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Discussion For Our Non-SIU Users

The Application of Microcontrollers Manual and Labs were designed for off-campus
students at military bases. During a 16-week period, the students take 3 lecture
courses, each presented over 3 weekends. Thefirst 2 courses cover analog and digital
principles. The final course is on microcontrollers using the 8051 as an example.

The students independently perform the first part of this manual and the labs during
the first 2 courses. Part | introduces controllers using the BASIC Stamp from
Parallax, Inc. The students are provided the equipment to program and interface a
microcontroller using arelatively ssimple language: BASIC. Part | isintended to
reinforce the lecture material on basic electronics principles using the
microcontroller. 1t may be downloaded from Parallax’ s education website at:
http://www.stampsinclass.com

Part 11, this material, is performed by the students while participating in their fina
lecture course covering the 8051. In this part students learn principles of
programming a microcontroller using Assembler. UMPS from Virtual Micro Design
Is used to simulate the 8051 allowing students to see how instructions affect registers,
memory and devices. A Virtual Activity Board with I/O was designed with the
UMPS resources. UMPS projects were designed for the material alowing student to
quickly load samples while reading about them.

We thank Philippe Techer for his generosity in alowing use to distribute UMPS
demo versions to our students, use of the logos in our documents, and for developing
such a wonderful development AND learning tool.

We hope you find the material developed useful. Please feel free to contact us. We
enjoy feedback and hearing how our material is being used.

Martin Hebel
Southern Illinois University Carbondale
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Section I: Introduction to the 8051

Reference:
A. MacKenzig, .S, 1999. The 8051 microcontroller, 3%ed. Prentice Hall.

Objectives:

1) Discuss the relationship between mnemonics and machine code.

2) List the features of the Intel 8051 including memory and ports.

3) ldentify the function of opcodes and operands.

4) Usethe 8051 RAM memory map in programming.

5) Discuss key Specia Function Registers including the Accumulator, Program Status Word, Stack
Pointer, Program Counter.

6) Use UMPS for CPU simulations.

The final sections of this manual concern programming microcontrollers in the most fundamental
methods available. The BASIC Stamp |1 was programmed in PBASIC2. Thisis considered afairly
high level language. PBASIC2, and most BASIC languages, are interpreted languages. Codeis
written in pseudo-English code, and the interpreter performs numerous (sometimes hundreds)
machine instructions to accomplish asingle BASIC instruction.

Aswe saw with the BS2, there is a very finite amount of memory available in RAM and ROM to
perform the operations that we desire. In fact, the entire BS2 ROM was used just to hold the
PBASIC2 interpreter, and an external EEPROM was used to hold our PBASIC2 programs. Also,
PBASIC2 isavery ow executing language. The interpreter must perform many machine
instructions for a single command.

By writing programs directly in machine code, in symbolic mnemonics, or alow level Assembler
language, we can increase program execution speed many fold and utilize less memory than ahigh
level language. The drawback is that the code can be very cryptic to read and seemingly simple
tasks may take dozens of machine instructions to accomplish. Additionally, each family of
microcontrollers and microprocessors has a very unique instruction set that makes it impossible to
move machine programs from one family to another without re-writing it.

Writing instructions in machine code means coding the data in the language of digital systems,

which are 1'sand O0's. To make things a little simpler, hexadecimal is normally used. An instruction

to add 1 to the accumulator for the 8051 would look like the following in the ROM memory map:
24 01 (in hexadecimal)

Luckily, there are other methods. The instructions can be written in mnemonics, and software will
assemble it directly into machine code. The instruction to add 1 to the accumulator would be:

ADD A, #01.
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This code would be converted directly to '24 01'. Writing code in mnemonics is easier but can still
be very tedious. Assembler language, alow level programming language, is the next step up.
While the mgjority of the code is still written in machine code mnemonics, there exist methods to
use constants (called symbols) and the means to simplify coding.

When programming the BS2 in PBASIC2, we used an application program (Stampw.exe) to edit
our code. Stampw.exe then tokenized our code and transferred it to the BS2. From that point, with
the exception of debugging data, the computer was no longer required. The PBASIC2 program on
the PIC16C57 handled communications with the PC to accept the program being downloaded and
to transfer it to EEPROM.

Normally, a specia piece of hardware is required to program microcontrollers such as the
PIC16C57 and the Intel 8051. If you are familiar with EPROM programming devices, it isvery
similar. The microcontroller is set in alatchable socket (ZIF socket), and the programming device
handles accepting data from the computer and burning it into the microcontroller in much the same
manner an EPROM or PROM is programmed. The binary machine code is transferred from the
computer to the ROM space on the controller. Once programmed, the controller is placed in a
circuit comprised of supporting interfacing electronics components. When power is applied, the
microcontroller will begin reading ROM and executing the machine code instructions.

With the BS2 we had the benefit of an activity board to allow us to write programs that
communicated with input and output devices. We could also have programmed the BS2 in the
Activity Board, removed it and used it in a specialized circuit. Typically, any interfacing circuits
will be of special design for the intended use of the controller.

It would be difficult to provide students with everything needed to program a microcontroller
directly and test it in acircuit for independent study. Luckily, there exist ssmulation programs for
this. The one we will be using is UMPS from Virtual Micro Design. This package allows a PC to
simulate a microcontroller for programming and operation. Programs such as UMPS are not just
for training purposes. Professional programmers simulate programs to test and debug them.
Programming in machine code can be cumbersome, and there are dozens of registers to keep track
of. A good smulation program can give the programmer insights into what is happening internally
with the controller and allow correct of bugs prior to burning the program into an expensive IC.

While alicense for a ssimulation package can cost hundreds to thousands of dollars, UMPS allows
free distribution of a demonstration version with only limited reduced functionality. The associated
labs outline these limitations. UMP also has a unique feature of allowing simulated devices
(resources) to be connected to the microcontrollers.

In Part 11 of the manual we will look at machine code, mnemonics, assembler and various
fundamentals of microcontroller programming using the 8051. UMPS will be used to explore
coding the 8051 in both mnemonics and assembler to read and control simulated input and output
devices called resources.
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The 8051 Microcontroller & UMPS

In these sections we will be discussing a very popular microcontroller series, the Intel 8051. While
it comes in different styles, such as the 8052, 8032 and so on, our discussion will focus on the 8051.
This microcontroller has 4K bytes of internal ROM and 256 bytes internal RAM, 128 bytes of
which are accessible for programming needs.

Figure 1-1 shows the pinouts of the 8051. The magjority of the pins are labeled PN.b, where'N' isa
port number (aregister byte) and 'b' is the bit number in the port byte. For example P1.5: this
indicates bit 5 on port 1. These are comparable to PO-P15 on theBS2. Many pins have additional
names in parenthesis. Microcontroller 1/0 pins often have special dedicated functions. For
example, P3.0 (RXD) isaspecia function pin that can be configured to capture incoming serial
datain the RS-232 format. The 8051 can aso be configured to work with external RAM and ROM.
The pins with labels of 'AD' are used as address and data lines for externa memory. The pins with

XTL1 PO.

XTL2 PO.

el

COOOOOX

ORNWAUIDN
8

PO. 0( ADO
PL. 7+

—gPSEN Pl. 61
P1. 51

—ALE P1. 4+
8051 P1. 3}t

—gEA P12}
Pl 11

—4RST P1. 01
—dP3. 7(RD P2. 7(AL5) +
—dP3. 6( UR P2. 6(AL4) L
JpP3. 5(T1 P2. 5(AL3)
—4P3. 4( TO P2. 4(AL2) L
—gP3. 3( | NT1 P2. 3(ALL) +
—dP3. 2( | NTO P2, 2(ALO) +
JP3. 1(TXD P2 1(A9) |
—P3. 0( RXD P2.0(A8) L

Figurel-1: The 8051 Microcontroller

only 'A" are only address lines. Since there are atotal of 16 address lines, how much external
memory could the processor address? Well, 2'° = 65536 bytes (8 data lines = 1 byte) of data.

UMPS will be used to smulate operation of the 8051. Figure I-2 isthe Virtual Activity Board
(VAB) designed for this manual using the UMPS component resources. Figure |-3 is the schematic
representation of the VAB. Note that all switches bring the inputs LOW to ground and that the
switches are debounced by one-shots that are not shown. All the LEDslight onaHIGH. Using
latches, the data from the P1 port is multiplexed to both a set of 8 LEDs and/or two 7-segment
displays, depending on the state of their enable (4511 active LOW) or the clock line (74LS373
active HIGH).
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Figurel-3: Virtual Activity Board Schematic
Errata: P2.4 should connect to E on the ‘373 and OE should be grounded.
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Opcodes & Operands

The most important fact that needs to be understood is that everything at machine level codeis
directly operating with bytes, bits, and in some cases 16-bit address words. The instructions are
defined by a particular byte. The data that the instruction works with are bits, bytes or words. The
instruction is known as the opcode. Each opcode has a unique byte that defines it to the
microprocessor. In fact, there are many opcodes that have the same name, but have different
associated bytes depending on the type of data they are working with. The datafor the instruction is
called the operand. This data may be aregister, abit in aregister, abyte of data, or a 16-bit word
address.

The second most important fact to understand is that of aregister. We worked with registers on the
BS2. They were used to define the direction and status of the 1/0 pins and to hold our data. The
variables we declared were all held within these RAM registers. Microcontrollers have numerous
registers (many more than microprocessors). Some of their functions include:
- Temporary storage of data.

Math and logical operations accumulator.

Math and logical result status.

Control of specialized features such as interrupts, serial data transmission and timer operations.

Holding return location pointers from subroutines calls.

High speed access for data.

Let'stake alook at a ssmple program. Figure -4 isthe CPU code window for UMPS proj_I-1. In
this window we can directly enter mnemonic opcodes and operands which are assembled and
converted directly to machine code.

& CPU Code ] B
CLRE P2 .3 .
0004 74 BE HOV &, #65h
0006 FS 90 MOV P1.A N
Qoo0g 02 00 oo LIME 0000k
Q00E 00 HOP o
naple
aooc 0o HOP Aore
aoon 0o HOP
Q00E 00 HOP
000F 0o NOF Load Acc with
ao1io oo HOP 65 hox
ao1l oo HOP
ao1z oo HOP -
-1| I * ‘é Move Acc
to output
. . port P1
Figurel-4: Program |-1 CPU Code Window e

The information in the window can be broken down as follows:

Memory Address Machine Opcode and Operand Mnemonic Opcode and Operand
0000 D2 A4 SETB P2.4
0002 C2 A3 CLR P2.3

.. Etc
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Mnemonics are entered in the right side. Upon moving to 8051 Tip

the next line, the code is assembled into machine In PBASIC2 we prefixed a$ to
language and updated on the |eft as bytes in hexadecimal. indicate hex, and a % to indicate
The memory location is the word of ROM in which that binary. The Intel standard isto
code is stored as bytes. In our program, the memory suffix the number with an 'h' for
locations jump by 2's because most of the instructions hex or a'b’ for binary.

took two bytes: one for the opcode, and one for the If the hex number startswith a
operand. The only exception to thisisthe last line of letter (A-F), precedeit with a
LIMP 0000h, which used 3 bytes because the operand isa || ¢ . (C5h = 0C5h). UMPS
16-bit word using 2-bytes. Following the program, the requiresthe 0 to be used, but
rest of the memory isfilled with 00's and translated as will strip it out upon assembly.
NOPs (No Operation).

Figure I-5 isthe ROM memory map. Compare it to the CPU code window of I-4. Can you see the
same machine code in the locations specified? Let's analyze the program. Look back at Figure I-3
to see the electronics involved in our actions concerning the 1/0 pins.

& CPU ROM Memory

0000 D2 A4 C2 A3 74 65 FS 90 02 00 00 00 00 00 00 00
U

Fiaurel-5: Proaram |-1 Memorv Map

OPCODE OPERAND Explanation
SETB P2.4 Sets (HIGH) the specified bit, in this case I/O pin P2.4. This
will enable the '373 latch for the 8 LEDs.
CLR P2.3 Clears (LOW) the specified bit of pin P2.3 that will enable
the 4511 7-segment decoder/drivers.
MOV A, #65h Move the number 65h into the Accumulator.
MOV PL, A Move the value in the Accumulator into the P1 memory

location. Thiswill set pinsP1.0 - P1.7 equal to A (65h), our
data display datalines.

LIMP 0000h Make along (16-bit address) jump to memory location 0000.
The program will continue to loop.

NOP This means 'No Operation'. It isused asfillers or for short
delays (1 clock cycle).

Tablel-1: Program I-1 Breakdown

Another window in the project displays certain registers and memory locations. Let's single step
through the program and observe the contents of the registers affected by the program above. The
program can be single stepped, one instruction at atime, by pressing F7 (Trace Into). In Table -2
each change in aregister isin bold. PC isthe Program Counter. It isa 16-bit word that pointsto
the current address in memory of the instruction to be executed. On power-up or reset, the PC
begins executing the instructions at memory location 0000h.
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I nstruction PC ACC P2 P1

Initial values: | 0000 00000000 11111111 11111111

SETB P2.4 0002 00000000 11111111 (wasset) | 11111111

CLRP2.3 0004 00000000 11110111 11111111

MOV A, #65h 0006 01100101 (65h) 11110111 11111111
MQV P1, A 0008 01100101 11110111 01100101 (65h)

LJIMP 0000h 0000 01100101 11110111 01100101

Tablel-2: Program I-1 Register Values

And so it repeats. What action did it have on the VAB? The LEDs corresponding to 1'slit and O's
stayed off. Also, the 7-segment LEDSs indicated the number 65. Not too bad, wasit? Note that we
went through an accumulator to load a byte and transfer it. Almost all instructions operate by using
registers to move and manipulate data. The most important register is the Accumulator (Acc or A).
It isthe main arithmetic and logical register, and most math and logical operations are performed on
data in the accumulator.

Look at the machine language codes for MOV A, #65h and MOV PLA in Figurel-4. One
instruction is 74 65, and the next is F5 90. If the first number is the instruction code, why are they
different for the same MOV instruction? It's because they are very different instructions. MOV A,
#65h specified that we were moving a data value into the Accumulator (you can even seethe 65 in
the machine code). MOV P1, A specified a move of the accumulator data to I/O port 1. These are
two very different tasks. We'll look more at how operations are classified depending on the operand
in Section J.

Replacing MOV A, #65h in the third line with MOV A, PO (and moving down to the next line)
changes the machine codes. Port 0 is now moved into the accumulator. It isnow thisvaluethat is
moved into P1. Referring to I-3, PO is connected to the eight input DIP switches. Clicking the 'GO'
button on the button bar allows the program to run. Changing the settings of the 8 DIP switchesin
the upper-left hand corner of the VAB changes the status of the 8 LEDs and the 7-segment display.

At some settings the 7-segment display shows no numbers. This occurs when the associated nibble
exceeds 9. The4511isaBDC to 7-segment decoder. BCD is Binary Coded Decimal. Instead of
being a binary number where the total byte is a number, the high and low order nibbles define
decimal numbers. For example: 10010011 in binary would be 147 in decimal. In BCD, this digital
value would equal 93. It's the same as converting it to hexadecimal, but neither nibble can exceed 9
or it would not be avalid decimal number. 7-segments refer to the 7 sections of the display which
are manipulated to show our numbers.
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RAM Memory Map and Registers.

Figure 1-6 summarizes the 256 bytes of on-chip RAM of the 8051. The lower 128 bytes (00h-7Fh)
are registers and RAM available to the programmer. Locations 00h - 1Fh are banks holding
registers RO-R7 in each. RO - R7 can be accessed faster than any other locationsin RAM because
their access is built into the instruction set for data manipulation in the same manner that
accumulator was for MOV instructions. Only a single bank can be accessible at any onetime. If
Bank O (the default) is specified, RO-R7 will refer to RAM locations 00h-07h. If Bankl is
specified, RO-R7 will refer to memory locations 08h-OFh and so on. By having four banks, there
are 36 actual bytes available for fast access. Different sections of a program may utilize different
banks for the memory location. The active bank is selected as part of the Program Status Word
register discussed later.

Byte Address

FF Special Function
Registers
80
7F

General

Purpose

RAM
30
2F| 7¢] 7E] 7D] 7C] 7B] 7A] 79] 78 Bit
Addressable
21| OF] OE| OD] OC] OB| OA] 09] 08 RAM
20] 07] 06| 05] 04] 03] 02| 01] 00
1F Bank 3
18
17 Bank 2
10
OF Bank 1
08
07 Bank 0
00] Default registers for RO -R7

Figurel-6: 8051 RAM Memory Map

Memory locations 20h - 2Fh are bit addressable bytes. This allows the programmer to perform
logic operations on the specified bits and do other operations such as set (SETB), clear (CLR). This
increases execution speed by not having to perform bit masking on bytes. The bits are numbered
00h - 7Fh for atotal of 128 individua bits. When memory is limited and operation must be
maximized, the functionality of the resources such as these special registers are very important to
programmers.

The remaining available memory from 30h - 7Fh are general-purpose byte addressable RAM for
programmer data storage and to hold the stack. 80h-FFh are the special function registers, such as
the Accumulator, the I/O ports, and many more.
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Special Function Registers
Specia Function Registers (SFRs) start at address 80h. This section describes the purpose of the
most important registers. Discussion of the other registers will follow as need arises.

Accumulator (Acc or A): Thisisthe main register in the controller. It isused for performing
mathematical and logical operations.

Program Status Word (PSW): In many instances where registers are concerned, the byte is not as
important as the bits within it. Table I-3 indicates the bits contained within the PSW, and Table I-4
discusses their purpose. For the majority of the bits, certain instructions return results in the form of
flags within the PSW. For example, with addition we may want to know if the operation resulted in
exceeding the limits of our number system. The auxiliary carry flag (AC) in the PSW would
indicate if this had occurred.

| cy |[AC |[FO |RSL |[RSO|OV |[-- [P |
Tablel-3: PSW Bits

Bit Discussion

P Even Parity flag, usually used in seria transmissions. If the total number of HIGH bits
in abyteis EVEN, Pwill be set to 1, otherwise it will be 0.

-- Not used

oV Overflow flag. When adding or subtracting signed numbers (-128 to +127), this bit will
indicate if the operation exceeded the limits (overflow).

RSO This pair of bits determines the register bank in use for RO-R7. The binary number of

RS1 the bits indicates the active bank (00b = 0, 01b =1, 10b = 2, 11b = 3).

FO Flag 0. A general purpose flag bit for programmer’s use.

AC Auxiliary Carry Flag. Indicates an operation exceeded a binary-coded-decimal value of
0.

CY Carry Flag. Indicates that a carry or aborrow operation took place for operations, such
as adding 1 to OFFh or subtracting 1 from Q0h.

Table I-4: PSW Bit Descriptions

Stack Pointer (SP): The stack is used for two purposes in programming. On ajump to a subroutine
instruction, the microcontroller must keep track of the return location. Thisisa 16-bit word. The
high and low order bytes of this address get pushed into the stack. The stack pointer keeps track of
the end of the stack so that areturn call can pop the data off the stack. The stack is maintained in
our accessible RAM. By default the SPis set to 07H. As bytes are pushed onto the stack, they will
sequentially be pushed into location 08h then 09h then OAh and so forth (SP isincremented 1 prior
to pushing). The SP is updated to reflect where the end of the stack is so the last data pushed-inis
the first data popped out (LIFO - last in, first out). The second purpose of the stack isto allow us to
manually push and pop datainto the stack for fast, temporary storage.
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If we do not manually reset SP to the upper memory area (such as 60h), the stack may make register
banks 1 - 3 unusable along with our bit addressable registers. This depends on how many bytes are
pushed into the stack at any one time and using this area of memory.

Let'stake alook at a program to demonstrate some of these register conceptsin Proj_i-2.

=:0000 75 81 &0 MOV SP. ¥60h =
oon3 D2 A4 SETE P2 .4 — clect Bank O
ooos C2 A3 CLE F2.3
goo? 74079 MOV A #79h +
0009 FS 90 MOV P14 toad Ace win erement Fo
oooE 24 09 ADD A #09h
000D F5 90 MOV P1,4 1
000F 00 HOP oot Bkl
ooio D4 D& A
o011 FS 90 MOV P1.A
o013 0o HOF Add 9 to Acc
o014 74 FD MOV A #FDh
00le FS 90 ILF: MOV P1.A
0018 24 01 ADD A #01h e
o014 &0 FA JHC LF Reg O1h
ooic 11 25 ACALL 00ZEh becimal adjus]
001E 02 00 0o LIHF 0000k Acc
oozi 0o HOF
T s
ooz3 0o HOF Display Acc
ooz4 00 HOF value
oozt 2 D3 CLE D3h ]
Load Acc with
ooz? 03 IHC E0 FDh
oozg D2 D3 SETE D3h Add 110 Ac
ooza 18 DEC EO
aozZe 0 00 FUSH 00h
gozD Do 01 POF 01k
oozF 22 EET =
21 | 4

Figurel-7: Program |-2 CPU Code

Table I-5 describes the effects that Program [-2 in Project 1-2 has on registers and provides
explanations. It skips the NOPs and redundant MOV codes for the display. Use F7 to step through
the Program I-2 in UMPS, and observe the effect on the program counter, accumulator, program
status word flags and RAM.

I nstruction Register Effect Explanation
MOV SP#60h SP = 60h Set the Stack Pointer to upper RAM memory at 60h.
SETB P24 /IOP24=1 Enable the 373 latch for LEDs
CLRP2.3 I/OP2.3=0 Enable the 4511 for 7-segments.
MOV A #79h Acc =7%h Store 79h in the accumulator.
MOV P1, A P1=A (79h) Move accumulator to the P1 1/0 port for displays.

[-10
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ADD A, #0%h Acc =82h Add 09h to the accumulator (79h + 09h=82h.)
AC=1,0v=1 The addition resulted in anon-BCD result so Aux. Carry Flag is set.
The addition resulted in exceeding the highest signed byte value
(+127 or 7Fh) so the Overflow Flag is set.
DA, A Acc = 88h Since we had anon-BCD addition result, adjust the Acc. (79+9=88).
MOV A, #0FDh | Acc = OFDh Move OFDh to the accumulator.
LP: MOV PLA PL=A Move Accumulator into P1 1/O port. LPisalabel for looping.
ADD A, #01h Acc=Acc+1 Add data (1) to the Accumulator.
When Acc = 00, CY =1, When Acc goes from OFFh to 0036, the Aux Carry Flag is set. The
AndAC=0 Carry Flag is set, indicating a carry bit is generated.
IJNCLP Jump if no carry to the memory location defined. Thiswill cause
the program to loop back to LP until CY = 1.
ACALL 0025h RAM address 61h = 1Eh Call to subroutine memory location 0025h (GOSUB to this
RAM address 62h = 00h location). This performs several functions. To be able to return
SP=SP+2(62h) from the call, the next PC position (001Eh) is pushed in the memory
PC = 0025h location defined by SP aslow byte, high byte in 61h and 62h. SPis
incremented by 2 to point to the last location to a push occurred.
Finally, PC is updated with the called memory location so execution
jumps there.
CLR D3h Bit D316 (RS0) = 0 Clears the lower bank select bit. Register Bank 0 selected.
INC RO RO=RO+1 Increments RO in the currently selected bank of 0. So RO is located
(RAM address 00h) at RAM address 00h.
SETB D3h Bit 0D3h (RSO) =1 Sets the lower bank select bit. Register Bank 1 selected.
DEC RO RO=R0-1 Decrements RO in the currently selected bank of 1. So RO islocated
(RAM address 08h) at RAM address 08h.
PUSH 00h SP =8P +1 (63h) The Stack Pointer (SP) isincremented one to point to the next
RAM Address62h = RAM | available RAM address. The datain RAM location 00 is PUSHed
address 00h. onto the stack at the current stack location.
POP 01h RAM address 01h = RAM The top data on the stack is POPped off and stored in RAM address
Address 62h. 01. SPisdecremented by 1 to reflect the POP.
SP=sP-1
RET PC = 001Eh. The program counter is updated by popping the stack twice to get
SP=SP-2. the return location from the subroutine call. The stack pointer is
decreased by 2 to reflect that 2 bytes were pulled off the stack.
LJMP 0000h PC = 0000h. Long jump to 0000h. Sets the PC counter back to 0000 to

continuously loop.

TableI-5: Program I-2 Description

Clicking 'Go' will start the program; it will continuously loop. The displays on the VAB will flash
rapidly, and the registers will change quickly as the program executes.

Section Summary

Microcontrollers are often programmed in a very low-level language, Assembler, instead of high
level languages. Assembler can be converted directly to the binary machine code understood by the
particular processor. In Assembler we dea with opcodes (the instructions for the processor) and
operands (data the instruction uses).

Programming in Assembler requires the use of the numerous registers the microcontroller usesin
storing data, manipulating data, setting flags, and accessing 1/0 pins. Specia Function registers
include the Accumlator for manipulating data, the Program Status Word containing status bits, and
the Stack Pointer to keep track of datatemporarily placed on the stack.
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Section J: Assembler, Opcodes and Addressing.

Reference:
A. MacKenzig, |I.S., 1999. The 8051 microcontroller, 3%ed. Prentice Hall.

Objectives:

1) Discuss advantages and limitations of Assembler.

2) Write code in Assembler to use symbols, origin points, and macros.
3) ldentify the differences between addressing modes.

4) Write code in Assembler to use various addressing modes.

Assembly Language Programming

The last section used programs that were written in instruction mnemonics and converted, or
assembled, directly into machine code using the UMPS CPU Code window. Thisisavery quick
method for entering code and executing it. Aseach lineisentered, it is checked, and if it cannot be
assembled, an error message pops up. It aso allows the use of |abels, therefore we do not have to
worry so much about the memory locations for jJumps. However, this method has its definite
drawbacksin that it is very difficult to simply add aline of code, and we cannot use variables or
'symbols' other than those native to the 8051 (such as P1, Acc, PSW, etc) to represent memory
locations or values. As we program more complex code, greater flexibility would be beneficial.

Take for example the following code in a CPU Code Window:

0000 75 90 50 MQV P1, #50h
0003 15 90 L oop: DECP1

0005 E5 90 MQV A, P1
0007 70 FA JINZ Loop

Starting at memory location 0000h, the program would move the value of 50h into the P1 register,
decrement the value in P1, move it to the Accumulator, and if the Accumulator is not zero, jump
back and repeat from the decrement on.

Not so bad. But what if we wanted this code to start at memory location 0030h instead? Or if we
wanted to write 'DisplayBus, which is more descriptive for our circuit, instead of P1? What if we
wanted to add comments? Or maybe do something as simple as putting SETB P2.4 after the DEC
P1? Try it. Since each mnemonic gets assembled directly into the memory locations, it becomes
guite a chore to ssimply insert or delete aline of code.

Enter Assembly Language programming. Assembly Language, or Assembler, is very powerful
compared to mnemonic coding, but nowhere near the power of high level languages such as BASIC
or C. Thevast mgority of the code in Assembler is still written in instruction mnemonics.
Assembler is acompiled programming language. In PBASIC2 we saw that the code was tokenized
and then interpreted as the program ran. In a compiled language, such as Assembler and C, the
program code is converted directly to machine code for our processor, so no run-time interpretation
isrequired.

J1
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A high level language such as C has compilers for many different processors whether we are
programming for a Pentium in aIBM compatible, the PowerPC in a Macintosh, or even for the
8051! The same code can be compiled for whichever microprocessor or microcontroller it is
intended to be run on. Assembler is not so powerful. Since each processor family has its own
unigue instruction set, there exists an Assembly language for each one.

Let's take alook at the following code in Assembler (to enter it, use[FILE > NEW).

DisplayBus equ P1 ;Symbol declaration for P1
StartValue equ 50h ;Symbol declaration for 50h
org 0030h ;Originate compiled code at 0030h
MOV Diplaybus,#StartValue ;Move the start value into our LED display bus
Loop2: DEC DisplayBus ;Decrement the value in the bus
MOV A, DisplayBus ;Move the value to the Accumulator
JNZ Loop2 ;Jump if not zero to Loop2.

In order to compile it, we first save the file with a name of our choosing[Fild > [Savd. Thenwe
instruct UMPS to compile our program (the lighting bolt button, ctrl-F9, or [Program=>(Compilé).
The Assembler will analyze the program by performing 4 passes through it. After this, it is
compiled directly into machine code. Looking in our CPU Code window starting at 0030h, we see
the exact same mnemonics and machine code (except the label name) as the one we wrote at 0000h.

Org and equ are compiler instructions. They provide _ UMPSTip _
information to the Assembler during compiling. The symbols Using P1, A, PWSand suchin
DisplayBus and StartValue are not variables; they are simply Assembler programs are simply
constants that are set equal to the values we assign. Nowherein | using predefined symbols

the 8051 memory are these being stored unless we explicitly corresponding to the 8051
write code to store them. When the program is compiled, the memory map.

symbols of StartValue and DisplayBus are replaced by their
assigned values. Placement of text is also very important. If aline starts at the far left, it is
assumed by the language to be compiler instructions

Every program needs at least one origin point (org). Thisinstructs the Assembler where to place
the compiled code in ROM memory. We can write our Assembler code to use any number of origin
points that we desire (when we discuss interrupts we have to do this).

Another feature of Assembler isthe use of amacro. A macro is a predefined routine that can be
referenced by simply using the macro's name. For example, the PROG_J1 (in Proj_j-1) defines
two macros and uses them. The first macro (Disp_LED) displays data in the Accumulator on the
LEDs of the VAB. The second macro (Disp_7Seg) accepts an argument named 'data’. When the
program is assembled, the value provided for the argument is used in the macro.

J2
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skkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkk

;* PROG_J-1 -- Demonstrates use of Macros

skkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
’

LED _EN equ P2.4 ;Symbol for LED enable line
Seg_EN equ P2.3 ;Symbol for 7-Seg enable line
DIPS equ PO
DisplayBus equ P1 ;Symbol for P1 port, display bus
MACRO Disp_Leds ;Display Acc data on LEDs
MOV DisplayBus, A ;Move Acc Data to Display Bus
SETB LED_EN ;Enable LEDs
CLR LED_EN ;Disable LEDs
ENDMAC
MACRO Disp_7SEG (dispdata) ;Display (dispdata) data on 7-Seg
MOV DisplayBus, #dispdata ;Move Acc data to Display Bus
CLR Seg_EN ;Enable 7-Seg
SETB Seg_EN ;Disable 7-Seg
ENDMAC
org 0000h ;Define starting address
Jump:
Disp_7SEG (85h) ;Display (value) in 7-seg using macro
MOV A,DIPS ;Load accum with DIP switch value
Disp_Leds ;Display in LEDs using macro
SIMP Jump ;Loop forever

NOTE: Theresourcesinthe VAB are normally refreshed every 75 cycles. For this example the
refresh has been changed to 1 in order to alow the high-speed enabling/disabling of the LEDs and
7segments to be recognized, but it dramatically slows simulation execution. In most cases we will
add a delay to the program to provide time for the resources to catch up.

=-0000 75 90 85  JUME: MOV P1.#85h &

ooo3  C2 A3 CLE F2.3 i

ooos D2 A3 SETE P2 .3

ooo?  ES 80 HOV A FOD

ooo9e  FS 490 HOV FP1. A

O00E D2 A4 SETE P2 .4

oooD C2 A4 CLE P2 .4

000F &0 EF SJIMEP JUMP

o011 o oo HOF

oo HOP

o013 o oo HOP

o014 oo HOP

o015 oo HOP =
i o

Figure J-1: Macro Compiled Code

Figure J-1 shows the compiled CPU code for Prog_J-1. Can you see how the macros, the defined
symbols, and the macro argument 'Dispdata are compiled?
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Some Assemblers allow the use of Pseudo-Code. Thisis code which is not line-by-line compiled,
such as mnemonics. Instead a line such as:

If Databus> 0
Then Goto Loop2

may be compiled as:

MOV A, Databus
JINZ Loop2

The compiler takes the pseudo-code and creates machine code instructions that perform the required
tasks. Thisisthe manner in which high level compiled languages such as C, C++ and many more
work.. UMPS does not support pseudo-code.

Opcodes

Let'stake alook at opcodes and operands. These are the microprocessor instructions and the
information on which they operate. An opcode, and sometimes all or part of the associated operand,
is an instruction that is designed into the microcontroller. The 8051 is an 8-bit microcontroller. It
works with bytes, which have 256 unique states, 00h - OFFh. As such, an 8-bit controller may have
up to 256 unique instructions. Each instruction has a unique byte that describes its function to the
control unit of the microcontroller.

The instruction RET has an opcode of 22h. The data paths interna to the controller are set up to
perform this function. If it were RL A, 23h, the paths would be set up for another instruction. You
can think of the 8-bits of an instruction astraffic signals at alarge intersection. Different
combinations of 1's (green lights) and O's (red lights) will allow traffic to move in different ways. In
our case the movement of this traffic represents data being processed.

There are several issues involving every instruction:
- How big is the instruction?
Where is the data coming from?
How will the data be manipul ated?
Where are the results to go?
How long will it take?
Are any PSW flags set?

These issues are often tied together, aswe'll see. First, let's take alook at the majority of
instructions groups for the 8051. See reference A for a complete listing of 8051 instructions.

I nstruction General Description

ACALL Absolute Call. Call a subroutine at a given 16-bit address. Return when done.
ADD A Adds 2 bytes using the accumulator.

AIMP Absolute Jump. Jump to a 16-bit address.

ANL Logically AND with the accumulator or the carry bit

34
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CINE Compare 2 bytes and jump if not equal to an address.
CLR Clear (make 0's) abyte or bit.

DA A Decimal adjust the accumulator if not in BCD.
DIV Divide the accumulator by register B

DEC Decrement (subtract 1)

DINZ Decrement and jump if not zero to an address.
INC Increment (add 1)

JB Jump of specified bit is set (1).

JBC Jump and clear the bit if it is set.

JC Jump if the carry bit in the PSW is set.

JMP Perform a jump.

JNB Jump if the bit is NOT set.

INC Jump if the carry isNOT set.

INZ Jump if the accumulator is NOT zero.

JZ Jump if the accumulator is zero.

MOV Move data to the destination from the source.
MUL AB Multiply the contents of the accumulator and register B
ORL Logicaly OR the contents of accumulator or the carrry bit.
POP Pop a byte off the stack.

PUSH Push a byte onto the stack.

RET Return from a subroutine call.

RETI Return from an interrupt routine.

RL A Rotate the accumulator |eft.

RLC A Rotate the accumulator left through the carry bit.
RR A Rotate the accumulator right.

RRC A Rotate the accumulator right through the carry bit.
SETB Set a bit (1).

SIMP Short jump, relative addressing.

SUBB A Subtract from the accumulator.

SWAP A Swap nibbles within the accumul ator.

XCHA Exchange Accumulator with a byte.

XRL A Exclusive-OR (XOR) the accumulator with a byte.

Table J-1: Partial 8051 Instruction Set Summary

Whew! There'safew! But wait, there are only 37 instructions here; what about the rest of the 256
possible combinations for instructions? Some instructions, such as RET, are only used in one
manner, others, such asaMOV can take on numerous forms. It mainly depends on where the
information is coming from and where it isgoing. Thisis known as the addressing mode.

How long does an instruction take? It depends on how
many instruction cycles are required for the microcontroller
to perform it. The 8051 requires 12 clock cyclesto
perform a singleinstruction cycle. With the 8051 clocked
at 12MHz, an instruction cycle will occur at arate of 1 MHz
or one instruction cycle every 1n5. An instruction, such as

UMPSTip
With a microcomputer running at
233 MHz, UMPS will almost
simulate an 8051 running at

AMHz in real time! (1 second of
8051 simulation time will take
approximately 1 second of our
time).
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SWAP, swaps around the nibbles in the accumulator. That'sal. No further information is
required, so the instruction can be held in asingle byte and requires 1 cycle to perform. The
multiply instruction of MUL AB requires 4 cycles to perform.

It was mentioned earlier that the move (MQV) instruction could take on many forms. Different
forms require different amounts of memory and execute in different numbers of clock cycles. For
example, moving data from an RO-R7 register into the accumulator (MOV A, R3) has an operand
associated with it (A, R3). The MOV instructions between the Accumulator and the eight registers
each hasit's own instruction byte (ODBh for MOV A, R3). It requires one byte and also one
instruction cycle. Another move, such placing data (OF3h) in a general purpose RAM address,
such as 54h (MOV 54h, #0F3h) requires 3 bytes. One is for the instruction (7Fh), one for the
address (54h), and one for the data (OF3h) which makes a 3 byte-instruction (75h 54h F3h). The
MOV using these operands takes 2 cycles, or 2nt, to perform with the CPU running at 122MHz.
The way data is manipulated in order to minimize the program memory requirements and
maximize execution speed can be very important when the requirements demand it.

The 8051 has 8 different methods of addressing. We'll look at each of these in terms of the
destination byte, the source byte, bytes required, and the number of operations required using the
MOV and JMP instructions.

Addressing
The general format for aMOV instruction is.
MOV <Destination byte> <Source byte>; (Destination) € (Source).
Destination < implies that the source byte will be moved into the destinations byte. Where the
destination byte is located, and where the source byte resides, is determined by the addressing
mode.

The general format for a JMP instruction is:
JMP <Memory Address>; (PC)< (Address)

Direct Addressing

The contents of the 256 bytes of RAM are directly manipulated.

The destination byte and the source byte are in the 256 bytes of RAM. Where in memory will
determine how many bytes the instruction requires and the number of clock cycles. Remember that
addressing the Accumulator and RO-R9 registersis built into the instruction set. Using symbols
such as P1 and PWS are simply predefined locations within the specia function registers (P1 =
90h). A value with no symbols (# or @) preceding it implies a memory location.

Instruction Code Action Bytes Required Cycles
MOV P1, A F5 90 (P1)<(Acc) 2. One for MOV using the Accumulator, and one 2
MOV A, 57h E5 57 (Acc) € (57h) | for a memory address.

MOV R1, P3 A9 BO (R1) «(P3) 2. One for MOV using RO-R7 registers and one 2
MOV A, 4Fh E5 4F (Acc) €(4Fh) | for the memory address.
MOV A, R5 ED (Acc)<(R5) 1. The MOV instruction byte defines that the 1
MOV R2, A FA (R2)<(Acc) accumulator and one of the registers (R0O-R7) is

used.
MOV P1, P2 85 A0 90 (P1)<(P2) 3. One for the MOV instruction, one for the 2
MOV 54h,3Ch 853C 54 (54h)<(3Ch) source location, one for the destination location.

J-6
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The contents of a memory address POINTED-to are manipul ated.
Instead of holding the data, the operand defines WHERE the data can be found. The source or
destination points to the location of the byte. An'@' is used to identify an indirect memory pointer.
For the following examples, assume:
Register R1 holds 50h.
RAM memory location 50h holds 7Ch.
RAM memory location 40h holds OFFh.

I nstruction Code Action Bytes Required Cycles
MOV A, @R1 E7 (Acc)<((R1)) 1. One byte defines the 1
(Acc)<(50h - value in R1) Accumulator and that the
Acc = #7Ch - value at 50h location in the specified
should be addressed.
MOV @R1, 40h | A7 40 ((R1)) «(40h) 2. One byte defines a move 2

(50h) € (40h)
value in 50h = value in 40h
50h = #0FFh

to the address defined by a
register and the second

defines the RAM address.

Immediate Addressing

The instruction holds the data to be manipulated.
Immediate address may be the easiest to understand. The operand defines a byte of datato be
stored in the specified register or memory location. Note that a'# defines data instead of an

address.

I nstruction Code Action Bytes Required Cycles
MOV A, #67h 74 67 (Acc) € Data; Acc = 67h 2. One byte for a move to 1
MOV R1, #0C3h | 79 C3 (R1) € Data; R1=C3h accumulator (or RO-R7

register) instruction, one for
the data to move.
MOV P1, 85h 7590 85 (P1) < Data; P1 =85h 3. One for the move 2
MOV 55h,#30h 7555 30 (55h) € Data; memory instruction, one for the
location 55h = 30h. address, one for the data.

Let'stake alook at program (Program J-2 in Proj_j-2) that uses some of these addressing modes.

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
’

;* PROG J-2
;* Count from 8 to 0 and display using
;* Direct and Indirect addressing modes

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
’

org 0000h ;Set orgin
SETB P2.4 ;Enable 373
CLR P2.3 ;Enable 7-Seg
Start: MOV 50h, #08h

N

:Immediate move of 08h into RAM location 50h




Loop1l:

END1:

LOOP2:

MOV P1, 50h
DEC 50h
MOV A, 50h
JNZ Loopl
NOP

MOV 50h, #08h
MOV R1, #50h

MOV P1, @R1

DEC @R1

MOV A, @R1

JNZ Loop2
END2: NOP
SIMP Start

Microcontroller Manual-Part 11 (V2.1)

;Loop testing direct mode
;Move direct contents of 50h to P1(Display bus)
:Decrement direct the contents of 50h

:Move direct the contents of 50h to Acc

;If Acc NOT zero, jump to Loopl

;Load immediate 50h with 08h
;Load R1 with the value of 50h
;Loop to test indirect mode
;Move indirect the contents of the memory location
;that R1 is pointing to P1 (Display bus)

;Decrement indirect the contents of the memory
;location that R1 is pointing to.
;Move indirect the contents of the memory location
;that R1 is pointing to Acc.

;If Acc NOT zero, jump to Loop2

;Repeat

Program J-2 uses 2 loops that perform the same task. They count down from 8 to 0 and display it in
the 7-segment display. Loopl uses immediate addressing to load memory location 50h with the
value 8, it then displaysit on port 1, decrements it, moves it into the Accumulator and jumps back

to the beginning of the loop if it's not zero.

0000 D2 A4 SETE P2.4 -
0002 C2 A3 CLR F2.3 C
0004 75 50 08 START: MOV G0h, #08h
0007 85 50 90 LOOP1: MOV P1,50h
D004 15 50 DEC 50k
D00C  ES 50 MOV &, 50k
D0OE 70 F7 JNZ LOOF1
0010 00 END1: HOF
0011 75 50 08 MOV S0k, #08h
0014 79 50 MOV R1.#50h
D016 87 90 LOOFZ: MOV Pl @RL
0018 17 DEC @R1
0019 E7 MOV &, @RL
0014 70 Fa JNZ LOOF2
001C 00 END2 : HOP
001D 80 ES SIMP START
001F HOP
0020 00 HOP -

21 4

Figure J-2: Program J-2 CPU Code

Loop2 performs the same task, but in this case it uses indirect addressing where R1 isused asa
pointer in manipulating memory location 50h. Figure J-2 is the assembled program.
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Note the difference in the number of bytes within Loopl and Loop2. Loopl isaccomplishedin 9
bytes of code. Loop2 is performed using only 6 bytes! A savings of 3 bytes of our limited ROM
memory. Single stepping through the program, Loopl takes 48 cycles to accomplish. Loop2 also
takes 48 cycles to complete, so even though we were able to save some bytes, there were no savings
of execution speed.

Long Addressing

Address is defined by a 16-bit word.

Long Addressing isused in LIMP and LCALL instructions. In these instructions, ajump to a
location or a subroutine call to alocation, the full 16-bit addressis specified. Assuch, 3 bytes used:
one to hold the opcode and the 2 bytes of the address in the operand. For example, LIMP 0350h
would cause execution to jump to ROM address 0350h.

I nstruction Code Action Bytes Required Cycles
LIMP 0005h 02 00 05 PC < address 3. One byte for the opcode, 2
PC < 0005h two bytes for the address.
LCALL 0100h 12 01 00 PC < Address 3. One byte for the opcode, 2
PC < 0100h two bytes for the address.
(the return 16-bit address is
placed on stack)

Absolute Addressing

Address is within the current 2K-byte block.

In most cases we do not have to jJump to an address outside of 2K of memory. The majority of our
jumps and subroutine calls can be within 2K bytes of ROM. These 2K blocks are known as pages.
Since the 8051 has 4K of internal ROM, it is broken up into 2 pages, from 0000h -07FFh and 0800h
- OFFFh. An absolute address is an 11-bit number (2048) which is the address within the current 2K
page to which we will jump or call. The lower 8 bits of the address (A7 - A0) are contained in the
operand. The upper 3 bits of the address (A10-A8) are the upper 3-bits of the instruction. In this
manner ajump or call within a 2K page of memory can be addressed using only 2 bytes of memory.

I nstruction Code Action Bytes Required Cycles
AJMP 0005h 0105 PC < 2k address within page | 2. One byte for the opcode 2
01h =00000001b (A10-A8) with upper 3 bits, one byte for
05h = 00000101b (A7-A0) lower address byte.
2k Address = 00000000101b
PC < 0005h
ACALL 0650h D1 50 PC <2k address within page | 2. One byte for the opcode 2
D1h = 11000001b (A10-A8) with upper 3 bits, one byte for
50h = 01010000b (A7-A0) lower address byte.
2K Address = 11001010000b
PC < 0650h
(Return 16 bit address is
placed on stack and
stackpointer is incremented.)
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Relative Addressing

Address lies within 256 bytes of current location.

In many cases, we do not even have to jJump outside of a 256 byte range. For example, most loops
and jumps occur to locations very near the jJump call. Relative addressing adds or subtracts a signed
8-bit number from the current PC location plus 1. Let's ook at some same compiled CPU code.
Let's analyze it.

= 0000 80 02 SIHP START =

oooz oo NOP [

0ooa oo NOP

0004 74 08 START : MOV A&, #0Sh

0o0e 14 LOCE : DEC &

0007 70 FD JHZ LOCP

0009 80 F9 SIHP START

Oooe

aooc oo NOP -
2l 1P

FIgure J-o. xetalive JUITIp EXAlTIpies.

8002 SJMP START: The CPU code instructs the microcontroller to Short Jump (80) to a
location 2 ahead after it adds one to the PC. 0001h isthe fina byte of the SIMP START
instructions, so adding 3 (1 + 2) gives afinal relative address of 0004h.

70 FD JNZ LOOP: If the accumulator is not zero, jump to alocation defined by OFDh after
adding one. OFDh isthe signed number for -3. From where the INZ instruction finishes, 0008h
+ 1 -3 =0006h, the location of LOOP.

80 F9 SJMP START: Short Jump to relative location defined by F9 (-7). 000A + 1 - 7 = 0004h,
the location of START.

See how relative addressing can add -128 or +127 bytes to jump within a section of code using a
combination of branching instructions and one-byte operands?

Indexed Addressing

Indexed addressing can be used in jJump and move instructions (MOV C). The simplest way to think
about indexed addressing is adding a byte (the index) to an Absolute Address (16-bit address). Two
registers can hold the address, the PC or DTPT (Data Pointer). DTPT isa 16-bit specia function
register (SFR) which is used with instructions that can use 16-bit addresses. The high and low bytes
of DTPT can be addressed individually as DPH and DPL.

The following program demonstrates the use of indexed addressing. The program displays different
patterns on the LEDs of the VAB. The display patterns are held in 19 ROM locations, starting at
0020h and labeled 'DATA'. DTPT isloaded with the address of DATA. Register ROisused asa
counter to count from O to 19. Each of these counts is moved into the accumulator. The
Accumulator isthen used as an index and added to DTPT to arrive at an indexed address holding
the next display data byte (DB). The MOV C instruction loads the byte into the accumulator, which
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is then placed on the port 1 (P1) and displayed on the LEDs. The program will loop while RO is not
equal to 19.

*kk * *kk * F*kkkkkkk *

;* PROJ_J-3: LED Display using indexed address
* look-up table

¥ Single step through for effects
org 0000h
Start: SETB P2.4 :Enable the 373 for LEDs
MOV DPTR, #DATA ;Move the address of Data label into Data pointer
MOV RO, #00h :Load RO with 00h.
Loop:
MOV A, RO :Transfer RO to Acc
MOVC A, @A+DPTR :Load Acc with the indirect address of Acc + DTPR
;(Data, Data+1, Data+2, etc)
MOV P1, A ;Move Acc data to P1, display bus
INC RO ;Increment RO
CJINE RO, #19, Loop ;Compare RO to decimal 19, jump if not equal
SIMP START ;Relative jump back to start
org 0020h
Data: DB 10000001b ;Data Bytes for LED display in binary

DB 01000010b
DB 00100100b
DB 00011000b
DB 00100100b

DB 01000010b Assembler Tip

DB 10000001b ;

DB 11111111b DB can also be used in the

DB 10000000b following manner:

DB 01000000b DB 'HELLO WORLD!'

DB 00100000b Where, just in the BS2 using the
DB 00010000b Datainstructi h character i
DB 00001000b fainstruction, each character is
DB 00000100b adifferent byte.

DB 00000010b
DB 00000001b
DB 10101010b
DB 01010101b
DB 10101010b
DB 01010101b

Section Summary

A unique byte is used in defining an instruction to the microcontroller. The instruction may have a
unique use, or one instruction may have multiple methods of being used depending on the
addressing modes.

The 8051 has 8 addressing modes depending on how the operand isto used. The operand may
contain the actual data or point to where the data is located in memory. The pointer may be an
absolute memory address, an address within a 256-byte block, and address with a 2K -byte block, or
bein a special register. Microcontrollors use the various addressing modes to provide the user with
flexibility for size or speed depending on the needs.
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Section K: Interrupts- External, Timers and Counters

Reference:
A. MacKenzig, |I.S., 1999. The 8051 microcontroller, 3%ed. Prentice Hall.

Objectives:

1) Discuss the use of interrupts in microcontrollers.

2) Discuss key elements in interrupt programming, such as enables and interrupt vectors.
3) Discuss the differences between external, timer and counter interrupts.

4) Control 8051 registers for interrupt programming.

General Interrupts

As we've seen, microcontrollers can operate very quickly. Individua instructions take only
microseconds. Frequently, outside devices, such as people pressing buttons, need to be recognized
by the microcontrollers. Take, for example, the microwave oven. Once started, it will heat our
food until the heating program ends, or we interrupt the heating by pressing STOP or opening the
door. No matter where in the heating program the microcontroller is, it is a safety concern to ensure
it recognizes the fact the door was opened. Of course, an interrupt may not be as critical asthis
example. The controller goes about it's business of making sure the correct time is displayed until
we interrupt it by punching buttons for a new heating cycle. If you've deat with adding hardware to
computers, you may have run across interrupt setting and conflicts for expansion cards.

Basically, a microcontroller or microprocessor deals with the main program task at hand unlessit is
interrupted by an external or internal interrupt request. Upon receiving an interrupt request, the
processor will jump to a specific address, an interrupt vector. At this address we instruct the
processor how to handle the interrupt. Once the interrupt routine is complete, execution returns to
the previous task at the point it was interrupted.

The 8051 has the following sources for interrupts:
Two 1/0O pins which can be used for external interrupts.
Two 1/0O pins which can be used as counter interrupts
Two internal timers used for timer interrupts or used in conjunction with the 1/0 pins for counter
interrupts.
I/O pin for Serial datainterrupt.

In order to use interrupts, we need to understand two main principles: Interrupt Registers and
Interrupt Vectors. Interrupt registers are used in configuring the interrupts. Do we want counter or
timer interrupts? How many counts before interrupting? Is the interrupt enabled or not? Several
registers used in configuring the 8051 interrupts and will be discussed |ater.

An interrupt vector is the memory address location that the Program Counter (PC) will jump to
when an interrupt is set. Let's say, for example, we have a program with an external interrupt
enabled. Our program may be going about its business and |ooping between addresses 0100h and
0200h. When the external interrupt is set (perhaps by an operator pressing a button), program
execution will immediately jump to the interrupt vector address (0003h in this case). The program
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will carry out the instructions starting at that address. When the interrupt routine is complete, the
fina instruction will 'return from interrupt’, and program execution will resume where it |eft off
within our 0100h - 0200h loop.

The 8051 has 5 interrupt vectors:

Address Purpose

0000h System Reset. When Pin RST is high, the system will reset.
0003h External 0. Vector address for P3.2 INTO, external interrupt O.
000Bh Timer 0. Vector address for timer/counter (P3.4 TO) interrupt O.
0013h External 1. Vector address for P3.3 INT1, external interrupt 1.
001Bh Timer 1. Vector address for timer/counter (P3.5 T1) interrupt 1.
0023h Serial datareceived. Vector address for incoming serial data.

The seria interrupt is a nice example to look at although we will not delve into it further in this
manual. On the BS2 we received seria data from another BS2 using SERIN command. The BS2
and PBASIC itsalf does not use interrupts (the 16C57 at its heart does though). When our receiver
was expecting serial data, our program had to stop and wait for it. If it didn't arrive before we timed
out, our program would have missed it. Additionally, we had the long wait of just having the
program pause to seeif any datawas arriving.

In microcontrollers, such as the 8051, a serial datainterrupt is quite a convenience. Our program
can carry out any task it needs to without worrying about whether serial datais expected or not. If
serial data DOES arrive, another part of the microcontroller collects the data and sets a flag
indicating data has arrived. This flag would then cause our program to interrupted, branch to
address 0023h, carry out any instructions we wrote to use the seria data, then return back to our
main program when compl ete.

Y ou may have noticed the available memory between each interrupt vector isn't very large (8
bytes). This doesn't leave much room for code, but it is sufficient to branch to a subroutine that
does have alarge amount of code. Let'slook at areal simple program for processing seria data
received. Well keep it to just the basics.

Org 0000h
LIMP Loop ‘Jump down to our main program
Org 0023h ‘Serial Interrupt Vector
LIMP ProcessSerial
Org 0100h
Start:

(Configure Interrupts)

Loop:
(code to light LEDs or whatever)
LIMP Loop

ProcessSerial

(code to read serial data from register and process it)
RETI 'Return from interrupt command
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Theinitia jump at 0000h will skip over our interrupt routines to 'Start’ where the interrupts will be
configured. Following that, our microcontroller will be busy with the tasks defined in 'Loop'.
When serial data does arrive, the micro will be interrupted and branch to 0023h. Thereit is
instructed to jump to 'ProcessSerial’ where our serial datais collected and manipulated. Once
complete RETI, (Return from Interrupt) will instruct the micro to go back about its businessin
Loop, where it left off.

Let'slook at a program before we discuss the interrupts in depth. Program K-1 of Project K-1 will
perform the following:

The main loop (Loop) will read the data on the DIP switches and place the data on the LEDs
DO-D7.

PB1 on INTO of the 8051 will trigger External Interrupt O and cause program execution to
branch to 0003h. From there the routine 'Addone’ will be performed. Thiswill add 1 to our 7-
segment display count. Only 1 will be added for each button press because this interrupt is
defined as being edge-triggered. The transition from a HIGH to LOW will cause the interrupt to
occur.

PB2 on INT1 will trigger Externa Interrupt 1 and cause program execution to branch to 0013h.
From there routine 'SubOne' will be performed. Thiswill subtract 1 from our 7-segment display
count. Thistime, though, the subtraction will continue as long as the button is pressed (some
counts will result in a blank digit since the number may exceed the decimal values of 0-9). This
interrupt is set up to be state-triggered. Aslong as the button is pressed and the input is LOW,
the interrupt will continue to be set, giving us multiple decrementing counts.

skkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkk
’

;* PROG_K-1 -- Demonstrates external Interrupts
;* Program will loop putting DIPS on LED until
;*a PB1 or PB2 press calls interrupt to add/sub 1
;* from 7-segment

skkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkhkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkk
’

LED _EN equ P2.4 ;Symbol for LED enable line
Seg_EN equ P2.3 ;Symbol for 7-Seg enable line
DIPS equ PO ;Symbol for DIP switches
DisplayBus equ P1 ;Symbol for P1 port, display bus
org 0000h
SIJMP START ;Jump past interrupt vector address to start
org 0003h ;Ext. Int. O vector address
LIMP AddOne ;Jump down and add one to 7-seg
org 0013h ;Ext. Int. 1 vector address
LIMP SubOne ;Jump down and subtract one from 7-seg
org 0030h ;Start of program
START:
MOV SP, #60h ;Move Stack Pointer to upper RAM area
SETB EXO ;Enable Ext Int O
SETB ITO ;Set Ext Int 0 to leading edge mode
SETB EX1 ;Enable Ext Int 1
CLRIT1 ;Set Ext Int 1 to state mode
SETB EA ;Set Global Interrupt
MOV RO, #24h ;Load up RO (7-seg number)
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SETB IEO ;Force interrupt Ext O to add one
Loop:

MOV A, DIPS ;Load Acc with DIPS

MOV DisplayBus, A ;Move Acc Data to Display Bus

SETB LED_EN ;Enable LEDs

MOV R7,#08h ;Short pause while VAB resources catch up
Ploop:

DJNZ R7, Ploop

CLR LED_EN ;Disable LEDs

SJMP Loop ;Loop forever
AddOne:

INC RO ;Increment RO

SJMP Disp_7Seg
SubOne: DEC RO

Disp_7Seq:

MOV DisplayBus, RO

;Jump down to display it

;:Decrement RO

;Move RO data to Display Bus

CLR Seg_EN ;Enable 4511's for 7-segments

MOV R7, #30h ;Pause while VAB resources catch up
iPause: DJNZ R7, IPause

SETB Seg_EN ;Disable 7-Seg

RETI ;Return from Interrupt routine

External Interrupts:

Let'slook at the interrupt vectorsfirst. When external interrupt O is enabled and occurs, execution
will branch to 0003h. We have 8 bytes available at each interrupt vector to write code (at 000Bh is
atimer interrupt vector). If the operation requires more than 8 bytes, the code at the interrupt vector
may contain a jump to an actual interrupt routine. External Interrupt 1 vector is 0013h.

So how is an external interrupt enabled? There are 2 registers that need to be examined, |IE and
TCON. IE istheinterrupt enable register. Its breakdown is asfollows:

| -- | ES

| ET1 | EX1 | ETO | EXO |

TableK-1: | E Bits

Bit Discussion
EXO Enables External Interrupt O
ETO Enables Timer Interrupt O
EX1 Enables External Interrupt 1
ET1 Enables Timer Interrupt 1
ES Enables Serial Interrupt
-- Not used in 8051
-- Not used in 8051
EA Global Interrupt Enable.

TableK-2: |E Bit Descriptions
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In order to enable the external interrupt O, EXO must be set. EX1 must be set for external interrupt
1. For ANY of the interrupts to be enabled, EA -the global interrupt enable, must also be set. EA
can be used to quickly disable or enable al the interrupts. Once these bits are set, alow on INTO or
INT1 will cause the interrupt to occur. Upon completion of an interrupt routine, RETI will return
program execution at the point the interrupt was called.

TCON isthe second register controlling the external interrupts.

| TFL [TR1 [TFO | TRO [IE0 [IT1 [IEO [ITO ]
Table K-3: TCON Bits

Bit Discussion
ITO& Interrupt O and 1 mode controls. If 1, interrupt will occur on negative going edge only
IT1 on INTO and INTL. If O, interrupt will occur on low level.
IEO & These are the actual bits that are set on an interrupt. They are normally set by the
IE1 external trigger on INTO and INT1 but may be software set. (1= interrupt)

TRO & These are the enable bits for Timers0 and 1. If 1, the timers will be on.
TR1

TFO These are the flags which are set when Timers 0 and 1 overflow triggering an interrupt.
&TF1 (1 =interrupt).

TableK-4: PSW Bit Descriptions

The code in Program K-1 for setting up the interruptsis as follows:

SETB EXO ;Enable Ext Int O

SETB ITO ;Set Ext Int 0 to leading edge mode
SETB EX1 ;Enable Ext Int 1

CLRIT1 ;Set Ext Int 1 to state mode

SETB EA ;Set Global Interrupt

In our sample program, ITOisset (1) and IT1isclear (0). When PB1 is pressed, the 7-segment
counts up one because it ison INTO, and ITO defines it as edge triggered (1). PB2, on the other
hand ison INT1, for which IT1 isclear (0), so that the interrupt is re-triggered as long as the button
ispressed and LOW. This causes the program to decrement a high number of counts.

Running this program and pressing PBO and PB1, you may notice the LEDs flicker as the interrupt
routines occur. Why? The flickering resulting from our simple example brings up two very good
issues to consider when using interrupts. First, how do you stop an interrupt when you don't want
one to occur? And, secondly, how do you preserve critical data that may be present in registers
when an interrupt occurs.

The LEDs flicker because during that short period of time that the LEDs enable line is HIGH, any
data put on the DisplayBus will be captured by the '373 and displayed, including data from the
interrupt routine. To prevent this we could have disabled EA prior to the LED write and re-enabled
it following the write. If the interrupt occurred during the disabled period, the interrupt would take
action as soon as EA was set HIGH again.
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Caution needs to be taken when jumping to interrupts. If aregister such asthe Accumulator contain
critical data, and disabling the interrupts would be undesirable, we need to ensure that the interrupt
does not destroy the critical data. In this case, at the beginning of the interrupt we may want to
PUSH critical registers onto the stack, and POP them off again at the end of the routine.

UMPS allows us to stop execution (break) on an interrupt call. Under OPTION->RUN MODE .. |
we are able to set UMPS to halt execution on an interrupt call (Halt on interrupt code = checked).
Running the program, once an interrupt call is made and execution stops, we are able to use F7 to
single step through it and see the actions taken.

Timer & Counter Interrupts

With external interrupts we used an external signal to interrupt the processor to perform certain
tasks. Many times we may want to have routines that occur at specific time intervals or count
external signals. These actions can be performed using timer and counter interrupts. Simply put,
interrupt registers count, and when it overflows (exceeds all 1's), an interrupt is generated. The
8051 has 2 registers for this, Timer 0 and Timer 1. If the registers are incremented with each
instruction cycle, they are considered timers. If they are incremented by an external pulse, they are
considered counters. Whether they are acting as timers or counters, the registers are referred to as
timers.

Both timers are 16-bit, comprised of high and low bytes (THO and TLO for timer O, TH1 and TL1
for timer 1). There exists four modes the timers in the 8051 can operate in, modes 0 - 3. We will
focus our discussion on timer mode 1, 16-bit timer, and mode 2, 8-bit timer with auto-reload. The
timers can be configured to count one bit each instruction cycle (for atimer) or count based off of
an external signal (P3.4-TO, P3.5-T1).

In mode 1, 16-bit, the high and low bytes act as al6-bit word. When sufficient counts occur, the
timer rolls over from FFFFh to 0000h, and a timer interrupt is generated. If we start at 0000h, and
the timer is counting every instruction cycle, running at 122MHZ the time between interrupts would
be 65,536 n55, or 65mS. We can preload the timer manual, to say 8000h, so the interrupts occur
twice asfast. Reloading the interrupt to 8000h would need to be part of the interrupt routine, or the
count would start from 0000h following the interrupt routine.

In mode 2, 8-bit auto-reload, only the lower byte is used for counting and interrupting. This
provides a maximum number of counts of 256 between interrupts. The high byte is the reload
value. When the low byte overflows, an interrupt is generated, and the low byte is automatically
reloaded with the value of the high byte. Let's think about counter application for this.

We are given a flowmeter that provides 8 pulses or clicks per gallon of water flowing through it. If
we wanted to interrupt the processor to count each gallon, we could load the value of 11111000b
into the high bytes and set up the processor to count off externa pulses. When 8 flow clicks have
occurred, the low byte would roll over, generate an interrupt to count a gallon, and RELOAD the
low byte with the value of 11111000b to be ready to count the next 8 clicks.

Project K-2 is an example of using both timersin the two different modes we have just discussed. It
usestimer 1 in mode 1 as a 16-bit timer to control atraffic signal. Asthetimer 1 interrupt is
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generated, the light will change and load the timer's high byte with a value depending on the light
that islit. Thered light ison arelatively long time, green a short time, and yellow a very short
time. Remember that the time length is based on how far below FFFFh the timer is set, since it

starts at this value and counts to FFFFh.

PB3isconnected to TO. Timer 0 is configured in mode 2 for 8-bit auto-reload counter. In this
example we are counting traffic. Cars have 2 axles and semi-trucks have 5 axles. The truck traffic
at our intersection is light, so we will take an average of 3 axles as one vehicle. Asthe vehicles pass
over apressure hose, aclick is sent to the processor and counted. Since we want 3 clicks/vehicle,
we will use apreload value of 11111101 (253) so 3 counts will overflow the timer. PB3 connected
to P3.4 (TO) is used to simulate the pressure hose.

;* Prog_K-2 - Time/Counter interrupt Examples

;* 16-bit timer running stop lights

;* 8-bit auto load timer using external trigger for 7-seg counting

DIPS EQU PO
PB3 EQU P34
STOPLT EQU 20h
GREEN EQU 07h
YELLOW EQU 06h
RED EQU 05h

SL_DELAY EQU TH1
LED_EN EQU P24
LED_DAT EQU 00h
SEG_EN EQU P23
SEG_DAT EQU 01h
DISP_BUSEQU P1

ORG 0000h

LIMP START
ORG 00Bh

LIMP SEG_COUNT
ORG 001Bh

LIMP STOP_LIGHT
ORG 0030h
START:

MOV SP,#60h

MOV TMOD, #00010110b

MOV TLO, #11111101b
MOV THO, #11111101b
MOV TL1, #0FFh

MOV TH1, #01h

SETB TRO

SETB TR1

SETB ETO

SETB ET1

MOV P2, #00h

SETB RED

CLR GREEN

CLR YELLOW

MOV P2,STOPLT
MOV SEG_DAT, #00
ACALL SEG_DISPLAY
SETB EA

LOOP: MOV LED_DAT, DIPS
ACALL LED_DISPLAY
LIMP LOOP

Set up symbols

;Hold stop light in byte 20 of bit addressable RAM
;lights are addressable bits in 20h

;Hold LED data in RO

;Hold Segment data in R1

;Timer O interrupt vector

;Timer 1 interrupt vector

;Move stack to high RAM

;Set up timers,Timer 0 as 8-bit, ext counter
; Timer 1 as 16 bit internal timer
;Load low byte of timer O

;Load high byte(reload value) of Timer 0
;Load low byte of Timer 1

;Load high byte of Timer 1

;Start timer 0

;Start timer 1

;Enable Timer O Interrupt

;Enable Timer 1 Interrupt

;Clear Stop light port

;Turn on bits red light, Off yellow & green

;Move stop light data to P2 port for LEDs
;Set 7-segments equal to 00

;Display 7-seg

;Enable global interrupts

;Read DIPS and put into LED_DAT

;Display DIP data
;Repeat
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LED_DISPLAY:
CLREA
MOV DISP_BUS, LED_DAT
SETB LED_EN
ACALL DELAY
CLR LED_EN
SETB EA
RET

SEG_DISPLAY:
CLR SEG_EN
ACALL DELAY
SETB SEG_EN
RET

SEG_COUNT:
PUSH ACC
MOV A, SEG_DAT
ADD A, #1h
DA A
MOV SEG_DAT,A
ACALL SEG_DISPLAY
POP ACC
RETI

STOP_LIGHT:
JB RED, TURNGREEN
JB GREEN, TURNYELLOW

TURNRED:
SETB RED
CLR YELLOW
MOV SL_DELAY, #80h
SIMP CHANGE

TURNYELLOW:
SETB YELLOW
CLR GREEN
MOV SL_DELAY, #0D0h
SIMP CHANGE

TURNGREEN:
SETB GREEN
CLR RED
MOV SL_DELAY, #60h

CHANGE:
PUSH ACC
MOV A, P2
ANL A, #00011111b
ORL A, STOPLT
MOV P2,A
POP ACC
RETI

DELAY: MOV R3, #30h

DELAY_LOOP: DJNZ R3, DELAY_LOOP

RET
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;Display LED data on LEDs
;Disable all interrupts

;Delay for VAB resources to catch up

;Enable Global Interrupts
;Return from the call

;Count up on seg data
;Save Acc data on stack
;Load Acc with seg_data
:Add 1

;Decimal Adjust

;Move to display bus
;Display it

;Get Acc off stack
;Return

;Jump if RED bit is set to green light
;Jump if Green bit is set to turn yellow
;If neither above, must have been yellow

;Turn on Red

;Turn Off yellow

;Load mid time for light delay (TH1)
;Go change the light

;Turn on yellow

;Turn off green

;Short value for (FFh-DOh) for yellow light
;Go change it

;Turn on green from red
;turn off red
;Longer delay for light (FFh-60h)

;Change the lights

;Store Acc in stack

;Get current value of P2 port

;Mask out higher 3-bits (traffic lights)
;Mask in the traffic light pattern
;Move it back to P2 port

;Get Acc off stack

;Return from this interrupt

;short delay for resources

;Return from routine call

Of course, when no interrupts are occurring, the program will be busy moving those darn DIP
switch settings to the LEDs. Let’slook at how the timers were set up. In the START section, the
timers are configured and the interrupts enabled.
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Let'sfirst look at the TMOD (timer mode) register.

Gae |CIT |M1 |MO |Gae |CT |M1 | MO
TableK-5: TMOD

The lower nibble controls Timer 0, and the higher nibble controls Timer 1, so we will look at only
one Set.

Bit Discussion
MO These bits assign the mode number of the timer, 00,01,10,11 (0,1,2,3).
M1
L Defines whether it will be a counter off the external input bit (HIGH) or a timer based
C/IT on the internal instruction cycle clock.
Gate If HIGH, INTO or INT1 must be HIGH for the timer to run.

TableK-6: TMOD Bit Descriptions

For our example, TMOD is set to 00010110b. Breaking it down, we set up Timer O (low nibble) for
mode 2 counter, and Timer 1 (high nibble) for amode 1 timer. Other registers needed are ETO and
ET1 (enable interrupts) and EA for global interrupt enable. From TCON (Table K-3), TRO and
TR1 need to be high to enable the timers to count.

MOV TMOD, #00010110b ;Set up timers,Timer O as 8-bit, ext counter
; Timer 1 as 16 bit internal timer

MOV TLO, #11111101b ;Load low byte of timer O

MOV THO, #11111101b ;Load high byte(reload value) of Timer O
MOV TL1, #0FFh ;Load low byte of Timer 1

MOV TH1, #01h ;Load high byte of Timer 1

SETB TRO ;Start timer 0

SETB TR1 ;Start timer 1

SETB ETO ;Enable Timer O Interrupt

SETB ET1 ;Enable Timer 1 Interrupt

SETB EA ;Enable global interrupts

Again, we can set UMPS to break on interrupts and follow the code as interrupts are generated.

Section Summary

Microcontrollers provide interrupts to the programmer. The interrupt allows branching to specific
routines when an event occurs. Examples of these events include a special input changing, seria
data arriving, or atimer overflowing. Thisallowsimmediate response to an event without having to
continually check the status.

Timers can be used to either perform periodic events based on the system clock, or to count based

on an external signal. In using timers and interrupts special registers must be configured to set and
enable them to the needs of the program.
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