution to the mainline program at the next
instruction afier the branch that called the procedure. As shown in Figure 4-20b, procedures can
be “nested,” which means that one procedure calls another procedure as part of its instruction
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sequence. Wou ¢an felbow the amows ih the Sigure 10 5e¢ the overall program flow for these
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Figure 4-20, ng_n'tﬁi' flovw 10 and from pm_culmri_ (a) Swngle procedure. (b} Mested procedyres

Up 1o this point, we have been using the term “procedure™ to identily the “subproprams™ that
i wrtbe to avobd duplicating a sequence of instructions in vouwr osainling prograsm, Onbcr teons
commonty used to identify these subpeograms are fisncrions and sabrosdines. For this book we
will follow the conventions most commaenty used in indastry documents. For the assembly
lnnguage sections of this book we will use the term “procedure’. For the O programming
lamguape examples im the ook, we will wse the ferm *function” when referring 1o an expression
of the form z = sum (&, b where & valwe is refurnsd directly to o named variohie such as the zin
this function call. We will use the term procedure Tor an expression of the loom printi{™Hello
Liniverse'n™ |y

[ addition 10 reducing the overall number of instructions 2nd therefore the memory
requirement in your programs, procedures have another very impomant mle in the top-down
design programming approach descnbed in chapier 3. Kemember that the top=town design
ppproach involves defining the problem and then breaking the overall programming task inbe a
hierarchy of smalker and smaller mogubes umsil the aperation of each module is very clear. As an
cxample, Figure 421 shows a hierarchical chart for the modules of a simple inventeny control
progrum, The modules are useally wntten as procedures hat are called from the mainline
program of from higher-level modubes, The advantsges of this approach are that: it is easier
develop, test, and debug esch module individually than 1 do soowith o single large program;
debugped procedures can be stored in a hbrary and re-wsed i ther proprams; and o person
leaming the operation of the program cn stant with the mainline program and work down
Ehl'i!'l.llf'h the levels of the hi.-:mrd'i:.r il helshe achieves the mquir\ed level of unﬁ::rslandinE_ 1

In

e eyt section, we show vou bow 1o Call and Betem from ARM assembly language
procedures.

LGS VE
MLAIN INVENTERY
| |
LIDATI -
Al sl GELES O
LB rrcano sl b8 REGULTE
FRINT PR
LEWEL 3 'T__-'.'Er_;'_'E:"_!' CEFARTMENT FARTS TO
y Irpe EMTCRES CRLER LIST

Figure 4-22 shavws o very simple example of a procedurs Call ard Returm in ARM assembly
Languape. After the two MOY msspoctions in the mamline program load some et values into RO
and K1, the BL DOADD instruction “calls”™ the ROATID procedurs by simply doing an
upcenditional branch to the proecedure. The Branch and Link instruction, BL, also stores the
addregs of the MOV BILE Ox ] § instruction, which is the next instrection afier BL. in R14.
Brepister B4 s also knowi o8 the Lok Bepistor or LR, becowse 1t holds the “link™ back o the
cnlling progmem.

Ihe DErALDD e edune adds the two operands passed o itin Eand B1, and pars ithe resuli
in B0 to pass back 1o the calling program. The MOV PC, B4 instructon ten refums execulion
ta 1he enllimg or mninline program. The MO0 BC, R 14 instruction simply copiss the melum
address saved in 14 ]1-:. the B instruction inlo the Program Comnter (PC), The PC will then use
this nidaess o ferch the pext instructon, [ this case. the pesdt metruction fetched wall be the
MOV RO, #0w 1R instnaction in the mainine. Mote tha sines LR is another paimne for B14. you
iy il the RO PC, B 14 insimection as MO0V PC, LR
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CALLING AND RETURNING FROM ARM ASSEMBLY LANGUAGE
FROCEDURES

1
st ¢
@ ARM ASSEMBLY LANGLIAGE PROGEAM TO ILLUSTRATE SIMPLE
PROCEDNRE CALL AN RETLIRM |
Caopyrght Doogles V. Hall Pardasd, OR

R
ghobal _start:
et MOW RO, 810 (@ Load valses o process

hiCH R, =3

BL DekADLY @ Call suhrwting. retere pddees = 14

MO @ [msmrection 1o e oy becalepomt
DAy ADD ROROED i Add operasds passed m i and rl

Rorturm resli in v
RO PO R4 @ Rooturm o calling program ueing rensm
@ mddregsin R 14, the Link Begister

end

= -

Figure 4-12. ARM assembly language example to show simple procedure call and return.

The simple example 1n Figure 4-22 shows the hasic prmciples of calling and renarning from a
procedure, but for more complex procedures and interrupt procedures the two major additional
poiaite that you nesd 1o know ahout ane:

. How to save the regasters and flags or stade of the calling program and restore the stabe
when execution refurns 1o the calling propram.

2. How 1o pass values (parumeters) from the calling program 1o the procedure amd how 1o
pass values from the procedure back 1o the calling program,

We wiall 2tan by talking aboi how vou save the uate of the calling program. Mozt
micrspracesiors allow o programmes 1o 201 aside g special section of memory called a sircl: The
stk ie peed W save copies of tbe mainline program repisters and flags while a procedure
execules, s0 they can be restored afier the procedurs gxscutes

Fipure 3-23 shows in diagram form how this works. For the flow shown in Figure 4-25a the
calling progrem copies or, as we comamenly sy, “pushes” any registers used in the procedure on
the steck and then calls the procedure. Atler execution retums 1o the calling prograns, calling
program nstroctons “pop” or, m other words, copy tbe saved repister values and ags from the
stack back inio the specified regisers. Pushing and popping the registers in the calling program
18 counmonly referred to as “caller sarved staie ™

Hillii

ik

[ li.l!iﬂr
BerEpam
i)

Figeire 4-23, Program flow for procedurs call showlsie repister saves. {a) Pushid in calling
praaram. (B Pushed in procedurs. (ITmproved armaork supp!ied by Eric Krnuse.)

In the secomd approach, shown in Figure 4-23b, the registers and flags are pushed on ihe
atick al Lhe start of the peocedun: snd they are popped off the stack al the end of the procedure.
Pushing and popping the registers in the precedure i commonly called “callee saved state.” Both
appeaeches di the job but one shantage of putting: the push and pop instructions in the
peoceduse is that you only need tw write them in the peogram onee rather than in the program
ench dime vou call the procedure, Another advaniage is that, if the procedure is put inio o library

For e, you don't have te stsdy Lee procedure o find ool which registers o save before you
call the precedure Becauae this is already whken care of 10 the procedure. The dizadvantage of
calles saved state is thot in some cases, vou might not care iF the calling Progranm state % aaved
whien you call the proceduse. [n these cases, the push and pop sperations in the procedure are nol
necded amd therefore add unrecessary execution time. The point, &5 always, is thar for cach
irbividual case you must evaluate the tradeoils and chose the stale-saving approach that works
best for thok specific ense. Mow Bet’s ook at the different ways vou can brnplement and use a
stack inan ARM-based microprocessor svstem

IMPLEMENTIMNG AND USING A STACK IN ARM ASSEMBLY LANGUAGE
PROGRAMS

Figure 4-24 shows bow the familiar halfword multipheation example from Figurs 3-6 can be

reweitien a0 that the scisl n:|u|l:||.1| caticns of the mrmy elements are done in @ procesiare instead
of in the mainline program. Fiesg let's book ot how the siack i get up and aceessed,
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A stack is managed as a simple array of words in @ memory space assigned to the stack. In
the program in Figure 4-24, the STACK: .rept 256, the .byte 0x00, and the .endr statements tell
the assembler to set aside 236 bytes of memory to be used as a stack and initialize all of the
locations in this range with zeroes.

To access the stack in a program, a register referred to as the Stack Pointer (SP) register is
used to bold the address of the location currently being accessed in the stack. This location is
commonly called the top-of-the-stack (TOS). In ARM-based processors, R13 functions as the
SP, so the assembly language statement LDR R13 =STACK at the start of the mainline in Figure
4-22 imtializes R13 with the starting address of the memory space set aside for the stack.
However, for compatibility with the memory usage by high-level language programs, we would
like 10 write words 1o the stack, starting from the top of the assigned memory space, rather than
from the bottom. Therefore, we move the SP to the top of the memory space assigned to the
stack wath the ADD R13, R13, #0x100 instruction. (Actually, if you are checking our arithmetic
here, you would note that this instruction imtializes the SP to an address that is one byte above

the space set aside for the stack. However, as we will soon show, this is not an error.)

msdicpre:

A ARM cuampls propoam o show mack e sctup,

A padng wd popyag et s prswny pArEDEIT

& io s procédury & repe

@ Copyrighs Dowgla V' Hall Portesd. OR

Lot

pichal wmn

s

oqu NUM, 4
LD Ri1-STACK & Pomt stack potnter i low end of sack space
ADD RIY, R13, om0 6 Moot wack poiner o mop of sack
LDk RO -MULTIFLICANDS & Load srray sddresses (pomben) uis negisiers
LD® EL=MILTIFLIERS 6 i pass io procedors
LOR EL-FRODUCTS
MOV B3, iU Load cogpier 1o pan W procedurs
BL MLULTD @ Call precedars o e ihe work

MULTC: STMIFD  RIN. (Ré-RE, Ri4| @ Save used regimen on sach

KEXT LDEH R4 [RD] =2 i Gt o muliplicand half wond, incremment
LOEH K7 [RILe2 id Gt muirplier bl word, increseni
I RERESRT id Performs multphcation
TR R [RI] e 14 Copy reslt womd 10 produsts, mcroment
SBs KL i Dhecrommeni clexsent counier
BNE KEXT & Forpew il all 4 eheenents done
LDMFD  R1M, (ReREFC) il Fesore regsicrs and rotars

Az

MULTIFLICAMNDS: jreced Gul]l], 2222 Ga)053, Gudddd

MULTIFLIERS: Jrmoard Ol 100, 2222, Du YD, fuddad

FRODUCTS: woid (il O, ol Ol

ETACK: sept 254 i Reserve 254 byies for sack weed mue with Gul)

v )
endy
end

After the stack pointer is initialized, the next steps in the program in Figure 4-24 are to load
the starting addresses of the MULTIPLICANDS, MULTIPLIERS, and PRODUCTS arrays in
registers RO, R1, and R2, respectively. Since these pointers to the three arrays will be in the three
registers when we call the MULTO procedure, they will be “passed” to the procedure in the
registers, The procedure can then access the arrays using these registers as pointers, Note that we
also load a single value, the number of array elements, in R3 with the statement MOV R3,
¥NUM to pass to the procedure. These examples show two of the possible ways to pass values
{parameters) to procedures. You can pass values directly in registers, or for data structures such
as arrays you can pass pointers o these structures in registers.

The BL. MULTCO instruction in Figure 4-24 unconditionally branches to the procedure
MULTO and saves the return address in the Link Register, R14. All but the first instruction and
the last instruction in the MULTO procedure are the same as in the example in Figure 3-6, so
they do not require further explanation except to say that in the procedure these instructions use
the pointers and the count value passed to them in registers RO-R3. The STMFD instruction at
the stant of the procedure and the LDMFD instruction at the end of the procedure require
considerable explanation. To start, let’s look at the basic LDM and STM instructions.

Contrary to the design philosophy of a pure RISC machine, the ARM-based processors have
a Store Multiple (STM) instruction that can be used to store multiple registers in a sequence of
memory locations, starting at an address specified in a register. They also have a Load Multiple
(LDM) instruction that can be used to load a specified set of registers with values from a
sequence of memory locations. The four ways that an STM instruction can be directed to store a
sequence of registers in memory or specifically on the stack are as follows:

Address Stack | Address | Stack
0x00008090 | R14 e— RIS 00008 150 Riz BEForE
0xD000B0SC | RE ;A 0x0000817C | R14 Pusers
(xDOOOBOER | RT OnDOOOELTE | RS
Ox(ODOS0S4 | R6 OuDOO0ELT4 | R7
R13 11 RFTER
OxO0O08080 o DxO000ELT0 | R6 F"Ep-..:fr.:
a PusHFL c.
Address Stack | Address | Stack |
OxO000B090 = RI 0z0000817C | R14_&— REEE':,’;‘F
OxONO0B0RC | R14 PusiES OxOON0E1TS | RS
O (OO0E0EE | RS Ox0DO08174 | R7
Ox00008084 | RT 0x00008170 | R6
1 I3 AFTER
OXOODOSUSD | R6 | gﬂ"'f Ox0000816C e RIS A s
b LHES d

Figure 4-24. ARM assembly language program to show stack frame setup pushing and popping
registers, and passing parameters 1o a procedure in registers.
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Figure 4-235. Stack operations for the four types of stack possible with ARM-based processors.
(a) Full Ascending or Increment before push. (b) Empty Ascending or Increment afier push. (c)
Full Descending or Decrement before push. (d) Empty Descending or Decrement after push.

Full Ascending or Increment Before - STMFA RI13!, {R6-RE, R14} or STMIB R13), [R6-RS,
K14} The value in R13 15 incremented by 4 and R6 is written to the location pointed to by R13,
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The other registers are stored in numerical order at increasing addresses. Register R13 15 left
pointing to the “full® location containing a copy of R14. Traditionally this is known as an
“increment and push™ type system. Assuming R13 contains Ox00008080, Figure 4-25a shows in
diagram form the contents of the stack and the stack pointer after execution of the STMFA R13!,
{R6-R8, R14} instruction.

Empty Ascending or Increment After - STMEA R13!, [R6-RE, R14} or STMIA R13!, {R6-
RE, R14}. Register R6 is written to the location pointed to by R13. The other registers are stored
in numenical order at increasing addresses. After R14 15 copied to the stack. register R13 i3
incremented by 4 and therefore is left pointing to an “empty” location at an address above the
address containing a copy of R14. Traditionally this is known as a “push and increment” type
system. Assuming R13 contains (00008080, Figure 4-25b shows the contents of the stack and
the stack pointer after execution of the STMFA R13!, [R6-RE, R14} instruction.

Full Descending or Decrement Before - STMFD R13!, {R6-R8, R14} or STMDB R13!, |R6-
RE&, R14}. Register R13 is decremented by 4 and the highest numbered register in the list, R14 in
this example, is written at that address. The other registers are written in decreasing numerical
order at decreasing addresses. Register R13 is left pointing at the “full” location containing the
copy of R6. Traditonally this is known as a “decrement and push”™ type system. As a side note,
the Intel 80x86 family processors use a decrement and push type stack. Figure 4-25¢ shows the
contents of the stack and the stack pointer after execution of the STMFA R13!, {R6-RE, R14]
instruction, assummg K13 contains (x000081 80 after adding 0x 100 to a stack base address of

O DODOBGED.

Empty Descending or Decrement After - STMED RI3! {R6-RE, R14} or STMDA R13! {R6-
RE}. The highest numbered register in the list, R14 in this example, is written at the address
contamned m R 13. The other registers are wnlten in decreasing numernical order at decreasing
addresses. Afier the registers are copied to the stack, R13 is decremented by 4 and left pointing
al the “empty” next word address below the location containing the copy of R6. Traditionally
thus 15 known as a “push and decrement”™ type system. Again as a side note, the Motorola

MC6EK family processors use a push and decrement type stack. Assuming R13 contains

U 0OOUSOFC afier adding 0xFC 10 a stack base address of 0x00008080, Figure 4-23d shows the
contents of the stack and stack pointer after execution of the STMFA R13!, [R6-R8, R14}
instruction.

To implement a stack for saving registers duning procedure calls, you will usually implement
it as Full Descending or Empty Descending. We chose to use Full Descending to be compatible
with other ARM systems, with Intel systems, and with the stack implemented by most C
compilers. Since a Full Descending system decrements the specified stack pointer before
copying a register to the stack, you can at the stan of your program initialize the stack pointer 1o
the next address above the actual stack. In our example program in Figure 4-24, we did this by
adding 256 to the starting address of the stack in R13 instead of adding 0xFC to R13.

The STMFD R13!, {R6-R8, R14} instruction at the start of the MULTO procedure in Figure
4-24 pushes registers R6, R7, R8 and R14 on the stack and leaves R13 pointing at the copy of
R6. The LDMFD R13!, [R6-R8, PC} instruction at the end of the MULTO procedure copies the
saved values of R6, R7, and RS from the stack back 10 registers R6, R7, and R8. It also copies

I83
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the value of R14 saved on the stack into the Program Counter instead of back into R14. Since the
value copied to the stack from R 14 was the return address put there by the BL instruction,
loading this value into the program counter returns execution to the next address after the BL
instruction in the calling program. The single LDMFD R13!, {R6-R8, PC} instruction then both
restores the registers and returns execution to the calling program.

For a procedure call and retumn to work comrectly, it is very important that the stack pointer is
pointed to the correct location in the stack when vou do a retumn instruction such as LDMFD
R13!, {R6-R8, PC) that pops the return address off the stack into the PC. If you do not do this,
the return instruction will pop an incorrect value into the PC and your program will likely
“grash” the system. In simple procedures, you can keep the stack “balanced” so that the return
works correctly by just keeping the number of registers popped equal to the number of registers
pushed. In more complex procedures, where you use the stack to pass parameters, you may
directly load the stack pointer with the value needed to pop the return address off the stack into
the PC as we show a little later. In all cases, you use a stack map such as those in Figure 4-25 1o
keep track of where everything is in the stack and where the stack pointer should point in order
to correctly return to the calling program. Incidentally, in chapter 5 we show you how to preserve
the flags of the calling program for those cases where you need to do this. Next here, we need 1o
discuss in more detail how you pass parameters 1o and from procedures.

PASSING PARAMETERS TO AND FROM PROCEDURES

In the example program in Figure 4-22 we showed how you use registers for passing single
values of parameters 1o a procedure, and in Figure 4-24 we showed how you can also pass array
pointers to a procedure. For compatibility with high-level language compilers, ARM Ltd. has
defined a standard called the ARM Procedure Call Standard or APCS for the use of registers and
other features in procedure calls. In order to ensure that vour assembly language procedures will
be callable from high-level language programs, the key APCS points you need to know and
follow for your assembly language programs are:

Registers RO-R3 are used to pass parameters or pointers to a procedure.

R0 is used to pass an integer result back to the calling program.

Registers R4-R10 must be saved by the procedure, if they are used in the procedure.
R11 and R12 are “scraich pad” registers and do not need to be preserved.

R13 is the Stack Pointer (SP).

R14 is the Link Register (LR).

o ol o

Note that in the program in Figure 4-22 we passed parameters 1o the procedure in RO and R1,
and passed the result back to the mainline program in RO as specified by the APCS. Likewise, in
the program in Figure 4-24 we passed four parameters 1o the procedure in RO-R3 as specified by
the APCS, Now, suppose that you are writing a program and you find that you need to pass more
single values or more pointers than will fit in the four registers (R0O-R3) allowed by the APCS.
The aliernative 1o using registers for passing single parameters or pointers 15 to use the stack. If
you need to pass more parameters than can be passed in R0-R3 yvou can, for example, load 4
pointers or other parameters into registers RO-R3 and then use an STMFD R13, [RO-R3}
instruction to push these parameters on the stack. In the procedure vou can pop the passed
parameters off the stack and use them as needed. To help you understand how to do this, Figure
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| Address Stack ' Cornments

| <- R13 Belfore
OxOCOOS1E4 | B3 Stack after

OeDODDSIED |R2 | STMFD RIM,
_Dx0000S1DC | R1 | (RO-R3)

| Ox000081D8 | RD | <- RI3 After
[ 0x000081D4 | R14 | <-R13 before
{x00O08ID0 | RE | STMFDRIM,
02000081CC [R7_ | (R6-RER14)
mOOGRICE | R6 | < RI3 After
nOOOCSICS \

Figure 4-27. Stack map showing contents of stack and stack pointer during execution of
program in Figure 4-26.

The NEXT1 block of instructions in the procedure uses the parameters passed in RO-R3 1o
multiply the clements in the Multiphicands] and Multipliers] arrays and put the results in the
Products] array. However, to access the parameters needed 1o process the second set of arrays,
we need 1o pop them off the stack. To do this, we need 1o do a little stack pointer anthmetic with
the help of the stack map in Figure 4-27. Afier pushing the registers at the start of the procedure,
R13 was left pointing at address 0x000081C8. To get R13 pointing to address UxUO00S | D,
where the RO-R3 registers we passed on the stack are located, we need to add 16 to R13 with the
ADD R13, R13, #16 instruction. With R13 pointing to these parameters, we can pop them off the
stack into registers RO-R3 with the LDMFD R13!, {RO-R3} instruction and use them 1o process
the second array with the instructions in the NEXT2 loop.

Note that, afier registers RO-R3 are popped off the stack, R13 will be pointing 10 address
Ox 00008 1 EXR, the starting location. Before we can restore registers R6-RB and R14, we have 1o
move R13 back down to address Ox(0008 1 CE where these registers were pushed on the stack. To
do this, we simply subtract 32 from R13 with the SUB R13, R13, #32 instruction and use the
LDMFD R13!, |R6-RE. R14} instruction to restore the imtial contents of R6-RE and R14 1o get
ready 1o return 1o the calling program. Before returning however, we have to balance the stack.
The term balance the stack means 10 put the stack pointer register back to its initial value, so that
it is not left pointing somewhere down in the stack space. If you don't do this in each procedure,
the stack pointer may keep moving down through the stack space as you call procedures and
eventually overflow down into your program space in memory, If this overflow happens, writing
to the stack may write over data or even your program code and likely “crash™ your program.

For the example program in Figure 4-24, R13 will contain 0x000081 D8 after the LDMFD
R13!, |R6-RE, R14) instruchion executes. You want it to contain the initial value of
Ox000081 ES before returning 1o the calling program. The simple instruction ADD R13, R13, #16
will balance the stack by changing R13 to 0x000081E8 as needed. The MOV PC, R14
instruction &t the end of the procedure then uses the return address stored in .14 1o return to the
calling program

If you need 10 pass more than eight parameters directly to a procedure, you can load another
set of parameters in RO-R3 and use another STMFD R13!, {R0-R3} instruction to push these
parameters on the stack. As another example of working with a stack map, Figure 4-28 shows 2
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map of the stack contents after pushing two sets of the R0-R3 registers on the stack with two
STMFD R13!, {R0O-R3} instructions and an STMFD R13!, {R4-R10} instruction at the start of
the procedure to save R4-R10, as required by the APCS,

Address Stack | Comments

Ox (0008180 <- R13 Before
Ox0000817C | R3 Resuit after frst
0x00008178 | R2 | STMFD R13!,
0100008174 [R1 | (RO-R3)
0x00008170 | RO | <- R13 Afler |
0x0000816C | R3 | Result after second
Dx00008168 [ R2 | STMFD R13!,
| 0x00008164 1 R1__ | {RO-R3}
0x00008160 | RO | <- R13 After
0x0000815C | R10 | Result after
0x00008158 | R9 | STMFD R13!,
0x00008154 [RE | (R4-R10}
0x00008150 | R7
0x0000814C | R6 |
| 0x00008148 | RS
0x00008144 | R4 | <-R13 After

| 0x00008140

Figure 4-28. Stack map showing the contents of the stack after passing two sets of parameters
on stack and saving registers R4-R 10 on Full Descending stack.

Again as in the previous example, you have o add a value to R13, so that an LDMFD R13!,
{RO-R3} instruction can access the RO-R3 values last pushed on the stack. Note that in vour
procedure, you only need to push the registers that you use in the set of R4-R10, so the number
you must add to R13 depends on the number of registers specified in the STMFD instruction you
wrote to save the used registers,

After you pop the four parameters last pushed on the stack and move them to other registers,
the stack pointer (R13) will be pointing at the lowest of the first four parameters pushed on the
stack. You can use another LDMFD R13!, { RO-R3} instruction to pop the four parameters first
pushed on the stack into registers RO-R3 and either use the values directly or copy them into
other registers o use them.

At the end of the procedure, you need to correct the value in R13 so that R13 points to the
R4-R10 values stored on the stack and then use an STMFD R13!, [(R4-R10} instruction to-
restore the registers. You can use the stack diagram in Figure 4-28 to help you determine the

value you need to add to or subtract from R13. so that the LDMFD R13!, [R4-R10) instruction
will load the desired values from the stack. Likewise, you can use the stack diagram to determine
the additional correction you need to make to R13 after the LDMFD R13!, {R4-R10} instruction
to balance the stack by moving R13 above the stack locations used to pass the two copies of R0-
R3 on the stack. We leave these simple arithmetic problems for you to do as an exercise.




To summanze the preceding discussion, vou can give a procedure access to desired data by
passing the data directly in registers RO-R3, by directly passing pointers to the data in RO-R3,
and/or by passing data or pointers on the stack. Again, we have found that a stack map such as
those in Figures 4-27 and 4-28 are essential for keeping track of where all the values are Jocated
on the stack and the value in the stack pointer at any particular time as you do push and pop
operations.

As a final important note here, the STM instruction we used to push registers on the stack
can also be used for simply copying a block of data from a set of registers to general memory,
Also, the LDM instruction used pop registers off the stack can be used for reading a block of
data from general memory into a specified set of registers. For the example in this section we
have used R13, the stack pointer, for STM and LDM instructions, because we were working with
the stack. However, you can use other registers as the pointer in these instructions as, for
example, STMFD R&!, |R4-R7} but the register used as a pointer should not be included in the
register transfer list. As we mentioned in the optimization section of the chapter, the multiple
Store and multiple Load instructions are more efficient than sequences of individual Store or
Load instructions. The STM and LDM instructions each require only one word of memory and
only one direct pipeline slot. These instructions do, of course, each require multiple clock cycles
to store the specified registers or load the specified registers.

Now that you know how to write and call assembly language procedures, we can show
you in the next section how o develop programs that contain both C language sections and
assembly language sections.

Developing Programs That Contain Both C and Assembly Language Modules

As we have previously stated, vou usually try 1o write as much of a system program as
possible in a high-level language. The reason is that it is considerably faster and more efficient
than wnting the entire program in assembly language. However, for program sections that need
to run in the absolute minimum amount of time, involve a lot of “bit-twiddling,” or for which
the compiler cannot create efficient code, we often write assembly language procedures and
simply call these procedures from the high-level language program as needed. This technique is
an important part of current microprocessor system design.

We will be using only assembly language for the program examples in the next few chapters
but since it fits very well with our discussion of procedures and parameter passing, we will now
show you how U programs call and pass parameters to functions, and how 1o write assembly
language procedures that you can call from your C programs. One major goal of the section 15 o
show you that the process for writing multi-language programs is understandable and doable,
You can then refer back to this section of the chapter and dig more deeply into the details when
vou need them for Later work.

THE C RUN-TIME ENVIRONMENT AND SETUP

The program environment that must be set up to run C programs is appropriately called the C

run-fime environmeni, The run-time environment consists of a library of pre-defined functions
that vour C program can call, a stack for passing parameters and saving registers, a “heap™ that
your programs can use for dynamic memory allocation, and perhaps some memory
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protection/management capability. When vou link a compiled C program, the code that sets up
the run-time environment is automatically linked to the code for your C program. For a desktop
system, the run-time added code may be quite large due to the larpe number of system functions.
However, for small embedded systems, the run-time environment is kept as small as possible so
that it requires minimal memory, ARM Lid., for example, makes available a small run-time
library that includes just division and remainder functions to compensate for the lack of a divide
instruction; stack limit checking functions; stack and heap management functions; program start-
up instructions; and program termination instructions. The linker will only link the run-time
functions needed for a specific program, so for a simple embedded system the C run-time
envirenment can be as small as a few hundred byvtes.

When you run a C program, the start-up code sets up the stack and heap and then calls the
function main(). All C programs must have one main () function. At the end of the main()
function, unless the C program loops forever, execution retumns 1o the operating system,
debugger, or other system program that is being used to run the C program. Now that you have a
basic understanding of how the run-time environment is set up for executing C programs, the
next step is 1o look at how procedures are declared, defined, and called in C programs. With this
knowledge as a base, it is an easy step 10 show you how to write assembly language procedures
you can call from vour C programs.

DECLARING, DEFINING, AND CALLING FUNCTIONS IN C PROGRAMS

To create and use a function in a C program, you must declare the function. define the
function, and call the function. Figure 4-29 shows a template for how you do each of these, and
Figure 4-30 shows several function examples in a simple C program. To understand the terms in
the templates, it may help to look at corresponding parts in the example program. Don’t worry
about the details of the example program at this point because, after we discuss the templates, we
will work through the different 1ypes of function calls in the example program.
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TEMFLATES FOR DECLARING, CALLING AND DEFINING C FUNCTIOHS

DECIARATION (FROTOTYPE)

trpc function_nams(variable list):

1
t of data type and formal parasater (dummy)
r!ﬁ';m by tunction name for sach uﬂuhn to be passed
EALL
?nu saln()

function_name(actoal argumsnts):
t

names of variables or pointers )
to ba passed to function this call

)
DEFINITION
type function_mass{formal argumantes)
1

note: ho |
type of data typas and names of local
reaturnad by variables vhich corres to
function actual variables passed to function

i
statements;
seturn{variable);
1
name of varieble returned to

calling function

i N

Figure 4-29. Templates for declanng, defining, and calling C functions.

The first step in writing a function is to write the {function declaration or profotype. The
function declaration is essentially a “block diagram™ for the function. The int ¢2f{int c);
staternent af the top of Figure 4-30 is an example. The function declaration identifies the function
for the compiler and indicates the types of data to be passed to and from the function. The
compiler uses this information to make sure that the correct data 15 being passed to and from a
function when it is called. For a large program, the function prototypes are all put in a separate
header file and pulled into the program at compile time with a #include <filename h> statement
at the start of the program. The #include <sidio h> statement at the start of the program in Figure
4-30 is an example of this. The stdio h header file contains the function prototypes for predefined
system functions such a scanfi() and printf{) that are used in the program.

As shown in Figure 4-29, a function declaration starts with a data type such as int, float, char,
etc. The type in this case represents the data type for the variable returned to the calling program
by the function. A C program can retumn the value of one variable directly to the calling program.
If the function does not directly retum a value (o the calling program, you give the return type as
“void.” Note that the default retum type of the main() function is int.

%1

/™ beclaring, calling, »nd defining functione */
#include<atdio.h>

Int tempe, tompd; /* mxterral {globei) verlablen #/
Int e2fiine 2y /* declore function elf which returre o0 int velue =/

wold pet_tespi inT "pir); /* ceclare function which madifien & valie
pointed to, but doss mot directly retuen o value %/
vald malingd
{
gei_tespiltenpe); SEogall function get_tesp.
per_temp writes girecily te temps *f
teemd = g {rempx); S oenl i edf furetion, pass wvalue
of tempe o furction, Returned valis
annigresd 3 fempd =/

printf{=Tha tTenperature in Celpium i A=, Tempc);
printf{*The temperaturs in Fehrenheii (o A%, teapd i
Y O oered of mmin ®f

imt elfiint o) /* deline function c2¥. Mole Mo ; &t end #f
{
Int ¥; 7 wiomatic (lecal] veristle
fw @S » 32;
raturn ()2
3
waid get_templint *ptr) ™ gefine Fureiion get_tesp -y

i

prirtf{*Flease enter the Celsius Cempgrature.\n=);
scand {=Ld*, plr);

b

Figure 4-30. C program showing examples of declaring, defining, and calling C functions

Adter the function name in the function declaration, you enclose in parentheses a list of
variables that will be passed to the function and specify the data type for each of these variables.
These variables identified in the function declaration are often referred o in programming texis
as formal arguments or formal parameters. We often call them “dummy™ variables because they
are placcholders for the “actual™ variables that will be passed to the function when it is called.
The int c2f{int c); statement at the top of Figure 4-30, for example, indicates that the valve of a
variable of type int will be passed to the ¢2f function when it is called in a program. As another
example of a function prototype, the declaration void get temp{int *ptr); in Figure 4-30 declares
a function that does not return a value but requires that a pointer to an int type variable be passed
to it. {Remember that pointer is just another name for an address. )

After you construct the function declaration, you define the actual function. Functions are
always defined outside of main() because you cannot define one function within another. As
shown in the ¢2f function in Figure 4-30, a function starts with a function header that has the
same format as the function declaration but is not followed by a semicolon. The header indicates
that the int value passed to the function when it is called will automatically be assigned to the
local vanable ¢ in the function. To define the function, you will write the data declarations and
action statements for the body of the function. Note that the statement block for the function is
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T . s
sed i in Figure 4-30 passes
1 rly braces.” The retumn (), statement in the ¢2f function
enclo m o i

: ! k to the calling program.
int value of the local variable £, calculated in the function. ba; theses that contains the names
int

;on with its name and a st 0 { passing any values to
YoucallaC ’?‘“mt;ﬂhf:iﬁ:m pass to the function. lf‘.{“&fn:zmﬂ“m the function call
of varisbles of poikien I # <L id” 1 thn:pa:tmhesﬂ-Th‘: e tual parameters
the function, you put the term “viol !.1.'I._ soxtbooks as actual .m’ﬁllmrﬂh‘ Qr @

Tk, 3 5 g1
are sometimes referred to in programmin

ual param:ters
the sedure. The act
hecause these represent the values actually passed 10 P,ﬁu: function prototypes, so that the

! the formal parameters | " Thi ns that only the
usually have different m&&ﬂg programs always “pass by value.” This mea  of the variable is
functions are genemc. hl ml- passed to a function or in other words. D“E .:lt;cﬂi} rations

oz n{t: &l:ﬂ'h‘-'d function T'l:‘.ﬂ:ui'njlial value of the ‘Imaihfh . m;nc::nfﬁnniﬁtfn 1o bcp';blc to directly

: - jon call. 1f you w : i, P

performed on the value passed in ﬁm% the function a pointer to the mﬂaEI;Jﬂﬂrﬂl‘-I:-‘; ﬂl:"r‘i
modify the value ﬂf?ﬂ:::&: The function will then be able lbimﬁgiftsn“::n be assigned
words, the address of by y that a value returned by 2 ;

modify mt] i | l.h:ci;!l.em’;: }:ﬂ‘n'grﬂ'l'l. HDWﬂ?éﬁm example of this and other examples, let’s take a
1o a vanable in :

in Fi 4-30.
look at the program in Figure 4-30. :
dnﬂ'l'fh:gw:rni‘i actions for the program in Figure 4-30 are o

1 on a keyboard.
the user to enter a Celsius temperature
1. Pmm?]tg kevboard to read the entered Celsius tcmmt o
5 Convert the Celsius temperature 1o an equivalent Fah mdn'
i- P:ifn the Celsius and Fahrenheit temperatures 00 3 display device.

' ariable called tempe that will be used to
I Fuggriln wcmnp:mlﬁm dﬁli-l: :tht::dnb?u:: user, and an intII}'!:I-E u'miahlcluiat,l:ed.
it s L9 Fahrenheit temperature. As we will explain in more d::u!J ater,
e oy ide of any function, so they are exrernal or global. This means
s sk m:i by other program modules, even if they are in separate files.
i b gt Ttrﬁ:ucm 4-30 we declare the two funchions, get_temp :md u'_::l‘, that we
e mpwml Remember that the int *ptr in the void get_temp(int "ptr}
de Emm“lﬂ_ﬂ lﬂ“ﬁmﬂlﬁ ” thl' will pass & pointer to an int type variable when we call this function.
decl iy we call 1h: gel :\:mp function with the statement get_temp{&tempe);. In C pn:llﬁii‘ﬂlns.
Eﬂ:ﬂbﬁl 15 ihllﬂhﬂ-ﬂ-d for the words “the address Uf;;: the ﬂ,l:fhtmm l:mrr::: ::ﬁnhlg: Fa
address vanab " 31 inter 1 a vaniable is just 1 55 O .
ummn:;fgﬂ: mﬂzlm 1:3111“!;:!;: ﬁ:dur: and passes it a pointer o lempc, so that the
L] . K
s ;’1;1;'-“’[: t:“mf:u the predefined library function printf to display a prompt
o ETEE“P' the Celsius temperature, and then we use the library function scanf to read
Eﬁuﬁta&d by the user. Note that we pass the pointer passed r”‘.“ the mainline to -Lh,:: SExr
function, 5o scan can write the value read from the keyboard directly into tempe. The %d int
scanf function call 1ells scanf to write the value in tempc as a decimal w%m_ -
The tempf = ¢2fitempe), statement in Figure 4-30 calls the ‘f:f function, passes the va u':m
tempe to the function, and writes the value returned by the function to the variable tempf. In the
¢2{ function we declare the local vaniable [0 hold the computed value of the Fahrenheit 2f
temperature. The term “local” here means that the variable f can only be accessed within the ¢2
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function and in functions called by c2f. For the actual calculation of the Fahrenheit value, the
multiplication and addition operations map directly into ARM instructions. However, if a
particular ARM-based processor does not have a divide instruction, the compiler will call one of
the run-time functions 1o do the division if it cannot determine a way to do the specific division
with subtract or shift instructions. Note that the priority of operators in C is
multiplication/division and then addition/subtraction, so the multiplication by 9 is done first, then
the division by 5, and finally the addition of 32.

The retumn (f); statement at the end of the c2f procedure passes the calculated value of the
Fahrenheit temperature back to the mainline, where it is written to the tempf variable. Finally in
the mainline program, we call the library printf function to display the Celsius temperature
passed to it and then call printf again to display the Fahrenheit temperature.

Before we show you how to write assembly language procedures you can call from your C
programs, we need to talk a little about two important properties of variables and functions in C
programs. The two properties of any variable or function declared in a C program are lifetime
and visibility or “scope.” As the name implies, /iferime refers to how long a declared variable
keeps its value in a program. The visibiliry or scope of a declared variable is a measure of
whether it can be accessed from other source files, accessed from other blocks. or accessed Just
within the source file or block where it is declared. To help with our discussion of these lerms,
Figure 4-31 shows some simple examples.

As we mentioned earlier, variables or functions declared outside of main() are by default
extemal or, in other words, global. This means that they are visible or accessible from anywhere
in the source file where they are defined or from other files that are linked with that file. The int
tempf: and the int ¢2f{int c}; declarations in Figure 4-30 are examples of this. A global variable
maintains its value for as long as the program is running. Note that, if want to access a variable
or function that is declared and defined in another source file, you need o identify it as exrern in
the source file vou are developing, The extern int book_toual; declaration in Figure 4-31 is an
example of this,

If you want a variable or function to be visib
put the word staric at the stant of the declaration.
declarations in Figure 4-31 are examples.

le only within the current source module. you
The static int tempc; and the static int Rc(int f);

VARTABLE EXAMPLE LIFETINE

ACCESSIRILITY
int tempf) Pregran all source files
ETatic int tempe: PEogran thals file anly
xtern Int book_total progras define? Ln anather Tile
int caf(inc ) Progras all source files
statio Int Z2giinef) Progras this source file ealy

void main ()

int counk

bloak block and sub blsckn
after declared
ptatie Int lntecrupt_ent; prograr blook and sub blecks
after declaced
reglietar inmt index block

Bleck and sub Blsokeg
aftar doclinped

Figure 4-31. Examples showing Lifetime and
function declarations.

Accessibility(Visibility) for C variable and
As we also mentioned earlier,

_ variables or functions declared within a function are local or,
n other words, accessible only wi

thin that function or in functions called by that function.
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- imbles. The il eodans;
s : - callod aitamatic variables. 11
gad function are commmonly cal F : criom thas
eclaration : ; fiot: that vari
declares an automatic variable, 3 lemporar siorage 4 (he Duncizon eRgcules. When

: 3 liooated 5o the valee of the
execution retms 10 the calling proga h;t::m “{:":f,': :mﬁll d;: b i o the fungtion
wariable Is]l.'lfL._.!m auEa MRl Yan e e Ve 1 retain i1s vilue mtp_z:- ek
m“mﬁuﬁlﬁﬂ;mm wind ~static a the start of the dectaration. Amn
ri LTS - et ' i
example in Fare 4-31 Emuﬁ:ﬁ:;ﬁ:ﬂ;ﬁéddim%u. o Vit e is.
mmFmﬂi!:bmm F;T' :L“- e the Functien meaini ), bk the ward “register” a1 the start of the

i it dh?w i this variable toa Fegister rber than 1a an a.]]-:u.-.m:d_
i IH:|-_|5 o mll:;::lm u:i“uclg:: preminTy Access fime, 118 wsunlly much more effieient 1o
vk liﬂl_'ll"_ﬂ-l::a: FD:T! :v.:: thamn 10 work awith the variahle io u.mnmrr_leﬁnt_u_m. ."-J!c:}'.'r
i au\mma l':;: 111:51!:-.-3.- points that we bave discussed about C Euru.;:mns. .I het, in the
::mﬂ:u:n we show you how to call assembly languape procedures from L progrins,

T implement a function in a L program, you need 1o

i i ;. ill b passed 10
i I the compiler the data types for valuels) thal will
¥ ﬁmﬁfﬁﬁﬂgw}w value that will bse retumed By the funetion.

Define (write] the fusction ard give it a header. The I'I.'I.I':w.'li.-uﬂ heurl-:: has the satie ’mn-g;t
a5 the fumction declarstion bt is not fellowed by 8 semicolon. This mas [ -1.:.41-.‘,E:nutl:..tu1 =
of eain L It may be done in He S8 man file as meaini} or in apother searee 11. , L;_-,
header contains “dummy” names and 1Be Upes for the paramelcss 1!n_u1 are 10 be pisse

the function. If a varishbe is declared within a fusetion, it b automalic (bocal) and 15
arcessible enly 1o thal function and 1o fanctiens called by IJ1.EI1 Fumetion, The valae of an
sutomatic variable is kst whes execution returns o the calling program unless th
variable is deckared with te word “static” in the declaralion.

d

1 Call the function by name ard pass it the values of the aetanl parumetess that are 10 b
used in the function. Except for the first two calls to priotd, the examples in Figure 4301
each fumction call passes only sne parameier to & function, bul you can specily mullipke

to pass with a comma-separubed list U programs pass only a copy of 8
specified variableis), 30 if vou wand @ function to modify a varkable directly, you must
pass the function o poimer o the variable. 178 value is reumed By the function, 11 e b
pssigoed 10 8 dechared vanahle in the calling program.

CALLING AN ASSEMBLY LANGUAGE PROCEDURE FROM A C PROGRAM

Calling an assemnbiy language provedure from a C program is very much like calling a ©
{uneticn from a O progeam. The major steps you need o do for this are:

1. Write the C program and declare the assembly language procedire in the C program with
o directve thit idemifics the procedure as cxpers. The unsigned short extern BCTIZISN
['.Iﬂiigﬂﬁd sho b}-} declaration in the C Program iJlF:iEun:: 4-32a for g;q;;u'np]g, 1ells the
compiber tha the function (procedure)  BUD?BIN is in another File that will e linked

193

T

with the objeet file for the C module o link time. The declaration also wells the compiter
that an unsigned shorl {16-bit) value will be passed o the procedure and that on unsigned
short §16-kity vadue will be returned by the procedwre. (You usually write the © PrCITm
First and then decide to poss some task of T ioan assembly language procedure. From this,
vou know wliat to pass to the procedure and whar you want 12 haree rehemied, s¢ you can
write the function declaration. )

In the  program, write the starement that calls the assembly lenguage procedure. The
AIN = BCD2RIN (BCD): statemend in the example program in Figure 4-32a_ for
examnple, calls the BCDZRIN procedure, passes the walue of the vanable BCD to it, and
assighs the valee retumed by the procedune o thee variable BIN.

Compale the O progrun and cofmect any SyTtax cirors.

Writethe nssembly languaps procedure followang the APCS rules as stted earlier in
th clapler. A C program will pass parameters © a function or procedure in regrsters Ri-
B3 and, if there are more vamables w pass than can be passed o BO-B3, the remaining
will ke pissied o the stack, (For progrm efficiency, vou should try to limdt the aumber
of paraimeiers passed o [owr or less =0 voo do not need to wse the stack, because
accessing he siack can ¢al up a kot of clock cycles.) [Fa single pammeter is passed, as in
t BIN = _BCDZEIN{BCTY); call in Figure 4-32a. then vou know that the value of BCD
will be passed o the procedure in register RO when the program is compiled to run on an
ARM-hased processor, If multiple parameters are passed in a procedure call, the first in
the list b the procedure call parentheses will be passed in B, the second in B1, eic In the
assembly language procedure, preserve any registers you use in the set of B4-R10 by
pusking them on the stack as required by the APCS. Remember that RI1 and BI2 can be
used as seraich pad registers and do ool need 10 be saved.

[ta value needs o be returned o the calling prorasm, sieve this value 1o B0 befope
returrung Lo the calling progron

At e start of the assembly language procedure, inchsde the lohal divective th
inakes the assembly languaye procedure “public™ so that it can be sccessed by other
modules. For the  BCDIBIM procedure vou would use the directive global BCDBIMN

Figure 4-32b shows the assenbly language RCD2BIN procedure that is cabled by
11_1-: L progrum in Figure 4320, We will work trough the algorithm of this 3
[t laber, but for new just note how we mirds - i : b

: ] tde a couple of copies of the BCD value
prsssed in RO, wsed R10 apd K12
n-go e uur_wer::-:u: s we -u.Eu.Lu_'L need 1o push any of the K4-R 10 repesters, and then
passed the result of the conversion back to the calling program in Ri.
Assernble the asembly language module and correct Ny synlax Crrors.

Link the abject file for the © medule with
rnlq:-cluln: o create o single executable file,
Use the debugger 1o mun and test the excculable
?;ﬁl:ﬁg b'!r e debuguer gives v 3 lot ol useful inbermation about the program Mow
- seetion of a program amd if needed, for the ansembly lungaage section In the
net Bection we wall take o look how the assemnbly langsage function is called and the

the ebiject file for the assembly lanpuage

file. The disassembled propram display

10



returnid valoe handled in mainiy Then in the next section we will briefly discuss the
BRI peocedure in 4-32h.

Fammple of T e calls
- g e g =
= Copyrighs Daotg Hal in
eaapuend whors BCTD = Gud;
e
waiorn s chewrd TSI Dwrnbgeed abasrt bl
=l e} |
BE = RODCETMIBOTN,
|}
(&)
T
& ARL ASM precadurs i coovorn BT byie o Roawy
& Doug Hall
AEEL
plobal _BCTOZERY
) nir
"  REILAD i T VALLE PAAKEES [ R
MOV Eilmn i CEOFIES IN BRI ARD RIT (weraich
ANZ KK L & MASK ALL BUT LS SABBLE T
ELE o] I s0uku i BAKK ALY BUT SECTHMID A% HIHE]
B EIZRIEIAR =y & WOYE Bor L% NIBBLE FOSTTHON i
ADD  RIZRIZEIZLEL o3 & MULTIPLY BY 4
M K12 RIZLSL =i @ MULTIPLY BY I
AN RIZRIZAN Wi ADD LS BIBELE §Eisd ®11
MY RORED o EESULT TORD FOR KFTURS
MUV PCLE o RETURN
cll

Figure 4-32. Program with C and Assembly modules. (0} C mainline, (h) Assembly bainguge
procedune.
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THE DERBIIGGER ASSEMBLY LISTING FOR MAIN

Ui OO0
O DO
(g a5
U DN WA e
O (W] 0
g (o] 4
D (k] B
Dl ¢
D020
D24
(a2 E
LHEF N T
(i a DK
el

< main=;
=maintd =
=maintE
<At | 2=
<main+ | 6=;
“main+ 20
wrpnEin 2
anaine IR
< mair=i2=:
< mnaan=3e:
o (1 R L
T EA e o
<mpan-+dH;
-':I'nu.m e 1

aub

gﬁ

EFY
bl
ey
Idr
sich
mov

rld, ip

sp!, {ril, rlZ, Ir, pe} & Push registers

r1l,r12,#4 ;0x4 (=@ Balance stack

rl2, [pe, #28] ; OxaDO0O030 <main+d8>

rlZ, [r12] i Load BCD value from memory
i1, rl2 i@ Copy BCID to RO o pass
Dxalidi0ie = BCDEBIN= & Call BCDIBIN
ri, (i@ Move value refumed to B3

riZ, [pe, #12] | Cea(eW)34 <maineS2e

K3, [l 2] @ Wrte o BIM

i, s a1 Address of BIN in RO

Idovdl eil, [e11, sp, pe} @ Pop registers and remum
ancige ol fl, rd, lse W1
amfpe o, o, M, asi 2]

Figure 4-33. Disassembly of main( ) function for program in Figore 4232,

Ume key new pond in the debugeer listing for maind )om Figure 433 15 that the code loads the
walug of BOT from memiory and copies i 1o BO o pass o _BCD2BIY as specified by the APCS.
Arcther piint s that upon retem, the code copies the BIN valoe retumed in B0 (o B3 amd then
slores i1 in memory al the BIN location. MNeae that the memory aeeess instraetions use PC
relative addressing.

THE BCD TO BINARY ALGORITHM

A dmiplicd by 8 naugee, the purpese of the BCD2BIN procedures is to convert a given B-hit
BCD number toits binary equivalent. The alpenthm for this s o simply mueltuply cach BCD
degit by ils binary vidoe and sum the reseles For all the digits, For example, the BCD number
(4 T represents the decimal number 27, The decimal aumber 47 15 equal o =10 + T=1_ The
Panary equivalent is just 4<0xA + TxOxl. The BCDZBIN procedure separates the BCD digits and
performs the eperations to produce the binary eguivalent of an #-bit ( 2-dipit) BODY number.

[ the procedure, we copy the BOTY vnlue passed in RO o B and B2, the seeateh pad
registers, o de the conversion. Tlen o B 11 we isolate the bower BCD digit, In B12 we isolate
ihe upper BOCD digne and shift e right 4 bit positions. imo the LS8 positons of the register. The
next step 15 to muliiply the value i R12 by decimal 10 or (A, sines the value of this BCD digic
15 OxA, Tistead of d-.'-ll:g this with a MLUL tisirec b, we deo it h:..' first multiplying it by 3 and
then multiplying if by 2 with the belp of shift operations. The ADD R12, R12, 1R12, LS]. &2
instruction adds K12 shafied two hits left o B 12 and pats the result in B 12, Sinee R12 shifted
Pwia it positions left s B x4, the resell in B12 s 4=R12 + BI2 = 5=RE2 The MOV EL2, R12,
LALE &1 instroction shifts 812 one bit prsitiom to the left 1o multiply i1 by 2, This ;ppmql;h is
faster than the MUL instruction.

Ad the end ol the procedure we move the resull Frem B12 o 8O for retues o e calling
progran as speci lied by the APCS, and then retam 1o e © progrom section with the familiar
MOV I LR bstruction, As you can sec from the cxamples in Figure 4-31. it is oot diffieult 1o
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write procedures that are callable from your C programs if you just follow the basie rules. [tis
also possible to call C library functions from an assembly language program but, since you will
esually write the main progsam for an application in © or soeme other high=level language, it is
much more likely that you will want 1o call an assenbly langisage proceduare from a C progrm
as we have shown you how 1o do in this section. bn the nex ard 1251 section of thas chapter, we
briefly show you bow it is possible 1o write shoet sections of assembly language code directiy in
C programs

N-LIWE ASSEMBLY LANGUAGE PROGRAMMING

Mo current C comipilers such have o buili-in sssembler that makes it postibbe for you 1o
embed shor ssctions of assembly longuage directly in vour O programs to perform simple
mnitializations or ather Mi-twiddiing cpertions. Figune 434 shows how the BCRABIN opemtion
thot we did with a '|'.u1.h:u:'||:|:r|: call m F'i;url: =12 can be done within a PrOgnam as irs e
a;r;mb.l'} code. The asembly hnpﬁ:ge sectiom slarts with ta undepicomes Tollowed h:,.' 1he
kevword asm. The ssembly |au1;|.-,u.:_tg_= slatemnents are then enchosed in parentbeses marks as
showm, Mote that the guotation marks and the 'n't are required on 2ach assembdy linguage
mmstruchion, Also note the termimating ; after the close parenthesas at the emd of the assembly
language mstructions. Further note that the comments for assembly Language instructons o a O
Program must use the O language comment {orermal as shioiwm,  Abug, & secuon of in-line ;m:izlllhl}'
code 1n a C program must be within a © function, For tas simple example, we just pug it dinzetly
in the maird | function.

13T
= Exemplde of T progras that s m-line assernbly *
™ Dhevmg Hall »
sizls ansipned shord BT = GxdT; |
ALShE mivhopncd s HDN;
T el
'l
__sam
1
"1.NE Ril=BlTDras
FLDEH AR e = ERCDWALUE [NTO R~
MY RIILELwd = RIIRIE ARE sommach repsisn®
AN R AT ol " R ACK ALL BUT L% MTRIELE *
“axD  KIIRI]EFal" S MASK ALl BUT SECOND M2 MTBRLE®
MY RIIRLLLEE shgy” * MOYE TO LS SIBLE POSITION &
= A THr FIZHIZEIIISL E2m™ "MULTIPLY Y 3%
"ENY RIZRIZL5 &l'aa™ = MULTIPLY BY X #/
“ablx  RIZRIZEIDwi” = ADD LS MIBRLT FROM B11%
Eil =B e = LOAD ADDRESS OF BEN®
“STEH EIZIRU)S. = WEITE EESULT TR &

Figure 4-34. Exasaple of C program thsd uses inline assembly code,

I the program i Figere £-34, we fiest use the LDE R 11 =BCD nstruction te load the
address of BCD indo B 11 then use the LDEH R11. [R11] instruction o read the value from the

BCTY memory location, Likewise, after we calculate the BIN value, we load the address of BIN
in B 1L ame then use B1D 1o wiite the result to the BIN memory lecation.

Cine major advantage of n-line assembly is that it does not have the overhead of a procedur:
call. Another advantoge i that 5t can moke wse of some compiler optimizations, The
disadvantages of bi-line assembly are as follows:

I, Using in-line assembly does nod reduce code for repeated sections i does dsang an
sssembly language procesture. The in-line sections must be included in the code each
time they are needed

The tse of physical registers o the stack in the ia-line assembly may couze problems dus
o conflicts with tse use of the repisters and stack in © expressions. (Youw may use the
debupger o help vou fix one of these proflems and then find that, after making a small
change in the C code, the program is beoken again )

Uzing in-line code in O programs makes it more difficult fo port the © code 1o different
urchiteciores.

]

[TE]

Hased on our expenience arsd on the abeve stated disadvantages of in-line assembly, we feel
that it is muwcl better programuning practice 10 pul assembly languape sections in procedures that
wae cian eall as needed, This approach aveids the duplication that may be required for in-lins
assembly. A larther advaniage 15 that of the assembly languape 15 all comaned in precedures, il s
muich ensier b por o anather architeciure becanss, as we demonstrazed earlier, the APCS clenrly
defines the interlace between O and assembly langunge procedures. As long as yvoo follow the
APCE, you will not need to endure a lenpthy debugping session trving o find mystery “side-
effents” caused by an-line mssembly negister conilias

USING "MARKE” TO AUTOMATE THE COMPILE AND LINK STEFS

For simple prograems, command line entry of compile and link commamds works fine. For
lurger proprams that contzin a lorge nomber of separate program files. however, this method is
nol wirkable, For farpe progranis we ensate 3 fike tha contams the compile commands for all of
ihe individunl source files and the link command thar produces the final execwtable file. The file
containing the commmands 14 wiually given the nome makefile or Makefile, (We like f0 wse the
nagee Makefile, 2o the file appears near the top of o directory Listing ) To fun the sequence of
corenmands i the Makelibe. you simply enter the command “make™ at the command prompt
When you man the moke progrom, it swmomatically determines which files in a larpe program
need 1o be recompiled/reasiembled becanse they have been chanped, executes the commandis)
thaat will L'l‘.‘lE‘vI:I-:I'r'l|.'|i I theoae files, il then runs the command that will link all the |:||'.gi=n|:|! miduleEs b
crente an updnted executalble. For o complete discassion of the make atility, consuly the make
raml al higp: e anoorgsaltwere'mak e monuonl make himil.

I you are using, the TT code Composer Stadio woels, the Build or Bebuwild command
automatically rums a defnult make file that % geoeraved wsing de seitings you specify for the
assembler, compalter, wnd linker in the setuponenus. The makefile foe o project is located in the
debuymer folder for the praoject in the specified workspace,
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Summary Full descending stack

Empty descending stack
In this chapter, we have introduced you to assembly language and C-assembly language Eﬂeﬁrﬁ: P
programming techniques for ARM-based microprocessors. The problems at the end of the Passin parameters to a procedure
chapter will give you some practice with these basic techniques, and later chapters will teach you C R‘mﬁm Saronmenl %
much more about writing programs for interfacing with a wide variety of devices and systems. In C it dislaiation b
the next chapter, we show you how to work with interrupts and interrupt procedures that are very O P emadios
important parts of ARM-based microprocessor systems. C functiog eall 1
C variable scope
References C variable lifetime
T C external variable
(1) GNU assembler {AS) manual Siwww are/binutils'manual/ [ i uul;mal.i-: variable
=2.1/as htm] ARM Procedure Call Standard (APCS) N
In-Line-Assembl . 2
(2) GNU Linker (LD) manual -2.9.1/1d.htm] Makefile ’
(3) GNU GCC manual hitp://gec gnuorg/onlinedocs/gee-4. 1.1 /gee/ Review Questions and Problems

l. A simple sequence problem:
a.  Write an algorithm for a program that converts two BCD digits packed in a byte to
the ASCII codes for the two BCD digits in different words.
b. ‘Write the assembly language for your algorithm.
¢. Il you have an appropriate system available, assemble, test. and debug your program.

(3) T1 AM335X Sitara Technical Reference Manual
=wwwow 1 comy hiv'ag) Tin/ Tan.
(5) ARM Conex A-8 Technical Reference manial,

1 Wit m

2. A simple Repeat-Until problem:

a. Wnite an algorithm for a program that computes the truncated average of 3 unsigned
byte values stored in an armay of bytes in memory, and stores the result in a separate
memory location reserved for the average. Hinl: You can use successive subtraction
te do a division.

_7#—- Checklist of Important Terms and Concepts

Packed BCD
Round. truncate b. Write the assembly language for your algorithm.
ATY pogvester ¢. If you have an appropriate system available, assemble, link. test, and debug vour
GPIO pins program.
{l;:iimmm . 3. A nested If-Then-Else problem:
Othmizatios e snme A common problem when reading a series of ASCII codes from a kevboard for a control
wﬁnﬂﬁ anﬂ‘n'ﬂ Rn application 1s the necd to filter out the those codes which represent the hexadecimal digits 0-
Base + Add : . 9 and A-F, and convert these ASCII codes to the simple hexadecimal digits. For example, if
s wddyes grucrmion we read in 0x34, the ASCII code for 4, we want 1o mask all but the lowest four bits to leave
P couis (x04, the 8-bit hexadecimal code for 4. IF we read in 0x42, the ASCII code for B, we want to

Auio-Increment, Auto-Decrement addressing
Multiply/divide by shift
BIC instruction

mask all but the lowest four bits and add 9 1o lcave (0x0B, the 8-bit code for hexadecimal B.
It we read an ASCII code that is not in the range of 0x30 — (%39 or Ox41- Ox46, we want our
program to give an error value of OxFF. Figure 4-35 shows the desired resulis for each range

Instruction scheduling of ASCII code values,
Load and Store Multiple instructions

Conditional execution 1o remove branches

Stack, top of stack
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.5-'#'
KECII
[ne 1]
i ]— ERROR
2FH
Elglll 1

] HEX O-%
L r

FaH

E ]— EREIRA
&0H

4TH

r ]— HEX W-F
L]

4TH

E ]—- ERRZA
TrH

Figaure 4-35, Desired action for cach range of ASCI values in problen 3.

g Write an aigorithim for a program that produces the desired resalt for walues in each
range of the ASCI codes,

B Write the assembly lanpuape for your algonithm.

2. [fyou have ao appropreate system available, assemble, link, fest, and debug your
program

4. A While-Do problem:

The ARM-based processors havee buth signed and umsipned multiphication insbrecions
bt some do mot have divade instnections. As shown o the this clapter, you can divide a
rumber by a power of 2 by simply shifting in vight the number of bat positions egual vo s
poswer uf 2. For cases where shifting does not work. vou can do division by suceessive
subtraction of the divisor (botoim mumiber) from the dividend (op aumber) until the pesult is
bess than the divisor,

A, Write an alporithm for 3 progrem that divides & given 32-kic unsigned number by o

given 16-bit unsigned integer and produces & roundsd result, Make supe b think abaad

the action(s ) you want for the boundary conditions of “divisor preater than dividend”
and “divisor equal o sero,”

b, Wit the assembly inpuage Fisr your alg_unlhm.

e I vou have un appropoate system available, assemble, test, and debug your prograrm.

5. Forthe following problems, de the iedicated action or improvement,
a Wnhlea slmpl.-e.-: SECUETICE of ARM mstructons that wll pl:-rl_imj'u the same funcisom s
the LD B1, =0s00020026 instruction without peeding 1o access a literal poel in
MY,
b, Write the assembly langoage instructiani) that wall lond Sx00FFFFFF i B2 withous
usimg @ lernl pool,

LREEERREZ E.

¢, Write a single ARM assembly language imstruction that will perform the same
funciien as the two instructions MOV B2, B2, [SL&4, and ADD RZ, R], B2

d. Write a single AEM assembly languape instruction that wall multiply B3 by 64
wilhout using the MULT mstrscton,

e Wote a single ARM assembly langesge instruction that will muluply the contents of
B4 by O wathowt using the MULT nstruction.

£ Wrbe an ARM assembly languape instruction that uses the BIC instruction w clear
bits 16-23 in RT.

g Show how you would schedule the thres istructions MULT B2, B R1; ADD RE,
B3, B2; and SUB K8, B9, BB to reduce the chance of oo BAW harard.

[ the tex we showed vou how the branch instroctions in a 2-LED program could be
eliminated by using the conditional execution capability of the ARM-based processors,
Adtemipt to rewrite the 3-LED program in Figure 4-16 using the conditional execulion
copabilitics w remove as many brasch instroctions a3 podsible in the nested If-Then-Else
section of the prograen and discuss your resul.

In the chapier we showed how you ean create an approximate delay by simply counting
down a valoe loaded into a register.
f Write an algonthm for a procedure than introduees o delay time by counting down a
vitlue passed to it in a 32-bit register.
b, Write the mamhine program that calls the proceduce s passes the 32-bin valoe o the
procedure, and write the assembly language for the delay procedure.
. I vou have an approprizle system avalable, assemble, test, and debug your program.

Bummaneze the APCS niles for the use and preservation of regislers during procediere calls
aund Fe s,

Adsuming that the @ sysiem has o Foll-Descending bype stack and that the stack pointer
(R 150 initially comains (00D0BA00, draw & stack map that shows the comens of the stack
and the value mn the siack pointer after the instroction STMFD B13!, [Rd=-RE T} executes

ik For the example stack mop in Fegure 4-28:

a, Determine the value that must be added fo B 13 to jump upover the lecations in the
stack whire the registers Ha-R 10 wenz pushed in the procedure so you cam access the
second copy of BO-R3 that was passed o the procedurs on the stack.

b, Determing the value that must be subtrcted from B13 in order to be oble to pop the
regisiers that were 2aved with the STMED B132, (B4-R10} mstrection after both
copies of RO-B3 on the stack have been popped off

¢, Dewermmine the vidue that maest be addied o R 13 0 “halance™ the siack afier an
LIOsAFD B34, FRA-R0} msinechon 15 wwed B pop R&=-R 10 ook the sinck,

11, A ARM-bpsed process control svstem outputs a messaed Fabrenbeit temperature 10 4

shisplay o s front paned, You need to write a procedure thas converts the Fahrenheit value 1o
Celsius, so the system con be suceesstully marketed in Evrope. The relationship betaeen



Fahrenheit and Celsius is C = (F-32) * 5/9. Assume that the Fahrenheit value will always be
in the range of 50-250 degrees and you wanl to round the result to the nearest Celsius degree.
a. 'Wnite an algorithm for a procedure that converts a Fahrenheit temperature passed in a
register to a Celsius equivalent and returns the calculated value to the calling program
in a register.
b. Wnite the assembly language for your procedure and for the assembly language
mainline that calls your procedure.
€. If you have an appropriate system available, assemble, test, and debug your program,

12 List and briefly describe the three tasks required to implement functions in C programs.

13. 2Wrile the algorithm for the BCD2BIN procedure in Figure 4-31b and extend the algorithm
so that it works for the conversion of a 4-digit BCD number to its binary equivalent instead
of just converting a 2-digit BCD number. Write the assembly language procedure for your
algorithm, then build. test, and debug the combined program modules.

16. Wnie a simple C mainline program to call the Fahrenheit to Celsius procedure from question
11. Then modify the procedure as needed so that it can be called from the C program.
Remember to follow the APCS guidelines. Build, test, and debug the combined program
modules.

17. Explain why it is usually better programming practice to write and call an assembly language
procedure in a high-level language program rather than using in-line assembly code.
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CHAPTER 5 - INTERRUPT PROCEDURES, CONTROLLERS, AND
TIMERS

In Chapter 3, during a discussion of the operating modes for ARM-based processors, we
mentioned that most microprocessors allow an “exception” such an external signal, a program
error condition, or an intermupt instrection to intérrupt normal program execution, swiltch the
processor Lo a privileged execution mode, and automatically call a special procedure that takes
some aclion to respond to the condition that produced the exception. These special procedures
are called interrupt service procedures or exception handlers. (We will use the term “interrupt
service procedure™ for procedures that are called by hardware signals and we will use the term
“handler™ for procedures that are called by error conditions.) At the end of the interrupt service
procedure or exception handler, a special instruction refumns execution to the interrupted
program, s0 execution can continue from the point where the exception occurred.

Interrupt procedures and exception handlers are very important pans of nearly every
microprocessor-based svstem, 50 11 is important for vou to become skilled in developing and
using them. In this chapter we review the ARM-based processor exception types, describe how
the processor responds to each of these exceptions, teach you how an interrupt vector table is
used, and how to write intermupt service procedures for any ARM-based processor system. Then
for a specilic system example, we show you how to work with interrupts and the Intermrupt
Controller in a Tl Sitara processor. We also discuss and show how interrupts are used in a variety
of important applications. The first application example shows you how 10 generate and service
an interrupl request from a GPIO pin. A second example shows vou how to use a programmable
limer 1o measure precise tme mtervals on an interrupt basis. The final interrupt application
example shows vou how to communicate with an external text-to-speech module on an interrupt
hasis, using one of the AM3358°s built-in peripheral UART controllers.

Objectives
Al the end of this Chapter. you should be able to:

1. List and descnibe the types of exceptions in ARM-based microprocessors and the
exccution mode associated with cach.

2, Describe how an ARM-based processor responds to each type of exception.

Describe how an interrupt vector table is used 1o direct execution to a desired type of

interrupt service procedure

4. Wnite an assembly language program that “hooks™ an interrupt vector and “chains™ an

inlermupt
procedure.

5. Wrile an interrupt service procedure for a specified interrupt source,

6. Wnite general-purpose procedures so that they are reentrant and can function correctly in
an inerrupt-driven system

7. Desenbe how interrupt procedures can be nested so a higher prionity interrupt can
interrupt execution of a lower priority interrupt service procedure of the same type,

8. Foran ARM Cortex-A8 based processor, configure GPIO pins as imermupt inputs,
unmask interrupt inputs, and direct hardware interrupts to the processor [RQ or FIQ
interrupd inputs

Lad

206



B

9. Wnite an ARM Cortex-AS based processor interrupt service procedure that reads data
from a penipheral device on an interrupt basis rather than a polled basis.

10. Use an ARM Conex-AS based processor Timer to produce precisely timed interrupts,

11. Write a program that communicates with a peripheral module over an RS-232C serial
line on an interrupt basis using one of the ARM Cortex A-8 based processor’s UARTs.

12. Describe how a logic analvzer operates and how it can be used to help develop a program
such as an R5-232C V'O driver.

Arm-Based Processor Exceptions and Exception Procedures

ARM-BASED PROCESSOR RESPONSES TO AN EXCEPTION
In response to an exception, an ARM-based processor will:

1. Change the operating mode of the processor to the mode associated with that exception.

2. Switch to a new K13 (Stack Pointer) associated with the exception mode to which the
processor switches as shown in Figure 3-1. Since each mode has its own R13, each mode
can have its own, independent stack that is protected to some extent because it cannot be
directly accessed from other modes. Note that as shown in Figure 3-1, the FIQ mode also
has duplicate registers that replace RE-R12 when execution switches to FIQ mode. These
duplicate remsters reduce the number of registers that have to be pushed on the stack
when an FIQ interrupt is serviced.

3. Save the return address in R14 of the NEW mode. The return address in this case 15 the
address of the next instruction to be executed in the interrupted program.

4. Save the Current Program Status Register (CPSR) of the interrupted program in the
Saved Program Status Register (SPSR) of the new mode.

5. Inthe CPSR of the new mode, disable IRQ interrupts by setting bit 7 of the CPSR. If the
mierrupt was caused by an FIQ signal, also disable further FIQ) interrupts by setting bt 6
in the CPSR of the new mode. These two are disabled to prevent interrupt signals still
present on the [RO) and'or FIOQ pins from producing continuous interrupts. Continuous
interrupts would keep calling the interrupt procedure and not allow the procedure to
service the condition that created the interrupt signal. Note that, if IRQ and FIQ) were
enabled in the mode that was interrupted. they will automatically be re-enabled when the
CPSR of the interrupled program 1s restored at the end of the inlerrupt service procedure.

6. Automatically “calls™ the procedure wniten 1o service the exception. The processor does
this call by reading the first instruction of the procedure from a dedicated address in an
imterrupt vecior fable usually located in memory starting at absolute address Ox00000004.

7. At the end of the interrupt service procedure, a special instruction copies the Saved
Program Status Register (SPSR) from the executing privileged mode back to the Current
Program Status Register (CPSR) of the mode that was interrupted, and retumns exccution
to the interrupted program at the correct location. As mentioned previously, IRQ and FIQ
will automatically be re-enabled when the CPSR of the interrupted program is restored, if
they were enabled when the exception occumed.

In the following sections, we will discuss each of these actions in detail. To start, we will
review the ARM-based processor execution modes that we introduced earlier.
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REVIEW OF ARM-BASED PROCESSOR EXCEPTION TYPES AND EXECUTION
MODES

In Chapter 3 we introduced you to the ARM processor User operating mode and the six
privileged operating modes: System, Supervisor, Abort, Undefined, IRQ and FIQ. These six
modes are called privileged because User mode programs cannot switch to one of these modes to
access sysiem resources, except through a special mechanism that we describe later. This
restnction provides one way to protect system programs from malfunctioning user programs. A
program operating in one of the privileged modes can, of course, directly change the operating
mode to any one of the other privileged modes or to User mode by simply changing the mode
bits in the CPSR to the bit pattern for the desired mode.

The five exception modes, Supervisor (SVC), Abart (ABT), Undefined (LUND), Interrupt
(IRQ) and Fast Interrupt (FI()), are normally entered when the processor expenences some
excepiion. FIQ) is an example of a hardware exception or interrupi. Asserting the FIQ) input pin
on the processor will interrupt the executing program and cause the processor to switch to the
FIQ execution mode. The Software Interrupt Instruction (SW1) is an example of a software
exception. When the SW1 instruction in a program executes, the processor will be switched 1o the
Supervisor (SVC) execution mode. Detection of an illegal instruction code in the instruction
code stream is an example of an execution exceprion and is commonly referred to as a foulr. To
refresh your memory of the ARM-based processor modes and the mechanism by which each is
entered, here again are briefl descriptions of the seven modes and, where appropniate, the
condition or exception that switches the processor to that mode. Again, please refer to Figure 3-1
for the register set that is used in each of these modes, Especially note that each of the exception
moddes has its own R13 (Stack Pointer) 1o point 10 a separate stack for that mode, an R14 w save
the return address for the interrupted program, and an SPSR to save the CPSR of the interrupted
program

USER (USR) = NORMAL APPLICATION PROGRAM EXECUTION MODE.

System (5YS} - In an embedded system with an operating system, the main operating system
will likely be run in System mode, As shown in Figure 3-1, System mode uses the same register
sel as User mode, but unlike User mode, Svstem mode allows direct access to the CPSR. When
the system power is first turned on, the Reset signal is assented, so the processor will go o
Supervisor mode. Afler initializing stacks for all the different modes and initializing all the
peripheral devices, the Supervisor mode program will then switch the processor to System mode
to run the man part of the operating system.

Supervisor (SVC) - The processor enters Supervisor mode in response (o a signal on the
processor Reset inpul or in response to the Software Interrupt Instruction (SWI). Supervisor
mode 15 used W imtialize stacks and penpheral devices. The operating svstem “kernel” is also
likely run in Supervisor mode, because as we will discuss later, this mode allows access to
control registers that code in other modes is not allowed to access, As we will also discuss in
detail later, User and System mode programs can only call “kemel™ 10 procedures using a SWI
mstruction. This mechanism prevents User mode code from modifying the kemel code and
crashing the system. Incidentally, the T1 CCS Debugger operates in Supervisor mode so, if you
look at the contents of the CPSR when you are debugging a program, you will see that the mode
bits are 0001 1, the code for Supervisor mode.
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Abort (ABT) = On processors such as ARM Cortex-A8 based processors, there are several
conditions that can cause an Abort exception. The easiest ones to describe at this point are those
caused when the processor attempts to fewch an instruction or data from memory and finds that
the instruction or data has not been loaded from disk into the physical memory on the board. For
these cases, the procedure that services the Abort exception will load the required code or data
from disk into physical memory and return execution to the interrupted program at the
instruction that caused the memory fault. This instruction will then be executed again.

Undefined (LUND) = The processor enters Undefined mode if it experiences an “Invalid
Instruction Code™ fault or. in other words, it finds that the word fetched as an instruction 1s not
one of the instruction codes defined for the core processor. In addition to detecting an illegal
instruction, this mechanism is also used o discriminate between instructions intended for the
core processor and, for example, floating point instructions intended for a floating-point

that shares the instruction stream from memory with the core processor. If the
System-On-Chip has a floating-point coprocessor, the core processor will wait and the floating-
point coprocessor will execute the floating-point instruction. If the SOC does not have a Moating-
point coprocessor, the Undefined mode exception handler can call a procedure that implements
the floating point instruction with a sequence of core processor instructions.

Interrupt (IRQ) - If the IR Interrupt input on the processor is enabled and a hardware signal
such as the End-of-Conversion strobe from an A/D) converter asserts the [R0) input, the processor

will switch 1o [RQ) mode operation.

Fast Interrupt (F10Q) = If the Fast Interrupt (FIQ) input on the processor is cnabled and a
hardware signal such as a system power failure detector IC asserts the FIQ input, the processor
will switch to FIQ) mode operation.

ow that we have reviewed the ARM execution modes, the exceplions that cause the
processor o enler one of the five exception modes, and the register set used for each mode, the
next step is o discuss the Interrupt Vector Table that the processor uses to automatically call the
interrupt procedure associated with each mode.

SETTING UP AND INITIALLZING AN INTERRUPT VECTOR TABLE

Figure 5-1 shows the address reserved for cach of the exception vectors in the Interrupt
Vector Table. Except for the FIQ vector at the highest address in the interrupt vector table, each
table entry has only four bytes allocated. This is only enough for one 32-bit instruction.
Therefore, the instruction stored mn the Interrupt Viector Table for each exception type is usually
some kind of unconditional branch to the start of the actual interrupt procedure. In this section
we show you how an Interrupt Vector Table 15 set up and how the Table is initialized with
mstructions that branch to the desired exception procedures. Unless you are building a system
from scratch, you will not usually have to do this because it is done by the system stan-up code
in the bootloader. However, you do need 10 understand how the Interrupt Vector Table is set up,

because you will have to access the table in order to install your own interrupt service
procedures. An important note here is that when a system is first powered up or Reset, ROM
memory containing the system startup code is located in memory starting at address Ox 00000000
because this is the address the processors goes to pet its first instruction after reset. However, the
system startup code will usually copy the Interrupt Vector Table from ROM to some higher
address in RAM. This copying to RAM is necessary so that, for example, the interrupt vector
table can be modified as needed 1o install custom interrupt service procedures.

Exceplion Mode | Veclor
Address
Reset SVE EALE LR L]
Undefined Instnaction LIND | G OO0
Software Interrupt a SVC | OmO000000S
Abort (Instruction Fetch Faulty | ABT | OwD000000C
Abort (Data Fech Fault) ABT | Ox00000010
Vector Reserved T (o e 4
| IRQ) Interrups IRG) D OO0 1 8
FIC) Interrupt FIQ O QOO0 1T

Figure 5-1 Interrupt Vector Table assignments for ARM-based processors.

The assembly language program in Figure 5-2 shows how 1o set up an Interrupt Vector
Table and load each entry in the table with an instruction that will “call™ the interrupt service
procedure for that exception. In this example, the calls to the interrupt service are done with
“LDR PC, address™ instructions in the program block just after the _start: label. Note that, when
the code for this program is loaded into memory, it is loaded starting at absolute address
Ox000000M0, This puts the LDR, PC instruction for each type of exception at the address shown
for that exception in Figure 5-1.

When one of these LDR PC instructions executes, it copies the starting address of the
desired interrupt service procedure from the literal pool explicitly declared in the second block of
the program to the Program Counter. For example, when the LDR PC, IRQ PROC ADDR
instruction executes, it will load the address from the literal pool location labeled
IRQ _PROC_ADDR into the Program Counter. The statement IRQ)_PROC_ADDR: .word
IR PROC in the second block of the program in Figure 5-2 declares a word type variable and
initializes it with the starting address of the IRQ interrupt service procedure, assuming the name
of the [RQ} interrupt service procedure is [RQ PROC as shown. As stated in the program
comments, the address of the IRQ service procedure will be inserted in this location in the literal
pool duning the link stage when the program is built.

210



|

ROM ot addrom (n00000000 Than puss the LDR instractions o the
comrect locanoss in e Intermapt Vecior Tabls.

Mote thar thas code explcely docles mnd miteliooy o liseral pool da
ootz the addrewses of tae bumdler Tiermapt procnderes. Whes as LDR.
PC smructaon ruscsien, ¢ will read the address of dhe spenfied

% o &

EmE A

i il
i

LDR PC. RESET PROC_ADDR
LDR PC,UND_HAND ADDR

LDR PC.SW1 HAND ADDR
LDR PC. bmer ABORT HAND ADDR

L
i
1
1

Iitern ol
Lol PC wouth %7 HANDLER scddrenn
Linmd FC wnith losrkeick Faull
Handler skl
Liowad FC wiigh DastaFoich Fault

Handler sbdrom

EhEEERBLE

LDR PC. DemABORT HAND ADDR

-
|
=
i
:

L

i
il
éi
|
(e
i

LD PO, IR PROC ADDE :
i lomrwsl el |
LDR T, PN PROC ADOR @ Load FC wth FIQ PROC sddreas from pool P

& taoar the namey @ dhe T oolamn ks whennby e ocstsn i e bl

A pool where the sbdre S 3 speciiod uomption o sored The rames W e

& rughi of the TiCDs e the msises of o scril hassllor provedieres. When e

- F—-H’.h:ﬂ‘—ﬂﬁpﬂ—ﬂhﬂ

e s e posl W e roasd By che "L it

EESET PROC ADDE.  word RESET HANDLFR G Buld owents earting sddress of "
@ RESET HANDLER procadure here

SWI HAND ADDR  weed W] HANDLER @ Buid mecrs SW1_ HANDLER addrrm here
lemr ABCIET HAND ADDE  sord LAROET HANDLER & Dhakd put LABT HANDE PR addr here
HAND ADDE  woed DABORT HANDLER § Build puts DABT HANDLER sddr here

i
:
|
I
£
|
:
£
;

Figure 5-2. Assembly language program for setting up and initializing the interrupt

vector table in an ARM based processor. B .

The key point here is that the Interrupt Vector Table contains LDR PC instructions. A
particular LDR PC mstruction will load the starting address of a desired interrupt service .
procedure from the literal pool into the PC and thereby send execution to that procedure. This
indirect method of loading the address from a literal pool is necessary because, as explained in
Chapter 3, a 32-bit address can only be loaded into a register such as the PC from another
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register or from a memory location. We could have, for example, simply used an instruction of
the form LDR PC,= RESET HANDLER for the first entry in the Interrupt Vector Table and let
the assembler create the literal peol to hold the address of the RESET _HANDLER procedure as
we did for the LDR R1,= Multiplicand statement in the program in Figure 3-6. However, 1o
make the literal pool operation clearer and more visible, we chose to explicitly declare and
initialize it as shown in the second section of the program in Figure 5-2.

As we said earlier, the bootloader or other system level startup program sets up the
Interrupt Vector Table and initializes it with the starting addresses of the specific exception
procedures that are contained in the bootloader or system level program. The next step here is to
show you how you “hook™ the interrupt vector so that execution goes first to an interrupt service
procedure you wrote for a particular interrupt type, instead of going directly to the bootloader or
operating system procedure for that particular interrupt type. In your service procedure, you can
then direct execution 1o the service procedure for your device, if it is requesting service, or pass
execution on to the system level procedure, if your device is not requesting service. An example
should make this very clear to you.

HOOKING AN INTERRUPT VECTOR AND CHAINING AN INTERRUPT
PROCEDURE

I'he discussion in this section applies to any of the ARM exceptions but, because we will
be using IR() interrupts extensively throughout this chapter and the rest of the book, we will use
the IR interrupt here. As we will show in detail later, hardware interrupts from many sources
are ORed and the resulting signal is connected to the [RQ input on the processor. When an
interrupt signal on one of the inputs asserts the IRQ) input on the processor, the processor will use
the interrupt vector table to send execution to a system level [RQ procedure. The system level
procedure determines the source of the interrupt by reading the status register in each of the
connected devices to find out which device is requesting service. The system level procedure
then calls the interrupt procedure for the first requesting device that it finds.

If you want to add a new IRQ) source to the system, you have two choices for getting the
processor (o respond to IRQ signals from this new source and execute the service procedure for
it. One way 15 1o modify the system program by adding your IR(Q) source 1o the section of the
system program that determines which IROQ source is requesting service and calls the procedure
cormesponding to that source. This method wsually requires rebuilding the entire system level
program.

The second way 1o read the system level IRQ) address from the literal pool, save it in
memaory, and write the address for a program you write in the IR} location in the literal pool.
When any device generates an [RQ) intermupt, execution will then go to vour program instead of
to the system [IRQ procedure. In vour IRQ procedure you determine if the TRQ was caused by
your device. IF it was, you execute vour procedure to service the device and return execution to
the interrupted program. If the RO request was not caused by your device, you put the saved
address of the system level IRQ procedure in the PC to pass execution to the system level IRQ
procedure. Installing the address of your IR() decision procedure in place of the address for the
system level IR0 decision procedure in the literal pool is referred to as “hooking ™ the interrupt
vector. Setling up a decision structure to determine the source of an interrupt and direct
execution to one of several procedures is called “chaming ™ interrupt procedures. A simple
example should help you understand how you actually do the hooking and chaining process.
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procedure if mo taternspt is pending from the button being pushed, You will uge the basic

strucluse of this exnmple program as a template for installing inlerrupt procedires, so to give you

a zolid understanding let's work though it stzp by step.
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Figure 54, Assembly longuage program to show hooking an imterrupt vector and chaining an
inberrupd procedure.

For the hooking part of the process, we start by reading the code for the IR LI PO
instruction from the inferrupt vector table 51 address 00003 2 into B2, The lewest 12 bits of
this imstruction contain the offset from the address in the Progriom Counter (o dhe xbdress in the
literal pood where the systemn level IRG) procedure address i= stored. We solate these 12 biis by
ANDNng the instruction code in B2 with (5FFF. Then in B2, we construct the absolute address of
the lieral pool location we wam o read by adding D20 1o this offset. The reason we add Ox20
instend of jost 0x18 o the offset from the instruction is that the assembler ealoulates the oftset
ol from O 18, the PC valse for the LDR instruction, but from the value that will Be in the MC
when the affset 15 actually added o the PC value. Remember that, for an ABM processor, this
addition ks done duning the EX stage of the pipeline. By the tme the LDE insiruction reaches the
EX stage, the processor lsas done two more instsuction fetches asd the peogram counter has
therefore been mcremented by 4 twice, first g0 0x 10 and then w 0x20, When the LDE PO
instrsction execules, 1t compules the lneral pool kecation by adding the ofTset contatned i the
Torweest 12 biis of the instrucison W Dx 20 rether than o 0x 15, The ADD B2, B2, s M) nslrsclion
in o program does the same addition and thus points B2 21 the location of the system -level RO
procedure address in the literal pool. The LDR B3, [R2] instruciion then reads the system-level
IR} address from this location in the lileral pool and the STR B3, BTLDE_[RQ ADDRESS
instruction siores this address ima memory location declared ot the end of the program in the
Aest prea to save this address. MNote tha vou put the space for BILDE IRG ADDRESS in the
et section, so il can be accessed with PC relative addressing wathout needing a segister
reflerence. Remember thut iems in the data seetion must be aceessed with an sddress ina
regisier. As you will see that in o litle baver case we don'n want 10 use any registers (o nefer (o
this location. The only consideration with potting 1he space for the BTLDE TR ADIYRESS in
the .lext section is that the lext section comaining thas lecation wall have to be loaded into RAM,
so the address cun be wiitten 1o the location

In the INT DIRECTOE procedure we will use this siored address to chain the sysiem
level IR} procedure with our BUTTON _SVC procedisre. As the last step in the hooking
process, we load RO with the starting address of our [NT_IHRECTOR procedure and stone this
uddress n the literal peol where the IR0 LDR PC instruction will go 1o get the IR0 procedure
address.

The pext step in the mainline program bere is tw make sure the 1RO interrupt input on the
processor 15 enabled. To do dhis, you read de CPSR into B3 with the special MRS B3, CPSE
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instruction, clear the IRG) bt 0 the status word 10 enable IR, and then write the resuliant word
bock to the CPSE with the MEE CPSR_C, BY msinection, The underscore O on the MRS
anstrection indicates that the instruction sheuld be coded 1o modify only the Jower eight bis
the CPSE, Finally i the maimline prograns, you siomply execate an endless program loop until an
inberrupt occurs. This loop essentially functions as o Wait for Interoupt enstruction. Now ler's
look at how the [INT _DIRECTOR precedure chains our BUTTOMN SVC procedure with the
sypstem level TRO procedure.

In the INT_DMEECTOR procedure, we start by pushing the registers that will be used in the
INT IMEECTOR ]_'l,lTll:Ellll.ITl: on the stack. Mode that as part of this, we save B 1d which conbxns
Lse retumm address that was puat there as part of the processec’s aulomatic response tw an [RO. I s
viry impoeriant o do this if vou call any sub-procedures from the imterrupe service procedurce. [F
this R4 volee is oot saved, it will be written over with a pew return address, when you use a BL
imstruction o call o procedure from the inleTrupt service procedure. Remember that dunng any
procedun: call wath BL, the return address 15 automatically stored in B14. The point s that of the
initial wolue spved in BI4 i3 writien over by a BL instruction, it will be lost forever and execution
will mever be able B use it 1o refurn to the mizinline program af the end of the inlermupd service
procedure.

Mgt inthe TNT_DIRECTOR procedure we lead-a pointer to an Imerrupt Pending
Register, INTPRI, in the processor’s infermal Intermupe Controller. Assume for this first example
thot each bat i tee INTIND register i3 connected 1o one of the possible imermipts sowrces in the
swslem. The bit that relates to o particular interrupt sowrce will be set iF that device is asserting its
dnterrupt sigoal. AN you have W odo o determine of a partecular device 15 nagueestiong service 15 o
rend im the INTPRD register and check if the bit thar corresponds 1o that devies is o |, (Several
of the ARM-hased processors hove simplc PNTPMNIY registers that function in this way, 50 we yse
it for this firgl exaniple. The AM3358 procedsor eas & more comples intermipl mechanism that
we will dizzuss lner ) For this example, assume that the button is connecied such that the least
sigmficant bit of the IWNTPNTY register will be @ 1 when the button is pushed, The LDE R1, [R0]
imstriction reads the value from tee INTPSND register mito R and the TST B, #0000 ]
imstruction AMTs the vnlue in B1 with Ox0040] io check if the least significant bit is a 1. [f the
resull ol tre AN Ding w5 not egual b all seros in B 1, because the button bit in the TN TPNIY
register wns a 1 the BNE BUTTOM SV instruction will cause execution 1o go o the
BLTTON SV code block, 1§ she bit thal correspomds o the button intermupt signal was not st
in the INTFND register, the bution was not pushed then execution wall simply Gall thoough 1o the
LIPAFTY BRI TRO-R D, R14]) instruction that restores the soved registers. The LOR PC,
BTLDE IRG ADDRESS instruction then sends execution o the bootleader TR procedure by
Inading the bostleader TR0 address that we saved during the hooking process into the PC. Mote
that simce wie pul the stotoge location for BTLDRE TR ADDRESS in the fext section of the
Program, the LI I, BB l].[JJl_ IRy ADDRESS wredrwetion can read the address directly from
the memory Fecation without wsing o register o access it Using a register o aceess i would
Feave one regrister modified when execution was possed on to he Bootloader IRG procedurc.

Tl woudd viedse the baste mule tat our INT DIRECTOR procedure should pass execution
with all regiztess the same o they were when the proceduse was entesed. When execulion goes in
the Doatlesder TR procedure, tat procedure will save B4 as we did o the ston of

[T IAEFCTOR aml use this value to relwrm executicn o the mainline program when it

fimishes. Mow let's ook ot the BUTTON 5V procedure.
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The first step in the BUTTON_SVC procedure section of the program would be to push
any additional registers that are used in BUTTON _SVC procedure but were not pushed at the
start of the INT_DIRECTOR procedure. It is the responsibility of any interrupt procedure to save
all registers used, so that execution can be correctly returned to the interrupted program. Since
the BUTTON_SVC code block only uses R0 and R1 and these were already saved at the stan of
INT_DIRECTOR, no additional pushes are required. Note that for this first example interrupt
procedure, we assume that IR() remains disabled while the TRQ service procedure is executing.
The result of this is that another device asserting an IRQ signal cannot be recognized until the
current service is completed and execution retumns to the interrupted program. Later in the
chapler we show you the additional code you have to add to the INT_DIRECTOR procedure, so
that an IRQ procedure could be interrupted by a higher priority IRQ interrupt and still work
comectly.

The second step in the BUTTON _SVC procedure is to clear the bit in the INTPND
register that corresponds to the button interrupt, so that it will not cause another [RQ) interrupt
when we retumn to the mainline program at the end of the BUTTON_SVC procedure. For the
simple interrupt controller we are using for this example, let’s assume that you do this by writing
a1 to the bit that corresponds 1o the button interrupt in the INTPND register. Since RO still
contains the address of the INTPND register, the two instructions MOV R1, #0x001 and STR,
R1, [RO] do this.

Next we read the COUNTER variable from memory, increment it by 1, write the new
valoe back 1o memory, and call a procedure to DISPLAY the new count value. Note that, as
stated earlier, if we had not pushed R14 on the stack at the stant of the INT_DIRECTOR
procedure, R14 would be written over when the BL DISPLAY instruction writes the retum
address for this call in R14. The DISPLAY procedure. of course, uses the R14 value mserted
during execution of the BL instruction to return to the BUTTON_SVC procedure with the MOY
PC.LR instruction at the end of the DISPLAY procedure.

Finally in the BUTTON_SVC procedure, we use the LDMFD R13!, {RO-R1, R14}
instruction to pop the saved registers, including R 14, off the stack. Then we use the SUBS PC,
LR. #4 mstruction W return execution 1o the mainline program. We will leave the discussion of
this final instruction for the next section, where we show and explain the special instructions that
are used 1o return from the different types of ARM interrupt/exception procedures. However,
note that as shown by the armrow from the bottom of the BUTTON_SVC block in Figure 5-4 and
the mstructions in Figure 5-3, we return from end of the BUTTON _SVC code block directly 1o

the mterrupted program, rather than back 1o the INT_DIRECTOR code section. This is the
standard way 1o do .

RETURNING FROM INTERRUPT PROCEDURES

As shown in the list of actions that an ARM-based processor does in response to an
exception, the processor saves the PC value for the interrupted program in R14 of the new mode
and saves the CPSR of the interrupted program in the SPSR of the new mode. In order to return
execution comectly to the interrupted program, both the PC and the CPSR must be restored in
one operation, rather than individually. If the processor just used the value in the exception mode
R14 to return execution to the interrupted program, execution would retum to the interrupted
program and not be able 10 access the SPSR in the exception mode 1o restore the CPSR of the
interrupted program. Likewise, if the processor first restored the interrupted program CPSR from
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the SPSR in the exception mode, execution would be switched 1o the mode of the interrupted
program and the return address in R14 of the exception mode would not be accessible. To solve
this problem, the designers of the ARM cores included special instructions that restore CPSR and
load the PC with the return address from R14 in one operation.
To return from an [R(), FI(Q}, or Instruction Fetch Fault, vou use the special
SUBS PC, LR, #4 instruction. This instruction will subtract 4 from the return address stored in
the exception mode R14 and load it into the PC. The reason you have to subtract 4 from the
stored retumn address 1s that the return address stored in R14 is the value that was in the PC
during the EX stage of the pipeline, when the processor actually responded to the exception. If
you refer 1o the pipeline diagram in Figure 2-6b, you can see that when the instruction where the
exceplion is acknowledged is in its EX stage, two more instruction fetches will have been done
and the value in the PC will be equal to the PC value of the interrupted instruction + B. This then
is the value of the PC that will be saved in R14 of the exception mode. For these three types of
exceplions, the processor will finish the instruction that was in its EX stage when the exception
was acknowledged, so we want execution to return to the next instruction after the one in which
the interrupt was acknowledged. The address of this instruction will be four less than the value
stored in R14. Therefore, to return to the desired instruction, you just subtract four from the
value stored in R14 and load the result into the PC for the return with the SUBS PC, R14, #4
mnstruction. Furthermore, when the PC is specified as the destination operand in the SUBS
instruction, the “8" on the mnemonic tells the assembler to code the instruction such that the
CPSR 1s avtomatically restored from the SPSR of the exception mode at the same time that the
retum value in R 14 is loaded into the PC. These two operalions must be done at the same time,
in order for execution o return to the interrupted program with CPSR and PC comrect. [f IRQ) and
FI0Q) interrupts were enabled by bits 6 and 7 in the CPSR being cleared before the exception
occurred, they will automatically be re-enabled when the CPSR of the interrupted program is
restored.
To return from a SWI or Undefined Instruction exception, you use a MOVS PC,
R14 instruction. These exceptions are recognized dunng the Instruction Decode (1D) stage of
the pipeline. Again referring to the pipeline diagram in Figure 2-6b, you can see that when a SWI
or undefined instruction is in its [D stage, the next instruction is in its Instruction Fetch stage and
the PC contains the address of this instruction. When the processor responds to one of these
exceptions, the PC value of this next instruction will be stored as the return address in R14 of the
mode for that exception. Since this stored value 15 the correct address for the instruction that we
want to return to after the SW1 or Undefined Instruction exception procedure, we do not need 1o
subtract 4 from the value as we did for the IR, FIQ, and Instruction Fetch Fault exceptions.
To return from a Data Abaort exception, you use the SUBS PC, LR, #8 instruction.
The reason that you subtract 8 instead of subtracting 4 is that you wanl go back and retry the
instruction that caused the data fault. Since the value stored in R14 for this exception is the PC
for the faulting instruction + &, you have to subtract 8 to get the 'C back to the value that will
cause the faulting instruction o be fetched and executed again.
MNow that we have given you the framework for hooking and chaining interrupt procedures,
an example of a very simple interrupt service procedure, and the instructions you use Lo refurn
from the different types of exceptions, the next step is to describe in more detail how you write

interrupt procedures and other procedures such that they will always perform correctly in a
system that uses inlerrupts extensively.
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GUIDELINES FOR WRITING CORRECTLY BEHAVING INTERRUPT
PROCEDURES

As we will discuss in depth in later chapters, all but the simplest of the current
microprocessor systems do most of their work on an inferrupt-driven basis. In other words, they
loop in a system idle process such as the simple endless loop in the program in Figure 5-3,
service device and system requests on an interrupt basis, and return to the system idle process
after each service to wait for the next request. For your interrupt service procedures and your
other procedures to work correctly in this type of system, you have to follow some simple
guidelines. To start, we show and discuss the guidelines you should follow when writing

In every interrupt procedure, save ALL of the registers used in the procedure. including
R14. on the stack. This is very important because an inferrupt can occur at any point ina
program. In order to return correctly to the interrupted program, you must save all of the srare o,
in other words, the registers and flags for the interrupted program, so the state can be correctly
restored at the end of the service procedure. The flags in the CPSR of the interrupted program are
aumtomatically saved when the CPSR of the interrupted program is copied to the SPSR of the
exception mode, but you have to specifically save the other registers on the stack at the start of
the interrupt procedure. Remember from the discussion in an earlier section and from the
IRQ DIRECTOR procedure in Figure 5-3 that you have to make sure and save R14, so that it
will not be written over and lost if you do a Branch and Link to call another procedure in your

imerrupt service procedure. Note that the Arm Procedure Call Standard we discussed in Chapter
4 for mierfacing with C programs does not apply to interrupt procedures.

In a system where you want nested interrupt procedures or, in other words, you want an
interrupt 1o be able 1o interrupt an executing interrupt procedure, you have to do some additional
tasks and save both SPSR and R14 in the interrupted mode. We will show and discuss these tasks
in & later section. Next here, we discuss the guidelines for writing general-purpose procedures so
that they function correctly in an interrupt-driven system.

RE-ENTRANT PROCEDURES IN AN INTERRUPT-DRIVEN SYSTEM

Procedures that will be used in an interrupt-driven system should be written so that they
are re-enfrani. A re-entrant procedure is one that can be called, interrupted before it is compete,
called again by an interrupt procedure, complete that call correctly, return to the interrupted
execution of the procedure and complete it correctly, and then return correctly 1o the program
that initially called the procedure. A real example and the diagram in Figure 5-5 should help you
understand this term and the need for a procedure to be re-entrant,
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Figure 5-5. Program execution flow needed for re-entrant multiply procedure.

For this example, assume a pressure sensor on a ship™s steam boiler is connected 1o the FIQ)
input on ARM-based processor. [f the steam pressure goes too high the sensor will assent the FIQ
interrupt input on the processor. In response to the FIQ interrupt signal, the processor will
automatically stop executing the current program, switch to the FIQ mode, and branch to a
procedure that will take the actions required to reduce the pressure and hopefully prevent the
baoiler from blowing up. The interrupt service procedure might, for example, open a valve to
quickly reduce the pressure and then reduce the fuel flow to the bumner. Afier the determining
that the pressure had retumed to a reasonable value, the intermupt service procedure would return
execution to the interrupted program.

Further assume for this discussion that the processor has called the Multo multiply procedure
shown in Figure 4-22 and is in the middle of executing that procedure when the FIQ) interrupt
occurs as shown in the Multo Procedure column of Figure 5-5. If the FIQ) input is enabled, the
processor will automatically call the interrupt procedure that has been written to service the FIQ
interrupt as shown by the arrow 1o the Interrupt Procedure column in Figure 5-5. Now, further
suppose that the interrupt procedure needs to use the Mulio procedure to calculate how far o
open the valve in order to reduce the steam pressure by the correct amount. To call the Multo
procedure, the interrupt service procedure does a Branch and Link (BL) to the Multiply
procedure as shown by the arrow looped over the 1op 1o the Multo procedure in Figure 5-5. A
return instruction at the end of the Multo procedure retumns execution to the interrupt procedure
at the next instruction after the BL instruction that called the Multo procedure this ime. This is
shown by the arrow looped from the bottom of the Multo to the interrupt procedure in Figure 5-
5. At the end of the interrupt service procedure, a SUBS, PC, LR. #4 instruction will return

execution from the interrupt procedure to the instruction after the interrupted instruction in the
first execution of the Multo procedure as shown by the straight arrow from the bottom of the
interrupt procedure 1o Multo in Figure 5-5. This time, at the end of the Multo procedure, the
LDMFD R13L, {R6-RE, PC} instruction at the end of the Multo procedure returns execution o
the next mainline instruction after the BL instruction that initially called the Multo procedure,
This 15 shown by the arrow 1o the left from the bottom of the Multo procedure in Figure 5-5, The
point here is that the Multo procedure must be written so that it is re-entrant, in order for it to
waork correctly in this type of system.
Furthermore, re-entrancy is very important in current multi-tasking systems that switch from
one lask or one thread (o another on a ime-slice basis. Suppose for example, that in a multi-
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tasking system, one task has called Multo and is in the middle of running the Multo procedure.
Further suppose that the time slice for this task runs out and execution switches to another task
that calls Multo. In order for both tasks 1o produce the correct results, the Multo procedure must !
be reentrant and the system program that switches from one task to another must carefully save .
the state of each task when it switches to another task. We will discuss multitasking much more
in later chapters. However, we will plant some early seeds here by giving you guidelines for
maintaining re-entrancy in a simple interrupt flow such as that shown in Figure 5-5. Since all but . calling Multo again and to restore the values of these registers before returning to the first
the very simplest systems you design will be mult-tasking and will use interrupts extensively, it [ execution of Multo. [t is the responsibility of Multo to preserve and restore the registers
is important for you to learn and follow these guidelines from now on as you write procedures. A for the calling program.

The key points for maintaining re-entrancy and correct execution flow for a gencral purpose
procedure in an interrupt-dniven system are as follows:

1. In all interrupt procedures, as discussed in the preceding section, push all registers that

save R14 on the stack so that it is not written over when you do a BL to call the sub-
procedure. We did not push RO-R3 in the Multo procedure because these values will be
changing as the Multo procedure executes and APCS does not require that these be saved
for the calling program. As explained in step 1 above, it is the responsibility of the
interrupt procedure to save ALL of the registers used in the interrupt procedure before

¥ 3. Pass pointers and single parameters to procedures in registers or on the stack, so that
' access o these parameters can be saved in the imterrupt procedure and resiored when the
procedure is re-entered as described in steps | and 2. The alternative to passing single

are used in the interrupt service procedure, not just the R4-R 10 registers specified by the
APCS. If, for example, vou were calling the Multo procedure in Figure 4-21 from an
interrupt service procedure, you would want to push RO-R3 before loading the pointers in
RO-R3 for the interrupt service procedure call 1o Multo. If this is not done, the R0-R3
register values being used in the first call to Multo wall be lost. You then restore the saved
values of RO-R3 at the end of the interrupt service procedure, before retuming to the
Multo procedure to complete the first call of Multo. If other registers such as R11 and
R12 were being used as scratchpad registers in the interrupted procedure, as allowed by
the APCS, you would also want to save these on the stack in the interrupt procedure and
restore them at the end of the interrupt procedure. This will assure that these registers
have the comrect values upon return to the interrupted procedure.

The guiding principle here is that, since the interrupt can oceur at any point in
Multo, you must in the imerrupt service procedure save everything needed to successfully
complete the first call of Multo, regardless where the interrupt occurs in Mulio.

Note that when an ARM-based processor responds to an interrupt, the CPSR of the
imerrupled program is automatically saved in the SPSR of the interrupt mode that that
processor swilches 10 in response to the interrupt. Since the flags for the interrupted
program arc contained in the CPSR, the flags arce then automatically saved during the
interrupt response process and restored by the special instruction at the end of the
interrupt service procedure. This means that in your interrupt service procedures you do
not need to insert specific instructions 1o save the flags except in the case where an
interrupt of the same type can interrupt an executing interrupt procedure. In a later
section we show you how 1o deal wath this situation.

In the Multo procedure, push all registers used in the procedure as specified by the
APCS, so that execution returns 10 the onginal calling program with the correct state at
the end of the procedure. As an example of this, the Multo procedure pushes R6-R8 and
R14. Although we did not actually need 1o push R14 for the simple Multo procedure, we
did so for two reasons. The first reason was so that we could use the single LDMFD
R13!, {R6-RE, PC)} instruction to both restore registers and return to the calling program
at the end of the procedure. The second reason was so that, if we decided 1o call a sub-
procedure from Multo, K14 would already be saved. Remember from previous
discussions that when you call a sub-procedure from another procedure, you have to first
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parameters and pointers in registers is to simply access variables by name in the
procedure. In the Multo procedure, for example, instead of loading pointers to the arrays
info registers and passing them to the procedure when we call the procedure, we could
have just moved the instructions that load the pointers in RO, R1, and R2 into the
procedure and thus loaded pointers to the named arrays directly in the procedure. I we
had done this, the procedure would only work if the data to be processed were in the
arrays named MULTIPLICANDS and MULTIPLIERS and the result put in the array
PRODUCTS.

The first problem with this approach is that it would make the Multo procedure non-
portable. The procedure could only be called to operate on the specifically named arrays
rather than on any desired arrays of half-words that you might want 1o multiply.

The second problem with this approach is that it would make the Multo procedure
non-reentrant, [f the interrupt service procedure writes new values in the
MULTIPLICANS and MULTIPLIERS arrays before calling Multo, the values from the
first call of Multo will be overwritien and lost. (Yes, just as you could probably figure out
a way to put toothpaste back in the twbe, you could probably figure out a way o save the
MULTIPLICANDS, MULTIPLIERS, and PRODUCTS arrays on the stack in the
mterrupl procedure before loading new values in the arrays and calling Multo. However,
it is much betier to completely avoid the problem by simply passing vaniable and array
pointers to the procedure in registers as shown in the program in Figure 4-22, instead of
accessing the vanables by name in the procedure. )

To briefly summanze this section and the previous section, the key points for writing

procedures for an interrupt-driven environment are:

1. In the interrupt procedure, save everything used

2. Ina general purpose procedure, save ALL registers used in the procedure at the start
of the procedure and restore them before retuming

3. In calling a general-purpose procedure, pass parameters in registers or on the stack

4. Ina general-purpose procedure, do not use named variables to access data.

MNext, before we talk about how you write “nested” interrupt procedures, we will take a

brief side trip 10 discuss and illustrate the meaning of the term “recursive procedure,” which is
often confused with the term “re-entrant procedure.”
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RECURSIVE PROCEDURES

The term recirsive provedire is often confiused with the lem re-earrani prcedare thal we
discussed in the preceding section. A recursive procedurs is a procedure that can call itself This
secms simgplhs enough bt the question you may be thinking is, “Why would we want a procedun:
to call izelfT™ The answer is that cerlain tvpes of problems, such g choosing the next move in a
compuier chess program or the best solubon for a logic optimization problems; can b mos
efficiently solved with a recursive procedure. Recarsive proceduses are commuonly used 10 work
with complex data stractures called froes.

Except for these cases where we need the additional spesd gained by writing in assembly
langueape, we almest always whte & recursive procedurs in a high-level languape. Howeyer, 10
make sare vou undersiond che difference between re-soirant and recursive, we will give a short
example of how a recursive program works, Most ol the examples of recursive programs that we
could thmk of were too complex o show bere. Therefore, we have chosen a simiple prohlem ihat
cafi actsally be solved mone efficiently withou recursion

The example problem we have chosen b solve is 1o campute the factorial of a given number.
T refresh your memmory, the factorial of a number 1% the product of the number and the pesitive
enicgers dess thas the number. For example, 5 faciorial or 3 isequalto 5= 4 = 5 = 2= 1, or [ 20
The factorial for a given number can be computed by a recursive procedure thar calealates the
factomial for a3 mumber passed 10 0 and netoms the caleulated {sonal. Given a passed number n,
the basic algorithm for a factonial proceduse that we call FACTO can be expressed as;

IF & =1 THEN faciorial = 1
ELSE factorial = n x factaral (o-1)

Thas says the il the number we pass is 1, the procedure should returm the factorial of 1. which is
1 as shivwn in Figare 5-6a. [F the number we pass is not 1, the procedure shaould multiply the
tiigm bt h:.."lh: factorial of (the mumber —=1]. MNow here’s where the PECUrSI COes 10, Suppose
WE Tass i Jip I]'u:p'm-nadm'e When the procedure 15 first called, 1t has the value of 3 that it
needs for the multaplication but i does o kave the value for the factoriall of n-1 . The procedune
solbves this problem by calling #tselfl to compete the value of (3-13! or, in other words, 20 The
factorial procediure calls itself over and over until the faciomal of n- 1 that it needs 15 the Gectorial
of 1 s shown m Figure S-6b Frgure 5-6¢ shows a more detasled slgorithm for the sctions. in the
FACTO proceduse. To steck the comtept of recursion it your mind asd 1o give vou mons prectice
in pssang parameters and saving stale, we leave il to you as exercise at the end of the chapter 1o
tramstate this smple recursve algonthm mte ARM assembly ainguage. As vou do this, you
should review the guidelines for making a provedure re-cntram, because a recursive procedurse
miust be re-entrant,
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WEITING NESTED INTERBRLUPT PROCEDURES

Feona that you have leamed bow woosite simple intermupt procedures and pencral-purgose
re-cniranl procedures, the next siep is W give you an overview of how 1o wrile intermapt
procedures {hid con be intermupied by a higher pnority intermopt signal of the same tvpe and sill
fisnciion cosreetly when cxecution returms froan tee kigher prionty mlerrupl serace procedene to
the lower prionty imarmupt service procechre. This is o very commaon situation because [nt-::nupl:_q
irom muny different seurees are likely all directed through the Interrupt Controller o e TRO
:il'lpl.ﬂ o the processar and tese jnl!-i.'!‘rurﬂs hivve dilTerent ;'.riqmli-ux. A hi.gh prionty indermupt is
ane that must be serviced with low Intency time or, in ather words, very enon after it oeeuss. To
aimimizs the lateney for high pronty mlermepls, a high poonty mtermupd must be allowed 1o
inberrupl a lovwer priocity inlermupt service procedure. Suppose, for ':HZHJ'I'IP|':'. ihat a 10 Gh'sec
Ethermet Controller interrapt sigial and o user bulton service interrugd signal are bath directed to
thi TRCY rvput am Lhe processor. Assuming that the Echernet Contraller intermpt is highar peiosily
than the user betton service intermapt wnd tsat the user bution scrviee proceduze s lengthy, you
certiatily want the Ethemet Controller signal to be able o intermupt execution of the user bution
service procedure. [noorder for a higler proonty 1RO o imterrupt a lower prionty 1RO procedure
as shown in Fagure 327 and hivve both 1RO procedures complete correctly, you kave 1o do tice
additional tasks n the lower poiority intermapl procedure as follows:




Figure 5-7. Flow diagram for nested IRQ) procedures.
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You have to mask lower priority interrupts, so that when vou re-enable
interrupts to allow a higher priority interrupt to request service, only a higher
priority interrupt interrupt request can be recognized but lower priority
interrupts are not recognized.. The exact method for doing this depends on the
specific ARM processor you are working with. The AM335X processor
Interrupt Controller has a mechanism for setting the priority of an interrupt, so
that only a higher priority interrupt can interrupt it.

You have to push the Saved Program Status Register (SPSR) on the stack, so it
will not be lost when the processor responds to the higher priority IR0 signal.
When the processor responds to the first IR0, it saves the CPSR of the interrupted
program in the SPSR of the [RQ) mode. If the first IRQ procedure cannot be
mterrupted by another IR0) response, then the CPSR saved in the SPSR will just be
restored 10 the CPSR in the interrupted mode by a SUBS PC, LR, #4 instruction at the
end of the IR0) procedure. However, if the IR() input is re-enabled in the first IRQ
procedure and another IRQ) occurs, the CPSR of the interrupted IR0 procedure will
sutomatically be saved in the IRQ mode SPSR. The problem here is that the [RQ)
mode SPSR already holds the CPSR from the onginal interrupted program. [f vou
allow ths 1o be wnitien over dunng the second interrupt response, it will be lost and
will not be available for restoring the CPSR of the program that was interrupted by
the first [R() response. The solution for this problem 15 to save the IR0 SPSR on the
stack in the first IRQ) procedure before re-enabling the IRQ interrupt input to allow
another IR() response. The first three instructions in the IRQ procedure in Figure 5-8
show you how 10 do this.

After saving R0O-R3 and R14 on the stack with the STMFD R13!, {RO-R3, R14)
instruction as in previous examples, we copy the SPSR register to R3 with Move
Status Register o Register instruction, MRS, R3, SPSR and save the value in R3 on
the stack with the STMFD R13!, {R3} instruction. Note that since the processor
switches 10 the IRQ) mode K13 when it responds to the [R() interrupt, the registers
saved at the start of an IRQ procedure will be saved on the IRQ) stack pointed to by
the IRQ K13. (In a system with a boothoader, this R13 will have been initialized with
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a reasonable value by the bootloader but in a stand-alone system you would have to
do this as part of your initializations

. Re-enable the 1RQ) input on the processor. Remember that as part of the automatic

response of the processor o an IRQ interrupt, the IRQ interrupt is disabled by setting
bit 7 of the IRQ mode CSPR. To enable the IRQ) input again, you use a Read-
Muodify-Write sequence of instructions with a special instruction to write a word with
a0 in bit 7 to the IR(Q) mode CPSR without changing the other bits in the CPSR. As
shown by the instructions 4.5 and 6 in the program in Figure 5-8, you use a Move
Status Register to Register instruction, MRS R3, CPSR, to copy the CPSR to R3. You
then clear bit 7 of the CPSR value in R3 with the BIC R3,R3,#0x80 instruction.
Finally, you write the word in R3 back to the CPSR with the Move Register to Status
Register instruction, MSR CPSR_c, R3 instruction. The _c¢ suffix on the MSR
instruction tells the assembler 10 code this instruction such that only the lowest 8 bits
of the valug in R3 are written to the CPSR. The ARM-based processors do not allow
you 1o write a 32-bit value directly 1o a status register. In the next section we show
you how to access the flags in the status register.

H IRy precndane masdifiod W that 5 can b milcrragted by
& o bigher prioniy [RC) imternapt
STMFD RIS, (RORY, Bid) @ SAVE REGISTERS AND RETURN ADDRESS

@ PUSH S5P5RONSTACK
MES RY, SP5R & COFY SFAR TO RS
STMRFD RI), [RY} il SAVE COFY O STACK

i MASK LOWER PRIGRITY IRQ INTERRLPTS
@ (THE CODE FOR THIS DEFENDS ON THE SFECTFIC PROCESS0R L'SED)

il EMABLE IRQ TO ALLOW HIGHER PRIORITY [RQ INTERRLYT
MRS R, OISR i@ COPY CPSR TORS TOENABLE RO
BIC KD, sdni0 & CLEAR BIT 7 (IR0 IN BRI TD EXARLE [RQ
MERCPSR . R @ COPY BITS 740 0F B TO BITS 70 OF CPSR

JFIRST [RQ FROCEDURE [NSTRUCTIONS HERLE

 DISABLE [RQ TO PROTECT EXIT CODE “CRITICAL REGION™
MRS R, CFSR = OOFY CPFSR TO RY
ORR R, R), =0add g SET WIT TG PN R TO DISARLE [RGQ
MSECPSR ¢ Y @ OODFY BITS 7-0.0F B3 TO BITS 79 0F CPSR

@ UNAMASK LOWER PRIGRITY [RQ INTERRLUPFTS
@ (THE CODE FOR THIS DEFENDS ON THE SPECIFIC FROCESSOR L'SED)

& RESTORE SPSR
LDMFD ELD, (R @ LOAD SAVED VALUE OF SFSE FROM STACK
MIRK SFSHE o BY @ REATORE MODE, NG, FIQ, AND FLAGS TD SPSR
LDMFD LM, |[E0-RY, K14} & RESTORE REGISTERS AND LR
SURS PO LR, 4 @ COFY SPER TO CPSR [N INTERRUPTED MODE
i AND RETURN TO INTERUTTED FROCHAM

Figure 5-8. IRQ procedure modified so that it can be interrupted by a higher priority
IRQ) interrupt.

Al the end of the first level IRQ procedure, you have to disable the IRQ interrupt
input again, unmask the lower priority interrupis, restore the SPSR value you pushed
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on the stack ot the start of the proceduns, restere other pushed registers, and retum 1o
the imerrupted program az shown by the last hlock of instractions in Figune 53-8
You hove to disable the processor IRCr inpul, so that the processor canmod Tespomsd

10 apodher IR signals untl execwtion has retumed 1o the originally intemmapied
peagram. LFthe processor were allowed to respond to another [RG while the 5PSR
was. heing nestorsd or arnvtime before the retam to the original progran i been
complesed, the valoe of the SPER would be lost This would make it impossihle 1o
restore the CPSE of the original program when execuiion was returned b it A
section of code that must be exeouted o5 a block 15 commonly called a criniesd region.
Ome way to protect a short critical region is by disabhing nterrupts that could interrupt
execution of the code in the critical region

To disable the processor TR interrupt input, you read the CPSR wath an
MRS R3, CPSR instruction, set kit 7 in this word with an ORE B3 B3 #0840
mneskrusctiont, and write the vilse i B3 v the lowest eishit bits of the CPSR with (he
MRS CPSR o, H3 wnskrachion.

Mo that [RC) i dasabled, vou pop the stored valae for the PSR off the stock
with the LIMED B3, (B3 imstruction. Copying the value from B3 10 the SPSR s
done with the M58 cf SPSE, B3 instruction, The _ef sullix on the MSE instraetion
tells the assembler o code the instraction e copy the TR, FICY, Mode, and Flag bits
from B3 1o the SPSR,

M5 in previous examples, the LOMFD B13Y (RO-R3, RL4 Hostouction pops e
savexd] registers and the retum address in K14 off the stack. The SUBS PC, LR, #4
instruction copies the value now in SPSE 1o the CPSE in the imterrupted program and
returms exscution 1o the interrupted program. Mate that, as we stated earber, TRC) will
automatically be re-cnabled by the resteration of CFSE during the retum o Lhe
interrupted program if IRC) was ennbled in that program. This must have been the
case, or the processor would wot have been able o sespond o the fiest TRO intermapt
signal.

Any IR} procedure that con be intermupled by anptber TRO must contain these code
sections. However, these seciions are not necessary if on IR0} procedure can only be interrupicd
by an FIC} interrugt or some other exception. because cach of these modes has its owm SP5HE,
B4, and in the case of FIG), even its own BE-E 13, Alse, you don't have to put the four tasks
histexd above ina bow peiority procedure 1 il executes s quickly that it wall not sigmficantlhy
imcrease the latency for the high pronty procedure. For example, mete that in oor exemple
propram in Figore 5-3 we did mat re-enable intermapts in the INT_DIRECTOR or
BUTTON SV progedures, because we did oot want 1o intreduce unnecessacy consplexity al
that point and because these procedures execute se quickly that their execution would not
sigmficantly deliay service of a higher priority [0 interrupt. The higher priority interrupt in this
case will just be serviced immediately alier the BUTTON 8% finishes.

T make an FIC} inderrupt procedune interruplible by another FIGH interrupt, you have 1
bl eementially the same four program sections as described above for an interruptible TR
procedure. We leave it for you as an exercise at the end of the chapter e work out the detnils far
this case. [n the next section here, we descnbe how an ARM-based processor responds if two of
mare different vpe exceplions ooour af exactly the sasme fime.
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EXCEPTION AND INTERRUPT FRIORITIES

It i5 wery likely that exceptions of two or more different types can occur at the same time. To
determine which of the CROEpions 1o service first, apriu'ril.‘:r 15 :.qiirm:l to each E'.l:l.‘l!rll;ii}ﬂ in the
hardware design of the ARM processors. Figuare 5-% shows the priontes of the ARM-hased
processor exceplions. [0 two different exceptions oocur at the same time, the processor will
auteanatically respond to the exception with the higher priority. Since the response is automatic,
the only consideration you have to make in wnting a program i5 (0 make sure that vou have
included precedures te service all of the exceplions possible in that particular sysiem. However,
we will make a few comments about how the processor responds 1o varous combimations of
CHECCPLIONS,

First, Reset overnides all other exceptions and any other pending sxceptions are
auinmatically cancelled when the Resetl pin is asseried. Second, if 2 Data Abord and an FI0)
nmepn'un oceur al the sume Lime, execulion will |:r|:|.|:|:|u:|i.a|.|::|_1r enter the Data Abort nn:'pl.il'.“ln
handter. However, since the processor’s response o a Diata Abort excepiion does not disable the
FIC} mtermupt, the processor will immediazely go to the FIC) imtermupt procedure, At the and of the
FI procedune, executbon will retam 1o the Data Aborl handler, complete this handler, and retum
i the inermupied progran. Finally, if an FIQ and an IR0 ccour st the same time, the processor
will respond 10 the FICY intermupt and in the process disable the IR intermupt on the processor.
Wit execulion relumms from the FIO) procedure to the intermupted program, the TR} infermum
inpul will swomatically be re-enabled when e CPSR of the inerrupied program s nestoned.
Execution will then go to the TRO) service pf{h:hjl“‘:

Im thas fiest muaor sechon of the chapier, we have descnbed in generzl how vou work with
intermupts ard intermapt procedures on any ARM-based processor. In the next magor section of
the chapter we describe in detail the struchere, initialization, and use of the imermum controller in
the ARM-based T1 AM33EX Bamily processors. Then in following sections we show examples
of several important interrup! applications.

Prirby Cacepdon
IRgpbeeed i Rosn
1 s Amady
- L] FH3
4 [ 36}
PecFoach Ak
Leweit & 1adcfrmd wsitingimms
5 -1

Figure 5-%. Exception pricrities for arm-based processors
AMIISX Interrupt Architecture and Processing

For the architecture and initializotion examples inhis section, wie will use the interrug
comtroller and the GO pins implemented in the ARM Cortex A-8 based Sitara AM33 35X
processors, Specifically, we will show how a push-bution switch connected 1o GPIO] 14 can be
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used 1o generate an interrupt signal that calls an [RQ interrupt service procedure cach time the
switch is pushed. Each time the IRQ interrupt service procedure is called, it will light an LED
connected 10 GPIO1_12 for about 1 second. The overall program flow for this is basically the
same as that in the introductory program in Figure 5-3 but some additional steps are needed due
1o the greater capabilities {complexity) of the AM335X processor.

In this section, we will work through the required initialization steps one al a ime and
then show a program that puts them all together. The high level algorithm for the mainline is as
follows:

1. Tum on GPIO!1 module clock.

2. Initialize GPIO1 12 as a logic low and program it as an output to drive the LED.

3. Initialize GP1O1_14 to recognize and generate an interrupt signal for a falling edge on an
input signal from the push-button switch connected to it.

4. Initialize the required registers in the AM335X Interrupt Controller, INTC

5. Hook the IR interrupt vector and chain it to your INT DIRECTOR PROCEDURE that
determines if the IR(Q) came from the switch or from some source serviced by the system [R()
interrupt service procedures.

6. Enable the processor IR0) input by cleanng bit 7 of the Current Program Status Register, if
this has not already been done by system startup program.

7. Wait in endless loop for an interrupt to occur.

GPI1O1 INITIALIZATION FOR INTERRUPT GENERATION

To turn on the clock to the GPIOT module, you use the instructions explained in Chapter
4 and shown in Figure 4-16. The process required to program GPIO1_12 to output a low and
making it an outpul is a repeat of the GP1O discussion in chapter 4, Figure 5-10 shows the
register template for the GPIO] registers that control GPIO1_12 and GPIO1_14. To turn off the
LED connected to GPIO1_12 you need to write a 1 to bit 12 of the GPIO1 CLEARDATAOUT
register. As stated in Chapter 4 and shown in Appendix C, the base address for the GPIOI
control registers is (x4804C000 and according 1o the GPIO Control Register list in Appendix D
or Figure 4-11, the offset for the GPIO] CLEARDATAOUT register is 0x190. Therefore, for
thus step you write a word with a 1 in bat 12({0x00001000) to address 0x4804C 1940, To enable
GPIO 12 as an output, you have to write a word with a 0 in bit 12 to the GPIO]  OF register at
offset U134 using a READ, MODIFY, WRITE process.

GPIO1_14 is by default an input but, in order to program it to detect the falling edge
generated by pressing the debounced pushbution, vou have to write a 1 to bit 14 of the
GPIO1 FALLINGDETECT REGISTER at offset 0x148. (Write 0x00004000 to address
Ox4804C 14C using a READ, MODIFY, WRITE process. )

GPo1 |31 [30 [29 (23 (27 [26 J29 [24 [23 J22 21 [20 [19 [18 |17 |1€
b

_Fun.fn!

o [ |1 [y e 1 ¥ 1R b oy 0y e oty Ty b1 1l

HexVal | © 0 0 1]

GPIOL [15 [14 13 |12 m [w|s |8 |7 [6 [5 |4 [3 |2 1 [o
1L

Funétion BTN LED

OF I | [ 1] | | 1 ] 1 1 1 11 " T A
Hex Wal | E for OF, | for clriset F F F

Hex Val | 4 for edge and enable 0 0 0

Figure 5-10 GPIO1 template for Button IRQ) program

In order to enable the GPIO module to send an interrupt signal to the Interrupt Controller,
INTC, you also have to enable GPIO] _14 as an interrupt source. As shown in Figure 4-9, all
enabled interrupt signals from a GPIO Module are merged into one or two interrupt request
output signals called POINTRPENDI1 and POINTRPENDZ. Each of the 32 possible GPIO
interrupt signals in a module can be enabled to gencrate one or both of these signals, (Two
outpuls are provided to allow scparation of groups of interrupts.) For this example, let's just
enable the GPIO_14 signal to produce and interrupt request on POINTRPENDI1. To do this, you
write a word with a 1 in bit 14 to the GPIO] _IRQSTATUS_SET _0 register at offset 0x34.
{ Write OxD0004000 to address (x4804C034.) You don't have to use an RMW process for this
one, because writing a zero has no effect, so all you have to do is write a | in the desired bit and
zeros in all the rest. Note that if you wanted to enable the signal to gpenerate a request on the
POINTRPENDZ output, you would use the GPIO1 _[RQSTATUS _SET 1 register at offset Ox38.
Next, let’s take a look at what you have to do enable the processor’s Interrupt Controller, INTC,
o respond o an interrupt request on POINTRPEND1 or POINTRPEND2.

INTC INITIALIZATION

The Interrupt Controller, INTC in the Cortex A-8 Microprocessor Unit or MPL! processes
nterrupt requests from device modules and system sources. The INTC can handle interrupt
requests from up Lo 128 sources. For reference, Appendix D shows the assigned interrupt
number for each of the 128 possible interrupts. The INTC handles interrupt requests in priority
order and sends an [R() or FIQ) interrupt signal for each to the core processor where they are
serviced as we described for [RQ and FIQ) interrupts in an earlier section of the chapier. A clock
generator in the MPU generates the clock signals used by the INTC.

Figure 5-11 shows an intemnal block diagram of the INTC. The horizontal, prey
rectangular boxes represent INTC control/status registers that you write a value to in order to tell
the INTC how you wanl it to respond 1o a particular interrupt request or read a value from in
order o determine the state of an interrupt line or interrupt request. The 128 INTC interrupts are
divided into four, 32-bit banks, so each of the horizontal rectangular boxes in Figure 5-11 that
has a p as part of the name actually represents four 32-bit registers, one for each bank of 32
interrupt sources. For example, the MIRp box represems 4, 32-bit registers, MIR0O-MIR3, that are
used to mask/unmask interrupt requests in the [our banks. MIRO is used to mask/unmask
interrupt request inputs for the 32 interrupt sources in bank 0, MIR1 for the 32 in bank 1., ete.
Likewise, vou read the ITRI register to determine or change the interrupt status of any of the
interrupt requests in bank 1. You read the PENDING _IRQ1 register to determine if one of the
interrupt requests in bank 1 has produced an IRQ) request to the processor. As another example,
the ISR_SET! register can be used to generate an interrupt request on one of the bank | inputs
and ISR_SET2 can be used to generate an interrupt request on one of the bank 2 inputs, ete. This
feature makes it possible 1o generate a software interrupt to test an interrupt service procedure
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without needing the phyvsical device 1o gemerate the inbermupt signal
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Figure 5-11. AM335X Internupt Controller (INTC) Block Diagrum
Appendix E shows the INTC registers and the offssts from the base address for cach
.ﬂu.-n:u-ding s the ARM Corex A-B MY ."-'I.J.;:r in .%pprl‘ndjx C, the hase address For the TN TH

reprters 15 S EH000E. The address for one of the registers then is just the base addiess of
D ARZ0000 - the ofTset for the register

]
)]
Bextar
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The INTC allews vou to sei the priorty of any interrupt request, so that o higher priority
anterrugt can be allowwed to inderrupt a lower preority reguest, but we will skip the details of this.
The defauln priority @2 priogity 0, which is the highest prierity. so the interrupt for this example
willl be executed o completion withowt intermuption. Yo can consult Chapter 6 of
hlIn-:-"'www.ri.unm"lir."ug-'sErm| 1Eodspmul 180, pl . i you wand o imp'li:mn:nl; intermupl
prorilisatian ke o poraeular apadiction,

[he mizis iatialization slep pow bave o do che INTO for 2 basic system 1 o ummask
e antermupl comogg from the GEA musdide, so the BN T can generate an TR0} or FLC) signal to
the processor core. By defiule, all the INTC interoug inputs are magpged to IR0 but an interrept
cnn ke divecied to the FIQ) inpat by sefting a bit in ope of the [INTC_[LBm repizsters ot offscts
(1 2FC Since we want our GPIO interrupt to generats an TR signnl. the defaelt for this =
fimve. Moy, as we stated in the intrsducton above, you emmask an inbermapl request wsing the
approprinte the NTO MIE register. Accordime to the ARM Corlex A-8 Inferrupls numbers able
m Appendiy E, the POINTRPEND [ signal from e GPIO] module is connected to Int number
Qi ol the [NTC and identified as GPIOMT LA, Inis #06 - 4127 are enabledidisabled by the
corresponding Bits i the MIR3 register. Inl # 98 comesponds to bt 2 in the MIRY regaster. By
defuull all MIE bits are $'s, To unmask bit 2 of the MRS repister vou can simply write
D00 EI04 1o the INTC_MIR. SET? register at address Ox482000EC + offset (xEC, {Te mask
ihe siznal on bit 2 of MIRS. then yvou would simply weite the Do 00000004 10 the
IWNTC MIE CLEARS register at Cd £00ES

I'was additional inibzlization steps you can take to reduce power dissipation of the INTC
manlube imveelve setting some INTC clocks so they are only omed on whon nceded. For many
ermbeidded applications it is very imporont 1o minimize power dissipation and curren
FHCTUPrEEES0rs allow o o e thax b anly lurmimgr on circuiry @5 needed at & particular time.
[ie this case, you cnn enable auto dle by seiing bit 0 of the INTC_SYSCONFIG register wt
ol Faet e 10 aanel setting the Turbe bit, bit | of the INTC_IDLE repister at offset (50 Coapselt
Sevtios 1.3 of ILII:rl:."-"n-'.-w'r'..I:.u:m‘!ii'uu-’@nu! I&u'spnul | 8o mdf for & more detailed r:_'-;pl,.nnati,un
of these.

HOCKING AND CHAINING THE IEQ INTERELPT VECTOR

I i sarlier seetion of the chapter we descnbed how en ARM-based processor
autarmatically executes the instnection at Ox0000031 8 in response to an 1RO infemug request. An
138 mstroction al that pddress resds the stining address of the svstem [RQ procedur: from the
Leral pool and loads 11 doto the Program Counter. The processor then execuates the system TRO)
service procedure. In erder to infercept this flow, 2o execution poes 10 vour INT DIRECTOR
procedure, instesd of 1o the system [RQ) procedure, vou “hook the intermupd veetor™ by reading
the syatem IRC) procedne sblress from the literal pool, soving it for future reference, and
inserting the address of vour INT [MRECTOR procedure in that Focation in the litera] poal
Ciboviously the litermnl pool bocaton for this address must be in BAM, 50 that vou con wribe WOLE
[T DIRECTOR proceduse sddness o it

Inan ARM Corex A-8 based svsiem, the Exception Veclors are copied from memaory
sturteng al D CENCHEEE o the public ROB wrea starting ot Gec20000. The IRC LD instraction,
fiwr example erds up ot Ox2001 8 in the public, on-chip BOM. The vectors are then moved mto
the an-chep RAM, starting at address 0x40300 B0 and the LDE instruction foe the TR interrupt
victor cnds up al DxH30CE |8, As shown in Figure 2012, the LR instection at this address
gises b address Oxd300E 1S 1o read the adeleess af the syslem 1y i.|!||.-|:|:r|.||'!|l qETVICE procedure,
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This then is the addoesas you would need 1o read and save what you nesd, 50 you can sead
execution 1o the system IR procedure, if the [RC) was ot caused by vour button push. Adter
reading and saving the address from this address you would then write the starhing address of
viur [INT DIRECTOR proceduns o this addness,

Arkreas Excegtion Contem

WRCE = p— Resaren

e Lindened P = G 7ah] &
HI3CEoEn S FIC = [E0BIGEZEN]
IOCEDCh Fretelch atsort PC = HI0CEICH|
WMCEDS Duata anort PG = [EGEAh] =
H0CE1AN Unisea = PG = [L0BICEHN]

WMECE1E (B FIC = [A0HIGE=EN]
4IBOCERCN FHO e — FC = 4030CE3CH|
ADNOTEIO IRsasmrand S

ACED S Linclened DA o
HECEE =TT s

T — Adaress o Geeauh pre-deich anort
WimICEMn T st i Ol el G abat hander |
HTROCE 1 Litnmead e |
wEeEan =a

——

e of Gebadl RO andar |
2035ER

B bt v i

Hoewever, when doing assembly language progromming on a BeagleBone Black boand
using the T1 CCS wals, a starup progrom calted starup ARMCAR.S s auromatically agseimbled,
limked with your code. and run before vour code. Pan of the cade in this sianup ARMO AR
program relecates e Interrupt Vector Table wooa location i DEAD that is just beloiw the
address where your code is loaded. Figure 3-13a shows the instructions that this startup progrun
seis up for the latermupt Yeotor Table. As an example the startug peogram iatalls the mstruction
ldr  po [pe8] for the IRQ vecior. [f you analyze the operazion of this instruction can=fully,
v should see that the instruction performs an endless brop or “dead loop™ as the manal calls ar
When the precassor responds tooan 1RO meerrupt, of wall simply go to this dead loop and stay
thers, To get execution 1o go o your IN1_IMEECTOH, mstepd of just executing the ke pe,
[pe -] lorever and lecking up the svatem, vou replace thes instruction with o b
T DIRECTOR instrwction as shown i Figure 3- 150, Thes instruction will de an uneonditional
branch 10 vour INT_DIRECTOR cods. Mote that you also lave o add the extem
[MT_DIRECTOR directive 1o tell the nssembler that the symbol INT [MRECTOR is in some
other module. As you will see in the complete program later, you alse bave to put a _global
[NT_[MEECTOR directive a1 the stan of your assembly language program 1o make the symbol
MT_DMRECTOR sccessibde w other modules

-fRgtien . isr_vector
.align 4
«Elabl _ dsr_wvector
__isr_wector:
L pc, {pc.g24] B gueE Rpsot
T pes (poae-2] & dudd Undefined [nstrostion
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1ldir pe, [pc,aRd4] # BwRE Supervizor Call

ldr pc. [pc.i-&) F @zl Preferch Abort
ldr pc, [pc.m-E] F gx1¢ Data Abort

lde P, [pc.H=B] & Swld Mot uged

ldr pe, [pc,H-B] E Bald IR} Entercupt
ldr pc, [poc.E-8] B 8xl1C FIQ imterrupt

<long Entry
ia)

exrern INT THRECTODR
ssection .Esr_wector

~allgn 4
-Elobl __ise_wactor
_Asr_wactor!
ldr pe, [pc,m2a] @ g Rpspgt
lar pL, [po, -1 8 gaga Ungefined Instructiocn
1dr pe, [pe,m24a]) B 0288 Superyisor Call
1ar oy [, m-8] E 8xgl Prefetch Abort
lar poy [pc,A-R] 8 Pxl@ Dats Abort
ldr PE, [pe,a-a] & Sxld Mot used

b INT_DERECTOR
1dr rs, [pe.a-R]

B axlE IAQ imterrupt gpoes to here
#x3l FIQ laterrupt

LT

kb

Figure 5-13, (a) $artup ARMCAR s code for Intermupt Vectior Table with dead loops.
iz} Edited stamtup ARMOCAR 5 code 10 take execunion o [NT_DIRECTOR

ENARLING THE PROCESSOR TR INPLIT

Ag we deseribed caslier in the chapler. vou do this by reading the CPSH into B3 with the
special MES B3, CPSR instruction, clearing bit 7, the IR0 bit, in the word read in 1o enable TR,
and then writing the resultant wiond back o the CPSE with the MSE CPSR_c, B3 instruction.
Eemember that 1he underscare ¢ on the MRS instruction tells the assembler should oode the
imstruction o modify only the lower erght bats in the CPSE

DETERMINING THE SOURCE OF AN IRO IN INT _DIRECTOR

When determining the source of and imermapl. vou s1an an the hishest level 1o the
interrupl ree, For the example program in Frgure 5-3 all we hoad to do o determine if te [RO)
reguesl was caisad by @ button push was o test a bit i the INTPND register. For this example,
vou check at fhe INTC level first TF you find an mterrupt mogquest from one of the 128 INTC
nputs, you work vour way down through the sources connected to that INTC input o check
which specifie GPIO pin or other source caused teal inbermupt regueast,

A High Level Algorithm for this section would be:

Cheek INT_PENDING_1ROP regaster bit 2 to see if IRD from GPIOINT 1A
IF o, then restore registers amd rehum
ELAL,

Check GPIOT_TROQSTATUS 0 register bit 14 to see if Button pressed



[F Mo, then restore registers and retum b Wail Loop.
{BeagleboneBlack bas no system TRO procedure, so just go back to Wail Loop.
Else oo 1o Bulton Service

A Low-Level algorithm for this section would be:
Restore regisiers
Fead INT PENDING [RQ3F regisier o OxdERN00FE, [ INTC hase + offse ES)
Test Bat 2, 1o see if GPHO1 POINTRPEND from GPHI A
[f Bir 2 = 0, restore repisters and retuwm rom ind
Elze read GPION _IROSTATUS 0 regaster a1 ud 80020, (GPIO base + offset ()
Tesi bt 14 with (D004 o see i GPIOL_14 Bunon peessed
1 bat 14 =0 restore registers and return from imternapd
Else po o BUTTON SV,

THE BUTTON SERVICE PROGRAM SECTION

The first step mn servicing the GPIOE 14 inh;:rrupl recjues] is to berm af T the GPIOE
mierrupt request b the %10 controdler, so that when you refurn to the inlum.r_[ﬁa:l Progn, the
et reguest will not 50l be thene and couse another inlemeps. You do thas by simply writing
a | whbit 14 nhe GPIOL_IRQSTATUS 0 regisier vou read al address Ox 48040020 1o
determine if GPIO1_ 14 was causing an interrupt. You don't have 1o use a BMW process for this
write, becnuse writing 0's to the other bits in the register has no effect. As deteemiibed with the
help of the regisier tempilate in Figare 5-10, the woerd you use for checking and weting bin 14 1=
(DD, Cne additional step is 1o Tum off the NEWIRD bit in the INTC _CONTROL
register 50 the processor can responid to ancther RO reguest, To dothis, you sieply write (0]
io the INTC_CONTROL register @ (28200048

The instructions for faming ibe LET on for 2 seconds and then off are just a slight
medification of those we showed vou For doing it in Chapler 4. The next step here then is 10
show you the compiets program for this example

THE COMPETE BUTTON SERVICE PROGRAM

Figuwre 5-14 shows the complete pssembiy languape for the button service program that
we developed 1o the preceding sections. Work your way throgh this i see how you pull
topzther the pleces we described i the preceding pages. Refer back to the preceding discussions
1o help you understand each instrsction. Then, in the next section of the chapter we will show
vt w10 accurate]y measure off times such as the 2 seconds with a programmahle tmer,
instend of 3 delay Inop,

i BUTTOR IRTLREUPT PROGRAM

g Runiy on Besgletone Black Board with cape.

¢ WHER THE QUTPJT FROM A DERDMCED SWITCH COMMECTED T GPI01_84 GOES LW, THIS &
FROGRAM PRODUCES &N IAQ INTERAUPT TO TWE #ROCESSOR. The IRQ SEEVICE

& PAOCECOURE FOR THIS BFQUEST WILL LIGHT &M LED CORMNECTED TO GPIDA 12 FOR

# REOUT 2 SECONDS =

# Copyright Dougles V. Hall Fall zeas
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Gext
«global _start
-global TNT_DIRECTOR
_start:
LD 813, =5TACK]
ADD BLE, H13, i
CPS HBx1Z
LDR RL3,=5TACKZ
ADlD RL3, R13,#aXlpap
CPS #Rels
a@ Turan an GPTOYT CLE
LR ROS002
LR BB 044 F000AC
TR KO, [R]]
LDR R, -@x4AEa0084a
ADD R4, Fd HEx19B
HIW R, siodainlBan
5TR R7.[R4]

@ Progron 0PIOL_12 as outpuft

ADD R, PE, AGRE13
LOR RA,[R1]
LOR R?,=BKFFFFEFFF
AND RS, RT,RS
5TR RS, [&1]

# Pafint to base of STACK Tor SW node
& Pokat e top of STACK
B Swivch to IRQ sade
i PFoint te I[20 stack
i Point ta top of STACK
8 Back to 5VE mode

& Value 1 enable clock For & GPICH modwls

il Addrexs of CM_PER_GPIO1_CLMCTRL Rogistar

& Wrae 202 o regemer
¢ Baxe address #or EPIOL registers
@ Address of GPIDL CLEARDATADUT register
o Lazd walug to tTurn off LED on GPIOL_12
@ Write To GPIOL_CLEARDATADUT roglstor

@ Makg GPIDL_DE regliter addrass

F READ current SPI01 OQutput Enable registor
g Word to enable GPIOL 12 as oukput(® enables)

@ Clear bit 12 {MODTIFY)
i WRITE ta GRPIDL Output Enable register

i Detect folling edge on GPIOL_14 and cnable to assort PODHTRFENDL

A0 RLl, A, HEWI4C
MY R, AGxABGA4AEE
LOR R3, [R1]
DRR R3, A3, A2
5TR R3, [=1]
ADD R1, A, HEx24
5TR R2, [R1]

@ Initislize INTC
LOR Rl,= Gx4AZAEAER
MOV A2, HExBL
5TR R2,[A1]

@ AL = addrass oF GFIOL_FALLIMNCOETECT reglster
A LDAD WALDE FOR BIT 14

EEAD GPID]1_FALLINGDETECT reglister

Modi¥y [(set bit 14)

Hrito Dack

Address of GPTDL_TROSTATUS_SET_@ register
Enable GPIOL_14 fpqsdsT on POTHNTEPFEND]

PRl YR L T

il Addrass of INTC_MIR_CLEART register
# Valus to unmagk INTC TWT 98, GRIOIMTLA
@ Hrite to INTC_MIR _CLEAHS reglister

fHoak IRY vectar and chain SUTTOM SVC procedura (NOT USED WiTH O0% startupARMCAS, )

#LDR R1,= Bxd03plE3IE
WLDR 21, [H1]
[LOR A3,= 5¥5_IAG
#5TR B2, [R3]
-@I.DH Rd;=INT_DIRECTOR
H5TR R2; [Hl]

pual

# Addrass of Ffirst instruction in 3¥5_IA0 procedurs
B oread SYS_TRQ addrass

B Addrass whers SY5S_IF) address saved

g Save Y5 _IAQ addreds to wse 1f not our IRQ

i Load address of our :I.HT_I:IIFIEFETEIH

g Stare In Sv5 IRD first address lacatien im literal

[ Maks sure processorn TRQ enablad in [PSE

MRS K3, CP5R

EIC R3,HBxEa

HSR CPSR_c, A3
i Hatt for InTerrugT

oG0P KiIp
b Loor
INT_D'IRECTOR:

i Lomy CPSR Ta RE
ff Clear bit 7
i Write back to CPSR
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STMFD 5P!, {R8-R3, LR} 8 Push registers on stack

LOR R8,=BX482008F3 B Address of INTC-PENDING _IRQ3 register
LOR R1,[RO] @ Read INTC-PENDING_IRQ3 register
TST R1,®0x00000eed @ TEST BIT 2
BEQ PASS OM @ Wot from GPIOINTIA, go to back to wait loop, Else
LDR RB,=8k4884C82C 8 Load GPIDL_IRQSTATUS B register address
LDR R1, [R@] & Read STATUS register
TST R1,=28xDe004800 g Check if bit 14 =1
BNE BUTTON_SWC B If bit 14 =1, then button pushed
BEQ PASS DN # If bit 14 =8, then go to back to wait loop
PASS_DN:
LOMFD SP1, {RB-R3, LR} @ Restore reglsters
SUBS PC, LR, 84 & Pass execution on to wait LOOP for now
BUTTON_SVC:
MOV A1, f0xBB284008 g Value turns off GPIO1_14 Interrupt regquest
# Also turns off INTC interrupt request
£TR A1, [R8] B Write to GPIOL_IRQSTATUS B register
g Turn off NEWIRQA bit in INTC_CONTROL, so processor can respond to new IRQ
LDR R@,=8x4B200048 # adaress of INTC_CONTROL register
MOV R1, #81 B value to clear bit B
STR R1,[R8) # Write to INTC_CONTROL register
# Turn on LED OW GPI0T_12
LDR R8,=Bx2B840194 # Load address of GPIO1 SETDATAOUT register
MV R1, sex28e8lboe @ Load value to turn on GPIO1 12
STR R1,[R&) 8 Write to GPIO1_SETDATAOUT register
B Wait 2 seconds
MOV 2, #BxB24000800 B Load delay value for 2 seconds
LOOR2 :
RNOP
SUBS R2, #1 8 Count down
BNE LOOPZ
@ Turn off LED on GPID1_12
LDA RO, =Bxd304C1%8 # Load address of GPID1_CLEARDATADUT register
STR R1, [R@] § Write 2xP0001009 to GPIOI_CLEARDATAOUT register
pReturn to walt loop
LDMFD 5P1, {R8-R3,LR} i Restore reglsters
SUBS PC, LR, &4 # Return from IRQ interrupt procedure
«align 2
5Y5_IRQ: .WORD @ B Location to store systems IRQ address
Jdata
~align 2
STACK1L: rept 1824
word GxBeoe
.endr
STACK2: .rept 1824
.word 2xPees
« endr
.END

Figure 5-14 ARM Assembly language for Bution Service/LED program
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Using a Programmable Timer to Generate Interrupts

SITARA TIMERS OVERVIEW

The T1 AM335X Sitara processor has several very versatile counter/timers as described
in detail in the Timers Chapter of the AM335X Sitara Technical Reference Manual. These
include DM Timer0, DM Timers2-7, DMTimer 1ms, a Real Time clock that can be used 10 keep
track of seconds, minutes, hours, ete., and a WATCHDOG Timer that is used by an operating
system to get the system oul of a lockup condition. To show the setup and basic operation of a
timer to generate interrupts ot desired tme intervals, we will use DMTimer2.

Figure 5-15 shows the basic connections for DM Timers. First note that the clock for one
of these timers can come from an external source, from a 32,768 Hz clock source, or from a high
frequency system clock. You will identify the desired source for a particular application by
programming the multiplexer on the pelktimer input. Next, note that on the nght side of the
figure that some of the timers can generale output pulses and that these timers can be triggered
by an external source. Finally, note that a timer can generate an interrupt 1o the MPU Subsystem
on its pointer_pend output, similar to the way a GPIO module can as we discussed in the
preceding section.

DM Timer counters are up counters. A counter can be used to count external events or
the number of clock pulses. A counter can be programmed to generate an interrupt when the
count matches a preloaded count or generate an interrupt when the count overflows or in other
words, passes the maximum value of OxFFFFFFFF
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il AR MAINLINE
L. Sel up stacks for Supervisor Mode and TRCY mesde

2, St GPIM 12 for LED off {low)

3, Bet GPICR 12 ns ooatput

4. Set up to detect alling edge on GPIOL 14 and generate intermupt

5. Inttaleee INTC — Reset INTC and Enable Timer 2 interrupt on [NTC 68, button interrupt on
[NTC #98

6, Turn on Timer2 CLE

7. 8¢t Tiener? functional elock input multipleser for 32.768 KHz clock

&, Imitinfize timer pegisiers for desired count and overflow intermupt genemation

&, FEnahle TRO input by chear bit 7 an CPSE

DMTHEER, DUaC
[Ty

(Tirmed]

DWTEER TR
[Tl

DRTRIER,_ LA -
(T

L 1

DATRAER, [ =
e . e’y

¥

T _DIRECTOR

1. Bave regislers

2. Check if ierrupt from butbon

30 YES, Go service Bulton intermapt

ELSE Check for Timer2 jmerrugp

IF WO Timer2 Intermupd, Restore registers and refurmn 1o wait loop.
ELSE check af Timer? Owverflow btermpi.

1F XOT Timer2 Overflow intemupt, then restors registers and remum
ELSE | Go woggle LED

[Fimas &7 aney) Pl SN = —

BUTTON_SVE

I, Turn ofFGPICH 14 intermapt

2. Tumm om LEL»

3, Btart timyer2 amid ses For aoeo relead

4. Fnubde [NTC bor new intermapt

3. Restone repisters and return 1o wal loop

Figure 5-15 T1 Sitara AM3339 timers 2-7 Connections

AN AM335X TIMER EXAMPLE PROGRAM

LED

1. Torn ofl timer2 Overflow Intermapt request

2. Rend GPHO and check bit 12,

T kg 12 =00, LED off. ['.Iul.TluI: n hi_gh on GPIﬂl_lj
4. Wbt 12 =1, LED o ﬂl.l.l[ﬂ.ll! a By om I.",:F‘[ﬂl_lz
5. Emnble INTC for new i'|11|:rr|;|p|:

. Restore registens and retum o wait loop

For our temer example, w2 will exeend the btton wdernap program in Figare $-14 25 follows When the
bution connected 1 GPHFL 14 65 peessed, the falling vdge of the signal from the benon will produge s 1RO
imerripe. The servees procedns e The Buttim Intormapt will iurm on e LED cosmegied e GPICH 12 and stard
Thmer 3 coneding sp using 3 32, %68 KHe chock. When the Timer2 coum everllivws afler 1.5 scronds, a Hmer? IR
interrupl will be generated. The IRC) service procedare for this Tuner? iternipt request will oum off the LED and
revarn to the wait koop. Timer2 wall be set to redoad the count aller cich overilow, so that waen the oo overfiows
grain, anather Timer2 imermept will be produced. This bise the Timer? meerrupt procedore will uen the LER on
wgnin. The resulr is thar the LEDY wall continuously blink oo for 0.3 seconds and off far 0.5 soconds.

Frgure: 5-1& shivws the Hegh-Level Algorithm lur this progrom. For o stan, read throsgh the HighLevel
Algorithm 1o ger an overvew of the program. Then skim read throogh the DM Timer section of the Sitara data book
Temsers cheprer. Based the dncuskion of the Hatton service program in Figure 5- 14, and wha i el i the Seara
il Bk, bt be sk sbaut hiw you wild implement each siep. Much of dhis sbeedd be very familiar fom the
explingtioss fer e ButtonLED program in Figore 5-14 but the vimer sections oheigusty require some more
explngtion. W will work thrasgh thee wih you mothe order they appea in Figure 5- 16

Figure 5-16 High-Level Algorithon for Timer L ED Interrupt Progeam

To cnabde o toee intermupt on INTC, you find firom the ARM Corex Interrupt Mumbers
Table in Appendix I, that the interrupt associated with TIMERZ is #68, This cornesponds to bit
4ot the INTC MIE CLED register gl offset 0xCS from the INTOC base address of D 8200000,
W ow just weite (k10 10 ths sbiress to enable o Timer2 imteroept in INTC . This s very similar io
e way you enable o GPID module interrupt on INTC

T turms om the chock 10 the Timer2 module, you go to the ARM cortex Memory map to
fimel the base wldress of the Clock Module Peripheral registers, CM_PER. This address is
Do AR EMERI. Then vou go o the Power, Clock and FReset Manoagement chapier of the Sitara Data
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book to find te data sheet for the Timer2 CM_PER_TIMER2_CLEKCTRL register at offse
(&0, As indicated in the data sheet, vou write 0302 10 this regisier to emable the clock to the
mindule.

The next step is 10 conneet the correct fregueney funciional clock signal o the clock
inpad of the timer, As shown in Figure 5-15 here, the PRCM multiplexer can be peogrammed 1o
provide a high lrequency clock signal from the CLE_M_O3Cillator, a 32768 KHz signul, ora
sagmal from an extermal source, You want the 32,768 KH signal as the clock signal. As sloown in
Figure B-17 m the Sitara data book, the control signal for the PROM multiplexer conees from the
PRCMCLESEL TIMER2Z CLE.CLKSEL register. The frick 1s te find this registee. Took me a
few minutes 1o find this, sioce it is in the PROCM chapter of the Sitara data book, but ot where |
expected it to be. Inis in the CM_DPLL register section of the chapter. If you pop up the
CM_DPLL register list, vou Tind that the offs=t of the PRCMCLESEL_TTMERZ repister from
the CM_PER base of O EGM00 15 0x500. As indicatad dn e data sheet you wrie U502 to the
resultant sddress of Ix44EO0308 10 seleat the 32768 KHz clock.

Moow we will work through how yvou initialize the timer itself using the Timer registers
shown in Appendic G. As shoam in The ARM Cortex Memory Map, the base address for the
timer2 registers is ChodBOSOOMD, 5o the Timer register offsets shown in Appendix F are added 10
this base to aocess the register, First we reset Timer 2 by writing Ox 1t the Timer2
Configuration register a1 offset Ox 1 Then we write (52 o the Timer2 1B ENABLE_SE]
register al offset G2 woenable the Timer 2 10 generate and interrupt signal when the counter
ovierflows.

Finally i this seetion of the program we write values te the Timer2 Load and Cowm
regisiers. The value i the Coont Bepister is the value that pets counted up by clock pulses. The
value i the Load Register is the value that pets loaded into the Coune Register, of Timee2 is
programened for aute-relond on overflow. To caleulate the valee vou put i these registers fof a
desired time delay you use the formula [esired Time = {(FFFF FFFFh — TLDE + 1 = timer
Clock perind = Clock Dhvider (PS) The defauli value for the PreScaler, PS is 1, so the formula
simiplifies o Desired Time = (FFFF FFFFh - TLDER + 1) © timer Clock period. Sinee the clock
for our exampke is 32,768 pulses per second, we would just ave to count off 32,768 or
(b (MHHIBHHY pulses for a tme of one second. Since the Timerd counter is an Up counter, we have
10 basically subtract this from the overflow value which is 0xFFFFFFFF + 1 or O LRG00000,
J:.Lg,ghnp_: the forrmula a hnle, the value for TLDE = o 1 D0 -Cho N0 BM. The result fior
FLDH = GxFFFFROM. For a half second delay, we count of T hall of 32,7687 counts, or Dhyddekb
counte and the result for the TLDER value would be Ox 1000000 — (e 30060 o7 OxFFEFCOO0, We
load this value ingo both the Load Register and the Cournt Begister, You load the valoe in the
Comnt Reegigver, so 0 will be there for the first count wlsen you start the counter, The value in the
Load Register will be reloaded in the Count Register for the mext count up, after the count
owerflinas

Figure 5-17 shows the Low-Level algorithm for the program and Figure 5-18 shows the
complete assembly language program based on tbe Low-Level algonthm, Carefully work vour
way throwgh these, one step at a time, wntil you understand each step and the overall program
flow. Nobe we do oot turn the timer on and se2 {or aute count reload antil the button is pushed,

Low-Level Algorithm for Timer/LED Internspd Program Douglas V. Hall fanuary, 2003
Portland. Opepon
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MAIMLIWE
Sl up slacks for ‘.Supcn'nh:u' Mode and lH.Q mode {See bpﬁj]
Turm on GPIOL Clock (See bpdos)
Seal GPTOH 12 for LED of (kow) (See bp3.s)
3 SelGPIOT 12 o autpust {See bp3.s)
4, lnlualiee INTC = Betet INTC, Timer 2 inserrupt on INTC #68, GPIO14 on INTC o4y
Write On2 to INTC_SYSCONFIG at Oxd 320001 0 to reset INTC
Wrtte QD00 [0 ko D d KW 10 Enable IMNTC 958 Timer2 intermupt inpud
Wrile D ODDO0HIH, 1o OxAB2000ES 10 Enable [NTC #98 GPFIOT_ 14 intermapl
5 Turn on Timer2 CLE
Write (x2 0 CM  PER TIMER2 CLECTRL at Oxdd EDDDO0+ (R0
B, Set Timer clock frequency nultiplexes for 32,7608 KHz
Worrte O0x02 o PROMOTLESEL TIMERZ regisier af pdiress DxddEODSNE
T, Imitialize lamer segisters for desired count, overflow nlermupt generation
Write Ox | v Timer2 CFG regisier at Ongd BOS00 80 10 Resst Timer 2
Worite (2 o Tlmee2 [ROEMNABLE SET remister at G4 R0020
Wrile OxFFFIECIO0 o Timer? TLOE register ap G2 8040020 10 et (03 second
Write UsFFFFCO00 o Timser2 TCRR regaster at Ox4804003C 1o get 0.5 second
Enuhle [RL) input by clear bit 7 in CPSE
- Wait for innesrups loop

o=

INT MEECTOR

L. Save nogisbers

2. Check if intermupt from button
Read INTC PENDING 1RO REGISTER o 048200078
1T Bar 2 = 0 then not GPI0S, go check for timer
Whit 2 = | then check if GPLO] 14 from buton
Read GPIOL_[RO STATLUS REGISTER at (hdR04C02C
If bit 14 = 1, then go o 1L ITTOM 8V
i it 14 = 0 then, Enoble new IR nesponse in BINTC by

Write Ol to INTC_CONTHROL register ot 45200048 1o allow new [RD

Hestore registers and refum 1o wait lsop

1, Cheek in TNTC f intermupt from Tamer2-
Bead word from INTC PENINMNG IR register ot Oxd 8200008
sl weith G U0 0
WO, Wride Dx L b INTC_ COMNTROL repister at 4200048 to allow new {1 18]
Restore registers and retum

4. WES, check if Timer2 Overflow, |

Read valwe from Timer2 IRQSTATUS register at x4 8040008
Fest with OxO0002

IFhit | = ¥ oo LED
IF Bt [ =0 then
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Write 01 w0 INTC_CONTROL register a1 48200048 1o allow new [RG
Restors repisters and returm to wait loop

BUTTOMN 5WC
1. Tumn off GPIO 114 interrupt request by
Write ¢x000D4000 to GPIO!_RQ STATUS 0 repister
2. Tumon LED by write Gx00001000 10 GPIN_SETDATAT register
al xARC0E 94
3. Stan timerl, and set for auto reload by write Ox03 e TCLE at O B04 0038
4, Winte O] 1o INTC_CONTROL pepister an 8200048 to allow new IR
5, Restore registers and refurm o wat loop

LED
1. Tum el umer? Cverflow Intermupl request by
Write D02 1o [ROSTATUS repister at Ox48040028
Fead GPIO]_DATAOUTREGISTER a1 Ond BISC 130
Whit 12 = 0, LED off, Cutpud a t'||:|i'j1 on GFIC 12 with GPEON SET o tum an LED
Worite Usc 00001 00 o GPIO. SET ar Ox4B-C 1%
4. Ifbit 12 = 1. LED off. Orutpun 8 high on GPEY]_12 with GPIO1ICLE to turn off LED
Wite OO0 000 1o GPIOTCLE at ChedB04C07190)
5. Emable new [RO) response o INTC
Wrte U1 1o INTC CORNTROL regrster a1 SE3200048 1o albow pew [RO
£, Revtore fegraters and return W wail loop

Rl Bed

Fizare 5-17 Low Level Algorithm for TimerTETY interrups program

LED/Tisma=2 THTERRIPT FROCHRM
funs on BeeapleBone Hlack Board with PushbuttondLED cape.

WHEN THE OUTFUOT FRoM A DEBDUNCED SWITCH ONGFIO1_ 14 COEE LOH,

THIS PEOGEAM FRODUCES AM IRG INTERRUFT TO THE FROCESSDR.Tha IR
SERVICE ¥ PROCECDURE POR TEIS BREQUEST WILL LIGHT AN LED COMHECTED
TO GPIO1 1% and start Timers. When the Timer 2 count overflows
after 0.5 peconds, an IP) Intercupt generated. In Tafponas Lo
thi® interrupt.the LED will be togglied. Kote: Program uses meds @ e
Etartup ARMCARE Iile to aoceda IRG Interrapt Servica Procodocs

INT DMEsctor

A TR D W TR D Tl

Copyright Douglas V. Hall Fall 2016

Bt
.global srart
.global FHT_DIRECTON
_akare:
Lok R13,=5TACELI @ Fodnt to base of STACK far SY0C moda
ADD FLl3, B1Z,#0XID00 @ Point to tep of STACK
CPE ADx1Z B Switzh to IRD node
LDOR RL2, =STACEZ B Point to TRG stack
ADD FELP3, BLE, d0x1D00 2 Boint to top of STACK

23

CES ADxid A Rack to W3 mods
# Turn on GPIOL CLE
LI¥E RO 20%02 & Walue o esabde clock for a GPRD moduds
LR B, =0ndd EOD0 &L i@ Address of UM PER_GPIOI CLECTRL Register
STR RO, | ®1) (i# Wrire 802 5o fepiter

LCR RO, =Dx42042000 B Bapge address [or S2I0)l registercs

AOD R4, RO, BOx] S0 B Hd = GFID]1 CLEAADATACUT register

Moy AY, #0x00041000 B Load value to tuen off LED an GFIOL_12

ETR R7, [F4} B Write to GPIOlL_CLEARDATADUT register
@ Program GPIOL_12 a= output

ApD BRI, R0, d0x0134

LDE Ba; [R1]

L& BRI, .=x%¥FEFEFYF

BHDO RE, A7, K6

5THE RS, [R1]
# Detect falling edge om GPFI

ADD R1, RO, #Qxgldo

BRI RZ, BQxDO0O4000

LOR RZ, [Al]

ORR F3; BRI, R2

aTn B3, |Rm1)

aOD EL, =20, BDx34

STR R, 1R1]
B Imitializa INTO

LDR El; =0xs3ZG0000

MO R, J0x2

3TR K32, [B1, FIx<l0)

MOV B2, d0x1a

TR p2, [Rl, Bd=cd |

oA B2, A0x04

L5TR B2, [BL, ¥IxEZR]
BTurn on Timer? CLHE

MW B2, #0xz # Value to snable Timor? CLE

LDA Rl,= Ox44FMMHD B Addre=zs of EI‘[_FEE:_'IIHEELE_EL'I{CTH.L

2
H

Ha ks I:-F]"EI"'.._I'_'IE Fegister addpess

READ purpent GPID] dutput Ensble register
gEnable GPIZL_12 as output ¥ cnables)
Clear batk 12 [(MODIFYT)

WRITE to SPIO] dutput Enable reglater
_i4 and enable to asgeck POINTRPEND]
EPIDI_THLLLHEDEI'EET reglister

Laml VALUE FOR BIT 14

BEAD GPIC1 FALLIKRCODETECDT raglstor

Modlfy (sert bit 14|

Write back

Address of GPIOL_IRJSTATUS SET O cegister
enable GPID]_ 14 reguest on POINTRFEND]

Bape acddre=zs for INRTC

Yalue to r=sst INTC

Mrite to IHNTC Config roglistar
Unmask INTC INT 68, Timerz2 LnTeyrupt
Write to INTC MIR CLEARD poglater
Yalug To URmask IHTC INT 9§, GEITDLNTA
Write to INTC MIR CLEARY register

LR B ] mmq-ﬂmm-‘nﬂﬁm-&-mq

8TR R2, [R1] TULn ©n

LOR A1, =044 000508 Address of FRCMCLESEL TIMERD reglster
STR RZ, [H1] # Splecc 32 EHz CLE far Timer 2

B Initialige Timer 2 registers, with count, gwerflow intercupt generation
LOR Rl, =Od80q 5300 B Base address for Timer? cegisters

Hir B2, 0l B Value 1o pesel Timer 2

STR Ry (R, BOxld| B NriEte to Timer? CEG registar

HCA R, #0x2 B ¥alue to Enable Overflow interrupk

TR R2, [R1,#052C0 B Write to Timer2 IRQEMABLE ZET

LOR B2, = OHEFYECOO0 # Count walue for 0.5 seconds

STR 2, [R1, rOxd0] B TEimer? TLDE. load register {Aeload walue]
STHR B2y [R1,¥0x3C) % Write to Timer? TCAR count ragisater

d Make sure praces=or IR enabled in PSR

MRS B3, CPSR B Copy CPSH Eo RI
aLC R, kOB B Clear bit ¥
HER CESR_c, B3 B Hrite back 1o CPSE
B Wait fTor intecrupt
Lo HOP
B LOOR
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INT_DIRECTOR:

STMFD 5P!, (RO-R3,LR) ]
LDR H1,=0X482000F8 f
LDR R2, [R1} ]
TST B2, FOX00000004 2
BEQ TCHK ]
LDR RO, =0X4804C02C )
LCR R1, [RO] @
TST E1,#0x00004000 @
ENE BUTTON 5SVC @
LDR HO,=0x4B8200048 A
MOV R1, #01 B
STR R1, [RO] @
LDMFD SP!, (RO-R3,LR) @
SUBS PC, LR, #4 ]

TCHK:

LDR Rl,=0x482000D8 ]
LDR RO, [R1] ]
TST RO, #0x10 ]
BEQ PASS ONM @
LOR El,=0x4B8040028 ]
LDR RO, [R1] 2]
TST RO, #0x2 (]
BME LED B
PASS ON: ]
LDR RO, =0x48200048 ]
MOV R1, 01 1]
ETR ®l, [RD] i
LDMFD SP!, (RD-RI, LR} @
SUBS PC, LR, 04 ]

LOMFD SP!,
SUBS PC, LR, #

{RO=-R3, LK]

BUTTON_SVC:

STR

MOV R1, #0xDO004000

-

11, |ROD]

@ Turn on LED OM GPIO1_12

LOR
Mo
5TR
MOV
LOK
STR

RO, =0x4B04CI 94
Rl, #0x00001000
K1, [RO]

R2, $0x03

R1, =0x4 8040038
RZ, [R1)

L SRR

B Turn off NEWIRQA bit inm INTC

LOR

MOV R1, #01

5TR

LOMFD SP!,
SUBS PC, LR, M

RO, =0x48200048

R, [RD]
{RO=F3, LE|

Push registers on stack

RAddress of INTC-PENDING IRQ3 register
Read INTC-PENDING_IRQJ register

TEST BIT 2

Mot GPIOQINTIA, check if Timer2, else
GPIﬂl_IRﬂSTATUE_ﬂ register address
Read STATUS register to see if button
Check if bit 14 =1

If bit 14 =1, button pushed, service
Else, go back. IRTC_CONTROL register
Yalue to clear bit 0

Write to INTC CONTROL register
Restore registers

Pasa execution to walt LOOP for now

Address of INTC PENDING_lRQ2 register
Fead value

check i1f interrupt from Timer2

Ho, return, Yes, check for overflow
Address of Timer2 IRQSTATUS register
Fead walue

Check bit 1

If Overflow, then go toggle LED

Else go back to wait loop

Address of INTC CONTROL register
Value to clear bit 0

Write to INTC_CONTROL register
Restore registers

Fasa execution to wait LOOP for now

Restore registers
Fass executlon to wait LOOP for now

@ Value to turn off GPIOL 14 IRQ request
This will turn off INTC IRQ request also

Write to GPIOL _IRQSTATUS O register

Load address of GPIOl _SETDATAOUT register

Load value to turn on GPIOL 12
Write to GPIOLl_SETDATAOUT register

Load value to auto reload timer and stact

address of Timer2 TCLR register
Write to TCLRE register
_CONTROL, so can respond to new IRD

# Address of INTC _CONTROL register
® Value to clear bBit 0O

@ Write to INTC CONTROL [EeQiSte&r
? Pestore registers
@ Pass execution on to wait LOOP for now
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LED;

LOR R1,= OX4B040028
MOV B2, #0x2
STR R2Z, [R1]
# Toggle LED
LOR Rl,=0x4B804C000
LDR R2, [R1,#0x013C]
T3T R2, #0x1000
MOV B2, #0x1000
BHE TOFF
STR R2,
B BACK
TOFFE :
5TH B2,
BACK:
LOR Bl,=0x48200048
HOV R2, #0x01
STR RZ, [R1]
LDMFD 5P!', (RO=-RE3,LR)
SUBS PC, LR, #4

[Rl, #Ox194]

.data

-align 2

STRCEL : .rept 1024
Jword Ox0004
Lendr

STACKZ: +eept 1024
Jword O0x0000
sendr

. END

# Turn off Timer 2 interrupt request and enable INTC for next IR

@ Load address of Timer2 [RQSTATUS register

@
a

R D

Value to reset Timer? Overflow IRJ regquest
Write

Base Address of GPIOL

Read value from GPIOl_DATAOUT

Check bit 12 where LED connected
Value to aet or clear bit 12

LED on, go turn off

LED olf, turn on with GPIO]1 SETDATAOUT
Back to walt loop

[R1,#0x190]) & Turn LED off with GPIOLl CLEARDATAOUT

@ Address of INTC CONTROL register
@ Value to enable new IRD response in INTC
@ Write

Restore reglsters

8 Return from IR interrupt procedure

Figure 5-18 Assembly language program for LEDVTimer2 Interrupt Program.

An R5-232C Driver for an RC 8660 Speech Synthesizer Board

For the preceding interrupt application examples we described how you can service an
external button press interrupt, and how you can count off time intervals on an interrupt basis.
Another important use of interrupts is interfacing with external peripheral 1'O controllers or with
/0 eontrollers that are buill into the current processors. Instead of polling a status register in one
of these /0 controllers over and over to determine when it needs service, it is much more
efficient 1o enable the device to generate an interrupt signal when it needs service and then
service the device only when the interrupt occurs.



As an example of this type of interrupt application, we will show you how to send text
messages 1o an RC Svstems DoubleTalk RCE660 Speech Synthesis board on an interrupt basis,
Specifically, this is an extension of the interrupt program in Figure 5-14 so that, instead of
incrementing a count, pushing the button will cause a text message o be sent to the RC866()
board on an interrupt basis. We thought this application would add a little fun to your
microprocessor leaming curve and show you how you can easily make it possible for your
microprocessor-controlled robot or some other embedded system to talk back to vou. This
example adds another level of complexity in that it shows you how to work with a controller that
gencrates interrupt signals for several different intemnal conditions. You know more than enough
about the use of interrupts from the previous examples to implement many interrupt-dnven
applications, so if vou are short of time and want to get into the next chapter, you can study the
introduction to R5-232C here because it is used for many systems, skim though the explanation
for the interrupt service procedure, and then come back to pick up the details when you need
them to help you wnte a driver procedure for a UART or some other peripheral controller. This
example is a very pood demonstration of how you work with the interrupt enable and status
registers in a programmable peripheral device, so you should find it very useful it you do so.
This example also shows you how to program the signal multiplexers that are used 1o map Sitara
AM335X signals 10 device pads, so you can access them on the BeagleBone Black P8 and P9
CONNECLOTS.

The RCE660 device used on the DoubleTalk 8660 Evaluation boards is a full-featured
speech synthesis engine that implements sophisticated Text-To-Speech processing. The 8660
device allows a user to choose one of eight different standard voices; specify the speed,
articulation, expression, reverb, pitch, tone and other features of the speech; generate up to three
simultancous tones, record sounds in an on-chip memory; and play back pre-recorded messages.
The 8660 Evaluation Kit comes with the RC Studio software development package that runs on a
PC and allows a user to interact with the board through a serial COM port on the PC 1o develop
the desired functions in a Microsoft Windows environment. For this example we will send
speech codes 1o the board directly through an NKC Electronics RS-232 serial adapter we added
o a BeagleBone Black board and connected 1o one of the UARTS on a Beagle Bone Black board.
Working through the steps at this direct level wall give you a good understanding of the details
involved in a very simple L'O dniver procedure as well as some more expenence with interrupt
procedures.

Rather than just show you the final program result. which is basically very similar to the
previous examples except for some additional initialization steps and the interaction with the two
different interrupts from the UART, we will use this example 1o show how vou think and work
your way through developing an 1O driver program such as this. We will list the basic steps and
then work through them in some detail. We will leave the development of the full High-Level
Algorithms, the full Low-Level Algorithms, and the final assembly language program for vou as
an end-of-chapter problem or lab exercise, instead of showing all of these in detail as we did for
the Button/Timer example. The major steps and sections are as follows:

I. Read the data sheet for the RCE660 1 determine the type of signal interface required for
the RCE860 board. The board uses an RS-232C-type asynchronous serial interface.
Finding this fact will lead you 1o step 2.

Find and read some basic background information on the RS-232C serial data
transmission standard. (We will give you the information you need for this example in a
section following this list )

1
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1.

11.

12.

Determine the specific data format required by the device with which you are
communicating. This information will include the Baud rate, number of data bits, number
of stop bits, parity bit or no parity bit. Also note the RTS-CTS “handshaking™ or “flow
control” required to prevent the sending device from sending data laster than the
receiving device can receive the data.

The serial COM port on your system will be driven by a UART. As discussed in Chapter
I, a UART 1s a Universal Asynchronous Receiver Transmitter that is used 1o convert
parallel data to serial form and serial data to parallel form. Study the data sheet(s) for the
UART(s) in the processor you are using to determine how you initialize the chosen
UART for the required Baud rate, data format, and flow control you determined in step 3.
Also determine how you enable the UART to generate interrupt signals when it is ready
to transmit a character or receive a character.

Study the processor to determine how the interrupt signal from the UART is connected to
the Interrupt Controller in the processor, the system level initialization needed to connect
the UART signals to device pads, and the initialization required 1o tumn on the UART
clock.

Write the High-level imtialization list for the svstem level steps needed 1o interface with
the button and UART. Then develop the Low-Level algonthm and instructions for these
sleps,

Wnite the High-Level Algorithm for the UART initialization steps. Then write the Low-
level algorithm and instructions for these steps. For this step you will need 1o carefully
study the relevant UART registers.

Write the High-Level algorithm for INT_DIRECTOR PROCEDURE that decides if an
interrupt came from the button or the UART. Then wnite the Low-Level algorithm and
the instructions for this section.

Write the High-Level algorithm for the BUTTON_SVC section that enables a UART
interrupt. Then write the Low-Level algorithm and the instructions for this section.

For the TALKER_SVC section, write the few first instructions that save regisiers and
turm off the UART imterrupt.

Build a program containing the sections you have written so far. Set a breakpoint on the
first instruction in TALKER_SVC. Then run the program, push the button, and see if
execution reaches the breakpoint in TALKER_SVC. If yes, celebrate. If not, debug umil
this much of the program works. You can use breakpoints to check inputs, outputs, and
registers at each point along the way.

Study the RC 2664 data sheet to determine the format in which basic speech characters
are sent to the speech processor. Write the algorithm for the section of the
TALKER_SVC procedure that reads the characlers from an array and sends them to the
UART for trunsmission WHEN THE UART and the talker are ready. As you will see a
little later, this involves checking the status of two different interrupts as well as keeping
track of which character to send next. For this section you will need 1o carefully study a
couple more of the UART registers and a flow chart we provide. Write the Low-Level
algorithm and the instructions for this section and then write the assembly language
mstructions for this algorithm.

- Add the TALKER _SVC section o your program, then build, test, and debug the

complete program with the help of appropriate breakpoints,




Now that you have an overview of the development process, we will work
through these steps and show you the new picces you need for them to communicate with
the RC 8660 Speech Processor.

i

Figure 5-19 shows the connections for the serial port on the RC 8660 board. In the figure first
note that the interface only uses signals labeled RxD, TxD, and CTS. Second notice that the
actual port is specified as R5-232C and uses a DB9 mine-pin connector. ( The connector shows
two additional signals, RTS and DSR that are just looped for compatibility with some systems
but are not used in our example. ) Finally, in Figure 5-19 note that a Maxim MAX202 device 15
used 1o convert the logic level signals on the RC3660 board 1o the voltage and assertion levels
required for an RS-232C data link.

The data sheet for the RC 8660 board states that the board communicates using 8 data
bits, no parity bit, one stop bit, and a Baud rate of up to 115,200 Baud. Furthermore, the RC
8660 can automatically determine the Baud rate for incoming data and adjust its UART timing
accordingly, if a data word with the right bit pattern is sent as the first byte. The meaning of all
these terms will be explained in the following sections.
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SERAL PORT

ASYNCHRONOUS SERIAL DATA TRANSMISSION AND RS-232C
CONNECTIONS

Figure 5-20 shows the format often used for sending asynchronous serial data. When no
data 15 being sent, the line is in a constant high or marking state. The stant of a data character is
indicated by the line going low (the space state) for one bit time. This bt is called the start bir.
The data bits lor the character are then sent out on the line one after another, starting with the
Least Significant Bit. Depending on the convention used in a particular system, the data word
may consist of 5, 6, 7, or 8 data bits. An optional pariry bir that can be used to detect single-bit
errors in data words may be included after the data bits. Following the data bits and, il present,
the parity bit, one or two always high stop bits are sent. The term Baud Rare is used to indicate
the rate at which the data bits are being sent. Baud rate is defined as 1/{the time for one bit). A
Baud rate of 56K Baud, for example, corresponds 1o a bit time of about 18 microseconds.
However, Baud rate does not correspond to bits/see because of the extra bits added to the basic

idata birs.
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Figare 5-19. Senal Port connections on the RC Systems RC$660

Evaluation Board.

Figure 5- 22 Bit format used for sending asynchronous serial data.

In the late 1960"s as the use of imeshare computer terminals became more wi
Modulator-Demodulators or MODEMs were developed so that remote terminals could use
standard phone lines to communicate with mainframe computers. MODEMs or other devices
used to converl the serial data and send it over the lines are referred 10 as Data Communication
Equipment or DCE. The computer or terminal that is producing the data is referred 1o as Dara
Ferminal Equipment or DTE. In response to the need lor hardware handshaking or flow contral
standards for DCE and DTE, the Electronic Industries Association (EIA) developed E1A

THE RC8660 SERIAL INTERFACE
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standard F%-232C. This stapdard describes the function of 25 signal and handshake signals for
serial dnta transfer. Tt also describes the voliage levels, impedance levels, signud rise and fall
timnes. maximum Baud rate, and maximuom capacitance for these lines. Although the RS-233
standard has been around for a relatively bong time, it is still used in a large number of
applications, 5o we will give you an inrroduction at the level you need 10 understand it wie in
CUTTENL SYSIEmS.

Figure 5-21a shows kow a pypical RS-232C data link is set up belween a ranole terming
o computer znd a central server computer using two MODEMs. 11 vou are still using a dinl-up
MODEM on your home compuler i aocess thee Internet, then the conmection b the phl:-nr: line 1%
the zame as that in Figgq'l: S Ta{Cable MODEM: also contain a UART buf interface with a
roubier or computer with an Fl'.lmlcnmrchnn..] Fig‘n.u'-c 5-21b shows the R5-232C [:Ii.I] nitisbe s,
sipnal names, and signal directions. To start, we will discoss the “comversation”™ that tokes place
betwesn DITE and DCE on thess lines 1o transfer data from a eandnal to the phooe Line, Then we
will tafk about the actual connectors, pim commections, and veltage levels,

For this first discussion we will assume that full handslaking berween the MODEM and a
ferminal or your computer 15 implemented, Handshaking sigmals are required to make sure the
receiver is eady before the sender serds a data word, Most current systems only use two ol the
hamdshake signals defined by B5-2320C,

After the peawer on the terminal or perhaps your computer i turnesd on, i asserts the Dacn
Terminal Ready (DTRH) signal 1o tell the MODEM 10 s ready, When i1 15 powered up and resdy
bo transmit o7 receive data, the MODEM will then asent the Data Set Ready (RSB sipmal to the
ferminal. The MODEM then dials up the remole computer b establish a conmection, [n respense,
the MODEM on the remade compuder will zend hack a specified tone sequence, Mow, when the
terminal has a character resdy 1o send, it will nssert the Regquest to Send (BTS4) signal 1o the
MODEM. [f the MODEM has received the carrier tone signal from the remate camputer, it will
assen the Carrier Dhetect { CTF] sipnal to the terminal. When the MOBDEM is fully ready to send
data, it assens the Clear To Send (CTS#) signal to the terminal. The termanal then sends serial
dana charactess w the MODEM and the MODEM sends out the claracters on the plone line oas
after the other. [F the MODEM B ot seady 10 send a character al any time, it can make the CTSH
lmne 1o the terminal kigh wo tell the wemminal not w send another character. The importan? peing
here s than these hardware signals or @ subsel of them can be wsed for data fow controd on a
serial duis bk, Moss current sysiems simply use RTS and CTS, Now lets look.al BS-2320
signal names and pins,

IT the MOXNMEM 15 not ready to send o character at ony 1ime, it can make the CTS# line to
the terminal bigh fo tell the ferminal not te send anaother character. The important poant here is
that these hardware sipnals or a subset of them can be ased for data Tow conprod on o serial data
link. Most current systems simply use ET5 and CTS. Mow Let's look ay R5-2320 signal nanes
and pina,

The left eolumns in Figure 5-21b show the connecions and pin numbers commonly usid
for R8-2320 comnections. The 25-pan cormeclor was specificd by the B5-2320 standard but
systems that only use a subset of the full 23-pin capability now use the smaller 9-pin connectors
o save cost and space. The R5-232C standard specafies that a DTE device should use a male
conmector and that a CE device shoubd use o female conaector, This convention makes it easy
for you o tell just by looking at the connector whether a device is set up as DTE or DCE, (To
test this, 1ake a look at the DEB-% COM port conmecter on the back ol 3 PC if present Lo see ifit is
sel up as TE o DCE.)
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cominon mames of the RS-2320 sagnals shown in Figure 5-21b are based on their
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Figure 5-01 RS-232C DCE and DTE eonnection and signals. () DTE and DCD
connection for MODEM data link. (b) RS-232C pins, signals, and signal directions.
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in Figure 5-21b. B5-232C connections often seem confustng but once you see thal TxID is an
output on [TE and an input on DCE, is makes sense that vou simply connect Pin 2 on the DTE
straight terowugh to pin 2 on the DCE, Likewise, a straight through cable comectly connects all
the other DTE 1o DCE signals. MNote that as shown in Figune 3-2(%, the pin oumbers for the
signals on 8 S-pin coanecior are different from those on a 25-pin connector but ognin, o siraight
through cable will make the cormect connections for a TE-DCE
However, supposs vou wans 1o connect 8 DTE system to ancther DTE systiem or a DCE

sysiem 1o another DOE system with an BS-232C fink. A strarght through cable won't work
because it will connect the TxT¥ cutput on one DTE 1o the Tx1 output o the other DTE. RS-
232 Line drvers are designad so that this won™t damage sither outpat but obvionsly the data and
harskshake stgnals will not work comrectly. The solubion 1o this 15 e confuect the Two systems with
A Nuli-MODEM connection such as thit shown in Figure 532, The prsciple here s o simply
cross the signal lines over so thas, for example, the Tx) from ether DTE. You can buy Null-
MODEM cables or you can buy a gender adapter arnd a Mull-3ODEM adapter that you can wse

1o cofrverl & Straighi-throush

Figuge 5-23 Mull-MODEM connection for connecting two B5-232C DTE or two DICE
tipe devices.

The final peints oy conswder about K5-2320C are the signal soltage levels and signal

The final poinks 1o consider about BS-2320 are the signal voltage levels and assertion levels, The
voltoge levels for R5-2320 signals are as follows. A lopic high of mard iz a vollage between -3
Woand -15 Y under oad, or as much as <23 Y with no load. A logic kew or spoce 15 specilied as a
woltape betwesn +3 Y ard + 15 W under load and as high as +25 V with no foad. Common
villapes found on RS-232C hines are = 12 ¥, or 2 10 V. These voltape levels are obviously nid
compatible with the kgic bevels of curnent 3.3V logic families and the assertion levels are
inverted From the positive logic convention we use for most logic circuits, Therefore, & line
driver'recedver device such as the MAXIR shown in Figure 5-19% 15 peguired 1o interface RS-

FL

2320 signnls with standord fogic devices, The MAXZDZ uses internal charge pumps to produce
the positive and newstive vollages requinsd for BS-2320 stenal compatibality fromm o single +3.3
Vo supply. Inverters on cach line in the MAXM2 corven BS-232C signal agsertion levels w
stardbard logic assertion levels. For example, in Figure 5-19, when the CTS# signal from the
UART on the RUEAGAHO board 15 asserted as a standard logic e of near 008 10 the BAXZ02, the
BAARZ02 will convert Bus sagnal e an B%-2320 Legac bow level of about + 180 Y and apply it o
pin #on the 9-pin connecror. Incidentally. by studying Figure 2-1% and Figure 3-21hb, you can
se¢ that the RCBSAGO board is set up as DCE because CTS#H iz an output on pin & of the 9-pin
connecta, W leave it o you to trnce the TxI) and Rx[} connections to further confirm this. For
thies example, we used an NEC Electronics K TT-0007 mostule that easily interfaces with a
BeagleBeae Black board and copverts the 3.5% logie signals from the board to BS 2320 level
sipnals,

o Mo that vou have an undersianding of RE-X330 signals and hmdsl'l.a.i;:ing., lhe ne=xi slep
is e dig laee the operation of ane of Use UARTS oo a BeagleBone Black board and diseuss the
systery bevel steps necessary 10 set up the processor so it can interact with the UART and tle RC
w660 Talker on an interTupt basis.

INTRODUCTION TO THE SITARA AM335X UARTS

Th Sirara AMIISX processors have six balt —in UARTs, UARTO-UARTS. Figure 5:23
shaws how one of thee UARTS with full bandshoke signals is 22 up a3 DTE and commected 1oa
LHCE device. The functional Clock, FCLE for a UART is 48MHz that is generated by dividing
e syatenm’s 192 Mz PER_CLEOUTM? sagnal by & in the PROM. This clock will be divided
dovwn further W peeduce the Baud Bate clock. Each UART can also generite an [R) intermapt
sigmil 1o he processor INTC, As we discuss [ater, any one of sevesal individual, internal
canditions can assert the TR intermups output 1f enabled in the UART 10 gencrate an interrupt.
The UART: also lave Oirect Memory dccess or DAA
I o coverndl cormpater svstem, Divect Memory Acecss capability means that for example, @ disk
conbmeller can independent!y send out the address and controel sipnals necessary w mansler a
blowck ol data words directly lrom the controller to memory addresses. This is much fasier than
readding the docn words from the comralier with LRI instructions and writing them o memnry
with TR instructions, DMA also allows a block of data 1o be transferred direetly 1o a disk drive
o graphics cond without going through the processor. Since DMA transfers are totally in
hardware withoun the pesl for the processor b do Tesd and wrile instrections for each doia
transfer, they are inuch faster than progrmmmed 10 done with reacd and swnite instnsctions. For a
LIART, DMA capability means that vou can write a block of data 1o a FIFO bailer in the UART
und the condroll circuitry in the TART will auromatically send out cach data wiord when the
receiyer 15 ready, When the number of words left in the FIFO gets down to a programmed
threshold bevel, the DMA controller sends a DA regquest signal andfor an interrupt signal o the
processer. o response W ths, anoentermupd procedure eon downlead another Block of daca te the
FIFO in the UART. For aur RC B6i Speech Processor example here, the number of data bytes
tov e senl 15 Ty soealbl, soowe will nas zse the DM A method, We will :;i,m'pl:,' write oane h:,'l,.;: AL da
1aimes to the UART on an i:n.‘ll:n:upl hasis. Mow, we will discuss the syslem level program sieps
negibed as parl of the initializaton G the “Talker” proazram,
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Figure 5-23 Sitara AM3359 UART Signals

SYSTEM LEVEL STEPS

For this example, we will be using the AM3358 UARTS. The system level steps for
imitializing the processor to work with the button and UARTS are as follows:

1. Set up stacks as before.

2. Set up GPIO] for falling edge of button signal on GPIO1_14 as before.

3. Initalize INTC for GP101_14 interrupt as before.

4. Imnalize INTC for UARTS Interrupt. Consult Appendix E. ARM Contex A-8 Interrupt
Numbers 1o get interrupt number for UARTS and then map this number into the appropriate
INTC_MIR_CLEARn register as with the GPIO1_14

5. Map the UARTS TxD, RxD, CTS and RTS 1o pins available on the BeagleBone Black P8
connector by changing the mode of the multiplexers that select the signals that go to the pads that
are connecled 1o P8 pins signals. When used as a Linux machine, the Multiplexers are initialized
in MODED and the LCD signals are connected to pins as shown in the table below. These signals
are used to drive the HDMI framer. Since we are not using the HDMI, we can swatch the
multiplexers so the UARTS signals go to pins as shown in the P8 PIN and NAME columns in the

table.

FEFIN PROC NAME MODE 0 Assignments

27 Us GP102 22 bed_vsync

28 V5 GPIOZ 24 ked_pelk

el RS GPIOZ 23 ked_hsync

3 Ré GPIO2 25 lcd ac bias en

k| Vi UARTS CTSN  lod datald Meed to Switch 1o MODE &

5%

32 TS UARTS RTSN lcd datals Need to Swiich to MODE 6
13 Vi UART4_RTSN led datald
3 U4 UART3 RTSN led datall
15 V2  UART4 CTSN lcd datl2
36 U3 UART3 CTSN led datal0

37 Ui UARTS TXD  lcd datad Need to Switch to MODE 4
38 U2  UARTS RXD  led_data® Need Switch 1o MODE 4
39 T3 GPIO2 12 led_datab

40 T4 GPIO2_13 lcd_data?

F1] Tl GFIO2_1o led_datad

42 T  GPIO2_1I led_data$

41 mi GPFio2_8 led_dataZ

44 R4 GPIO2 ® lcd_data3

43 R1 GPIO2_6 led_datad

16 R2  GPIO2 7 bed_daal

The registers you use to change the mappings are in the Control Module. You go to the
L4 WEKLUP Penpheral Memory Map in the ARM Contex-A8 Memory Map to find the base
address for the Control Module. Then go to this module 1o find the registers and offsets of the
Control Module registers. The registers you need to change the mappings are identified by
the led name in the MODED column. For a start, find the Control Module register offset for
the led_data8 register that controls the signal that you want to be UARTS_TXD as shown in
the table above. Pop up the register for this and find the bits you use to set the desired mode.
MNote that the register format is the same for all of the many mapping registers, so they just
show it onee for all of them. Given the MODE information above and the base address for
the control registers, you can write the instructions required to change each of the 4 signals to
the desired P8 pins. Note that some of the signals are inputs and some are outputs, s0 you
need to set the appropnate value in bit 5 of the control wood vou send for each. Incidenally,
the way | figured out the required modes for these signals was to use the TI Pin MUX Utility
Program that is a free download from T1. Once you get the program running, you enter
AMI359V2 and ZCZ package as directed. After the full display comes up click on the
UARTS box to get all the MUX options displaved. In this display you should be able to see
the required mode switches as shown above.

6. Tum on UARTS clock. The Base address for the Clock Module Peripheral Registers is
(x44E0_0000 and the offset of the CM_PER_UARTS_CLKCTRL register is 0x38. As with
turmng on the Timer clock, vou write Ux02 to this register.

Initializing UARTS

Next you need to use the UARTS registers to initialize the UART for the desired Baud
rate, etc. as needed for this program.
1. To find the base address for UARTS, go to the Cortex A-8 memory Map in Appendix C. You
should find Ox481A_ADDD

2. Take o look at the UART register list in Appendix G. Note that several registers have the same

offset. For example, the Transmit Holding Register, the Receiver Holding Register, and the
Divisor Latch Low Register all have an offset of Ox0. The trick here is that the UART has three
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different modes and different registers are accessible in differemt modes. The table below shows
the three modes.

Mode Condition

Confliguration mode A UART LCR[7] = 0x! and UART _LCR[T.0] '= 0xBF
Configuration mode B UART _LCR[7] = 0x1 and UART _LCR]7:0} = 0xBF
Operational mede UART_LCR|7] = Ox0

As you can see, the desired mode 15 selected by writing the appropriate bit pattemns in the
Line Control Register, LCR. As shown in Appendix G, the LCR register is at offset Ox0C, To put
the UART in operational mode, which is the default mode, you write a word with Ox(0 in bit 7 to
the LCR. If the UART is in Operational mode you do a read from the Receiver Holding Register
at offset 0x0 to read a received characier and to send a character, you write it 1o the Transmit
Holding Register at offset Ox0. Internal circuitry determines whether the access 1s a read
operation or a write operation and enables the appropriate register.

To switch to Configuration mode A, as you need to do to access the Divisor Laich Low and
Divisor Latch High registers for setting the Baud rate, you send the LCR a word with bit 7 = |
but with some value other than OxBF in the lowest 8 bits of the word. To determine appropriate
values for the lowest 7 bits in the word 10 be sent 1o the LCR register, take a look at the Register
Field descriptions for the LCR register shown in Table 19-42 in the T1 Sitara AM335X
Technical Reference Manual. For the talker program, you want & data bits, one stop bit. and no
parity, For these, Bit 3 will be 0, Bit 2 will be 0, and bits 1:0 will both be 1. With a | in bit 7, the
word to send to the LCR register to switch to Mode A and set data format is Ox83.

3. Once switched to Mode A, you can access the Divisor Latch Low and Divisor Latch High
registers to set the desired Baud rate. Figure 19-15 and Table 19-25 in the T1 Sitara AM335X
Technical Reference Manual show how to determine the values you will write to each of these
registers. The 48 MHz clock is divided by the value written to the DLH and DLL registers and
the result is then divided by further by 13 or 16. The second division depends on a bit you
program in the Mode Definition Register 1, MDR1. For a 18.4 Kbps Baud rate and a 16x divisor,
Table 19-25 shows that vou want a DHL value of 0x00 and a DLL value of Ox4E.

4. The next step 1s to program the Mode Defimtion | Register to divide the output from the
DHL-DLL divider by 16. Table 19-55 in the TI Sitara AM333X Technical Reference Manual
shows the register field Descriptions for the MDRI register. The Reset value for bits 2:04s 111,
You need to change these to 000 to program the UART for UART 16X mode. The Reset value
of U for the rest of the bits are fine, so you can just wnte Ox00 to the MDR register.

5. The next step is 1o toggle the LCR register bit 7 1o (} to switch back to Operational Mode, so
you can access the Transmit Holding Register and other UARTS registers you need to access o
send data to the RC 8660 Talker on an interrupt basis. Along with 0 in bit 7, you want to keep

the 8-bit data word length you programmed in the previous access to the LCR with bits 1:0as 11,

s0 vou just write Ox(3 to the LCR.

6. Now that you are back in Operational mode, you can enable two sources of interrupts in
UARTS, Specifically yvou want UARTS to generate and interrupt if the Transmit Holding
Register is emply and ready for vou to write the next byte to it. You also want UARTS o
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gencrate an interrupt if the CTS# signal from the RC 8660 changes from low to high or high 1o
low. You enable these two imterrupt sources in the IER_UART Interrupt Enable Register at
offset 0x04. You enable the THR by writing a | to bit 1, the THRIT bit and you enable the
MODEM status interrupt by setting bit 3, the MODDEMSTSIT bit. The rest of the bits in the
word can all be Os, the reset values.

6. Finally in this UARTS initialization section, you need to make sure the TX_FIFO is cleared
and disable the FIFO since you will not be using it. You do this with the FIFO Control Register
at offset 0x8. Consult the FCR Register Field Descriptions in Table 1940 of the AM335X
Technical Reference Manual to find the bits necessary to disable the RX FIFO, disable the TX
FIFD and disable FIFO _EN.

7. Final step in the mainline section of the program is 1o enable the IRQ) interrupt in the CPS
register as you did in all of your other [RQ-based programs and execute an endless loop to wait
for an interrupt.

The INT_DIRECTOR Section

The function of this program section is to determine if an TR() request came from the
UART or from the button being pushed From a practical standpoint. it is best to check fora
UART IRQ request first, since this request occurs more ofien than a burton IRQ request. The
general rule when chaining multiple IRQ request is to put those that occur most often or those
that require the fastest servicing at the stant of the list

To check if IRQ is from UARTS vou first check at the INTC level by checking the
appropriate bit in the INTC PENDING [RQ1 register. If this is not set. vou know the [RQ was
not from UARTS, so vou go check if the IR(Q request was from the button. If the UARTS bit was
set in the INTC register, you go check the IIT bit of the [IR_UART register of UARTS. If this bit
is set, vou go to the TLKR_SVC section 1o send a character, if all is ready. If not, you simply do
the necessary cleanup and return to the wait loop.

To check if the IRQ request was from the button, you first check the appropriate bit in the
INTC_PENDING_IRQ3 register. If this bit is set, the next step is to see if the interrupt came
from the GPIO1 pin that is connected to the Button. To do this, you read the

GPIO1_IRQSTATUS_0 register and check the appropriate bit, as shown in the previous
examples in the chapter. If the bit is not set. you just do the required cleanup and return to the
wail loop. If the bit is set. you go 1o the BUTTON _SVS section of the program.

The BUTTON_SVC Program Section

The only lunction of the BUTTON_SVC program section is to enable UARTS io generate
interrupt signals, so characters can be sent 1o the RC 8660 on an interrupt basis. After turming off

the GPIO1 Interrupt request from GPIO1 and the NEWIRQ bit in INTC, you enable the required
UARTS
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Ieiterrapts by writing @ word to the UARTS Insernapt Enable Regster, [ER_UART repister at offset
0x04. For this program you want 3 UARTS imternzpt to be gencrated, if the ‘Transmit Hobding
Register bs empty and read 10 receive a new character of if the MODEM status has changed by C3
going high or going low, If you check the TER_UART register field descriptions for the UARTS
TER, you will see that setting bit 1 enables & THE interrupt and sefting bit 3 cnables a MODEM
change interrupt.  After these actioms, you simply retum 1o the wail loop.

The TALKER_5%C Section

Since we enabled bodh the MODEM Status Change interrupt and the Transmil Helding
Register emgpty bits in the Infermopt Enoble Register of UARTS, cither o change of the MODEM
status of the THR becoming ready will cause an intzrmupt on the INTC and send execution 1o the
TALKER_SVC procedure. However, becauss the internmt could have been caused by cither of
ewo different conditions and both conditions hove 1o be met belone we can wrile a character o
UARTSE, we can't simply send a character to the UART at this point. We first have to check that
both CTS# is assened low and THR is empry. To check if CTS# is asserted low, indicating thar
ROCBGG0 ks ready to receive a character, we read bil 4 of the Modem Status Register, 141 4 wall be
a | if CT54 is asserted low a5 required for ransmission. Incidentally, reading bit 4 will teset the
it ifmtwasa 1. To check if the THR is empiy as equired, we read the TAFIFOE bit of the Ling
Siatuys Register, L3R UART, [fbit 5 of the LR iz a 1, then the THE is empty and ready for us
10 wrile 4 byvle o the Transmit Helding Register, THR.

Py T F pETT i
il ey e

DorSagLF SaP ST T ]

RETwEM
To WAT
Lasf

Figure $-25 Execution Aow for TLKR_SVC proceduse control section
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Figisre 3-24 shows the progrom fiow through this section of the progeam. 16 we read the
bASE bit 4 and find that ©5# is asseried, we go on and check iF the THIE bit in the LSE =1, If 50,
all is well and we write n character o the UARTS THEL IF Inis dee last character in the siring, we
reset the pointer o the first charncter in the string for the next send when the button is pushed
apain. 'We then disable the UUARTS Interrupts by clearing biis | and 3 in the UART _[ER regisfer.

IF s fimd Eheat O 1S4 d8 ned assertcd when we read the MSE, we then read the LSE 1o find
out b ket &, the THE b, 154 1. I inis. we disable the THE Intermupt by resetiing the THER enable
bit in the UARTS's UART_IER Interrupt Enable Register. We do this o prevent the THE being
ready from cousing continuous intermupls or, &5 we ollen sy, “spinning”. I oo prevented, this
spinning would eliminide most of the advantage of using inermupts rather than polling to service
b dovies, [ the THE bit in the LSR i mot et we simply do the usual eleanup of the INTC and
return te the Wait Loop in the maindine program to wait for another intermupl.,

For basic text to speech conversion, youw simply send the RCAS60 an ASCI Cammiape
Feturn ¢haracter, DxdD, followsd by a steing of ASCI charncters for the desired words, i a
fmmal s charecter. The synilax bor this is:
data
align 2
MESSAGE:
Eyin Dxid
el ~Tube e Iy v Feacher™
hyte Dy
allign 2
mezage lench wond (lengthoof voor messaged

The MCBAG0 uses the st 0x00) w determune the Baud eave and se1s s incemal clock for
the frequency nesded for the detemmined Bawd sote. The final Ox0TF character telis the RO BGOD 1o
speak the wards contained in the ARCTI string, The assembler will automatically insert the
ABCH characters for any lemers or numbers berween double guotes as shown. The RCEaG0 data
sheet describes how you con send control codes to change the vowe, pitch, inflection, speed and
olficr parmncters of thi speech.

This example has introdeced you to the use of 5 UART controller o do RE-232C ope
distiy rransmssaon b an BOEG6E0 Speech Synthesis board. 'With relatively minor modifications
andl perhops the addition of a receiver service peoceduie, you could wse this pregram o
connmuniate with a owide vanedy of other R5-237C modules and syvstems. including a mobile
rubil

Helerences

TI AM3IZEN Sitoea Technical Belerence Manual,
hitp: v b coamy Lid e 'sprnh 7 Em'snmhlw

Checklist of Important Terms and Concepis

Intermugt Service Frocedun:
Exception lamller

CPSE, SPSR

Privileged execution modes
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Interrupt wecker Lable

LOE M, Gaddiess) st
Hoeding an alerrepd vechor
Chaining am inferrupl service procedure
Relurmn (mam inlermupl instrsions
System sdle process (loop)
Reentrant proscediere

Recursive procedurs

Mested intermupl procedure
[nrermapt prioTity

Cryazal Oscillatoe

Real Time Clock

Eiauwnd ranc

Start kit, Swap bit, Parnity kat
R5-2320 S1andard

MODEM

DTE. DCE

Tata flew comtrol

Saradghn theeuzh connection
Hull-modem conneciion
R5-232C wollape and asserium levels

Review CQoestions and Problems

1

-
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Last and boelly descmbe the actions that an ARM-hised processor will autematically dioon
respomie W an inderrupl signal or exceplbion.

In this chapter we shiwed you biss 1o “hoek™ the TRO antermapt vector i te Intermepd Yeclor
Table, Show the ARM assembly I,.an.;u,u.ng-c nstructions vau would use 19 hook the PO
interTupt vector and save if in o memary lecation named System FIGY,

Show how vou would modify the INT_DIRECTOR procedure in Figure 3-3 to chain on
additional procedure called KYBD SWC, Assume that the interrapt for this peecedure causcs

bit 3 in the INTPMD repister to be set when it oceurs and that whis interrug occurs more often
than the button isermep.

Explain why the specinl instruction, SUBS FC, LE, #4.isrequired to retwen foom an TR
a FIC) imterrupt proceduse.

Briefly explain why it i a good practice 10 save R 14 on the stack of the stort of an intermapl

procedure.
List and briefly descrits the propramming techniguees reguired o make a procedure regntrni,

Write an ARM assembly language preceduse that implesents the FACTO algorithim given in
Figure 5-0 for any number in dee range of L o 100 using a simple loop alearithm

|

B, Dheseribe the additions thal must be made to an IR0 mtermupt procedure, So that it can be
interrupted by a higher priority TR interrupt and still complete correctly when execution is
returned o it at the end of the higher pnonty mismupt procedure,

% {n} Briefly describe the major problems of wang software delay loops to messure imes in a

MiCTOPTOCESSOT PRoETAMm,
ib] Breefly :'upl:tin b Lhe th]qn-: E_wlzn in pert {a) are sobved 1:|_'" usImg :lnj-':!..'.'l]r
controlled oscillator connected o an infermupt mput (o measure Hmes in 2 miCToprocessor
program.
l 1 you have BeagleBone Black handware and wite, test, and debug some interface programs

thal are
cohanced versions of the :',l:.'l.l'npll.- ProgreEms in the I'J:.Elﬂ.ﬂ'.

wlid



Multiplias snd sxirs lond/stors Instructions

PORBIERAAT T AR R gl R AR AP A I FRA PRIV AR VR @ W T @ & & b4 o

bty i) | o Ill-l-llluli LE] L4 L] LI B AR
MNEy || ong | oomd ||l|1l|.l.i.lllll Adz L Tan Hn
FUNPE— - nn-ut[ﬂ- A m: (rea i A
M_ﬂm ward IIII-FI.PIH'LE L -E_'I._ I_.II;u PR An
e et | o (e njeluliLl me | momn (161 1| Leomm
"'"""."‘""‘-‘::E wed |80 siplufa e n-_" i sz |0 i|of1] Am
“"‘F“m R LR O o i el S b o
e | cont |60 nfrlufi]el R P R —
L Borond et | ooma [0 @ ofrfulilef1] Ra | e {1 1 fH] | some

3 =E Multiplies and axlra load'stara Instrustans

Miecalanesus instructions
I I I N T
b mm g g e Illlil;: BB na smz [vaoaa| s
o mgp et i pirsa g el llil_llII: :_tll_?_ T |uu¢:_-
Ryt eores st} | we |80 8 suls 1(8| % | W0 | wa |do8 1| He
s imdng neee [T w8 R R BBV T|E| SR nd BB TI-;_HI R
e il a0 sl Boad Al e R L o (pop i ]
Ervtmoed L35 mild e el ] e ll-;‘l.l L L -Hi L] Smr pi1oi P
T aprn e N mm l_:litl1l el 01 0 | e
Entanoet THE sulmiaals] wwl (PR OF LA oow B As | R ]- Ha T_,._j.-:_

4~ 7 Miscellansous Instructions

Deefined & ARM pohisectere vemwn 5 asd sbove, apd in T variets of ARS archilcoture vegaion 4.

o Thig by wo undefiged instnaction bs ARM srobitcoture varken 4, and is UKPRECICT ABL I prior to ARM
ezchibecure version 4
3 I e e fichd of Uil dssnnecton oesod LEED, 0 6 VRPRETECT Advi 4l

[T

3

S s TR R ¢ . N e B R N . RN i R e .. . RN BRSNSl

Addressing Mode 3 - Miscellaneous Loads and Stores

Theme ure aix addressing modes used to calculate the pddeees for hoed sod seore (sigoned or unsigned)
halbfacord, lead sigoed byie, of bead aed @ore doubleword lemmactions The general (ssiniction symmx iz

LORE |ATR{cconds N[ fH MDD <Bd>, caddreaolng sodes
where caddensstng_modes @aone of the following six options:

=1 {<Rn=, H+/-<oEfaet_8x]
Fan Mirceilaneowr Loadrs and Frener - Immediate offs el on page AS5-16

2 [eMns, +f-<Bns]
See Mucellwarous Loads ard Srores - Reglirer offfer oo page AS-38,

1. [<Bnz=, W+ /-coffamt @i2]t
See Misceilaneoier Loads and Srenes - demadiane pre-ndered oo pages AS—0,

4. [«Prix, =f=-cPE=]Tr
See Aftscelfanssur L sads and Srores - Reginier pre-indexed on pape A3-42.

5. [«hi=], f+/=ccffanl_#s
Spe Miscallomeoier Lowds and Stoves - Tamediate porlivdemed on page AS-44

. |<Rn=], «f-ckm
Sepe Mirceilanpons Loads aod Seores - Regirner postiaderod oo page AS-d6

Encoding
Thee follewinp diagraing show dee encodings foe thas sddressing mode:

Iimmediate offsetindax

3 W IT 16 T4 1 T W0 16 1% 12 11 A 7 6 5 4 1 a
el o o0 aflefo]l wlL fn il finmef | 1S |8 Tommedl
Raogfister offsotindesx
11 2417 36 2% B 2121 71 a0 TR L 12 11 E T 6 5 4 3 il
|
cnnd B OBl R [F] cnE L|SIL] | Em
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The P blt

The U bit

The W bit

The L bit
The S bit
The I bit

Huas two meanings:

P==0 Indicates the use of post-indexed addressing. The base register value is used for
the memory address, and the offyet is then spplied to the base register value and
written back to the base register.

P==1  Indicates the use of offser addressing or pre-indexed addressing (the W bit
determines which). The memory address is genemated by applying the offset 1o
the base register value.

Indicates whether the offset is sdded to the base (U == 1) or subtracted from the base
(L) == ).

Has two meanings:
P==0  The W bit must be 0 or the instruction is UNPREDICTABLE,

Pe=] W == | indicates that the memory address is writien back to the base register
(pre-indexed addressing), and W =0 that the base register is unchanged (ofset
nddressing).

This bit distinguishes between a Load (L == 1) and a Store (L = 0) instruction.
This bit distinguishes between a signed (5 == 1) and an wsigned (5 = 0) halfword access.
This bit distinguishes between a halfword (H == 1) and a byte (H = 0) access.

Unsigned bytes

Siyrned stores

1£5 == 0 and H == 0, apparcatly indicating an unsigned byte, the wstruction is not one that
uses this addressing mode. Instead, it is o multply instraction, a BWP or SWPE instruction,
o7 an unallocated mstruchon m the anthmetc or load/store instruction exiension space (5o
Extending the lnstruction sef on page A3-27)

Unsagned bytes are accessed by the LORB, LDRET, STRB anid STRET instructions, which
use sddressing mode 2 miher than addressing mode 3,

If S == | and L == 0, apparently indicating a sipned store instruction, the instruction is an
unallocated instruction in the load/store extonsion space (so¢ Extending the instruction sei
on page A3-27).

Signed bytes and halfwonds can be stored with the same STRB and STRH instructions as ang
used for unsigned quantities, so no separate signed sore instructions are provided.

265

APPENDIX B - BRIEF EXPLANATIONS AND EXAMPLES OF
BASIC ARM/XSCALE ASSEMBLY LANGUAGE INSTRUCTIONS
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Appendiv - ARN cotbex-AR Addicises
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