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AVR 8 bit instruction set

* |nstruction format

e Data transfer instructions (move, load,
store)

* Arithmetic operations
* Logical operations
* Program flow control (branch, jump)

* Implementation of if-then-else



AVR 8 bit instruction set

* Implementation of for & while loops
* Arrays & pointers

* Procedure call

e Stack management

* |nput-output instructions

Ap A. Aepog, Mav. Ayaiou



Data Bus 8-bit

Interrupt
Unit

SPI
Unit

Watchdog
Timer

Analog
Comparator

[/O Module 1

[/O Module 2

AVR CPU core e ] o (| Stae o
Memory B
Y - 32x8
Instruction Sfrnifé
¢ A I_ U Register =] Reg[iaste rs
y + Y
* General purpose | " gl g \EL/U_/
registers (32 x 8 bit) 1 I
Control Lines @ %
 SREG i
* SRAM (data) 2K x 8 bits s
* Program Counter (14 bits)
EEPROM
e Stack Pointer
I/O Lines

* Flash (code) 16K x 16 bits

Ap A. Aepog, Mav. Ayaiou FEVIKEC TTOPATNPIOELC

[/O Module n




General purpose registers

RO
R1:RO -
R1
R2
R3:R2 -
R3
R26
R27:R26 (X) -
R27
R28
R29:R28 (Y) - - Index Registers
R29
R30
R31:R30(Z2) -
R31
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Instruction format

 One word (0, 1 i\ 2 operands)

- ~—

Op-code (kwdikoc Aettoupylag)

 Two words (1 1 2 operands)

Operands (oplopata )

opcode <«

\

/
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Instruction format

* Orthogonal instruction set
» Similar instructions differ in one or a few bits
» Operands are located in fixed positions within the instruction

(this results in simpler and efficient instruction decoding)
e RISC

» Most intructions have only registers as operands

» Only load and store instructions access the main memory



Data transfer instructions

* Between registers:

MOV Rd, Rr ;Rd <« Rr

0010 11rd ddddrrrr

e Assign a value to a register (load immediate):

LDI Rd, K ; Rd «— K, where 16 £d <31,0< K< 255

1110 KKKKddddKKKK
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Direct memory addressing
Apeon 01evBuvo1000TNOT UVIUNG

* Direct data transfer between register and memory

LDS Rd, k ; Rd <« (k), where0<r<31,0<k<65535

1001000ddddd0000
kkkk kkkk kkkk kkkk

STS k, Rr ; (k) < Rr

1001 001r rrrr 00OO
kkkk kkkk kkkk kkkk
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Direct memory addressing

31

2019

Data Space

16

OP

Rr/Rd

Data Address

15
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0x0000

RAMEND
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Indirect memory addressing using index

* From memory to register

LDRd, X  ;Rd <« (X) 1001 000ddddd1100

LDRd, X+ ;Rd<«(X), X« X+1 .. 1101

LDRd,-X ;X< X-=1, Rd « (X) .. 1110

* From register to memory

ST X, Rr (X)) «<=RrkAm |1001001rrrrr1100

 The X, Y, Z 16-bit register pairs are used as indices (6&ilktec).
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Indirect memory addressing using index

Data Space

0x0000

X, Y OR Z - REGISTER

RAMEND

Ap A. Aepog, Mav. Ayaiou EvtoAég petadopdg dedopuévwv 12



Arithmetic instructions - addition

* Addition of registers
ADD Rd, Rr; Rd <« Rd + Rr
ADC Rd,Rr ;Rd <« Rd+Rr+C
e Addition of a constant to a register
ADIW Rd+1:Rd,K ; Rd+1:Rd < Rd+1:Rd + K
; d €{24,26,28,30}, 0<K<63

10010110 KKddKKKK
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Example: addition of 16 bit integers

* Add the value in the register pair r3:r2 to the pair
rl:rO. The result is found in r1:rO.

add r0, r2 ;add LS bytes
adc rl,r3 ; add MS bytes + carry

Ap A. Aepog, Mav. Ayaiou APLOUNTIKEC EVTOAEC
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Subtraction

e Works like addition:
SUB Rd, Rr ; Rd < Rd-Rr
SBC Rd,Rr ;Rd<«Rd-Rr-C

e Thereis also a version to subtract an 8-bit value
from a register (subtract immediate):

SUBI Rd, K ; Rd <~ Rd-K
SBCI Rd, K ;Rd <« Rd-K-C



Comparison

* Functions like the subtraction operation.
The difference is that the result is not stored:

CP Rd,Rr ;Rd-Rr
CPC Rd,Rr ;Rd-Rr-C
CPI Rd,K ;Rd-K

 Why subtract and not keep the result? This instruction

is used to assign values to flags (Z, C, S, N, V)
to be used by a subsequent branch instruction.



More arithmetic instructions

* Negation —2’s complement (signed value):

NEG Rd ; Rd <— 0x00 — Rd
* Increment or decrement by 1:

INC Rd ;Rd<«Rd+1

DEC Rd ;Rd <« Rd-1

Ap A. Aepog, Mav. Ayaiou APLOUNTIKEC EVTOAEC
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Logical operations

AND Rd, Rr; Rd < Rd A Rr
OR Rd,Rr ;Rd <« Rd Vv Rr
EOR Rd, Rr ; Rd <~ Rd @ Rr
 AND/OR with a constant: used to set or reset specific bits
ANDI Rd, K; Rd <~ Rd AK
ORI Rd, K ;Rd <« RdvK
;16<d<31,0K<255



Logical operations

* One’s complement (reversal of all bits):
COM Rd ; Rd <« OxFF — Rd

 Test: noresultis stored. Used to check if Rd is O,
Positive or negative

TST Rd ; Rd < Rd A Rd
* The result can be found in the Z and N flags.



Shift (oAloOnon) comes in two flavors

Rd: b7 | b6 | b5 | b4 | b3 |b2|bl]|bo C

e Logical shift right is equivalent to division of
an unsigned int by 2 (half bit goes to carry flag).

LSR Rd 0 |b7|b6|b5|b4|b3|b2|bl| —>|bo

* Arithetic shift right is equivalent to division of
a signed int by 2. The sign bit is not affected by the shift,
half bit goes to carry flag.

ASR Rd b7 | b7 | b6 |b5| b4 |b3|b2|bl| —>|bo




Shift (cont.)

C b7 | b6 | b5 | b4 | b3 | b2 | bl | b0

e Left shift is equivalent to multiplication by 2.
Only for unsigned numbers.

b7 |¢«— | b6 |b5|bd|b3|b2|bl|{b0| 0

* The instruction LSL Rd is compiled to ADD Rd, Rd.



Rotation (meprotpopn))

Rd: b7 | b6 | b5 | b4 | b3 |b2|bl]|bo C

* Rotate right through carry:

ROR Rd —»| C [b7|b6|b5 |b4|b3|b2|bl| —> |bO

* Rotate left through carry:

ROL Rd <« |b6|b5|ba|b3|b2|bl|bo| c| < |b7

e ROL Rd is compiled as ADC Rd, Rd.

* These instructions are used to implement shift operation
on long integers (2 or more bytes).



Program flow control

There are three basic ways to transfer program control
to another instruction:

* Unconditional transfer (dtakAadwaon xwplic cuvOnkn)
JUMP instructions, equivalent to goto

e Conditional transfer (dtakAadwon pe ocuvOnkn)
BRANCH instructions, equivalent to if <condition> goto

e Subroutine/procedure CALL and RETURN



Normal program flow

PROGRAM MEMORY

0x0000

PC

1

PC=PC+1

FLASHEND

Instructions are executed sequentially
(Note that in the ATMega328 the PC uses 14 bits)
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Unconditional transfer of control (1)

Near/short or relative jump (Kovtvo ] OXETIKO):
RIMP k » —2048 <k £+2047

PROGRAM MEMORY

PC=PC+k+1 0x0000
15 0
PC
opcode =1100 1
15 | 12 11 0
OP k
FLASHEND
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Unconditional transfer of control (2)

Far/long or direct jump (pnakpvo n apeco):

JMP k : 0<k<4M
PROGRAM MEMORY

31 16 0x0000

OP 6 MSB

16 LSB
15 0
PC =
21 v 0
[ PC >
FLASHEND

Ap A. Aepog, Mav. Ayaiou
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Unconditional transfer of control (3)

Indirect jump (eppeco):

lJMP ; PC«Z
PROGRAM MEMORY

0x0000

15 0

Z - REGISTER
15 l 0
PC >

FLASHEND
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Conditional transfer of control (1)

 Branch if bit set:

BRBS n, k : -64<k<+63
| .. B=SREG[n],0<n<7

* Function:

if SREG[n] ==
PC«PC+k+1
else
PC« PC+1

Ap A. Aepog, Mav. Ayaiou EvtoAéc StakAadwong
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Status register (kataywpnTne KATAOTAONC)

(0)
(1)
(2)
(3)
(4)
(5)
(6)
(7)

Ap A. Aepog, Mav. Ayaiou

T H| S|V |N|]Z|C

— 4 I 0. < 2 N O

Carry (result > 255 or < 0)

Result is zero

Negative (b7 of result)

Signed overflow (result > 127 or < -128)
True sign of result (b8),S=N DV
Half-carry (from b3 to b4 of result)
Temporary storage

Interrupts enabled
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Conditional branching (2)

e Branch if bit clear:

BRBC n, k : -64<k<+63
| .. B=SREG[n],0<n<7

Vv
Vv

1111 0vkk kkkk knnn
0:BRBS | !
1:BRBC}

e Simpler sytax:
e BRCS k or BRCC k uses the Carry Flag
e BRZS k or BRZC k uses the Zero Flag

Ap A. Aepog, Mav. Ayaiou EvtoAéc StakAadwong
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Unsigned compare and branch (1)

 Comparison of unsigned integers and branching:
We use the carry flag

CP Rd, Rr ; Rd—Rr (the resultis not stored)

BRCC greq ; ifC=0ie. Rd >=Rr goto greq
less: (...) ; else (Rd < Rr) continue here
(-.) ;

greq: (...) ;

Ap A. Aepog, Mav. Ayaiou YAomnoinon dopunc¢ if-then-else 31



Unsigned compare and branch (2)

* We can reverse the branching logic:

CP Rd, Rr ; Rd—Rr, not stored

BRCS less ; ifC=1ie.Rd < Rr goto less
greq: (...) ; else (Rd >= Rr) continue here
less: (...) ;

* In order to test for > or <= we reverse the operands:
CP Rr,Rd ;
BRCS less ; if Rd > Rr goto less
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Signed compare and branch (1)

 Comparison of signed integers and branching:
We use the S flag (true sign of the result)

CP Rd,Rr ; Rd—Rr
BRGE greq; if S=0ie. Rd >=Rr goto greq
less: (...) ; else (Rd < Rr) continue here
(...) ;
greq: (...) ;
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Signed compare and branch (2)

* Equivalent branching structure:
CP Rd,Rr ; Rd—Rr

BRLT less ; ifS=1ie.Rd < Rr goto less
greq: (...) ; else (Rd < Rr) continue here
(-..) ;
less: (...) ;

Ap A. Aepog, Mav. Ayaiou YAomnoinon dopunc¢ if-then-else
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Testing for equality

* For both signed / unsigned we use the zero flag
CP Rd, Rr ;
BREQ equal; ifZ=1ie. Rd = Rr goto equal
neq: ; case not equal
(...)
equal: ; case equal

 BRNE (branch if not equal) has a similar syntax



Other branching structures (1)

* Test for a carry or overflow after an arithmetic operation
(add, subtract):

ADD Rd, Rr; add signed int
BRVC cont ; if no overflow (V = 0) continue
CALL overflow_error

cont: (...)

* For signed integers, the overflow flag is relevant.
For unsigned integers, the carry flag is relevant.



Other branching structures (2)

* Test for a positive, negative or zero value:

TST Rd ; Rd A Rd
BREQ zero ; Z=1ie.Rd=0
BRPLpos ; N=0ie.Rd>=0
neg: (...) ; elseRd<O0
pos: (...)

zero: (...)

Ap A. Aepog, Mav. Ayaiou YAomnoinon dopunc¢ if-then-else
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Implementation of loops

Two types of loops are possible:

* for or while loops e while-do loops
* initialization * initialization
e test terminating condition * |oop body

* loop body * test terminating condition
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for loops

next:

exit:

for(i = 0; 1 < 4; i++)

LDI r16,0 ;i=0

CPlI r16,4 ;ifi>=4...
BRCC exit ;...exitloop
; (loop body)

INC rl16 s+

RIMP next ;...goto next

; (next instruction)



do-while loop

LDI r16,0 ;i=0
next: ; (loop body)
INC rl16 s+
CPl r16,4 ;ifi<4...
BRCS next ;...repeatloop

exit: ; (next instruction)

Ap A. Aepog, Mav. Ayaiou YAormoinon Bpoxwv
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Arrays and pointers

* We can access an array in two ways:

e using an index, e.g. LD R16, array[N]
(this method is not supported in AVR CPUs)

e using a pointer to the memory address array[N]
 The index registers can be used for this purpose:

r27:r26 (X)
r29:r28 (Y)
r31:r30 (2)



Example: adding the elements of an array

next:

Ap A. Aepog, Mav. Ayaiou

EOR rl6, r16 1=0

EOR rl18, r18 ;sum =0

LDI r27, high(array) ; initialize X
LDI r26, low(array)

LD r17, X+ ; r17 = arrayli]
ADD r18, r17

INC rl16 s i+

CPI ri16, 10 »ifi<10...

BRCS next ; ...goto next

YAormoinon Bpoxwv 42



Subroutine call

We may call a subroutine in three ways:

e CALL (direct or long addressing),
e |CALL (indirect addressing),
e RCALL (relative or short addressing).

All three instructions have similar operation.



RCALL (relative or short call)

* Syntax:
RCALL label

The assembler translates the label to a constant value
k of 12 bits (—2048 < k < +2047) that express the distance
from the current memory location to the destination.

1101 kkkk kkkk kkkk
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RCALL (cont.)

Operation:

e The return address, PC + 1, is stored on the stack.
This address occupies two bytes:
PCL — (SP), PCH — (SP—-1).

* The stack pointer (6eiktng tn¢ otoifac) decrements by 2
in order to point at the first available position of the stack.

 The program counter (amopl®unTRc MPOYPAUUATOC)
is incremented by k + 1 in order to point at the
first instruction in the subroutine.



RCALL: example

Initia

values:

PC

1934

SP

O8FF

0900

O8FF

O8FE

08FD

XX

XX ¢
XX
XX

Ap A. Aepog, Mav. Ayaiou

After executing RCALL 14:

PC

1949

SP

O08FD

0900

O8FF

O8FE

08FD

Yropoutiveg

XX

35

19

XX [

(instead of 1935)

46



Return from a subroutine

The instruction to return from a subroutine is RET
(just the op-code, no operands):

 The return address is extracted from the stack and
transferred to the program counter. The PC
does not increment by 1, as it usually does.

* The stack pointer increments by 2 and points again
to the first available pOosition in the stack.



RET: example

Before RET:

PC

1A21

SP

O08FD

0900
O8FF
O8FE

08FD

Ap A. Nepog, Mav. Alyaiou

XX

35

19

XX

After executing RET:

PC

1935

SP

O8FF

0900

O8FF

O8FE

08FD

Yropoutiveg

XX

35

19

XX

(instead of 1A22)

48



Parameter passing

We can pass arguments to and from the subroutine
in three ways:

* using specific memory locations (for global variables)
* using specific registers (fastest),

e using the stack (the most general way).



Parameter passing using registers

Example (main)

LDI r16, low(RAMEND)
OUT SPL, rl16

LDI r16, high(RAMEND)
OUT SPH, r16

LDS r16, A

LDSrl17,B

RCALL calc

STSC, r16

Ap A. Aepog, Mav. Ayaiou YMOPOUTLVEG

; set up the stack

; Input arguments

; Output argument
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Parameter passing using registers
Example (subroutine)

calc:

: calculate C=4A - 2B

ADD rl6, r16

ADD rl16, r16

ADD rl17, rl7

SUB rl16, r17
RET

Ap A. Aepog, Mav. Ayaiou

s 2FA
C4FA
:2*B
C4*A - 2%B

YTTOPOUTIVEG
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Parameter passing using the stack

PUSH Rr

 The value of Rr is placed in the first available location
of the stack: Rr — (SP)

* The stack pointer is decremented by 1.
POP Rd

 The value of the register is extracted from the stack:
Rd < (SP +1).

* SPisincremented by 1.
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Example (main)

LDS r16, A

PUSHr16 ; Place A in stack

LDSr16, B

PUSHrl16 ; Place B in stack

RCALL calc

POP rl16 ; Get to C position in stack
POP rl6 : Extract C from stack
STSC, r16



The stack after executing CALL

0900
O8FF

O8FE
08FD

08FC

O8FB

Ap A. Nepog, Mav. Alyaiou

XX

— SP+4

— SP +3

PCL

PCH

XX

——SP

Yropoutiveg
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Example (subroutine)

calc: IN XH, SPH
IN XL, SPL ;X € SP

ADIW X, 3 ; X points to 2nd argument

LD r02, X+ ; get 2nd argument
LD r03, X ; get 1st argument

ADD r03, r03 ; carry out calculations

ADD r03, rO3
ADD r02, r02

SUB r03, r02 : finish calculations
ST X, r03 ; place result in stack

RET

Ap A. Nepog, Mav. Alyaiou Yropoutiveg
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Example (subroutine) — additions

calc: PUSHr02 ;Save in the stack all registers
PUSH r03 ; used by the routine
PUSH XL
PUSH XH
IN XH, SPH
IN XL, SPL ;X & SP
ADIW X, 7 ; X points to 2nd argument
LD r02, X+ ; get 2nd argument
LD r03, X ; get 1st argument
ADD r03, r03 ; carry out calculations
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The stack viewed from within the routine

Ap A. Nepog, Mav. Alyaiou

0900

O8FF

O8FE
08FD

08FC

O8FB

O08FA

08F9

O8F8

08F7

XX

A

— SP+38

B

— SP +7

PCL

PCH

r02

ro3

XL

XH

XX

—— sp

Yropoutiveg
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Example (subroutine) — additions

calc: ADD r03, rO3
ADD r02, r02

SUB r03, r02 : finish calculations
ST X, r03 ; place result in stack
POP XH ; replace registers
POP XL

POP r03

POP r02

RET

Ap A. Aepog, Mav. Ayaiou YTTOPOUTIVEG 58



Memory map of the ATMega328

1/O 0x00 — Ox3F

Ap A. Aepog, Mav. Ayaiou

Data Memory

32 Registers
64 |/O Registers
160 Ext I/O Registers

Internal SRAM
(4648 x 8)
2048

EvtoAéc elo0dou-e£060uU

0x0000 - 0x001F
0x0020 - OxO005F
0x0060 - OxO0FF
0x0100

Ox08FF

59



Input-output instructions

* Data transfer from a special purpose register (1/0)
to a general purpose register:

IN Rd, A ;Rd < I/O(A)
:0<d<31,0<A<63(3Fh)

* Data transfer from a GPR to an I/O register:
OUT A, Rr ;I1/O(A) & Rr

* [nstead of IN, OUT we may use LD, ST instructions.
But LD and ST are slower (2 words, 2 clock cycles).
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