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Intel 8051
Microcontroller



//,- 8051 Facts

» Developed by Intel in 1980, CISC, Harvard
architecture, single chip microcontroller, become
the industry standard till now!

» Most popular in the 1980s and early 1990s, today
superseded by enhanced devices with 8051-
compatible processor cores

» Manufactured by more than 20 independent
manufacturers: Atmel, Infineon Technologies,
Maxim , NXP , Winbond, ST Microelectronics,
Silicon Laboratories , Texas Instruments and
Cypress Semiconductor
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Main Features

» 8-bit data bus and 8-bit ALU
» 16-bit address bus - 64 kB of RAM and ROM

» On-C
» On-c

» Four

nip RAM - 128 (256) bytes ("Data Memory")

nip ROM - 4 kB ("Program Memory")
8-bit bi-directional input/output ports

» One (two) UART (serial port)
» Two 16-bit timers

» Two-level interrupt priority

» Power saving mode

» All modern versions are CMOS



cont.

» The original 8051 core ran at 12 clock cycles
per machine cycle, with most instructions
executing in one or two machine cycles

» With a 12 MHz clock frequency, the 8051
achieved 1MIPS (for one-cycle instructions)

» Enhanced 8051 cores run at six, four, two, or
even one clock per machine cycle, and have
clock frequencies of up to 100 MHz

» Higher speed single cycle 8051 cores
(<150MHz) are available for use in FPGAs
and (>150MHz) in ASICs



Distinct Features

» Bit-level boolean logic operations can be
carried out directly and efficiently on internal
registers and RAM — especially valued in
Industrial control applications

» Four separate register sets, which can be
used to greatly reduce interrupt latency -
faster than storing interrupt context on a
stack



//, Enhanced Versions

e built-in reset timers with brown-out detection
e on-chip oscillators

 self-programmable Flash ROM program memory
 bootloader code in ROM

« EEPROM non-volatile data storage

 12C, SPI, and USB host interfaces

« PWM generators

e analog comparators

« A/D and D/A converters

« RTCs

» extra counters and timers

* in-circuit debugging facilities

e more interrupt sources

» extra power saving modes.



Memory Map

Program Memory

(Read Only)
FFFFH
External
~ o
OFFFH OFFFH
EA&=0 EAZ=1
External Internal
0000 I 0000
PSEN#

FFFFH

Data Memory
(Read/Write)

External ———

00

EA — controls low program-memory source

PSEN, RD and WR signals are generated for external memories during

{
3 7

{ ¢
47

0000

RD=

WR#

instruction fetch (PSEN) or external data access with MOVX instructions (RD or WR)



Z Internal Data Memory

High-RAM (128B), FFH -------- |
register indirect \

addressing only, !
(not available in some

microcontrollers)

_—* SFR -

Special Function Registers,
direct addressing only

Low-RAM (128B)

4-banks of internal registers: RBO — RB3 (00h-1Fh), 7-registers (R0-R7) in each bank
Stack area — initial address 07h (grows towards higher addresses, SP on last element)
Bit-addressable space (20h — 2Fh)

General purpose space (30h — 7Fh)

direct or indirect addressing modes possible




128B

Low Data RAM

General purpose RAM

7Fh

30h

Bit-addressable

memory Bit addresses from 00h to 7F (128bits = 16B)

20h

7h - SP initial value

RBO —

Current Register Bank (RB) selected by

bits in state (PWS) register

Oh
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ACC — Accumulator

B — Aux. accumulator

PWS — uC state register

DPH, DPL — 16bit data pointer

SP — Instruction & Stack pointers
P0,P1,P2,P4 — |/O ports data registers
|IE — Interrupt mask

IP,IPH — Interrupt priority registers
PCON — Power-save control register
TCON,TMOD - Timer control registers
TLO,THO — 16-bit timer register

AUXR — Aux. control bits

Enhanced versions of microcontroller
introduce other specific registers
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Architecture Overview
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Port 1 — Typical 1/O

Vi

» |/O with weak pull-up (50k-100k)
» simplified direction setting (1—D: Input Pin)

Voo

Read
Latch

INTERNAL
PULL-UP*

INT. BUS

P1.X
PIN

Write
To ]

Latch
READ i ]

PIN

(B) PORT 1 BIT
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& Port 0&2 - Memory Interface

» Memory interface independent from |/O settings

» Weak pull-up or open drain

Vce
Vee
ADDR/DATA ADDR
CONTROL ﬁetag CONTROL
atc |
INTERNAL
Read Dl | — PULLUP"
Laich
| PO.X
PIN |
INT. BUS D Q MUX] P2.X
. P2.X S PIN
INT. BUS # |5 Q Write LATCH_
I | To —T—cL Q '—Do“f
Write Li?g{H /* MUX I: Latch
TD FESSSCIERITE ) ,
Latch Lo
Vv
READ
PIN
Read
Pin

(RIFRGRTOIBIT (C) PORT 2 BIT
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}r, Port 3 - Alternative Functions

» Alternative input and output port functions

Alternate
Output
Function
\ec
Read
Latch
Internal
Pull-Up*
P1.X
INT.BUS d D Q * PIN
) P3.X B
Write LATCH. )“ 1
N e Caas T IR
Latch
READ ij T j
PIN Alternate
Input
Function

(D) PORT 3 BIT



4 Timer 0 (1) - Mode 0&1

» Timer counts up and rolls over all 1s to all Os
» Mode 0&1: 13 or 16-bit timer counter

» Clocked by uC oscillator or externally (Tx)
» Counting can be gated internally or externally (INTXx)

"

PERIPH . Timer x
GLDGKJ* +6 —*h THX TLx | Overlo
. L,f (8 bits) | (5 bits) Interrupt
T G ] TCON reg Request
X
THx TLx
Tﬁggmg T (8 bits) (8 bits) |

INTJ(#

T
| I
[ TRx
GATE —>Q—TL TGON reg '

TMOD reg
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Z Timer 0 (1) - Mode 2

» 8-bit timer counter

» Timer counts up and and is reloaded from register

PERIPH \ T
=6 — 0 Overf| Imer x
CLOCK {:\ {STkI;i}:s} vestow TFx Interrupt

1 reg Request
[} [ N
| CiTx#
reg / N

INTxtt [F——
THx
} (8 bits)
GATE —[>Q— ON reg '
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& Timer 0 (1) - Mode 3

» Two 8-bit independent timers
» Timer 1 in mode 3 Is halted

PEH‘IF’H‘ :
- B i 0 Timer 0
CLOCK |'“‘*-:} [BT!]_SS} Overflow TFo Interrupt

Request

L
1
o3 [
VOD.
INTox C}F———
:D TRO }
GATE _M ON2
PERIPH THO Overfl Timer 1
CLOCK +6 = 8 bits) N TR Intermupt
TCON.7 Request



_,/f Timer 2

» Available in enhanced versions

» 16-bit timer, up or down counter

» 3 modes of operation:

= auto-reload, capture, baud rate generator

Timer 2 in Capture Mode

o

Peripf
Clock . /6
l CT2=0
o e - TL2 TH2 TF2
T CT2 = 1 ' (8 Bits) | (8 Bits)
T2 Pin CONTROL
TR2 / ™\ /
\Y M
CAPTURE
__ TRANSITION
DETECTION RCAPzL | BCAPZH
|
TREXPIN— % qC »| EXF2
CONTROL
EXENZ2

TIMER 2
INTERRUPT
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Serial Interface

» Many 8051s are equipped with UART
operating in three full-duplex modes

» Modes of operation are highly configurable:
frame format, parity, baud rate

» Asynchronous transmission and reception
can occur simultaneously and at different
baud rates

19



//, Baud Rate - Mode 1&3

» The baud rates in Modes 1 and 3 are determined
by the Timer 1 or Timer 2 overflow rate

» The Baud Rate Generator for transmit and receive
clocks can be selected separately

™
TIMERT —0 TIMER_BRG_RX |
TIMER2 1 1° %_____515
—=1 Rx Clock

RCLK i

INT_BRG RBCK
“‘m

TIMER1 — g ™ TIMER_BRG_TX ~

TIMER?2 y 0 J______£16 .
i 1 Tx Clock

TCLK

INT BRG TBCK
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Z Commonly Used Baud Rates

» Timer 1 vs oscillator frequency

Fosc (MHz) 11.0592 12 14.7456 16 20 SMOD
Baudrate
150 40h 30h 00h 0
300 AOh 98h 80h 75h 52h 0
600 DOh CCh Coh BBh Agh 0
1200 Es8h Egh E0h DEh Dsh 0
2400 F4h F3h FOh EFh EAh 0
4800 F3h EFh EFh 1
4800 FAh F8h F5h 0
9600 FDh FCh 0
9600 F5h 1
19200 FDh FCh 1
38400 FEh
76800 FFh




Interrupt System

» External Interrupts
» Timer Interupts

» UART Interrupts
-

» Interrupt requests bits:

s |[EO, IE1, TFO, TF1, TF2, EXF2, RI, Tl
» Individual interrupt masks:

« EXO, EX1, ETO, ET1, ET2, ES
» Global interrupt mask — 1bit EA

22



Interrupt System
|

|IEO
|IE1
TFO
TF1
RI
Tl
TF2
EXF2

Vi

23



Z Interrupt Priorities
» Interrupt of higher priority level interrupts the
execution of lower priority level interrupt

» The final cycle in the execution of the instruction
cannot be interrupted

» RETI or any access to the IE or IP registers
cannot be interrupted

Source Priority Within Level
IEO (highest)
TFO
IE1
TF1
Rl + Tl
TF2 + EXF2 (lowest)

DW=

24



Z Interrupt Vectors

» Interrupt vectors are fixed to the beginning
of instruction memory

» If interrupts are used, the first instruction
must be LCALL (3B) to the main program

Source Vector Address
IED 0003H
TFO 000BH
IE1 0012H
TF1 001BH

Rl + Tl 0023H
TF2 + EXF2 002BH




Z Addressing Modes

» Direct Addressing (e.g. ADD A, 7FH)

s operand is specified by an 8-bit address field in
the instruction, only lowest 128B of internal Data
RAM and SFRs can be directly addressed

» Indirect Addressing (e.g. ADD A, @RO)

= instruction specifies a register which contains the
address of the operand. Both internal and
external RAM can be indirectly addressed.

= The address register for 8-bit addresses can be
RO or R1 of the selected register bank, or the
Stack Pointer. The address register for 16-bit
addresses can only be the 16-bit "data pointer”
reqgister, DPTR.

26



Z Addressing Modes

» Immediate Addressing (e.g. MOV A, #100)

= The value of a constant is included in the
Instruction opcode in Program Memory

» Register Direct (e.g. ADD A,R7)

s registers RO through R7 (from current bank), can
be accessed by 3-bit register specification within
the opcode of the instruction

27



Z Addressing Modes

» Indexed Addressing (e.g. MOVC A, @A+PC)

s Only Program Memory can be accessed with
Indexed addressing, and it can only be read. This
addressing mode is intended for reading look-up
tables in Program Memory.

= A 16-bit base register (either DPTR or the Program
Counter) points to the base of the table, and the
Accumulator is set up with the table entry number.

» The address of the table entry in Program Memory
is formed by adding the Accumulator data to the
base pointer.

28
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Arithmetic Instructions

Execution Time in X1
Mode
Mnemenic Operation Addressing Modes @12 MHz (us)
Im

Dir Ind | Reg m
ADD A, <byt>e | A=A + <byte> X X X X
ADDC A, A=A+ <bytes + C X |x |x |x i
<byte=
SEES}A. A=A—<byte=-C X X X x 1
INC A A=A+ Accumulator only 1
INC <byte= <byte= = <byte= + 1 X X X 1
INC DFTR DFTR =DFTR + 1 Data Pointer only 2
DEC A A=A-1 Accumulator only 1
DEC <byte= <lwte= = <byte= — 1 X X X 1
MUL AB BA=B=A ACC and B only 4
DIV AB A :,33}5&‘[’2}5] ACC and B only 4
DA A Decimal Adjust Accumulator only 1

29
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Logical Instructions

Execution Time

Mnemonic Operation Addressing Modes @ 12ZMHz (ps)
Dir Ind Reg | Imm

ANL A, <byte= A=A AND <byte= X X X by 1

ANL <byte> A | <byte> = <byte> AND A X 1
< -

ANL <byle> # | _pytes = <byte> AND # data X 2

data ’

ORL A, <byte> | A = A OR <byte> X X X X 1

ORL <byte>. A | <byte> = <byte> OR A X 1

ORL <Dyte>.# | vte> = <byte> OR # data X 2

data :

XRL A, =byte= A=A XOR =byte= X X x X 1

XRL <byte> A <byte= = <byte= XOR A X 1
< =

;‘;; bYe> # | cpytes = <byte> XOR # data X 2

CLR A A =00H Accumulator only 1
CLFP A A=NOTA Accumulator only 1
RL A Rotate ACC Lefi 1 bit Accumulator only 1
RLC A Rotate Left through Carry Accumulator only 1
RR A Rotate ACC Right 1 bit Accumulator only 1
RRC A Rotate Right through Carry Accumulator only 1
SWAP A Swap Nibbles in A Accumulator only 1

30



Boolean (Bit) Instructions

Vi

Execution Time

Mnemonic Operation @ 12ZMHz (us)
ANL C bit = C AND bit 2
AMNL C /bit C =C AND (NOT bit) 2
ORL C,bit C =C OR bit 2
ORL C,/bit C =C OR (NOT bit) 2
MOV C bit C = bit 1
MOV bit,C bit=0C 2
CLRC Cc=0 1
CLR bit bit=0 1
SETBC c=1 1
SETB bit bit = 1 1
CPLC C=NOTC 1
CPL bit bit = NOT bit 1
JC rel JumpifC=1 2
JMNC rel JumpifC =0 2
JB bit,rel Jump if bit = 1 2
JMB bit,rel Jumpifbit=0 2
JBC bit,rel Jump if bit=1; CLR bit 2

31
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Data Transfers

» Internal data RAM

Execution Time

Mnemonic Operation Addressing Modes @ 12MHz (us)
Dir | Ind | Reg | Imm

MOV A, <srcs A = <src= X X X b 1
MOY =dest=, A <(est= = A X X X 1
TS?;‘:”ESU’-' <dest> = <src> X X X X 2
MOV DPTR, # DPFTR = 16-bit immediate

data 16 constant X 2
PUSH <src= INC SP: MOV "@SP", <scr= X 2
POF <dest= MOV «<dest=, "@SP": DEC SP X 2
XCH A, <byte> ACC and <byte> Exchange Data | X X X 1
XCHD A, @RI ﬁﬁ;;ﬁnd @ Ri exchange low X '

32
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» External data

RAM

Data Transfers

Execution Time
Address Width Mnemonic Operation @ 12MHz (us)
8 bits MOVX A, @Ri DA %Eg:"" 2
8 bits MOVX @ Ri, A “gfrjggia' 2
16 bits MOVX A, @ DPTR Szlf:f ggﬂ'}‘: 2
16 bits MOVX @ DPTR, A ;ﬂ:ﬁféﬂggj% 2

» Program ROM

Execution Time

Mnemonic Operation (@ 12MHz (us)
MOWVC A, @A + DPFTR Read Pgm Memory at (A + DPTR) 2
MOVC A, @A + PC Read Pgm Memory at (A + PC) 2

33



4 Example: Lookup Table

» Example: NBC—ASCII (0-9 digits)

MOV A,NBC_NUMBER
LCALL TABLE

TABLE: INC A
MOVC A, @A+PC
RET
DB 48
DB 49
DB 50

DB 51



Execution Time
Mnemonic Operation Addressing Modes @ 12MHz (us)
DIR | IND REG | IMM
JZ rel Jump ifA=0 Accumulator only 2
JNZ el JumpitA=0 Accumulator only 2
Decrement and jump if
DJNZ <byte= rel not zero X X 2
CJNZ A <byte= rel Jump if A = <byte= X X 2
CJNE <byte= #data,rel Jump If <byte=> = #data X X 2
Mnemonic Operation Execution Time @ 12MHz (us)
JMP addr Jump to addr 2
JMP @A + DPTR Jump to A + DPTR 2
CALL addr Call subroutine at addr 2
RET Return from subroutine 2
RETI Return from interrupt 2
NOP Mo operation 1

4 (Conditional) Jump Instructions

35



Z Example: Jump Table

MOV DPTR,#JUMP_TABLE

MOV A, INDEX NUMBER

RL A

JMP @A+DPTR
JUMP_TABLE:

AJMP  CASE_ 0
AJMP  CASE_1
AJMP  CASE 2
AJUP  CASE_3
AJMP  CASE 4
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Example: Loop

» Loop control with DJNZ instruction
(Decrement and Jump if Not Zero)

MOV COUNTER, #10
LOOP:

(begin loop)

*k

%k
%k

(end loop)
DINZ COUNTER, LOOP

37



4 Program Status Word Register

(MSB) (LSB)
CY AC FO RS1 RS0 ov - P
Symbol Position Name and Significance
cY PSW.T Carry flag
Auxiliary Carry flag.
AC PSW.6 (For BCD operations.)
- Flag 0
Fo PSW.S (Available to the user for general purposes.)
Reqgister bank Select control bits 1 & 0. Set/clearad
RS PS4 by software to determine working register bank (see
Note).
RS0 PSW.3
ov PSW2 Owverflow flag.
PSW.1 (reserved)
Parity flag.
P PSW.0 Set/cleared by hardware each instruction cycle to

indicate and odd/even number of “one” bits in the
accumulator, i.e., even parity.

Mote:

The contents of (RS1, RS0) enable the working register banks as follows:
(0.0)-Bank 0(00H-07H)
(0.1)-Bank 1(08H-0FH)
(1.0)}-Bank 2(10H-17H)
(1.1)}-Bank 3(18H-1FH)
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Z Programming Resources

» SDCC - Small Device C Compiler (GPL)

s optimizing ANSI - C compiler for Intel 8051, Maxim
80DS390, Zilog Z80, Motorola 68HCO08, Microchip
PIC16 and PIC18

s platforms: Linux,Windows,Mac OS X
= http://sdcc.sourceforge.net

» KEIL Embedded Development Tools (commercial)

« C compilers & assemblers, integrated environments for
ARM7/ARMY9/Cortex-M3, XC16x/C16x/ST10, 251, and
8051 MCU families

= Evaluation software with few limitations available!

s http://www.keil.com
39
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Vi

Programming Resources

» Raisonance Embedded Development Tools

= http://www.raisonance.com

8051 SOFTWARE TOOLS

| |PRODUCTS

Evaluation Compiler . .

. LITE Package Enterprise Suite

Tool Part number ‘éf‘er;?go:{l RKitL51 a?:i(;j!_e RIGLES 1
|IDE IRIDE [ * | 32kb | x | x
|Macrn assembler |MA-51 | * | 32kb | ® | *
|Cnde banking linker |LX—51 | * | 32kb | * | *
|utilities IUTIL51 [ * | 32kb | * | x
ANSI C compiler RC-51 * |<4kb 32kb * *
dSie";ﬂ'ga;::” SIMICE-51 * 32kb 4kb -
|ROM- monitor IMON-51 [ * | 32kb | 4kb | *
|Tin]r RTOS |KR—51Tiny |3 tasks | 8 tasks | 3 tasks | *
|Script5 | RIDEscript | # | * | #® | #
|CudeCr.}mpre550r |EEDmp—51 | (1} | (1) | (1) | =
Peripheral
Development Kit L] .
Multiproc. .
simulation R i
RTOS KR-51 ik
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Device Programming

Vi

» Flash Programmers
» ISP Programmers
» Debugging Interfaces

41
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Simple ISP Programmer

» Lots of free designs on the Internet:

http://www.amwaw.edu.pl/~adybkows/elka/ispprog.html

12
ISP
B8 ISP Programmer = =
1 S Created by Adam Dybkowski “1999-2006
/c;\ 1 STEORE J) Reset DN Current BESET statuz:  ON AR »| FASTEST =+ Hz Setup
o 14 AUTOLF Feset OFF | Device signature: ATmegal 28, Flash: 128 KB, EEPROM; 4036 bytes
O fj B —— e Restart
Tl GhD RS P o ropanriog FEPAON. APROGCntakmatsnre e EFFOMHEX 2 (3
o 4116 IHIT 1 UEX ALVC244 H File for programming User Sig.: > _}
o > 17 SLLTIN 97 ¥l 18 RESRT Fil d Flash into: CATEMPflash 3
3 2 16 OS5l ——=- lle to read Flash into: 8 lazh.hex = L3
O 5 ) &1 Y2 T 5CF — File taread EEPROM into: ~ C:ATEMPhesprom. hex =
© o fi i i% E 12 - File to read User Sig. into: = (A
o 2 £ aa Eese | [ FesdFasn | [ Pomblesh ey Flah fuio..
o o é[l vorC 20 vee GND 10 Fiead EEPROM Pgm EEFROM ‘erify EEPROM Fuse and lock bits
o T GHD Bl
a - —
o & X 110101 / 131072 (84%)
o 10 LCE
o 23
o 11
o f;‘ AT89S2051, AT89S4051, AT89S51, AT89S52, AT89S53, AT89S8252, AT89S8253
o N S AT90S1200, AT90S2313, AT90S2323, AT90S2333, AT90S2343, AT90S4414, AT90S4433, AT90S4434, AT90S8515,
\\c: 13 AT90S8535, AT90CAN32, AT90CANG4, ATOOCAN128, ATOOPWM2, AT90PWM3, AT90USB646, ATO0USB647,
BT AT90USB1286, ATO0USB1287
@D ATtiny12, ATtiny13, ATtiny15, ATtiny24, ATtiny25, ATtiny26, ATtiny44, ATtiny45, ATtiny84, ATtiny85, ATtiny261, ATtiny461,

ATtiny861, ATtiny2313
ATmega48, ATmega8, ATmega88, ATmega8515, ATmega8535, ATmega16, ATmega161, ATmega162, ATmega163,
ATmega164P, ATmega165P, ATmega168, ATmega169, ATmega3d2, ATmega323, ATmega324P, ATmega325,
ATmega329, ATmega64, ATmega128, ATmega640, ATmega644, ATmega644P, ATmega645, ATmega649, ATmega1280,
ATmega1281, ATmega2560, ATmega2561, ATmega3250, ATmega3290, ATmega6450, ATmega6490
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