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CEG2400 - Microcomputer
Systems

Lecture 2: Memory

Philip Leong
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2 Memory

e This lecture: focus on memory and addressing memory
— In particular RAM (which is primary storage)

» Consists of storage cells
— Arranged as bits (0 or 1)

— We can deal with them in n-bit groups called words (typically 8,
16, 32 or 64 bhits)

— Sometimes use bytes which are 8-bits in length e.g. for
characters

— 1024=1K
— 1024*1024=1M
- 1024*1024*1024=1G
e Usually refer to memory size in bytes e.g. we say we
have 128MB memory and rarely use words as the unit
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2 Addresses

» Use addresses to store or retrieve a single
item of information

» For some k, memory consists of 2k unique
addresses which range from 0-2k-1
— The possible addresses are the address
space of the computer

— E.g. 28-bit address has 228 (268435456)
locations (normally we use words for
addresses c.f. memory size on previous slide)

12-Jan-07 (4)

A Byte addresses

« Information quantities: bit, byte, word

» Byte=8 bits

« Word typically varies 16-64 bits (the ARM
architecture has 32-bit words which we will
assume from now on)

« Most machines address memory in units
of bytes

— Implies for a 32-bit machine, successive
words are at address 0, 4, 8, 12 ...
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JE_ Organization of memory

F—— nbits—1
— first word

— second word
—= ith word

— last word
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B, Integers and Characters

| i |
| 32 bits |
by, | byy e b, | by
L Sign bit: bs;= 0 for positive numbers
bs;= 1 for negative numbers

(a) A signed integer

8 bits 8 bits 8 bits 8 bits

_—

ASCII ASCII ASCII ASCII
character character character character

(b) Four characters
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2 _Morelless significant bytes

« Consider the hexadecimal (base 16) 32-bit number
12342A3F=1x167+2x16%+3x165+4x164+2x163+10x162+3
x161+15x16°

* This number has four bytes 12, 34, 2A, 4F (4x8=32-hits)

« Bytes/bits with higher weighting are “more significant”
e.g. the byte 34 is more significant than 2A

« Bytes/bits with lower weighting are “less significant”

« We also use terms “most significant byte/bit” and “least
significant byte/bit”
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2 Big/little endian

» Two ways byte addresses can be
assigned across words
— more significant bytes first (big endian)
— less significant bytes first (little endian)

* ARM allows both big and little endian
addresses
— LPC2100 fixes endianess to little endian
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A Big/little endian

Word
address Byte address Byte address

a4 | 2a|a| 2|2 PR [P S [PLEPY [P [P

(a) Big-endian assignment (b) Little-endian assignment

12-3an-07 (10)
A Word alignment

» 32-bit words align naturally at addresses 0, 4, 8

— These are aligned addresses

« Unaligned accesses are either not allowed or
slower e.g. read a 32-bit word from address 1
(why?)

* In ARM
— A word = 32-bits, half-word = 16 bits

— Words aligned on 4-byte boundaries i.e. word
addresses must be multiples of 4

— Half words aligned on even byte boundaries

2. ARM Features

» Load-Store architecture

 Fixed-length (32-bit) instructions

 3-address instruction formats (2 source operand
regs, 1 result operand reg)

» Conditional execution of ALL instructions

» Multiple Load-Store register instructions

A single-cycle n-bit shift with ALU operation

» Coprocessor instruction interfacing

* Thumb architecture (dense 16-bit compressed
instruction set)
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A Registers

* Most higher end machines have a number
of registers to store temporary data in the
processor

— Transfers to/from memory (i.e. Load/Store)
are relatively slow

— Operations only involving registers are fast

— High speed makes time to execute an
instruction shorter




12-Jan-07

12-Jan-07 (13)

2 ARM Registers

0 " usable in user mode

r1
2
3 "] system modes only
rd
[i+]
[45]
I

) L f fig)
9 9 fig
10 [ 10 fig |
11 [ r11 fig |
12 112 fig |
i3 |13 fig)
14 L r14 fig
115 (PC)
I
e SPSR irg] SPSR_und
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ARM Programmer's
A Model (con't)

« RO to R12 are general purpose registers (32-bits)
— R13 stack pointer, R14 link register, R16 CPSR
— Used by programmer for (almost) any purpose without restriction

* R15 is the Program Counter (PC)

« The remaining shaped ones are system mode registers - used
during interrupts, exceptions or system programming (to be
considered in later lectures)

« Current Program Status Register (CPSR) contains conditional flags
and other status bits

ARM CPSR format
31 28 27 B 76 5 4 [1]
|NZCV| unused |IF|T| mode
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2. Condition codes

 In order to do conditional branches and other
instructions, some operations implicitly set flags
¢ Four commonly used (1-bit) flags
— N (negative) 1 if result —ve else 0
— Z (zero) 1 if result O else O
— V (overflow) 1 if arithmetic overflow occurs else 0
— C (carry) 1 if carry out occurs —ve else 0

. .
Quiz
— Give examples of arithmetic operations which will cause N,Z,V,C
to be setto 1
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A Examples

N (negative)
-25

Z (zero)
-10-10

V (overflow)

— 7TFFFFFFF+1
C (carry)

— FFFFFFFF+1
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& _Data Processing Instructions

« Three types of instructions:
— Data Processing
— Data Transfer
— Control Flow
* Rules apply to ARM data processing instructions:

— All operands are 32 bits, come either from registers or are specified as
constants (called literals) in the instruction itself

— The result is also 32 bits and is placed in a register
— 3 operands - 2 for inputs and 1 for result
* Example:
ADD 10,r1,r2 ;r0:=rl+r2
« Works for both unsigned and 2's complement signed

« This may produce carry out signal and overflow bits, but ignored by
default

* Result register can be the same with input operand register
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ﬁ@Data Processing Instructions -
Arithmetic operations

* Here are ARM's arithmetic operations:

ADD rO,rl,r2 ;r0:=rl+r2

ADC r0,rl,r2 ;r0:=rl+r2+C
SUB 10, r1,r2 ;r0:=rl-r2

SBC r0,r1,r2 ;r0:=rl-r2+C-1
RSB r0,rl,r2 ;r0:=r2-rl

RSC 1r0,r1,r2 ;r0:=r2-r1+C-1

* RSB stands for reverse subtraction
« Operands may be unsigned or 2's complement signed integers
e 'C'is the carry (C) bit in the CPSR - Current Program Status Reg
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&Data Processing Instructions -
Logical operations

« Here are ARM's bit-wise logical operations:

AND r0,r1,r2 ; 10 :=rl and r2 (bit-by-bit for 32 bits)
ORR 10,r1,r2 ;r0:=rlorr2

EOR 10,r1,r2 ;r0:=rlxorr2

BIC ro, rl, r2 ;r0:=rl1and not r2

« BIC stands for 'bit clear', where every '1' in the second operand
clears the corresponding bit in the first:

(il 0101 0011 10101111 1101 1010 0110 1011
2 111111111111 1111 0000 0000 0000 0000
r0: 0000 0000 0000 0000 1101 1010 0110 1011
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E@Data Processing Instructions -
Register Moves

* Here are ARM's register move operations:

MOV 10, r2 ,r0:=r2
MVN  rO, r2 ;r0:=notr2

* MVN stands for 'move negated'

r2. 0101 0011 10101111 1101 10100110 1011
r0: 1010 1100 0101 0000 0010 0101 1001 0100
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&Data Processing Instructions -
Comparison Operations

* Here are ARM's register comparison operations:

CMP r1,r2 ;setcconrl-r2
CMN r1,r2 ;setcconrl+r2
TST rl, r2 ;setcconrlandr2
TEQ rl,r2 ; set cconrl xorr2

* Results of subtract, add, and, xor are NOT stored in any registers

* Only the condition code bits (cc) in the CPSR are set or cleared by

these instructions:
31 2827 87654

']
[nzev] unused [ie ] mose |

* Take CMP rl,r2 instruction:
— N=1 ifMSB of (r1 - r2) is '1'
- Z=11if (r1-r2)=0
— C=1 if (r1, r2) are both unsigned integers AND (rl <r2)
— V=1 if (r1, r2) are signed integers AND (rl <r2)
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E Data Transfer Instructions - single
register load/store instructions

« Three basic forms of data transfer instructions:
— Single register load/store instructions
— Multiple register load/store instructions
— Single register swap instructions
* Use a value in one register (called the base register) as a memory
address and either loads the data value from that address into a
destination register or stores the register value to memory:

LDR O, [r1] ; 10 1= memy,[rl]
STR 10, [r1] ; memg,[rl] :=r0
¢ This s called register-indirect addressing
e LDR 10, [r]] memory

0 DDDD DDDD
,—> AAAA AAAA| DDDD DDDD
rl
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i‘gaData Transfer Instructions - Set up the
address pointer
* Need to initialize address in r1 in the first place. How?

* Use ADR pseudo instruction - looks like normal
instruction, but it does not really exists. Instead the
assembler translates it to one or more real instructions.

» The following example copies data from TABLE 1 to
TABLE2

copy ADR rl, TABLE1 ; rl points to TABLE1
ADR r2, TABLE2 ; r2 points to TABLE2
LDR r0, [r1] ; load first value ....
STR r0, [r2] and store it in TABLE2
TABLE1 ; <source of data>
TABLE2 ; <destination of data>
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E Data Transfer Instructions - ADR
instruction

pseudo ) real_
instructions instructions

0000 8000 | ADR ritablel —>  ADD r1, pc, #0x08
00008004 | ADR r2 table2 —  ADD 12, pc, #0x10

—>» 0000 8090 XXXXX

—» 0000 809C

* How does the ADR instruction work? Address is 32-bit, difficult to
put a 32-bit address value in a register in the first place

« Solution: Program Counter PC (r15) is often close to the desired
data address value

« ADR rl1, TABLEL is translated into an instruction that add or
subtract a constant to PC (r15), and put the results in r1

* This constant is known as PC-relative offset, and it is calculated
as: addr_of_tablel - (PC_value + 8)
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i3 LDR rn,=val ) Data Transfer Instructions —
pseudo-instruction Base plus offset addressing
* "LDR rn,=value" load arbitrary value into a register in « Extend the copy program further to copy NEXT word:
most efficient way possible:

— a simple value like Oxff assembled with a move instruction (like copy ADR  rl, TABLE1 ; 1 points to TABLEL

MOV m,#0xff which takes 1 cycle on a standard ARM7) ADR 12, TABLE2 i r2 points to TABLE2
. . . LDR r0, [r1] ; load first value ....

— a more complex instruction converted into a load from a STR 10, [2] " and store it in TABLE2
program counter-relative address (such as LDR ADD  rlrl, #4 step r1 onto next word
rn,[pc,#OFFSET] which takes 3 cycles on an ARM7) ADD 12,12, #4 : step r2 onto next word

« Seems complicated, but you don't need to worry about LDR 10, [r1] » load second value ...
P — STR r0, [r2] ;  and store it
it justuse LDR rn,=CONST. | "~

— There is a little confusion created because LDR is not only a

» Simplify with pre-indexed addressing mode
pseudo-instruction, but depending on the context an actual plity P 9

ARM assembler opcode mnemonic (LoaD Register). LDR/rO,['rl, #4\] ;10 1= memg, [rl + 4]
base fset \ effective
address
12-Jan-07 (27) 12-Jan-07 (28)
& Data Transfer Instructions — ﬁ Data Transfer Instructions - post-
pre-indexed with auto-indexing indexed addressing
« A simplified version is: « Another useful form of the instruction is:
copy ADR rl, TABLE1 ; rl points to TABLE1
ADR  r2, TABLE2 ; r2 points to TABLE2 LDR O, [r1], #4 ; 10 =memy, [r1]
LDR r0, [r1] ; load first value .... ;rli=rl+4
STR r0, [r2] ; and storeitin TABLE2
;?E :8: H% iﬂ : "’:ﬁdsifg‘,“;"n“'“e + This is called: post-indexed addressing - the base
...... address is used without an offset as the transfer

* Pre-indexed addressing does not change rl. Sometimes, it is address, after which it is auto-indexed.

useful to modify the base register to point to the new address. This * Using this, we can improve the copy program:
is achieve by adding a "', and is pre-indexed addressing with auto- copy ADR  rl TABLEL : r1 points to TABLEL
indexing: ADR  r2, TABLE2 ; 12 points to TABLE2
LDR 10, [r1, #4]! ; 101 =memy, [rl + 4] loop LDR 10, [r1], #4 ; get TABLE1 1st word ....
;rli=rl+4 STR r0, [r2], #4 ; copy itto TABLE2
L i i . ??? ; if more, go back to loop
« The ""indicates that the instruction should update the base register | | |
after the data transfer TABLEL ... ; <source of data >
12-Jan-07 (29) 12-Jan-07 (30)
ﬁa Data Transfer Instructions g Interfacing
Summary

¢ Size of data can be reduced to 8-bit byte with: « Many peripherals were designed to be

connected directly to microcontrollers (uC)
[LDRB_r0, [r1] L 10:=memy 1] | or are internal to the uC

« Interfacing involves hardware and
software to allow them to be used within a

¢ Summary of addressing modes:

LDR r0, [r1] ; register-indirect addressing

LDR r0, [r1, # offset] ; pre-indexed addressing SOftW&re program
LDR r0, [r1, # offset]! ; pre-indexed, auto-indexing

LDR r0, [r1], # offset ; post-indexed, auto-indexing

ADR r0, address_label ; PCrelative addressing
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2 UART

« RS232 is a serial communications standard,
most computers are equipped with RS232 ports
although this is slowly being replaced by USB
which has higher throughput and better
interoperability

¢ A universal asynchronous receiver transmitter
(UART) is a peripheral that translates between
parallel data and this serial format

¢ Since it is asynchronous, no clock is needed to
only 3 wires are needed for the simplest RS232
connection (GND, tx, rx)
Logic 1 Mark wr| 011121312150 617 s 10v
oot o i [zl [s[e[7]]
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Z_  Hello world example

« Refer to User's manual
(http://www.nxp.com/acrobat_download/userma
nuals/UM_LPC21XX LPC22XX_2.pdf) and uart
programming applications note
(http://lwww.nxp.com/acrobat_download/applicati
onnotes/AN10369_1.pdf)

» Course website which has the entire astartup.s
and ahello.s files
— astartup.s programs other peripherals on the chip that

we will talk about later and calls __main

e Writing “Hello world\n” to the uart involves
setting up all of the registers properly

2 _UART Hardware Interface

« All that is needed is a MAX232 chip which translates the
3.3V NXP levels to the +/-10V RS232 levels (VCC=5V)

gl
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A Memory Map

» Software interface p—
involves
apprOpriater 3068 [ RESERVED ADDRESS SPACE i
programming 0 oo

registers in the
memory map to
affect the hardware

RESERVED ADDRESS SPACE

074000 £000
%4330 TRFE

32 KB ON-CHIP STATIC RAM (LPC213572138)

16 KB ON-CHIP STATIC RAM (LPC21322134)

& KB ON-CHIP STATIC RAM (LPC2131)
1068 034000 CO30

RESERVED ADDRESS SPACE

0x0008 £O00.
TOTAL OF 12 kB ON- GLATILE MEMORY | OxC007 FFFF

0x0004 0000

TOTAL OF 256 KB ON- CLATILE MEMORY | %0003 FFFF

0x0002 0000

TOTAL OF 126 KB ON- CLATILE MEMORY | 0x0001 FFFF

9¥0001 cong.

TOTAL OF 64 18 LATILE MEMORY | 0%0000 FFEZ

%0000 5000

TOTAL OF 32 k8 LATILE WEWORY | OxCOJ0 TFFF

e 030000 0030

Jenue e

S0z eune 72 — 10 40y
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. UART Register Map

Table 73: UARTO register map

Name |Description TBit functions and addresses. [Access |Reset  |Address
3 3 e
BIT7 BTG BT BT BM B2 BT 8m
UDRBR  Recsiver Bufier 6-bit Read Data RO |Na
Register
UDTHR  Transm Holding &5t Wrie Data wo  [Na
Register
UODLL  Dwisor Latcn LSB EortDam RwW (o
UBDLM  Gwisor Laich M5B 5i Da mW [ox00
UDER  inismupt Snable |Reserved Fessrved Reserved Reserved Reserved Enable  Enabe  Enable |V |0x00
Register Riline THRE ®XDaia
Swtus  Imerrupt Availakle
niemupt Intemupt
UDIR intermupt 1D FIFOs Enabied  Reserved Reseved  I1R3  IIR2 "1 URD [RO 007 [0x=000 Cooe
Register
UDFCR  FIFO Control RATrgge  Reserved Aeseved Ressved TXAFIFO RXFIFO  FIFO WO [0x00  |0xE000CO08
Register eset  Resel  Enable
UOLCR  Line Cantral DLAE  Set  Sick  Even  Parly Wumber Word Lengin Seiecl [RW  |0x00 |0x=000 GOOC
Register Bresk  Farty  Fany  Enatle  of Stop
slect gits
UOLSR  Line Status RAFFO  TEWT  THRE 8l FE FE ES DR [RO  [Gae0 [0:=000 CO1
Register
UDSCR  Serateh Pad E&itDa RW |00 |mED00coic
Register
, UDTER  Tansmi Enable | TXEN Resered Reserved Reserved Reserved Reserved Meserved Reserved AW |0x60  |0xE000 CO30
E Register

1] Aest value relecls the dat stored In used bits only. It d02s not nclug reserved bis conlent
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A Uart Registers

; UARTO registers

UORBR EQU  OxEO00OCO00
UOTHR EQU  OxEO00OCO00
UOIER EQU  OxXEOO0C004
UOIIR EQU  OxEOOOC008
UOFCR EQU  OxEO00C008
UOLCR EQU  OxEOO0CO0C
UOLSR EQU  OxEO00CO014
UOSCR EQU  OxEOOOCO1C
UODLL EQU  OxEO00CO00
UODLM EQU  OxEO00C004

PINSELO EQU OxE002C000
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E_ EQU Pseudo instruction

« X EQU2
» This is an assembler directive that is used
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2 PINSELO

7.4.1 Pin Function Select Register 0 (PINSELD - 0xE002 CO00)

The PINSELD register contrals the functions of the pns a3 per the semings lsted in
Table &1. The drecton contral bit m the I00DIR registar is affective only when the GPIO
function = selectad for a pin. For othes functions, daction is controliad automatically

Table 58:  Pin function Sebect register 0 (PINSELO - addeess 0x£002 C000) bit description

. . Bit Symbol  Value  Function Reset value
to give a value to a label name. In this WU\ o g
example it assigns num the value 2. Thus i
when num is used elsewhere in the code, - -1 i
- - - - 0 P
the value 2 will be substituted (similar to T
- - H 54 P02 o GPI0 Pt 0.2 o
using a #define to set up a constant in C). T sasricn
10 Cagture 0.0 (Timer 0)
mn Ausirwed
7% P03 o GP0 Pon 0.3 ']
.
10
"
an P4 m n
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Tabie 82;  UARTO FEFO Controf Regester (UOFCR - address OxEQDD CDOS) Dit description
Bt Symbol Volue  Description Reset valug Table 83: UARTO Line Control Register (UOLCR - address 0xE000 C00C) bit description
0 FIFOEnabie 0O UARTTO FIFQy are disabled. Must not be ised in he. 0 Bit  Symbol Value Description Reset value
i . = 10 Word Length 0o 5 bit character length 0
1 a_ul.e !!Im.EnJLIE‘o( wm U?RTD I'.{l Ialjd |IJ( Select —
FEFCm and UOFCR[T 1] acoess. This bit mus! be sot o & bit character length
for proper UARTO cperation. Any transition on this 10 7 bit character length
bt will autcenatically clear the UARTO FIFCs. " 8 bit character |er|g[h
1 RXFIFO 0 No impact on either of UARTQ FIFOs. 0 3 Siop Bif Selet o 3 |- M ]
L Wing a logc 11 Jwill cesar al Lagtess i e sl
UARTD Rx FIFEY and i 2 pinter logic This bit 1 2 stop bits (1.5 If UOLCR[1:0]=00).
s sl chiaing 3 Parity Enable 0 Disable parity generation and checking. o
2 ;x FF0 0 o mmpact on ither of LARTA FIFO: a 1 Enable parity generation and checking.
] 1 I‘T‘R’rﬁl?ﬁé")‘i:? JI:T:Lk:!?r‘::slllul:?;ﬁh.rm 54 Parity Select 0o Ss:uﬁ:gtzal*:mi%;es(\)l:iéhe transmitted characterandthe 0
Cleanng. - - =
53 o [ :zn:a I::f ‘somware shoukd nat wite ones o HA, o1 Even Parity. NUH\._hEI of 15 in the transmittad character and the
resarved bas. The value read from a reserved bi is attached parity bit will be even.
not defined 10 Forced "1" stick parity
L&) RX Tngger These two Gits OB_EBTWIFO o Many recenver g " Forcad "0" stick parity
Linet ot :_’:awﬂ:_l:?c‘clt:::;ms RIS Dawrician bafofh 2 -] Break Control 0 Disable break transmission, o
. .::WBY ::\e:i‘.l I‘ c:a(ac!erausl}l:r 1 El;ia:)\ge‘xgeec;‘kSg[\ér;\[z:];l;nagt;pmgin UARTO TXD is forced to
Il- ?E:: I::I = I'E :h:::: :O\J“j 7 Divisor Latch 0 Disable access to Divisor Latches. 0
- aloabeab ciuicld Al Bit (DLAB, i
e ey ceess Bit ( ) 1 Enable access to Divisor Latches.
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_ o iuarto MOV R1, #OxOf
[ ] sy
UODLL = Fpclk / (16 * Baudrate) MOV R1, #OX5 LDR RO, =UODLL
LDR RO, =PINSELO STRB R1,[RO]
* If we want 57600 baud STRR1. [RO]
(Fpclk=13.824MHz) then UODLL=15 MOV RL, #0x00
) MOV R1, #Ox7 LDR RO, =UODLM
(UODLM:UODLL) LDR RO, =UOFCR STRB R1, [RO]
STRB R1,[RO]
MOV R1, #0x03
MOV R1, #0x83 LDR RO, =UOLCR
LDR RO, =UOLCR STRB R1,[RO]
STRB R1,[RO] BX R14

What do all of these values do?
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A

4 Brak Intemupt
(B

5§ Transmie
Holding

Register Empty
(THRE )

6 Transmmer
Emoly
(TEMT)

T Emorin R

FIFD)

{RXFE)

0 UOTHR andéor th

UOLSR

Ntz A framing 1o i associated Wil B charactir 3 S 100 of e LAKTD
RBRFIFO,

0 Framng 6mor S5 B A

FIaming emor sTns is actve
When FXDHD b5 bid i Sha spacing st (21005 19¢ one full character
jon (3121, data, parity, SIcp), & Ereak INBmupt ocewrs. Oree Ma

b dtion hirs been deteched, the recever goes ide until RXODD goes o
marking state (al 1'3). An VOLSR read claars this status bt The ume of break
detection is dependent on LOFCRIN

errupt is associated with the character at the 10D of e

0 Begak interrupd siafus i inachve

Brmak Imermupt Ras s active.

THRE s set immediately upon detechion of an empty LWRTD THR and &
cibared 60 3 UOTHR wrte

0 UDTHR comtairs vald data

UDTHR i briply

TEMT i se1 when b LOTHR and UOTSR are smety, TEMT & ceared whan 1

wither the UDTER or the UOTHR contan vaid data
'SR contains vabd data

UOTHR and the
UDLSR{T] i 5ot ) 3 Character with 3 R #Tor Such 2 frasming Smy, party
o O Dtk interLpn. 15 oaded into the LORBR. The bit 15 ceared when he
UOLSR register is read and Mere a%e no subsequent eimons in the UARTD
FIFO.

0 UORER contans no LARTO RX amons of UDFCRE)=0

UARTO RBR contains 3 least ong LARTD RX srror.
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2 Write character in RO

writec
LDR

LDRB
TST
BEQ

R1, =UOLSR
R1, [R1]
R1, #0x40
writec

LDR R1, =UOTHR
STRB RO, [R1]
BX R14 ;

return from subroutine
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A

Hello World

; User Initial Stack & Heap

__main
loop

AREA | -text|, CODE, READONLY
EXPORT __main
BL iuart0
MOV RO, #"H"
BL writec
MoV RO, #%e”
BL writec
MoV RO, #°1*
BL writec
MOV RO, #"\r"
BL writec

B loop
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A

« Can simulate peripherals, allow single
stepping, view registers and device
configuration etc

« Make sure your program runs in the
simulator before downloading

Keil Simulator
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