Microprocessors and Microcontrollers

Microprocessors and microcontrollers stem from the same basic idea, are made by the
same people. and are sold to the same types of system designers and programmers. What
i the difference hetween the two?

Microprocessors

A micraprocessor, 35 the term has come to he known, 15 a general-purpose digital com-
puler central processing umit (CPU). Although popularly known 25 a “computer on a
chip,” the microprocessor is in 0o sense  complete digital computer.

Figure .1 shows a hlock dtagram of a microprocessor CPU, which contains an anith-
metic and logic unit (ALU), a program counter {PC), 2 stack pointer (SP), some working
registers, a clock faning circuil, and interrapt circuits.

To make a complete microcomputer, one must add memory, usually read-only pro-
gram memory (ROM) znd random-access data memory (RAM}, memory decoders. an
oscillator, and & number of input/ovtput (10} devices. such as parallel and serial data
ports. Additionaliy, special-purpose devices. such as interrpt handlers, or counters, may

FAIGURE 1.1 A Block Diagram of a Microprocesser
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be added to reheve the CPU from time-consuming counting or iming chores. Equipping
the microcomputer with a mass storage device, commonly a floppy disk drive, and VO
peripherals. such as 3 keyboard and 9 CRT display, vields a small computer that ¢an be
applied to a range of general-purpose software applications,

The key term in describing the design of the microprocessor is * general prrpose.”
The hardware design of a microprocessor CPU is arranged so that a small. or very large,
system can be configured around the CPU as the application demands. The internal CPU
architecture, as well as the resultunt machine level code that operates that architecture. is
comprehensive but as ficxible as possible.

The prime use of a microprocessor is to feich data, perform extensive calculations on
that data, and store those calculations in a mass storage device or display the results for
human vse. The programs used by the microprocessor are stored in the mass storage de-
vice and loaded into RAM as the user directs. A few micmprocessor programs are stored
in ROM. The ROM-based programs are primarily small fixed programe that operate pe-
cipherals and other fixed devices that are connceted to the system, The design of the mi-
croprocessor is driven by the desire to make it as expandable as possible, in (he expecta-
non of commercial success in the marketplace,

Microcontrollers

Figure 1.2 shows the block diagram of a typical microconroffer, which is a true compurer
on a chip. The design incorporates all of the features found in & micraprocessor CPLU
ALU, PC. SP. and registers, it also has added the other (eatures needed 10 make a com-
plere computer: ROM, RAM, purallel 170, senal 70, counters, and a clock circuit.

Like the microprocessor, a micracontroller is a peneral-purpose device, but onc
which is meant to fetch data. perform Timited calculations on that data. and control its

FIGURE 1.2 A Block Diagram of a Microcontroller
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8051 Microcontroller Hardware

The 8051 microcontroller actually includes a whole fumily of microcontrollers that have
numbers ranging from 8031 to 8751 and are available in N-Channel Metal Oxide Silicon
(NMOS) and Complementary Metal Oxide Silicon (CMOS) construction in a variety of

Two type of Architecture
1. Von Neumann: Have same memory for Program & Data
2. Harvard: Separate memory for Program and Data
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8051 Block Diagram
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package types. An enhanced version of the 8051, the 8052, also exists with its own family
of variatians and even includes nne member that can he programmed in BASIC, This gal-
axy of parts. the result of desires by the manufacturers to keave no market niche unfitled,
would require many chapters to cover. [n this chapter. we will study a “generic' 8051,
housed in a 40-pin DIP, and direct the investigation of a particular type to the data baoks,
The block diagram of the 8051 in Figure 2, 1a shows all of the features unique 10 micro-
controllers;

Internal ROM and RAM

170 ports with programmable pins

Timers and counters
Scrial data commumicution



FIGURE 2.1b 8051 Programming Model
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The figure alw thows the usual CPU camponents; pragram connter, ALLL working regis-
ters, and clock ciecunts.'
The 8051 architecture consists of these specific features:

Eight-bit CPU with registers A ((the accumulator) and B
Siateen-bit program counter (PC) end data pointer (DPTR)
Eight-bit program starus woed (PSW)
Eight-bit stack pointer (SP)
Internal ROM or EPROM (8751) of 0 (8031) to 4K (8051)
Internal RAM of 128 byes:
Four register banks, each containing eight registers
Sixteen hvtes, which may be addressed ot the hit level

Fighty hytes of general -purpose data memory
Thirtytwo input/output pins arranged as four 8-bit ports: PO=P3
Two 16:-bat timer/counters: TO aad T1
Full duplex senal data receiver/transmitter: SBUF
Control registers; TCON, TMOD, SCON, PCON, IP. and IE
Two external and three internal intermupt sources
Oscillator and clock circuits

The programming model of the 8051 in Figure 2, 1b shows the 8051 as a collection of
8- and 16:bit registers and 8-bit memory locations. These registers and memory locations
can be made to operate using the software instructions that 2re incorporated as part of the
design. The program instructions have to do with the control of the registers and digital
data pathe that are physically contained inside the K051, as well as memory locations that
are phystcally Jocated outside the 3051,

The model is complicated by the number of special-purpose registers that must be
resent to make a microcomputes a microcontroller, A cursory inspection of the model is
recommended for the first-ime viewer; returm to the model s needed while progressing
theough the remainder of the text.

Most of the registers have a specific function; these that do occupy an individual
block with a symholic name, such as A or THO or PC. Others, which are generally indis-
tinguishable from cach other, are grouped in a larger block. such as internal ROM or
RAM memary.

Each register, with the exceplion of the program counter, has an internal 1-byte ad-
dress assigned (o it, Some registers (marked with an asterisk * in Figure 2.1b) are both
byte and bit addressable. That is, the entire byte of data at such register addresses may be
read of altered, or individual bits may be read or altered. Software instructions are gener-
ally able 1o specify a register by its address, its symbolic name, or both.

A pinout of the K081 packaged in a 40-pin DIP is shown in Figure 2.2 with the full
and abbreviated names of the signals for each pin. 1t is impoetant to note thay many of the

'Knowledge of e denyils of cirouil cperation that cannot be affected by ary instruction e external data, while
el lecrually stamlating, tende 1o confuse the sudent new to the 8051, For this reason, this 1ea will coacentraie
o 1 essential featmmes of the RO 1, the moee advanced student may with % refer 1o manufacturers” dats hooks
fov atdGonal information.



FIGURE 2.2 8051 DIP Pin Assignments

1 PO U Vee 40

Peet 1 8RO
Port 1Bt )
Port | B2
Pt 1843
Port ] B4

Port 1 B S

Port 1 Bit6
Port 1 Bit7

Reset Irput

Port 3BNO
(Recewe Dats)

Pot 3Bit 1
DCMIT Data)

Port 3Bit 2
(Imterrupt D)

Port 3 Bit 3
{Inteerupt 1)

Port 3814
{Timer 0 Input)
Port 380 %
(Timee | Inputl

Port 3606
(Write Strobe)

Port 3B 7
{Read Strobe)
Crystal Input 2
Crysiy [mput 1

Ground

2 L
1 FL2
K

5 PlLA

6 PLS

7 P16

g P17

9 RST

10 P3.0MRXD)
1 P
12 P3.20NTO)
13 PALIONTY)
14 P2A(TO)
15 PIA(TI)
16 PLEWR)
17 PLIRDI
18 XTAL2

19 XTALI

20 Vss

(ADOIPO.0 39
{(ADPO 1 38
(M02P0.2 37
(ADIPD3 36
{(ADAIPO.4 35
(AD5IPO.5 34
(ADEIPO.6 33
RO7PO.7 32
(VpeVEA 31
[PROGIALE 30
PSEN 29
M5P2.7 28
A4)p26 27
wIHP2Y 26
M12P24 25
(*11P2.3 24
MOP2.2 23
WaP2.1 22

(RBIP2.0 21

5

Pod O BitO
(AgdresData 0)

Pot OB
(Addvess/Data 1)

Fort OBt 2
{Addeuss/Data 2)

Port 0 Bit3
(Address/Oata 3)

Pt 0814

Address/ Data 4)

Pord OBt §
(AddressData 5}

Port 0 Bit6
(Address/Data 6)

Pt 0Bt 7
{Address/Data 7)
External Enable

(£ PROM Pregramaning Voitage)
Address Lalch Enble
{EPROM Program Pulse)

Program Store Enable

Port 28117
[Adess |5
Port 28116
(Address 14)
Peet 2B S
{ANddrass 13

Port 28it4
(Addess 12)

Pt 2813
[Address 1)
Port 20112
(Adaeess 1)
Pert 2Bit 1
(Address 9
Port 20100
(Address B)

Note: Alternate functions are shown below the port name (in parentheses). Pm num-
bers and pin names are shown inside the DP package.



pins are used for maore than one function (the allernate functions are shown in parentheses
in Faguee 2.2). Not all of the possible 8051 features may be used af the same time.

Programening instructions or physical pin connections determine the use of any multi-
function pins. For example, port 3 bit 0 (abbrevisted P3.0) may be used a5 a general-
purpose 10 pin, or as an input (RXD) to SBUF, the serial data receiver register. The
system designer decides which of these two functions is 1o be used and designs the hard-
ware and software aflecting that pin accordingly.

The 8051 Oscillator and Clock

The heart of the 8051 is the circuitry that generates the clock pulses by which all internat
operations are synchronized. Pins XTALI and XTAL2 are provided for connecting a reso-
nant network to form un oscillator. Typically, a quartz crystal and capacitors are em-
ployed, as shown in Figure 2.3. The crysial frequency is the basic internal clock fre-
quency of the microcontroller, The manufacturers make available 8031 designs that can
run a specified maximum and minimum frequencies, typically | megahertz to 16 mega-
hertz, Minimum frequencies imply that some internal memories are dynamic and must
always operate above a minimum (requency, or data will be lost,

Communication needs ofien dictate the frequency of the oscillator due to the require-
ment that internal counters most divide the basic clock rate to yield standard communica-
tion hit per secand (haud) rates, [f the hasic clock frequency is pot divisible without a
remainder, then the resulting communication frequency is not standard,

FIGURE 2.3 Oscillator Circuit and Timing
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Ceramic resonators may be used as a low-cost alterative to erystal resonators, How-
ever, decreases in frequency stability and accuracy make the ceramic resonator a poor
choice if high-speed serial data commanication with other systems, or critical timing, is to
be done,

The oscillator formed hy the crystal, capacitors, and an on-chip inverter generates a
pulse train at the frequency of the crystal, as shown in Figure 2.3,

The clock frequency, f, establishes the smalles interval of time within the micro-
controller, called the pulse, P. time. The smallest interval of time to accomplish any
simple instruction, or part of a complex instruction, however, is the machine cycle, The
machine cycle 1 self made up of six states. A state is the basic time interval for discrete
operations of the microcontroller such as fetching an opeode byte, decoding an opeode,
executing an opcode. or writing a data byte. Two oscillator pulses define cach state.

Program instructions may require one, two, or four machine cycles to be exceuted,
depending on the type of instruction. Instructions are fetched and executed by the micro-
controller sutomatically, beginming with the instruction located at ROM memory address
0000 ot the time the microcontroller is first reset.

To calculate the time any particular instruction will take to be executed, find the num-
ber of cycles, C, from the Yist in Appendix A. The time 10 execute thal instruction is then
found by multplying C by 12 and dividing the product by the crystal frequency:

Cx 1M
crystal frequency
For example, if the crystal frequency s 16 megahertz, then the time 10 execute an ADD
A, R1 one-cycle instruction is .75 microseconds. A 12 megahertz crystal yiekds the con-
venient time of one microsecond per cycle. An 11.0592 megahertz crystal, while seem-
ingly an odd value, yields a cycle frequency of 921.6 Kilohertz, which can be divided
evenly by the standard communication baud rates of 19200, 9600, 4800, 2400, 1200, and
300 hertz.

Program Counter and Data Pointer

The 8051 contzins two 16-bit registers: the program counter {PC) and the data pointer
(DPTR). Each is used to hold the address of a byte in memory.

Program ingtruction bytes are ferched from locations in memory that are addressed by
the PC, Program ROM may be on the chip at addresses 0000h 1 OFFFh, external to the
chip for addresses that exceed OFFFh. or totally external for all addresses from 0000h to
FFFFh. The PC is automatically incremented after every instruction byte is ferched and
may also be altered by cortain instructions, The PC is the only register that does not have
an internal address.

The DPTR register is made up of two 8-bit registers, named DPH and DPL, that are
used to furnish memory addresses for internal and external code access and external dats
access. The DPTR is under the control of program mstructions and can be specified hy its
16-bit name, DPTR, or by each individual byte name, DPH and DPL,, DPTR docs not
have a single internal address; DPH and DPL are cach assigned an address

A and B CPU Registers

The 8051 contains 34 general-purpose, or working, registers, Two of these, registers A
and B, comprise the mathematical core of the 8051 central processing unit (CPU). The
other 32 are arranged as part of internal RAM in four banks, BO-B3, of eight registers
cach, named RO to R7.

Tinst =



FIGURE 2.4

The A (accomulator) register is the must versatile of the two CPL registers and s
used for many operations, including addition, subtraction, integer multiplication and divi-
sion, and Boolean bit manipulations. The A register is also wsed for all data transfers be-
tween the 8051 und any external memory, The B register is used with the A regrister for
maltiplication and division operations and has no other function other than as 3 Yocation
where data may he stored.

Flags and the Program Status Word (PSW)

Flags are 1-bit rogisters provided to store the results of certain program instrictions. Other
instructions can test the condition of the flags and make decisions based upon the flag
states. In order that the flags may be conveniently addressed, they are grouped inside the
program status word (PSW) and the power control (PCON) registers.

The R0S1 has four math Mlags that respond automatically to the outcomes of math
operations and three general-purpose user Mlags that can be set 10 1 or cleared to 0 by the
programmer a5 desired. The math flags include carry (C), auxiliary carry {AC), overflow
(OV), and panty (P). User flags are named R, GO, and GF 1. they are general purpase
flaps that may be nsed by the programmer to record some event in the program. Note that
il of the Nags can be set and cleared by the programmes at will. The math fags, howewer,
are also affected by math operations,

The program status word s shown in Figure 2.4, The PSW contains the math flags,
user progeam fag FO, and the register select bits that identify which of the four gencral-
purpose register banks is corrently (n use by the program. The remaining fwo user flags,
G0 and GF 1. are stored in PCON, which is shown in Figure 2,13,

PSW Program Status Word Register
? 6 5 & 3 2 1 0
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THE PROGRAM STATUS WORD (PSW) SPECIAL FUNCTION REGISTER
Bit  Symbol  Function

7 cy Carry flag; used 0 anthmetic, JUMP, ROTATE, and BOOLEAN instructions

6 AC Avwiary carry flag. used for BCD anthmetc

5 0 User flag 0

4 RS1 Register bank select bt 1

3 RS0 Register bank select it 0
RS! RSO
0 0 Select register bank 0
0 1 Sefect register bank 1
1 0 Select register bank 2
1 1 Sedect register bank 3

2 o Overflow flag; used i anthmetic instructions

1 - Reserved for future use

0 p Panity flag: shows panty of regster A. 1 = Cdd Panty

Bt addrecsable s PSW.0 to PSW.7?



Detailed descriptions of the math flag operations will be discussed in chaplers that
cover the opcodes that aftect the flags, The user lags can be set or cleared using data move
instractions covered in Chapter 3.,

Internal Memory

A functioning computer must have memory for program code bytes, commonly in ROM,
and RAM memory for variable data that can be altered 3¢ the program runs, The 8051 has
internal RAM and ROM memory for these functions. Additional memary can be added
externally using suitable circuits,

Unlike microcontrollers with Von Neumann architectures, which can use a single
memory address foe either program code or data, i not for both. the 805 | has a Harvard
architecture. which uses the same address, in different memories, for cods and data. In-
ternal circuitry accesses the correct memory based wpon the natuse of the operation in

progeess.

Internal RAM

The 128-byte internal RAM. which s shown generally in Figore 2.1 and in detail in Fig-
ure 2.5, i organized into three distinet areas:

1. Thirty-two bytes from address 00n to 1Fh that make up 32 working registers or-
ganized as four banks of cight regisiers cach. The four register banks are num-
bered 0 1o 3 and are made up of cight registers named RO to R7, Each register
can be addressed by name (when its bank is selected) or by its RAM address.
Thus RO of bank 3 15 RO (1f bank 3 15 currently sehected) or address 18k (whether
hank 3 15 selected or not). Bits RSO and RS1 in the PSW determine which bank
of registers is currently in use at any time when the program 1s ruaning. Register
bhanks not sclected can he used as general-purposs RAM. Bank 0 is selected
upon reset.

2, A bitmddressable area of 16 bytes occupics RAM byte addresses 20h to 2Fh,
forming a total of 128 addressable bits. An addressable bil may be specified by
its bir address of 00h to TFh, or 8 bits may form any byre address from 20h 10
2P, Thus, for example, bit address 4Fh is also bit 7 of byte address 29h. Ad-
dressable bits are useful when the program need only remember a binary event
(switch on, light off. etc.). Internal RAM is in short supply as it is, so why use a
byte when a bit will do?

3, A general-purpose RAM area above the bit area, from 30h to 7Fh, addressable
28 byles.

The Stack and the Stack Pointer

The stack refers 1o an area of internal RAM that is used in conjunction with cerain op-
codes to store and retrieve data quickly. The 8-bit stack pointer (SP) register 1s used by the
8051 to hold an internal RAM address that is colled the “top of the stack.” The address
held in the SP register 15 the location  internal RAM where the last byte of data was
stored by a stack operation.

When data is to be placed on the stack, the SP inceements before storing data on the
stack so that the stack grows up as data is stored. As data is retvieved from the stack, (he
byte is read from the stack, and then the SP decrements 1o point to the next available byte
of stored data.



FIGURE 2.5 Internal RAM Organization
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Operation of the stack and the SP is shown 1n Figure 2.6, The SP is set to 07h when
the 8051 is reset and can be changed 1o any internal RAM address hy the programiner.

The stack is limited in height o the size of the internal RAM, The stack has the poten-
tial (if the programmer is not careful to limit its growth) to averwrite valuable dota in the
register banks, bit-adkdressable RAM, and scratch-pad RAM areas. The programmer is
respansible for making sure the stack does not grow beyond pre-defined bounds!

The stack is normally placed high in intemal RAM, by an appropriate choice of the
number placed i the SP register, (o avoid conflict with the register, hit. and scratch-pad

internal RAM areas,



FIGURE 2.6 Stack Operation
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The 8051 operations that do not use the internal 128 byte RAM addresses feom 00h to 7Fh
are done by a group of specific internal registers. each called a special-function register
{SFR), which may be addressed much like internal RAM, using addresses from Sih
10 FFh.

Some SFRs (marked with an asterisk * in Figure 2. 1b) are also bit addressable, as is
the case for the bit area of RAM. This featare allows the programmer (o change only what
needs to be altered, leaving the remaining bits in that SFR unchanged.

Not !l of the addresses from 80h to FFh are used for SFRs, and attempting to use an
address that is not defined, or “empty,™ results in unpredictable results. In Figure 2. 1b,
the SFR addresses are shown in the upper right corner of each block, The SFR names and
equivalent internal RAM addresses are given i the following table:

INTERNAL RAM
NAME  FUNCTION ADDRESS (HEX)
A Accumulator 080
B Anthmeti 0:0

DPH Addressing extormal memory 83
DPt Addeessing extereal memory 82

IE Intetrupt enable contral 0AS
P Interrupt peiority 088
1] Inputtoutput port latch 80
P1 Irputfoutput port latch 90
P2 Inputfoutput peet latch A
P3 Irputfoutput port latch 080
PCON Power control 87
psw Progracn status word Do
SCON  Serial port control 98
SBUF Serial port data buffer 9

Continued



INTERNAL RAM

NAME  FUNCTION ADDRESS (HEX)
Continved
Sp Stack pornter 81
TMOD  Timwefcanmter moge control 89
TCON Timet 'counter cantrol 88
o Timer 0 low byte 8A
THO Timer 0 high byte 8C
Al Tumer 1 low byte &8
™1 Tener 1 high hyte &0

Note that the PC is not part of the SFR and has no internal RAM address

SFRs are named in certain opeodes by their functionzl names, such s A or THO, and
are referenced by other opcodes by their addresses, such as 0EOh or 8Ch. Note that any
address used in the program miesr start with & number; thus address E0h for the A SFR
begins with 0. Failure to use this number convention will result in an assembler error
when the progrom is assembled,

Internal ROM

The 8051 15 organized so thal data memory and program code memory can be in two
entirely different physacal memory entities. Each has the sume address ranges,

The structure of the internal RAM has been discussed previously. A corresponding
block of internal program code. contained in an internal ROM, occupies code address
space 000K 10 OFFFh. The PC 18 ordinarily used 10 address program code bytes from
addresses (000h 10 FFEFh . Program addresses higher than OFFFh, which exceed the inter-
nal ROM capacity, will cause the 8051 1o automatically fetch code bytes from externa!
program memory, Code bytes can also be fetched exclusively from an external memory,
addresses 0000 1o FFFFh, hy connecting the external sccess pin (EA pin 31 on the DIP)
to ground. The PC does not care where the code is, the circuit designer decides whether
the code is found totally in internal ROM, totally in external ROM, or in a combination of
internal and external ROM,

Input/Qutput Pins, Ports, and Circuits

One major feature of @ microcontroller is the versatility built into the input/outpat (1/()
circuits that connect the BIS1 ta the outside world. As noted in Chapter |, microprncessor
designs must add additional chips to interface with external circuitry; this ahility is built
s the microcontreller.

To be commercially viable, the 8051 had to incorporate as many functions as were
technically end economically feasible. The main constraint that limite numerous functions
is the number of pins available to the 8051 circuit designers. The DIP has 40 pins, and the
sueeces of the design in the marketplace was determined by the flexibility built into the use
of these pins.

For this reason, 24 of the pins may cach be used for one of two entirely different
functions, yielding 2 total pin configuration of 64. The function 2 pin performs at any
wven instant depends, first, upon what 15 physically connected o it and, then, upon what
software commands are used 1o “program” the pin. Bath of these factors are under the
complete control of the R0S1 programmer and circuit designer.



Given this pin ficxibility, the 8051 may be applied simply 25 a single component with
170 only, or it may he expanded to include additional memory, parsllel ports, and serial
data communication by using the alternate pin assignments. The key to programming an
altermate pin function 1s the port pin circoitry shown in Figure 2.7,

Each port hus a D-type output Jasch for each pin, The SFR for each poct is made up
of these eight latches, which can be addressed at the SFR address for that port. For in-
stance, the eight latches for port 0 are addressed at location 80h: port 0 pin 3 is bit 2 of the
P SFR. The port iatches should not be confused with the port pins; the data on the latches
does not have 10 be the same as that on the pins.

The two data paths wre shown in Figure 2.7 by the circurts that read the latch or pin
data using two entirely separate buffers. The top buffer is enabled when latch data is read,
und the lower buffer, when the pin state is read, The stutus of cach latich may be read from
a latch buffer, while an input buffer is connected dircctly to each pin sa that the pin status
may be read independently of the latch state.

Different opeodes access the latch or pin states as appeopnate, Port operations are
determined by the manner in which the 8051 1s conaceted to external circuitry,

Programmable port pins have completely different alternate functions. The configura-
tion of the control circuitry hetween the output latch and the port pin determines the natyre
of any particular port pin tunction, An inspection of Figure 2.7 reveals that only port i
cannot have alternate functions; ports 0, 2, and 3 can be programmed,

The ports are pot capable of driving loads that require cerrents in the tens of milli-
amperes (mA). As previously mentioned, the 8051 has many family members, and many
are fabicated n varying techrologics, An cxample range of logic-level currents, solt.
ages, and total device power requirements is given in the following table:

Parameter V, |, v, I v, |, Vo P,
CMOs 24V -60uA 4S5V 16ma 9V [0pAl 14V [10uA]  SOmW
NIOS 24V -80uA 45V 16mA BV -B00gA 20V  10uA  BOOmMW

These figures tell us thar driving mose than two LSTTL inputs degrades the noise
immunsty of the ports and that careful atteation must be paid to buffering the ports when
they must drive cucrents in excess of those listed. Again, one must reler 1o the manufac-
turers” data books when designing a “real™ application.

Port 0

Port 0 pins may seeve as inputs, outputs, oe, when used together, as a hi-directional bove-
order address and data bus for external memory. For example, when a pin is to be used as
aninput, & 1 must be writien to the corresponding port 0 latch by the program, thus turn-
ing both of the output transistors off, which n tora causes the pin 10 “fost™ in 2 high-
impedance state, and the pin is essentially connected 1o the inpat buffer.

When used as an output, the pin latches that are programmed 10 a 0 will turn on the
lower FET, grounding the pin. All |atches that are programmed 10 a 1 still float; thus,
external pullup resistors will be needed to supply a logic high when using port 0 as an
output.

When port 018 used as an address bus to external memory, internal control signals
switch the address lines 1o the gates of the Field Effect Transistories (FET2), A logic | on
an address bit will turn the upper FET on and the lower FET off to provide a logic high at
the pin, When the address bit is @ ze50, the lower FET (s on and the upper FET off



provide a logic low at the pin. After the address has been formed and latched into external
circuits by the Address Latch Enable (ALL) pulse, the bus is turned around (0 become a
dara bus, Port 0 now rcads data from the external memory and must be configured as an
input, so a Jogic 1 is automatically written by internal control logic to all port 0 latches.

Port 1

Part | pins have no dual functions. Therefore, the autput latch is connected directly to the
gate of the lower FET, which has an FET circuit labeled “Internal FET Pullup™ as an
active pullup Joad.

Used as an input, & 1 is written 1o the Jatch, turaing the lower FET off, the pin and the
inpat to the pin buffer are pulled high by the FET load. An external circuit can overcome
the high impedance pullup and drive the pin low (o input a 0 or leave the input high fora 1.

If used as an output, the latches containing 3 | can drive the input of an external
circut high theough the pullup. If a 0 is written to the latch, the lower FET is on, the
pullup is off, and the pin can drive the input of the external circuit low,

To axd in speeding up switching tmes when the pin is used as an ovtput, the internal
FET puilup has another FET in parallel with it. The second FET is turned on for two
oscillator time pesiods during a low-to-high transition on the pin, as shown in Figure 2.7.
This arrangement provides a low impedance path to the positive voltage supply to help
reduce rise times in charging any parasitic capacitances in the exiernal circuitry,

Port 2

Port 2 may be used as an input/output port similar in operation to port |, The alternate use
of port 2 is to supply a high-order address byte in conyunction with the port O low-order
byte to address external memory.

Port 2 pins are momentarily changed hy the address control signals when supplying
the high byte of a 16-bit address. Port 2 latches remain stable when external memory is
addressed, as they do not have Lo be tuened around (set to 1) for data input as is the case
for port 0.

Port 3

Poet 3 is an iput/output port similar to port | The input and output functions can be
programmed under the control of the P3 latches or under the control of various other spe-
cial function registers. The port 3 alternate uses are shown in the following table;

PIN ALTERNATE USE SFR
P30-RXD  Serid) data nput SBUF
P31-TXD Senal data cutput SBUF
P32-INT0  External interrupt 0 TCON 1
PI3-INTT  External inteerupt | TCON3
P34.70 External timer © input ™CO
P35-T1_ External timer 1 input T™CO

P36-WR External memory write pulse w—
p3.7-D External memory read pulse  —

Unlike ports 0 and 2, which can have external addressing functions and change all
cight port bits when in alternate use, cach pin of port 3 may be individually programmed
o be used cither 25 1/0O or as one of the alternate funclions.



External Memory

The system designer is not Timiated by the amount of internal RAM and ROM available
on chip. Two Scparate external memory spaces are made avaifeble by the 16-bit PC and
DPTR and by different control pins for enabling external ROM and RAM chips. Internal
control circuitry accesses the correct physical memory, depending upon the machine cycle
siae and the opcode being executed.

There are several reasans for adding external memory, particularly program memory,
when applying the 8051 in a system. When the project is in the prototype stage, the
expense—in time and money —of having 4 masked internal ROM made for each program
“try™ is proibitive. To alleviate this problem, the manufacturers make available an
EPROM version, the 8751, which has 4K of on-chip EPROM that may be programmed
and crased as needed as the program 15 developed, The resulting circuit board layout will
be sdentical o one that uses a factory-programmed 8051, The only drawbacks to the $751
are the specialized EPROM programmers that must be used to program the non-standard
40-pin part, and the limit of “only™ 4096 hytes of program code.

The 8751 salution works well of the program will fit into 4K bytes. Unfortunately,
many times, particularly if the program s written in a high-leve] linguage, the program
size excoeds 3K bytes, and an external program memory is needed. Agdin, the manufec.
turers provide & vession for the job, the ROMiless 803). The EA pin is grounded when
using the 8031, and ull program code is contained in an external EPROM that may be as
furge as 64K bytes and that can be programmed using standard EPROM programiers,

Exrernal RAM, which is accessed by (he DPTR, may also he needed when 128 hytes
of tnternal data worage is not sufficient. External RAM. up to 64K hyles, may also be
added 10 any chip in the 8051 family.

Connecting External Memory

Figure 2.8 shows the connections between an 8031 and an external memory configuration
consisting of 16K bytes of EPROM and 8K bytes of static RAM, The 8051 accesses exter-
nal RAM whenever certain program insteuctions ace executed. External ROM s accessed
whenever the EA (external access) pin is connected to ground or when the PC contsins an
address higher than the last address in the internel 4K hytes ROM (OFFFh), B0ST designs
can thus use internal and external ROM automarically: the BN31, having no internal ROM,
must have EA grounded.

Figure 2.9 shows the timing associated with an external memory actess cycle. Dur-
ng any memory xcess cyele, port O is ume multiplexed. That is, it first provides the
lower hyte of the 16-hit memory address, then acts as a bidirectional data hus to write or
read a byte of memory data. Port 2 provides the high byte of the memory address dunng
the entire memory fead/write cyele,

The Yower address byte from port O must be latched into an external register to save
the byte. Address byte save is accomplished by the ALE clock pulse that provides the
correct timing for the “373 type data latch. The port O pins then become free to serve as a
data bys,

If the memery access is for a byte of program code in the ROM, the PSEN (program
store cnable) pin will go low to enable the ROM to place a byte of program code on the
data bas. 1f the aceess is for a RAM hyte, the WR (write) ar RD (read) pins will go low,
enabling dsta to fow between the RAM and the data bus.

The ROM may be expanded to 64K by using a 27512 type EPROM and connecting
the remaining port 2 upper address lines A14-A1S to the chip,

At this time the largest static RAMs available are 32K in size; RAM can be expanded
10 64K by using two 32K RAMs that are connected through address Al4 of port 2. The



FIGURE 2.8 External Memory Connections
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FIGURE 2.9 External Memory Timing
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AGURE 2.10  TCON and TMOD Function Registers

7 6 5 4 3 2 i 0
TEL | TRL | TFO [ YRO | EL | 171 | w0 | O

THE TIMER CONTROL (TCON) SPECIAL FUNCTION REGISTER

Bit
7

Symbol

M

TRt

TFHO

TR0

m

10

Function

Timer 1 Onverllow Nlag, Setwhen tmer rols from af ones 1o 2ara. Cleared when processor
wectors tn execute inferrupt service routine located at program address 0018h.

Timer 1 run controld bit. Set to 1 by program to enable timer to count; dleared 10 0 by
pe0gram 1o halt imer, Dogs not reset timer

Timer 0 Overfiow Nag, Set when timer rols from all anes 1o zero. Cleared when processor
woctors 10 gxtgute mtermupt service routing located at program adrress 000Bh,

Timer O rn controt bt Set 1o 1 by progeam to enable imer 10 count; cheared to 0 by
program o halt timer. Does not reset timer.

External mierrupt 1 edge flag Set to 1 when a high to low edge signal s receredd on port 3
i 3.34INTT) Cleared when processor vectars 10 intermipt service routine
focated 3t program address 0013h. Not related to timer cpeérations

External interript 1 sgnal type control bit Set to T by peogram to enable external interrupt +
10 be triggercd by & falling edge sigadl Set 1o 0 by proGram 1o snable A low leve!
LGN On exteenal Nterrunt 3 10 generale an intertup.

Exterral interrupt O eage flag. Set 1o 1 when a high 16 low acge sgnal s recetved on paet 3
pin 3.2 (INT0). Cleared when processor vectors 10 interrupt service routine located
program address D003, Not related 10 tsmer operations

Continued

first 32K RAM (0000h - 7FFFh) can then be enabled when A1S of port 2 is low, and the
second 32K RAM (8000h - FIFFh) when A1S is high, by using an inverter,

Note that the WR and RD sigals are alternate uses for part 3 pins 16 and 17. Als,
port Ois used for the lower address byte and data; port 2 is wsed for upper address bits. The
use of external memory consumes many of the port ping, leaving only port | and parts of
port 3 for general 10,

Counters and Timers

Many microcontroller applications require the counting of external events, such as the
frequency of & palse train, or the generation of precise internal time delays between com-
puter actions. Both of these tasks can be accomplished using software techniques, but
softwaee loops for counting or timing keep the processor occupied o that other, perhaps
more important, functions are not done, To relieve the processor of this burden, two 16-bit
up counters, named TO and T1, are provided for the general usc of the programmer. Each
counter may be programmed to count internal clack pulses, acting as 3 timer, or pro-
gramened to count external pulses a5 a counter,



Bit Symbol Function

0 1 External interrupt O signal type contral Bat. Set to | by program to enable external intereupt O
10 be triggered by 3 falling edge signal. Set 10 0 by program to eneble a low level
signal on extemal interrupt 0 to generate 3n nterrupt,

Bit addressablle as TCON.0 10 TCON.?
7 6 5 4 3 2 1 0

Gote | OF | M1 | MO [Gate | ¢F | M1 | wo
Timer | 1 Timar 0

THE TIMER MODE CONTROL (TMOD) SPECIAL FUNCTION REGISTER
Bit  Symbol Function
73 Gate OR gate enatle bit which controls RUNISTOP of timer 170, Set 1o 1 by program to enable

timer to run if bit TR1/0 in TCON % set and signal on external interrupt TNT1 /0 pen is
high. Cleated to 0 by program to enable timer to rin if &1 TR1/0 in TCON 5 se1.

62 T Set 10 1 by program to make timer 170 act &5 3 counter by courting pulses from external
nput ping 3.5 (T1) or 3.4 (T0), Cleared to O by program 1o make timer act 45 a timer

by counting intemal fraquency.
S M Timer/countoy operating mode select bit 1. Set/cleared by program 10 select mode

a0 M Timecicountes operating mode seloct b4 0. Set/cleared by program 10 select mode.

MY MO Mode
0 0 0

V] 1 \
\ 0 2
1 ] 3

TMOD s not bil addressable

The counters are divided into two 8-bit registers called the timer low (TLO, TL1) and
high (THO, TH1) bytes. All counter action is controlied by bil states in the timer mode
control register (TMOD), the timer/counter control register (TCON), and certain program
instructions,

TMOD is dedicated solely to the two timers and can be considered to he two duplicate
4.bit regasters, cach of which controls the action of one of the timers. TCON has control
bits and flags for the fimers in the upper nibble, and control bits and fugs for the external
interrupts inthe lower pibble. Figure 2. 10 shows the bit assignments for TMOD and TCON.

Timer Counter Interrupts

The counters have been included on the chip to relieve the peocessor of timing and count-
ing chores. When (he program wishes to count a certain number of ipternal pulses of
external events, a number is placed in one of the covnters, The number represents the
maximum count lexs the desired count, plus one. The counter increments from the inilial
number 1o the maximom and then rolls over to zero on the final pulse and also sels a timer
flag. The flag condition may be tested by an instruction to tell the program that the count
has been accomplished, or the flag may be used o intemupt the program.



FIGURE 2.11  Timer/Counter Control Logic
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Timing

If a counter i programmed to be a timer, it wall count the internal clock frequency of the
8051 oscillator divided by 12d. As an example, if the crystal frequency is 6.0 megahertz,
then the timer clock will have & frequency of 500 kilohertz.

The resultant fimer clock is gated to the timer by means of the circuit shown in Figure
2.11. In order for oscillator clock pulses to reach the timer, the CT bit in the TMOD
register must be set 10 O (imer operation). Bit TRX in the TCON regustet must be setto |
{timer run), and the gate hit in the TMOD register must be 0, or external pin TNTX must
he a 1. In other words, the counter is conhgured as a timer, then the timer pulses are gated
10 the counter by e run bit and the gate Wit or the external input bits INTX.

Timer Modes of Operation

The timers may operate in any one of four medes that are determined by the mode bits,
M1 and MO, in the TMOD register, Figure 2.12 shows the four limer modes,

Timer Mode 0

Setting timer X mode bits to 00h in the TMOD regaster results in using the THX register
as an 8-bit counter and TLX as a S-bat counter; the pulse mput i< divided by 32d in TL. so
that TH counts the original oscillator frequency reduced by o total 384d. As an example.
the & megahenz oscillator frequency wou'd result in a final frequency to TH of 15625
hertz, The timer flag is set whenever THX goes from FFh to 00h, or in L0164 seconds for
2 6 megahertz crystal if THX «aarts at 00h,

Timer Mode 1

Maode | is similar to mode 0 except TLX is configured as a full 8-bit counter when the
mode bits are set to O1b in TMOD. The timer flag would be set in . 1311 seconds using
6 megahertz crysial.



Timer Mode 2

Setting the mode bits to 10b in TMOD configures the timer to use only the TLX counter ax
an 8-bit counter. THX is used to hold a valve that is loaded into TLX every time TLX
overflows from FFh to 00h, The timer flag is also set when TLX overflows.

This mods exhibits an auto-reload festure: TLX will count up from the number in
THX, overflow, and be initialized again with the contents of THX. For example, placing

9Ch in THX will result in a delay of exactly 0002 seconds before the overflow flag is set
if & 6 megahertz crystal is ned,

Timer Mode 3
Timers 0 and § may be programmed 1o be m mode 0§, oczmdepﬂukmlyo\'nnmhv
maode for the ather timer. This 15 not true for mode 3; the i do not op

demly if mode 3 is chosen for timer (). Placing timer 1 in muxle 3 causes it 1o stop count.
ing: the control bit TR1 and the timer | flag TF| are then ased by timer 0,

Timer 0 i mode 3 becomes two completely separate 8-hit counters. TLO is conrolled
by the gate arcanpement of Figare 2. 11 and sets timer flag TFO whenever it overflows from
FFh 1o 00h. THO reecives the timer chck (the oscillator divided hy 12) under the control
of TR only and sets the TF1 flag when it overflows.

Timer 1 may still be used in modes 0, 1, and 2. while tmer 0 s in mode 3 with onc
Important exceplion: No interrupts will he gencrated by timer 1 while timer 0 is using the
TF1 overflow flag, Switching imer | to mode 3 will stop it (and hold whatever count is in
timer 1). Timer 1 can be used for haud rate gencration for the serisl port, or any other
maode 0, 1, ar 2 function that does not depend upon an intcrrupt (or any other use of the
TF1 flag) for proper operation.

Counting

The only diffcrence between counting and timing 15 the source of the clock pulses to the
counters. When uced as a rimer, the clock pulses arc sourced from the oscillator theough
the divide-hy-12d circuit. When used as a counter, pin TO (P3.4) supplies pulscs tn
counter 0, and pin T1 (P3.5) 10 counter 1. The C/T bit in TMOD must be set ta | 1o enahls
pulses from the TX pin to reach the control circuit shown in Figure 2.11.

‘The input pulse on TX is sampled during P2 of &tate S every machine cycie, A change
on the input from high to Jlow between samples will § ent the counter. Each high and
Tow state of the input pulse must thus he held consrant for M icast one machine cycle to
ensure rcliable counting. Since this takes 24 pubses, the maximum input frequency that
can be accurarely counted s the oscillator frequency divided by 24, For our 6 megaberntz
crystal, the ealculation yields a maximum exrernal frequency of 250 kilohertz,

Serial Data Input/Output

Computers must be able to communicate with other computers 1n modern muliprocessor
distributed systems. One cost-effective way to commumicate is 1o send and receive data
ts serially. The RIS has 2 scnal data communication circuit lhol uses register SBUF 1o
hold data. Repister SCON ¢ 1s data cation. reg PCON controls data
rates, and pins RXD (P3.0) and TXD (P3.1) connect to the serial dats network.

SBUF is physically twn registers. One is write only and is used to hold data to be
transmitted ow of the 8051 via TXD, The other is read only and holds received data from
external sources via RXD . Both mummally exclusive registens use address 99h.

There ace four programmahle modes for serial data communication that are chosen by
sctting the SMX hits in SCON. Baud rates are determined by the mode chosen, Figure 2,13
shows the bit assipaments for SCON 2nd PCON.

Serial Data Interrupts

Serial data communication is a relatively slow process. occupying many milliscconds per
data hyte to accomplish, In order not to fie up valuable proccssor time, scrial data flags are




FIGURE 2.13 SCON and PCON Function Registers

7 6 5 4 3 2 ! 0

SMO | SM1 | SM2 | REN | YBB | RES mn R

THE SERIAL PORT CONTROL (SCON) SPECIAL FUNCTION REGISTER

git
7
6

Symbol

SMO
M

M2

REN

RI

Function
Senal port mode bit 0. Set/cleared by peagram 1o select made.

Sevial port made bit 1. Seticleared by program (o select mode
SMO S Mode Deseniption

0 0 0 Shift register, baud = /12

Q 1 1 8-bi1 UART, boud = vanable

1 0 2 S-Dit VART; baud = 1732 or /64
1 1 3 9-tet UART, baud = variable

Multiprocessor communscations bit. Set/cleared by program to enable mulbprocessor
communacations in modes 2 and 3. When set to 1 an siterrupt is generated if ba 9 of
the recemed data is a 1) no interrupt is generated if it 3 A 0 If sot to 1 for mode ),
na interript will be generated unless a vakd stop bit s recerved. Clear 1o O if mode O
15 in use.

Receive enable bit. Set to 1 to enahle reception; cleared 10 0 1o dissable receprion

Transmitted bit 8. Set/cleared by program in mades 2 ond 3,

Raceived bt 8. Bit 8 of received data in modes 2 and 3, gop bt in made 1. Not uted in
made C.

Transmitinterrupt flag. Set 10 one at the end of bit 7 trme in mode 0, and at the beginning
of the Qtop tet for ather modes. Must be cloared by the program,

Receive interrupt flag. Set to one at the end of bit 7 time in mode 0, and halfway through
the stop bit fer other medes. Must be cearad bty the program.

Bit addressable as SCON O to SCON T

7 6 5 4 3 2 1 0

SMOD | — - - GF1 | GFO PO o

THE POWER MODE CONTROL (PCON) SPECIAL FUNCTION REGISTER

Bit
7

64

Symbol
SMOD

GF!
GFO

Function
Sena! baud rate modify bit. Set 10 1 by progiam to double baud rate using timey 1 foe
mades 1, 2, and 3. Cleared to 0 by program 10 use tmer 1 bavd rate,

No1 mmplemented,
General purpose user fiag bit 1. Seticleared by program
General purpose user ffag bit O, Set/cleared by program.

Power down bit. Set 10 1 by program 1o enler power down confliguratian Sor CHMOS
processors,

Idle mode it Set to 1 by program to enter idie mode configuration for CHMOS
processors, PCON s not it addressable,



ncluded in SCON o awd in efficrent data transenission and reception. Notice that data
transmission is under the complete control of the program, but reception of data is unpre-
dictable and at random times that are beyond the control of the program.

The seri) data flags in SCON, T1 and RI, are set whenever a data byte is transmitted
(T1) or received (RI). These Nags are ORed together 1o produce an interrupt to the pro-
gram, The program must read these flags to determine which caused the interrupe and then
clear the flag. This is unlike the timer flags that are clcared automatically; it is the respon-
sshility of the programmer to write routines that handle the serial data flags.

Data Transmission

Transmission of serial data bits begins anysime data is written to SBUF, Tl isset o a |
when the data has heen transmitted and xignifies that SBUF is empty (foe transmission
purposes) and that another data byte can be sent, 1f the progrant fails to wait for the T flag
and overwrites SBUF while a previous data hyte 15 in the process of being transmitted, the
results will be unpeedictable (a polite term for “garbage out™).

Data Reception

Reception of serial data will begin if the reccive enable bir (REN) in SCON is set to | for
all modes. In addition, for made () orly, RT must be cleared to 0 also. Receiver intermupt
flag RI is sct after dara has been received in all modes, Setting REN is the only direct
program control thae limits (he reception of unexpected data: the requirement that Ri also
be 0 for mode 0 prevents the reception of new data until the program has dealt with the old
data and reset R1.

Reception can begin in modes 1, 2, and 3 if R[ is set when the serial stream of bits
begins. RT must have been reset by the program before the fasr bit is reczived or the
incoming data will be lost. Inconmng data is not teansfeered 10 SBUF uatil the last data bit
has been received so that the peevious transmission ¢an be read from SBUF while new
datz is being rece:ved,

Serial Data Transmission Modes

The B0S | designers have included four mades of serial data transmission that erable data
cammunication 1 be doac in a variety of ways and a multitade of baud rates. Modes are
selected hy the programmer by setting the mode bits SMO and SM1 in SCON. Baud rates
ore fixed for mode 0 and variabie, using timer 1 and the serial haud rate modify bit (SMOD)
in PCON, for modes 1, 2, and 3.

Serial Data Mode 0—Shift Register Mode

Setting bits SMO and SM1 1n SCON to 00b confligures SBUF to receive or transmit eight
data bits using pin RXD for both functions. Pin TXD is connected (o the internal shift
frequency pulse source to supply shift pulses 10 external circuits. The shift (requency, or
baud rate, is fixed at 1712 of the oscillator frequency, the same rate used by the timers
when in the timer configuration. The TXD shift clock is a square wave that is Jow for
machine cycle states S3-S4.-55 and high for S6-S1-52, Figure 2.14 shows the timing
for mode 0 shaft register data ransmission.

When transmitting, data is shifted owr of RXD; the data changes on the falling edge
of S6P2, or one clock pulse aftee the rising edge of the output TXD shift clock. The sys-
tem designer must design the external circuitry that receives this transmitted data 1o re-
ceive the data reliably based on this timing,



FIGURE 2.14  Shift Register Mode 0 Timing
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Reccived dsta comes 2 on pin RX1) and should be synchronized with the shifi clock
produced at TXD. Data is sampled on the falling cdge of S5P2 and shifted in to SBUF on
the rising edge of the shift clock.

Mode 0 is intended not for data communication between computers, but as a high.
speed serial data-collection method using discrete logic 10 achieve high data rates. The
baud rate used in mode 0 will be much higher than standard for any reasonable oscillator
frequency; for a 6 megahenz crystal, the shift rate will be 500 kilobertz,

Serial Data Mode 1—Standard UART

When SMO and SMI are set to Olb, SBUF becomes = 10-hit full-duplex receiver!
transmitier that may receive and transmit data at the same time. Pin RXD receives all dats,
and pin TXD transmits all data. Figure 2.15 shows the format of a data word.

Transmitted data is sent as 3 start bit, eight data bits (Least Significant Bit, LSB,
first), and a stop bit. Interrupt Rag T1 is set once all ten bits have been went, Each bit
interval is the inverse of the baud rate frequency, and each bit is maintamned high or low
over that interval.

Received data is obtained in the same order; recepnon is triggered by the falling edge
of the stast it and continues if the stop bit 18 true (G level) halfway through the start bit
interval. This is an anti-noise measure; if the reception circuit is triggered by poise on the
transmission line, the check for a low after half a bit inteeval should limit false data
recepuion.

Data bits are shifted into the receiver a2 the programmed baud rate, and the data word
will be loaded 1o SBUF if the following conditions are true: RI must be 0, and mode bit
SM2 is O or the stop bit is | (the normal state of stop bits). RI set to 0 implics that the
program has read the previous dats byte and is ready to receive the next; a normal stop bit
will thea complete the transfer of data to SBUF regardless of the state of SM2. SM2 set
to ) enables the reception of 2 byte with any stop it state, a condition which is of limited
use in this mode, but very useful in modes 2 and 3. SM2 set to 1 forces reception of only
“good™ stop bits, an anti-noise safcguard,

Of the original ten bits, the start bit is discarded, the eight data birs go 1 SBUF, and
the stop bit is saved in bit RBS of SCON. Rl is set 10 1, indicating a new dara byte has
been reccived.



FIGURE 2,15 Standard UART Data Word
Recelver Samples Data In Center of Bit Time
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If RE s found 1o be set at the end of the reception, indicating that the previously
received data byte has not been read by the program, or if the other conditions listed are
ot true. the new data will not he loaded and will be fost

Mode 1 Baud Rates

Timer 1 is used to generate the baud rate for mode | by using the overflow flag of the limer
10 determine the baud frequency. Typically, timer | is used in timer mode 2 as an autoload
R-hit timer that generates the baud (requency:

{ = o0 " oscillator frequency

32 12d % (2564 - (THIN
SMOD s the control bit in PCON and can be 0 or 1, which raises the 2 in the equation to a

value of | or 2
If timer | is ned run in timer mode 2, then the baod rate is

LU

-

e 324
and timer | can be run using the internal clock or as a counter that receives clock pulses
from any external source via pin T,

The oscillator frequency is chosen to help generate both standard and nonstandard
baud rates. I standard baud rates are desired, then an 11,0592 megahertz crystal could be
selected. To get o standard rte of 96(K) bert2 then, the setting of TH1 may be found as
follows:

* (timer | overflow frequency)

0
2 11.0592 x 10‘) -y iy

. T ———
Th= 2564 - (m" 12 % 96000

if SMOD 1« chgared to O

Serial Data Mode 2—Multiprocessor Mode

Mode 2 is similar to mode | except 11 bits arc transmitted: a start bit, nine data bits, and a
stop bit, as shown in Figure 2.16, The ninth data bit is gotten from bit TBE in SCON
during transmit and stored in bit RBR of SCON when data is received, Both the start and
stop bits are discarded,

The baud rate is programmed as follows:

MO0
frutt = 2644 X oscillator frequency



FIGURE 2.16 Multiprocessor Data Word
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Interrupts

Ilere, a< in the case for mode 0, the baud rate is much higher than standard communica-
tion rates. This high data rate is needed in many multi-processor applications. Data can be
collected quickly from an exsensive network of communicating miceocontrollers if high
haud rates ace employed.

The conditions for setting RI for mode 2 arc similar to mode 1: RI must be () before
the last bt is recerved, and SM2 must be O or the ninth data bit must be a 1. Setting RI
based upon the state of SM2 in the receiving 8051 and the swte of bit 9 in the transmitted
message makes multiprocessing possible by enabling some receivers to be interrupied by
certain messages, while other receivers ignore those messages. Only those 8051's that
have SM2 set to 0 will be interrupted by received data which has the ninth data bit set 1o 0;
those with SM2 set (o 1 will not be interrupied by messages with data bit 9 at 0. Al re-
ceivers will be interrupied by data words that have the niath data bit set w0 [ the state of
SM2 will not block reception of such messages,

This scheme allows the transmitting computer to “talk™ to selected receiving comput-
ers without interrupting other receiving computers, Receiving computers can be com-
manded by the “talker" to0 “listen” or “deafen” by transmitting coded byie(s) with the
ninth data bit set 1o 1. The 1 n data bit 9 intermupts all receivers, instructing those that are
programmed to respond 10 the coded byte(s) to program the state of SM2 in their respec.
tive SCON registers. Selected listeners then respond 1o the bit 9 set to O messages, while
all other receivens ignore these messages. The talker can change the mix of lisleners by
teansmitting bit 9 set to | messages thut instruct new listeners 1o set SM2 10 0, while others
are instructed to set SM2 w0 1.

Serial Data Mode 3

Mode 3 is identical to mode 2 except that the baud rate is determined exactly as in mode 1,
using Timer | to gencrate communication frequencies.

A computer pragram has only two ways to determine the conditions that exist in internal
and external cireuits. One method uses software instructions that jump on the states of
flaps and port pins. The second responds to hardware signals, called interrupts, that force
the program to call 1 sub-routine. Software techrigues use up processor time that could he
devoled to other tasks: interrupts take processor time only when action hy the propram
is reeded. Most applications of microcontrollers involve responding 1o events quickly
enough to control the environment that generates the events (generically termed “real-



FIGURE 2,17 IE and IP Function Registers
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THE INTERRUPT ENABLE (IE) SPECIAL FUNCTION REGISTER

Bit
7

Symbol

EA

N2
]

ET1

£x1

£1o

£X0

Function

Enable merrupts bt Cleared 10 O by program 10 csable all intertupts; set 10 1 1o permit
ingevidual interrupts to be enabled by ther enable bats,

Not implemented.
Reserved for future use.

Enable senal port mierrupt Set o 1 By program 1o engble sendl port interrupt, Jeared
10 0 10 disable senaf poet interrupt,

Enable timer 1 gverflow interrupt. Set 1o 1 by program to enable timer 1 overflow
aterrupt. Ceared to 0 to disable brmes 1 overtiow intermupt.

Enabie external interrupt 1. Set 1o 1 by program to engble ™11 inferrupt; deared 10 0 to
ditatle INTT interrupt

Enable timex 0 gverflow interrupt Set to 1 by peogram to enable timer O overflow intetrupt;

dieared to (1 1o dsable timer 0 overflow interrupl.

Enable external interrupt 0. 50t ta 1 by program o engble TNTO intesrupt; cheared 1o 0 to
desable INTD nterrupt

Bit addressable as 10 10 1E.7

? 6 5 4 3 2 1 0

- - P12 | PS | PTL | PX1 | PID | PXD

THE INTERRUPT PRIORITY (IP) SPECIAL FUNCTION REGISTER

Bit
7

6

Symbol

Mm

P11
2|
P10

L]

Function
Not implomented.

Not implemented,

Reserved for future use.

Pricrity of sonal port interrupt. Set/cleared by program.
Pricrity of timer 1 overflow interrupt. Set/cleared by program,
Priceity of external interrupt 1 Set/cleared by program.
Prignty of tmer 0 overflow interrupt. Set/cleared by program.
Priarity of external interrupt 0. Set/deated by program.

Note: Prnrity may be 1 (highest) or 0 (lowest)

Bit pddressable 35 120 to IP7




time programming '}, Interrupts are often the only way in which real-lime programming
can be done successfolly.

Interrupts may be generated by internal chip operations or provided by external
sources, Any interrupt can cause the 805] to parform a hardware call 10 an interrupt-
handling subroutine that is located at a predetermined (by the 8051 designers) absolute
address in program memory.

Five interrupts are provided in the B0S1. Three of these are gencrated automatically
by internal operations: timer flag 0, timer flag 1, and the serial port intecrupt (RI or T1).
Two interrupts are triggered by external signals provided by circoutry that is connectcd
pins INTO and INTT (port pins P3.2 and P2.3),

All interrupt functions are under the control of the program. The programmer is able
10 alter control bits in the interrupt enable register (IE), the interrupt priority register (1P),
and the timer control register (TCON). The program can block all or any combination of
the interrupts from acting on the program by suitably sctting or clearing bits in these regis-
ters. The IE and IP registers are shown in Figure 2.17.

After the interrupt has been handled by the interrupt subroutine, which is placed by
the programmer at the interrupt location in program memary, the interrupted program
must resume operation at the instruction where the interrupt 100k place. Program resump-
tion is dome by storing the inteerupied PC address on the stack in RAM before changing
the PC to the interrupt address in ROM. The PC address will be restored from the stack
after an RET] instruction is executed at the end of the interrupt subroutine.

Timer Flag Interrupt

When 2 timer/counter overflows, the corresponding timer flag, TR or TF1, is set to [,
The fag is cleared 1 0 whea the resulting interrupt generates a progsam call to the appro-
priatc timer subrouting in memory,

Serial Port Interrupt

1f a data byte is received, an interrupt bit, R, is set to 1 in the SCON register. When a data
byte has been transmitted an interrupt dit, TI, is setin SCON. These are ORed together to
provide a single interrupt to the processor: the serial port interrupt. These bits are o
cleared when the interrupl-generated program call is made by the processor. The program
that handles secial data communication must reset R or TT to 0 to enable the next data
communication operation.

External Interrupts

Pins INTO and TNTT are used by external circuitey. Inputs on these pins can set the inter-
rupt flags 1E0 and [EL in the TCON register (o | by two different methods, The 1EX fags
may be set when the INTX pin signal reaches a low level, or the flags may be set when a
high-to-low rransition takes place on the INTX pin. Bits ITO and IT] in TCON program
the TNTX pins for low-level intermupt when set to 0 and program the INTX pins for transi-
tion intesrupt when set 1o 1.

Flags 1EX will be reset when a transition-generated interrupt is accepted by the peo-
cessor and the interrupt subroutine is accessed. It is the respongibility of the system de-
signer and programmer (0 reset any level-genetated external interrupts when they are
serviced by the program. The external circuit must remove the low level before an RETT is
exccuted. Failure to remove the low will result in an immediate interrupt afier RETI, from
he simme source,



Reset

A reset can he considered to be the ultimate interrupt because the program may not block
the action of the voltage on the RST pin. This type of interrupt is often called “non-
maskable.” since no combination of bits in any register can stop, or mask the reset action.
Unlike other interrupts, the PC is not stored for later program resumption, a reset 1s an
absolute command to jump to progriem address 0000h and commence running from there.

Whenever a high fevel is applied to the RST pin, the BOS| enters a reset condition
After the RST pin 1s brought low, the internal registers will have the values shown in the
following table;

REGISTER  VALUE(MEX)

PC 0000

DPTR 0000

A 00

B 00

P 07

PswW 0o

P 3 FF

P XXX00000L
It 0XX00000b
TCON 0o

T™MOD 00

TH 00

To 0o

™I 0o

n 00

SCON 00

SBUF XX

PCON OXOOXXXD

Internal RAM is not changed by a reser; however, the states of the internal RAM
when power i first applied to the 8051 are random, Register bank 0 is sclected upon reset
as all bits in PSW are 0.

Interrupt Control

The program must be able, at ¢ritical times, to inhibit the action of sotne or all of the
interrupts <o that crucial operations can be finished. The TE register hoids the program-
mablc bits that can enable or disable all the interrupts as & group, or if the group is en=
ahled, each individual interrupt source can be enabled or disabled,

Often, it is desirable to be able to set prionties among competing interrupts that miy
conceivably occur simultaneously. The [P register bits may be set by the program to assign
priorities among the varous interrupt sources 5o that more Important interrupts can be
serviced first should two or more interrupts occur at the sume time.

Interrupt Enable/Disable

Birs in the El register are set to | if the corresponding interrupt source is to be enabled and
set 10 0 1o disable the interrupt source. Bit EA is a master, or “global,™ bit that can enable
or disable all of the interrupts.



Interrupt Priority
Register 1P bits determane of any interrupt is 1o have 2 high of low priority, Bits set to 1
give the accompanying interrupt a high prionty while a 0 assigns a low priority. Interrupts
with a high priority can inferrupt another interrupt with 4 lower peiority: the low priority
interrupt continues after the higher ts finished,
If two intesrupls with the same priority occur at the same time, then they have the

following ranking:

1. 1E0

2. TFO

3, IE

4. TFI

§. Serial = RIOR TI

The serial interrupt could be given the highest priority by selting the PS bit in IP to [, and
all others to 0.

Interrupt Destinations

Each miermupt source cavses the propram o do a hardware call 1o onc of the dedicaisd
addresses in program memory, It is the responsibility of the programmer to place a routine
81 the address that will service the tnterrupt.

The interrupt saves the PC of 1he program, which 15 runaing a1 the time the interrupt
is serviced on the stack 1n internal RAM. A call is then done t the appropriate memory
Jocation, These locations are shown in the following table:

INTERRUPT  ADDRESS(HEX)

€0 0003
110 0008
13 0013
" 0018
SERIAL 0023

A RETY insiruction at the end of the routing restores the PC 10 its place in the inter
rupled program and resets the interrupt logic so that anather interrupt can be serviced.
Interrupts that occur but are ignored due to any blocking condition (LE bit kot et or a
higher priority interrupe 2lrcady in process) must persist until they are serviced, or they
will be fost. This requiement applics primarily 10 the tevel-activated TNTX interrupts.

Software Generated Interrupts

When any interrupt flag is st to 1 by any means, an interrupt s gencrated unless blocked.
This means that the program itself can cause interrupts of any kind fo be genceated simply
by setting the desired interrupt flag to | using 3 program instraction,



SPECIAL-FUNCTION REGISTERS

Register  Bit

A 8
B 8
FC 16
DPFTR 16
SP 8
PSW 8
PO-P3 8

THO/TLO  8/8
TH1/TLY 8/8

TCON 8 Timer/counter control
TMOD 8 Timerfcounter cantrol

SBUF 8 Serial port data

SCON 8 Serial port controf

PCON 8 Serial port control, user flags
£ 8 Interrupt enable control

ip 8 Interrupt priority control
DATA AND PROGRAM MEMORY

Internal Bytes  Function

RAM 128 RO-R7 reqgisters, data storage, stack
ROM 4K Program sigrage
External  Bytes Functicn

RAM Bk Data storage

ROM 64K Program storage

Primary Function

Math, data manipulation

Math

Addressing program bytes
Addressing code and external data
Addressing internal RAM stack data
Processor status

Store 1/0 port data

Timer/counter O

Timerfcounter

EXTERNAL CONNECTION PINS

Fort pins 36
Qscillator 2
Fower ¢

Function

/0, external memory, interrupts

Clack

Bit Addressable

L LA T2 E2E2NTAETTE



