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LOAD-STORE INSTRUCTIONS AND THE ATMEGA328P MEMORY MODEL

@ When selecting an addressing mode you should ask yourself where is the operand (data) located within the memory model of
the AVR processor and when do | know its address (assembly time or at run time)?.

FLASH Program
Memory
16K x 16 (32 K bytes)

byte 1 0
0x0000
SRAM Data
Memory SRAM e
2 K bytes Address Address
16-bit OxO08FF
Application Word 2048 x 8 SRAM
Flash Address
Section (little- T~ EEPROM Data
endian) | = o—— — Memory
0x0100 1 K byte
— OxOO0FF
/\V
160 Ext I/O Reg.
0x0060
Ox005F 0x003F
Boot Flash Section 64 1/0 Registers
2562048 words 0x0020  0x0000
32 Registers Ox001F
Ox3FFF 9 0x0000

1 http://www.atmel.com/dyn/resources/prod documents/doc0856.pdf 8-bit AVR Instruction Set
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LOAD-STORE INSTRUCTIONS AND ADDRESSING MODES

@ When loading and storing data we have several ways to “address” the data.

@ The AVR microcontroller supports addressing modes for access to the Program memory (Flash) and Data memory (SRAM,
Register file, /O Memory, and Extended I/O Memory).

Load-store Instructions

Address Space

Addressing Mode Flash Program SRAM Data I/O
Immediate 1di

Direct lds, sts in, out

drect o (1)) A5,
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IMMEDIATE

@ Data is encoded with the instruction. Operand is therefore located in Flash Program Memory. This is why technically our

memory model is a Modified Harvard.

1di rle, 0x23 // where 1di = 1110, Rd = 0000, and constant K = 00100011,

el 9 KKKK dddd KKKK

@ Notice that only four bits (dddd) are set aside for defining destination register Rd. This limits us to 2 = 16 registers. The
designers of the AVR processor chose registers 16 to 31 to be these registers (i.e., 16 < Rd < 31).
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DIRECT

lds rle, A
sts A, rleo

Within the AVR family there are two (2) possible Ids/sts instructions. A specific family member will have only one Ids/sts combination. The ATmega328P
Ids/sts instruction is illustrated here with the exception that 5 bits (not 4) encode Rr/Rd. This means all 32 registers are available to the Ids/sts instruction.

Data Space
31 21 20 16 0x0000
OP Rr/Rd
Data Address
15 0
RAMEND
in rl6, PINC
out PORTD, rlé6
1/0 MEMORY
0
15 5 0
OoP Rr/Rd A
63
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REGISTER-REGISTER INSTRUCTIONS

Data Transfer

Register-register move byte (mov) or word (movw)

Arithmetic and Logic (ALU)

Two’s complement negate (neg), Arithmetic add (add, adc, adiw), subtract (sub, subi, sbc,
sbci), and multiply (mul, muls, mulsu, fmul, fmuls, fmulsu)
Logical not (com), and (and, andi, cbr, tst), or(or, ori, sbr), exclusiveor(eor)

Clear (clr), set (ser), increment (inc), decrement (dec)

Bit and Bit-Test

Register logical shift left (1s1) or right(1sr); arithmetic shift right (asr); and rotate left or right (rol, ror)
Register swap nibble (swap)

Register bit load (b1d) or store (bst) from/to T flag in the Status Register SREG

I/O Register Clear (cbi) or set (sbi) a bit

Clear (c1Flag) or set (seFlag) a Flag bit in the Status Register SREG by name (I, T, H, S, V, N, Z, C) or bit
(bclr, bset).
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REGISTER DIRECT

In the following figures, OP means the operation code part of the instruction word. To simplify, not all figures show the exact location of the addressing bits. To
generalize, the abstract terms RAMEND and FLASHEND have been used to represent the highest location in data and program space.

com rl6
REGISTER FILE
0
15 4 0
OoP Rd
— d
31
add rle, rl7
REGISTER FILE
0
15 9 54 0
OoP Rr Rd
d
> r
31
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LOAD-STORE PROGRAM EXAMPLE

Write an Assembly program to add two 8-bit numbers.
C=A+8B
1lds rle, A ; 1. Load variables
lds rl7, B
add rle, rl7 ; 2. Do something

sts C, rleo ; 3. Store answer

e Identify the operation, source operand, destination operand in the first Data Transfer
instruction.

e |dentify the source/destination operand in the Arithmetic and Logic (ALU) instruction.
e What addressing mode is used by the source operand, in the first instruction?
e Show contents of Flash Program Memory (mnemonics)

e Show contents of SRAM Data Memory, assuming variables are stored in sequential memory
locations starting at address 01001s.

e Modify the program to leave register r16 unchanged by making a copy (use r15).
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SPECIAL TOPIC — HARVARD VERSUS PRINCETON ARCHITECTURE

Princeton or Von Neumann Memory Model

Program and data share the same memory space. Processors used in all personal computers, like the Pentium, implement a von
Neumann architecture.

Harvard Memory Model

Program and data memory are separated. The AVR processors among others including the Intel 8051 use this memory model. One
advantage of the Harvard architecture for microcontrollers is that program memory can be wider than data memory. This allows the
processor to implement more instructions while still working with 8-bit data. For the AVR processor program memory is 16-bits wide
while data memory is only 8-bits.

You may have already noticed that when you single step your program in the simulator of AVR Studio it is incremented by 1 each time
an instruction is executed. No surprise there right? Wrong. The program memory of the AVR processor can also be accessed at the
byte level. In most cases this apparent paradox is transparent to the operation of your program with one important exception. When
you want to access data stored in program memory, you will be working with byte addresses not words (16-bits). The assembler is
not smart enough to know the difference and so when you ask for an address in program memory it returns its word address. To
convert this word address into a byte address you need to multiply it by 2. Problematically we do this by using the shift left syntax of
C++ to explicitly tell the assembler to multiply the word address by 2. Remember, when you shift left one place you are effectively
multiplying by 2.

With this in mind, we would interpret the following AVR instruction as telling the AVR assembler to convert the word address of label
beehives in program memory to a byte address and then to take the low order of the resulting value and put into the source operand
of the instruction.

1di 7L, low (beeHives<<l) // load word address of beeHives look-up
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APPENDIX A — ATMEGA328P INSTRUCTION SET?

Mnemonics Operands Description Operation | Flags | #Clocks
ARITHMETIC AND LOGIC INSTRUCTIONS
ADD Rd. Br Add two Registers Ad + Ad + Ar ZCNVH 1
ADC Rd. Br Add with Carry two Registers Rd+Ad+Ar+C ZCNVH 1
ADIW RdlK Add Immediate to Word Rdh:Rdl + Rdh:Rdl + K ZLCMNE 2
SUB Rd, Rr Subiract two Registers RAd + Ad - Ar ZC.NVH 1
SUBI Rd. K Subdract Constant from Register Rd«<Ad-K ZLCMNVH 1
SBC Rd, Rr Subiract with Carry two Registers RAd+ Ad-Ar-C ZC.NVH 1
SBCI Rd, K Subtract with Carry Constant from Reg. Ad+—Ad-K-C ZC.NVH 1
SBIW RdlLK Subdract Immediate from Ward Rdh:Rdl « Rdh:Rdl - K ZOHNM.S 2
AND Rd, Rr Logical AND Registers RAd + Ad « Ar INNV 1
ANDI Rd, K | AMD Register and Constant RAd + Ad « K INNV 1
OR Rd. Br Logical OR Registers RAd + RAdv Rr ZNV 1
ORI Rd, K Logical OR Register and Constant RAd + Ad v K INNV 1
EOR Rd, Rr Exclusive OR Registers Rd + Ad & Ar ZNN 1
COM Rd One’s Complement Rd « OxFF - Rd ZOMHY 1
NEG Rd Twao's Complement Rd « 0x00 - Rd ZOHVH 1
SBAR Rd.K Set Bit{s) in Register RAd +RAdvK ZNV 1
CER Rd.K Clear Bit{s) in Register Fd + Ad « (0xFF - K} ZNV 1
INC Rd Increment RAd+ Ad+1 NNV 1
DEC Rd Decrement Rd«<Ad-1 ZNV 1
TST Rd Test for Zara or Minus. Ad + Ad« Ad ZNV 1
CLR Rd Clear Register Ad «— Rd& Rd ZNV 1
SER Rd Set Register RAd «— OxFF MNone 1
MUL Rd. Rr Multiply Unsigned R1i:R0+ Ad x Ar ZC 2
MULS Rd, Rr Multiply Signed Ri:R0+ RAd x Rr ZC 2
MULSU Rd, Rr Multiply Signed with Unsigned R1:A0+ Ad x Rr ZC 2
FMUL Rd. Rr Fracticnal Multiply Unsigned A1:R0« (Rdx Rr) << 1 ZC 2
FMULS Rd, Rr Fractional Multiply Signed R1:R0 + [Rd x Rr} << 1 ZC 2
|_FMULEL Rd. Ar Fractional Multiply Signed with Unsignad F1:A0 « (Fd x Fir) << 1 ZC 2
BRANCH INSTRUCTIONS
AIMF k Relative Jump PC+—PC+k +1 Mone 2
lIMP Indirect Jumg to (Z) C+Z MNone 2
JMptt k Direct Jump PC+—k Naone 3
ACALL k Relative Subroutine Call PC+PC+k+1 Mone 2
ICALL Indirect Call to (7) PC+—7 Mone 3
caL K Direct Subroutine Call PC ek None 4
RET Subroutine Retum C « STACK Naone 4
RET Interrupt Return PC + STACK | 4
CPSE Rd.Rr Compars, Skip if Equal if(Rd=RAPC+PC+2ar3 Mone 1203
CP Rd.Rr Compars Rd-FAr ZHNVCH 1
CPC Rd.Ar Compare with Carry Rd-RAr-C I NNCH 1
CPl Rd.K Compars Register with Immediate ZMNV.CH 1
SBRC Ar.b Skip if Bit in Register Cleared |PC+—PC+20r3 None 11203
SBRS Ar. b Skip if Bit in Register is 5=t JPC+—PC+20r3 None 11203
SBIC P.b Skip if Bit in L'D Register Cleared PC+«—PC+20r3 MNone 1/2/3
SBIS F.b Skip if Bit in VO Register is Set C+PC+2or3 Mons 1203
BRBS 3.k Branch if Status Flag Set if [SREG(s} = 1) then PC—PC+k + 1 Mone 12
BREC 5.k Branch if Status Flag Clearsd if (SREG(s} = 0) then PC+—PC+k +1 Naone 12
BREQ k Branch if Equal i JthenPC+ PC+k+1 Mone 12
BRNE k Branch if Not Equal hen PC+— PC+k+1 Mone 12
BACS k Branch if Camry Set fenPC—PC+k+1 Naone 12
BRCC k Branch if Camry Cleared hen PC+—PC+k+1 Naone 12
BRSH k EBranch if Same or Higher henPC—PC+k+1 MNone 12
EBALD k Branch if Lower Jthen PC+—PC+k+1 Naone 12
ERM k Branch if Minus hen PC+—PC+k+1 Naone 12
BRFL k Branch if Plus nPC—PC+k+1 Naone 12
BRGE k Branch if Greater or Equal, Signed then PC+—PC +k+1 Mone 12
BRLT k Branch if Less Than Zero, Signed fMeV=1)then PC+—PC+k=+1 Mone 12
BRHS k Branch if Half Carry Flag Set i Ten PC—PC+k+1 Mone 12
BRHC k Branch if Half Carry Flag Clearsd hen PC—PC+k+1 MNone 12
BATS k Branch if T Flag Set IhenPC—PC+k +1 Naone 12
BRTC k Branch if T Flag Cleared hen PC+— PC+k+1 Mone 12
BRVS k Branch if Overflow Flag is Sat Jthen PC+—PC+k+1 Mone 12
EHVE k W Flag i Cw il ]niﬂ Ei"‘ Bk w Ii

2 Source: ATmega328P Data Sheet http://www.atmel.com/dyn/resources/prod_documents/8161S.pdf Chapter 31 Instruction Set Summary
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Mnemonics Operands Description Operation Flags #Clocks
m k Branch if Interrupt Enabled if[l=4ithen PC+—PC+k=+1 None 12
ERID k Branch if In'.erruet Disabled if (1=0) 1he_n PC+—PC+k+1 Nine 112
BIT AND BIT-TEST INSTRUCTIONS
SBI Ph S=t Bit in VO Register IF2[P.h) «1 MNaone 2
CEl Ph Clear Bit in 'O Register 112[P.b) + 0 MNaone 2
L5L Rd Logical Shift Left Fdin+1} « Rd{n), Ad[0} « 0 ZOHNV 1
LSRH Rd Losgical Shift Right Rdin) + Adin+1), Ad[7} « 0 ZONY 1
ROL Rd Rotate Left Through Carry Rd{3)+—C Adfn+1}— Rdin),C+«Rd[T} ZCNV 1
ACRH Rd Rotate Right Through Carry Rdi7}«C.Adin}+— Rdin+1).C«Rd[0} ZLONV 1
ASH Rd Arithmestic Shift Right Rdin) « Ad[n+1).n=0.6 ZCHNY 1
SWAP Rd Swap Nibbles Rd{3.0)«Rd(7..4} Rd{7..4}—Rd|3..0} Mone 1
BSET 5 Flag S=t SREG(s) « 1 1
ECLR s Flag Clear SREG(s} 0 1
BST Ar. b Bit Stare from Registerto T T+ RArfb} 1
ELD Rd. b Eit load from T to Register Fdib)« T 1
SEC St Camy L1 c 1
CLC Clear Carry C—0 c 1
SEN Set Negative Flag N1 N 1
CLN Clear Negative Flag HN«1D N 1
SEZ Szt Zaro Flag L1 i 1
CLZ Clear Zera Flag Z+10 Zz 1
SEl Global Interrupt Enable l—1 | 1
CLI Global Interrupt Disable 10 | 1
SES Set Signed Test Flag Se i =3 1
CLS Clear Signed Test Flag S0 g 1
SEV Set Twos Complement Crverflow. Wi v 1
CLV Clear Twos Complemsnt Cwverflow W0 v 1
SET Set Tin SREG Te1 T 1
CLT Clear T in SREG T«0 T 1
SEH Set Hali Carry Flag in SREG He1 H 1
CLH Clear Hali Carry Flag in SREG He10 H 1
DATA TRANSFER INSTRUCTIONS
MOV Rd. Br Move Batween Registers Rd «— Ar MNaone 1
MOVW Rd. Br Copy Register Word Rd+1:Ad + Rr+1:Ar MNone 1
LD Rd, K Load mmediate Rd « K None 1
LD Rd. X Load Rd « (X} Hane 2
LD Ad. ¥+ Load Ad«— (X). XK +1 None 2
LD Rd. - X Load XX -1, Rd+{X] None 2
LD Rd. ¥ Load Rd « () Maone 2
Lo Ad. ¥+ Load Rd«—(¥), Y+ Y +1 None 2
LD Rd. - ¥ Load W ¥ -1, Rd+ (Y] None 2
LoD Rd.¥+q Load Indirect with Displacement Rd « (Y +q) MNons 2
LD Rd, Z Load Indirect Rd «— (Z} Mane 2
LD Rd, Z+ Load Indirzct and Post- Rd+— (), Z+ Z+1 Nana 2
LD Rd.-Z Load Indirect and Pre-Dec. Z+Z-1,Rd+ (2} Naone 2
LoD Rd. Z+q Load Indirect with Displacement Rd«—(Z+q) None 2
LOE Rd. k Load Dirsct from SRAM Rd +« [k} None 2
5T X, Ar Store Indirect X} < Rr None 2
8T ¥+, Ar Store Indirect and Post-Inc. () Br. X e X+1 None 2
5T - %, Ar Store Indirect and Pra-Dac. K= X -1, [X) = Rr None 2
ST ¥, Rr Store Indirect [}« Rr Mane 2
ST Y+, Ar Store Indirect and Post-Inc. M+« RAr.YeY¥+1 None 2
8T -, Ar Store Indirect and Pra-Dec. Y=Y -1, ¥}« Rr None 2
STO +q,Rr Store Indirect with Displacemsent ¥+ gy« Ar None 2
BT Z.Ar Store Indirzct [Z)+<Ar MNaone 2
5T Z+, Ar Store Indirect and Post-Inc., Zy+—RArnZ+Z+1 MNane 2
ST -Z, Br Store Indirect and Pra-Dec. ZeZ-1, [Zj+FRr MNaone 2
5T0 Z+g.Ar Store Indirect with Displacement IZ+0)«RAr MNone 2
STE k,Rr Store Direct to SHAM {k) + Ar Mone 2
LPM Load Pragram Mamary RO+ (Z} Nana 3
LPM Rd. Z Lowd Program Memory Rd « (7} None 3
LPM Rd. Z+ Load Program Memary and Fost-inc Ad «— (7}, 7+« Z+1 None 3
SPM Store Program Memory [Z) + Ri:AD None
IN Rd. P In Port Fd+F Naone 1
ouT F. Rr Out Port F+ Ar None 1
PLSH Ar Fush Hegister on Stack STACK « RAr Hone 2
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Mnemonics Operands Description Operation Flags #Clocks
POF Rd Fop Hegister from Stack Rd + STACK Naone 2
MCU CONTROL INSTRUCTIONS
NOF No Operation Naone 1
SLEEP Slesp [see specilic descr. for Slesp function) Mane 1
WDR ‘Watchdog Reset [see specific descr. for WDRAiImer) MNone 1
EREAK Braak For Cni-chip Debuwg Only MNons M

Note: 1. These instructions are only available in ATmega168PA and ATmega32apP.
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