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What is a Microcontroller !
• A microcontroller is a compact integrated circuit designed to 

govern a specific operation in an embedded system. 

• A typical microcontroller includes a processor, memory and 
input/output (I/O) peripherals on a single chip.

• Sometimes referred to as an embedded controller or 
microcontroller unit (MCU), microcontrollers are found in 
vehicles, robots, office machines, medical devices, mobile 
radio transceivers, vending machines and home appliances, 
among other devices. 

• They are essentially simple miniature personal computers 
(PCs) designed to control small features of a larger 
component, without a complex front-end operating system 
(OS).
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How do microcontrollers work?

• A microcontroller is embedded inside of a 
system to control a singular function in a 
device. 

• It does this by interpreting data it receives 
from its I/O peripherals using its central 
processor. 
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The temporary information that the microcontroller receives is stored in its 

data memory, where the processor accesses it and uses instructions stored in 

its program memory to decipher and apply the incoming data. 

It then uses its I/O peripherals to communicate and enact the appropriate 

action.
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What are the elements of a microcontroller?

• The processor (CPU): A processor 
can be thought of as the brain of the 
device. 

• It processes and responds to various 
instructions that direct the 
microcontroller's function. 

• This involves performing basic 
arithmetic, logic and I/O operations.

• It also performs data transfer 
operations, which communicate 
commands to other components in 
the larger embedded system.
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What are the elements of a microcontroller?
Memory: A microcontroller's memory is used to store 

the data that the processor receives and uses to 

respond to instructions that it's been programmed to 

carry out. A microcontroller has two main memory 

types: 

a. Program memory, which stores long-term 

information about the instructions that the CPU 

carries out. Program memory is non-volatile 

memory, meaning it holds information over time 

without needing a power source.

b. Data memory, which is required for temporary 

data storage while the instructions are being 

executed. Data memory is volatile, meaning the 

data it holds is temporary and is only maintained 

if the device is connected to a power source.
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What are the elements of a microcontroller?
• I/O peripherals: The input and output devices are the 

interface for the processor to the outside world. 

• The input ports receive information and send it to the 

processor in the form of binary data. The processor 

receives that data and sends the necessary instructions to 

output devices that execute tasks external to the 

microcontroller.

• While the processor, memory and I/O peripherals are the 

defining elements of the microprocessor, there are other 

elements that are frequently included. 

• The term I/O peripherals itself simply refers to 

supporting components that interface with the memory 

and processor. 

• There are many supporting components that can be 

classified as peripherals. 8
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Microcontroller features

• A microcontroller's processor will vary by 
application. Options range from the simple 
4-bit, 8-bit or 16-bit processors to more 
complex 32-bit or 64-bit processors. 

• Generally, microcontrollers are designed to 
be readily usable without additional 
computing components because they are 
designed with sufficient onboard memory 
as well as offering pins for general I/O 
operations, so they can directly interface 
with sensors and other components.

9
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Microcontroller applications
• Microcontrollers are used in multiple 

industries and applications, including in 
the home and enterprise, building 
automation, manufacturing, robotics, 
automotive, lighting, smart energy, 
industrial automation, communications 
and internet of things (IoT) 
deployments.

10

• The simplest microcontrollers facilitate the operation of electromechanical systems 

found in everyday convenience items, such as ovens, refrigerators, toasters, mobile 

devices, video game systems, televisions and lawn-watering systems. 
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Microcontroller Architecture

• Microcontroller architecture can be 

based on the Harvard architecture or 

von Neumann architecture, both 

offering different methods of 

exchanging data between the processor 

and memory. 

• With a Harvard architecture, the data 

bus and instruction are separate, 

allowing for simultaneous transfers. 

• With a Von Neumann architecture, one 

bus is used for both data and 

instructions.
11
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Microcontroller Architecture

• Microcontroller processors can be based on complex 

instruction set computing (CISC) or reduced 

instruction set computing (RISC). 

• CISC generally has around 80 instructions while 

RISC has about 30, as well as more addressing 

modes, 12-24 compared to RISC's 3-5. 

• When they first became available, microcontrollers 

solely used assembly language. Today, the C 

programming language is a popular option. Other 

common microprocessor languages include Python 

and JavaScript.

• The PIC microcontroller is based on the Harvard 

with RISC architecture
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Lecture 1 / LO1 General Overview 



Microcontrollers vs. microprocessors

• Microcontrollers can be said to function usefully on their own, with a direct 

connection to sensors and actuators, where, 

• Microprocessors are designed to maximize compute power on the chip, with 

internal bus connections (rather than direct I/O) to supporting hardware such as 

RAM and serial ports. 

• Simply put, coffee makers use microcontrollers; desktop computers use 

microprocessors.

• Microcontrollers are less expensive and use less power than microprocessors. 

• Microprocessors do not have built-in RAM, read-only memory (ROM) or other 

peripherals on the chip, but rather attach to these with their pins. 

• A microprocessor can be considered the heart of a computer system, whereas a 

microcontroller can be considered the heart of an embedded system.
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Choosing the right microcontroller

• There are a number of technology and business considerations to keep in mind 
when choosing a microcontroller for a project.

• Beyond cost, it is important to consider the maximum speed, amount of RAM 
or ROM, number or types of I/O pins on an MCU, as well as power 
consumption and constraints and development support. Be sure to ask 
questions such as:

• What hardware peripherals are required?

• Are external communications needed?

• What architecture should be used?

• What sort of community and resources are available for the microcontroller?

• What is the market availability of the microcontroller?

14
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Skills/knowledge required to build a Microcontroller based system 

• To build a microcontroller based system you MUST be familiar with 

1. Hardware circuit design (analog and digital circuits design)

2. Firmware Programming languages (Assembly and/or C language)

15

Microcontroller 

systems

Hardware design

Firmware design

Analog/electronics 

Circuit 

Digital Circuit

Assembly language

C language

Ohm’s law, Joule law
KVL, KCL, voltage/current divider equation
R, L, C, Diode, Transistor, relay

Numbering systems, 
Logic gates, combination/sequential circuit
Boolean algebra

Fundamental of C programming

Embedded C language

NEW
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Skills/knowledge required to build a Microcontroller based system 

Thus, in this course you will learn how to design a Firmware using assembly 
and C languages to perform a specific task. 

• An assembly language is a type of low-level programming language that is 
intended to communicate directly with a computer’s hardware. 

• Assembly languages are designed to be readable by humans. 

• Assembly language is a necessary bridge between the underlying hardware of 
a processor/controller and the higher-level programming languages—such as 
Python or JavaScript—in which modern software programs are written. 

16
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Lecture 2 / LO1

Numbering Systems and 
Logic operations
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Numbering Systems
Three main numbering systems are required to build/understand low level 
coding… numbers are mainly described in 3 different formats such as

1: Decimal numbers: Base 10 [0, 1, 2, 3, …., 9], total of 10 digits

  the last digit is 9 which is the base – 1  = 10-1 = 9

2: Binary numbers: Base 2 [0, 1], total of 2 digits

  the last digit is 1 which is the base – 1  = 2-1 = 1

3: Hexadecimal numbers: Base 16 [0, 1, 2, 3…..15], total of 16 digits

  the last digit is 15 which is the base – 1  = 16-1 = 15
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Numbering Systems (Decimal numbers)
• Decimal numbers are used by programmer due to its simplicity (Human being count 

number on their 10 fingers)

A simple decimal number is a number between 0 and 9

After 9, the decimal number becomes a combined number made of two digits 

After 99, the decimal number becomes a combined number made of three digits … etc.

Each digit is represented by its value multiplied by its base weight (position)

For example, 125 is written as 1 x100  + 2 x10 + 5 x1 

where 100, 10, and 1 are the base weights of the numbers1, 2 and 5, respectively

19
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Numbering Systems (Decimal numbers)

20

The number 125 can be written as

1 x100   +  2 x10    +  5 x 1

1 x102     +   2 x101   +  5 x100

Base

Weights
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Numbering Systems (Binary numbers)
• Binary numbers are used by the microcontroller (they represent True or false state of 

current, i.e. 1 or 0 availability of current)

A simple binary number is a number made of 0 or 1 (it is called bit)

After 1, the binary number becomes a combined number made of two digits 

After 11, the binary number becomes a combined number made of three digits… etc.

Each digit is represented by its value multiplied by its base weight (position)

For example, 101 is written as 1 x4  + 0 x2 + 1 x1 

where 4, 2, and 1 are the base weights of the numbers 1, 0 and 1, respectively
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Numbering Systems (Binary numbers)

22

The number 101 can be written as

1 x4    +   0 x2    +  1 x1

1 x22     +   0 x21   +  1 x20

Base

Weights
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Numbering Systems (Binary numbers)
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• It is important to remember the 16 

first binary numbers...this will 

reduce the programming complexity 

and time.

• Consider that

• 0+0 = 0

• 0+1 = 1

• 1+0 = 1

• 1+1 = 10 

• Thus the first 16 binary numbers are 

generated from the 16 sequential 

increments 

0
+ 1
   1
+ 1
 10
+ 1
 11
+ 1

100
+ 1

101
+ 1

110
+ 1

111  

0000
 

   0001
 

 0010
 

 0011
 

0100
 

0101
 

0110
 

0111  

111
+ 1

   1000
+ 1

 1001
+ 1

 1010
+ 1

1011
+ 1

1100
+ 1

1101
+ 1

1110
+ 1

1111  

0111
 

   1000
 

 1001
 

 1010
 

1011
 

1100
 

1101
 

1110

1111  

Lecture 2 / Numbering systems and logic operations



Numbering Systems (Binary numbers)
• A BIT is a binary digit, the smallest increment of data on a computer. 

• Bits are usually assembled into a group of 4 bits to form a Nibble 

• Also assembled into a group of 8 bits to form a BYTE. A byte contains enough information 
to store a single ASCII character, like “A, h @, 1, 6, !".

• If bits are assembled in a group of more than 8 bits then it will form a WORD

• For example 1010,0001 is a BYTE

   11,0010,0001 is a WORD of 10 bits

   0010,0000,1111 is a WORD of 12 bits

24
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Numbering Systems (Hexadecimal numbers)

• Hexadecimal numbers are used to easily read binary numbers. 

• A simple Hexadecimal number is a number made of 0 to 15 

• In order not to confuse between decimal and hexadecimal numbers, the hex numbers made of two 
digits are replaced by letters. 

• Thus the simple hex numbers are 0, 1, ….9, A, B, C, D, E, F, where A to F represents 10 to 15.

• After F, the hex number becomes a combined number made of two digits 

• After FF, the hex number becomes a combined number made of three digits… etc.

• Usually, Hex numbers are used to express the 4-bit nibbles for simplicity

• For example  1010,1001 in binary  is A9 in Hexadecimal

   11,0010,0001 in binary  is 321 in Hexadecimal

   0010,0000,1111 in binary is 20F in Hexadecimal 25
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Conversion between numbering Systems
• During programming, it will be required to make conversions between different numbering 

systems. 

• You have to learn how to make mental conversion from binary  decimal and from binary  
hexadecimal

• DON’T do direct conversion from hex to decimal and vice-versa. Always pass through binary
26

Binary

Decimal

Hexadecimal
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Conversion from Binary to Decimal
• Having for example a binary number 1101,0110. To convert it to decimal, follow the steps

27

1101,0110

= 1x 27     +  1 x 26  +  0 x 25   +  1 x 24   + 0 x 23  + 1 x 22  + 1 x 21  +  0 x 20

= 1x 128  +  1 x 64  +  0 x 32  +  1 x 16  + 0 x 8    + 1 x 4   + 1 x 2   +  0 x 1

= 214 in decimal

You have to remember 27=128, 26=64, 25=32, 24=16, 23=8, 22=4, 21=2 , 20=1
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Conversion from Decimal to Binary
• Having for example a decimal number 214. To convert it to binary, follow the steps

28

214

Keep in mind the following numbers 128  64   32   16    8    4    2     1

And prepare the binary number  b7   b6     b5   b4     b3   b2   b1   b0

Does 214 contain 128 ? Yes → replace b7 by 1 → calculate 214-128 = 86

Does 86 contain 64? Yes → replace b6 by 1 → calculate 86-64 = 22

Does 22 contain 32? No → replace b5 by 0

Does 22 contain 16? Yes → replace b4 by 1 → calculate 22-16 = 6

Does 6 contain 8?  Yes → replace b3 by 0

Does 6 contain 4?  Yes → replace b2 by 1 → calculate 6-4 = 2

Does 2 contain 2?  Yes → replace b1 by 1 → calculate 2-2 = 0

Does 0 contain 1?  No → replace b0 by 0
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Conversion from Hex to Binary and vice-versa

• As we already know the first 16 values in binary, 
Hexadecimal and decimal, as shown in the table, 
we can use our memory to make direct conversion 
from/to binary to hexadecimal

• For Example: 0101 0000 in binary is 50 in Hex

                          1111 1111 in binary is FF in Hex

• Or for example FAB3 in Hex is

                      1111,1010,1011,0011 in Binary

29

Binary Hexadecimal Decimal

0000 0 0

0001 1 1

0010 2 2

0011 3 3

0100 4 4

0101 5 5

0110 6 6

0111 7 7

1000 8 8

1001 9 9

1010 A 10

1011 B 11

1100 C 12

1101 D 13

1110 E 14

1111 F 15
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Conversion from Hex to Decimal and vice-versa

• In case we need to convert from decimal to Hex or 
from Hex to decimal for a value below 16, the 
table can still be used. 

• But in case we need to convert a bigger value 
from/to decimal/hex, It is highly recommended to 
pass through binary.
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Binary Hexadecimal Decimal

0000 0 0

0001 1 1

0010 2 2

0011 3 3

0100 4 4

0101 5 5

0110 6 6

0111 7 7

1000 8 8

1001 9 9

1010 A 10

1011 B 11

1100 C 12

1101 D 13

1110 E 14

1111 F 15

BinaryDecimal Hex
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Conversion from Hex to Decimal and vice-versa

• Example: Convert decimal 120 to Hex

• Step1: From decimal to binary

• 120 contains 64 →  b6 = 1, 120-64 = 56

• 56 contains 32 →   b5 = 1, 56-32=24

• 24 includes 16 → b4 = 1, 24-16 = 8

• 8 includes 8 → b3 = 1, 8-8=0 

• All other bx are zeros

• Thus the binary value will be  0111,1000

• Step 2: From binary to Hex (using table)

  0111,1000 = 78 in Hex

• Thus decimal 120 is 78 in Hex
31

Binary Hexadecimal Decimal

0000 0 0

0001 1 1

0010 2 2

0011 3 3

0100 4 4

0101 5 5

0110 6 6

0111 7 7

1000 8 8

1001 9 9

1010 A 10

1011 B 11

1100 C 12

1101 D 13

1110 E 14

1111 F 15
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Conversion from Hex to Decimal and vice-versa

• Example: Convert Hex C7 to decimal

• Step1: From Hex to binary (From table)

       C7 = 1100,0111

• Step 2: From binary to Decimal 

   the number 1100,0111 has

 128 + 64 + 4 + 2 + 1 = 199

• Thus Hex C7 is 199 in decimal
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Binary Hexadecimal Decimal

0000 0 0

0001 1 1

0010 2 2

0011 3 3

0100 4 4

0101 5 5

0110 6 6

0111 7 7

1000 8 8

1001 9 9

1010 A 10

1011 B 11

1100 C 12

1101 D 13

1110 E 14

1111 F 15
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Logic Gates/Operations

33

U1

AND_2

0

0

?

0

0

?

U2

OR_2

0

0

?

U3

XOR_2

0

0

?

0

0

?

0

0

?

U5

NOR_2

1

2

3

U6

U4

NAND_2

U7

INVERTER

?0

• Logic gates are the basic building blocks of any digital system. It is an electronic circuit having one or 
more than one input and only one output. The relationship between the input and the output is based on 
a certain logic. Based on this, logic gates are named as AND gate, OR gate, NOT gate etc.
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Logic Operations

• In 8-bit microcontroller, the main logic operations are AND, OR and XOR.

• The operations are made as byte with another byte, i.e. 8 bits with another 8 
bits.

• Example, ANDing 1010,0001 with 11011100 is 

34

Byte 1 1 0 1 0 0 0 0 1

Byte 2                1 1 0 1 1 1 0 0

Byte 1 AND Byte 2                    1 0 0 0 0 0 0 0
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Logic Operations

• Example, ORing 1010,0001 with 11011100 is 

• Example, XORing 1010,0001 with 11011100 is 

35

Byte 1 1 0 1 0 0 0 0 1

Byte 2                1 1 0 1 1 1 0 0

Byte 1 OR Byte 2                    1 1 1 1 1 1 0 1

Byte 1 1 0 1 0 0 0 0 1

Byte 2                1 1 0 1 1 1 0 0

Byte 1 XOR Byte 2                    0 1 1 1 1 1 0 1
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Arithmetic Operations

• Arithmetic operations are such 
Addition, Subtraction, Multiplication, 
Division…

• For a 1bit added, the circuit and the 
truth table are as follow

36

U10

XOR

?

sum

0

0

0

Carry in

A

B

U11

XOR

U12

AND_2

U13

AND_2

U14

OR_2

?

carry out

Full adder
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Arithmetic Operations (Addition)

• Microcontroller can also solve 8-bit arithmetic operations like Addition and 
Subtraction (Advanced microcontroller can also make Multiplication/Division)

• Example, ADDing 1010,0001 with 11011100 is 

37

Carry

Byte 1 1 0 1 0 0 0 0 1

Byte 2                1 1 0 1 1 1 0 0

Byte 1 + Byte 2                    1 0 1 1 1 1 1 0 1

Start from 
the LSB
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Arithmetic Operations (Subtraction)

• The PIC microcontroller can do Subtraction but with a special technique. The 
Subtraction is based on Addition and thus reducing the complexity/cost of the 
chip. Thus no real Subtractor circuit inside the chip.

• The method is called two’s complement.

• For Example: Byte1 – Byte2 is achieved as 

Step 1: do the complement of Byte2

Step 2: Add 1 to the result

Step 3: Then do simple addition of Byte1 with the result of step 2

• We will do 3 examples of different values of Byte1 and Byte2 and check what 
will happen to the Carry bit

38
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Arithmetic Operations (Subtraction)

• Let’s assume that Byte1 = 60 and Byte2 = 50 (case of Byte1 > Byte2)

39

Byte1 = 60 0 0 1 1 1 1 0 0

Byte2 = 50       0 0 1 1 0 0 1 0

Step 1 Byte2 is flipped= 205       1 1 0 0 1 1 0 1

Step 2 Add 1        0 0 0 0 0 0 0 1

result = 206       1 1 0 0 1 1 1 0

Step 3 Add to Byte1 = 60 0 0 1 1 1 1 0 0

Byte1 + Byte2 = 266      1 0 0 0 0 1 0 1 0

1 10

Value is 
positive

Carry is 1
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Arithmetic Operations (Subtraction)

• Let’s assume that Byte1 = 60 and Byte2 = 60 (case of Byte1 = Byte2)

40

Byte1 = 60 0 0 1 1 1 1 0 0

Byte2 = 60       0 0 1 1 1 1 0 0

Step 1 Byte2 is flipped= 195       1 1 0 0 0 0 1 1

Step 2 Add 1        0 0 0 0 0 0 0 1

result = 196       1 1 0 0 0 1 0 0

Step 3 Add to Byte1 = 60 0 0 1 1 1 1 0 0

Byte1 + Byte2 = 256      1 0 0 0 0 0 0 0 0

1 0

Value is zeroCarry is 1
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Arithmetic Operations (Subtraction)

• Let’s assume that Byte1 = 50 and Byte2 = 60 (case of Byte1 < Byte2)

41

Byte1 = 50 0 0 1 1 0 0 1 0

Byte2 = 60       0 0 1 1 1 1 0 0

Step 1 Byte2 is flipped= 195       1 1 0 0 0 0 1 1

Step 2 Add 1        0 0 0 0 0 0 0 1

result = 196       1 1 0 0 0 1 0 0

Step 3 Add to Byte1 = 50 0 0 1 1 0 0 1 0

Byte1 + Byte2 = -10      0 1 1 1 1 0 1 1 0

0 246

The result is a number that 
represents a negative number 

of 246-256 = -10Carry is 0
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Arithmetic Operations (Subtraction)

• So, as a conclusion on the Subtraction operations

• If Byte1 ≥ BYTE2, Carry = 1 

• If Byte1 < BYTE2, Carry = 0

• IMPORTANT NOTE: Other microcontrollers may have another subtraction 
methods and the Carry bit may vary compared to the PIC subtraction.

42
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1. Convert from Binary to Decimal the following numbers
• B’11010001’

• B’11111111’

• B’0111111’

• B’1000000’

2. Convert from Decimal to Binary the following numbers
• D’128’

• D’255’

• D’127’

• D’16’

3. Convert from Hex to Decimal the following numbers
• H’AB’

• H’FF’

• H’1F

• H’7F’

43
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4. Convert from Decimal to Hex the following numbers
• D’128’

• D’127’

• D’255’

• D’16’

5. Convert from Hex to Binary the following numbers
• H’11’

• H’7F’

• H’FF’

• H’AC’

6. Convert from Binary to Hex the following numbers
• B’11001111’

• B’11111’

• B’10101010’

• B’01010101’

44
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7. Calculate D’128’ AND D’127’

8. Calculate H’AF’ OR B’10100001’

9. Calculate D’128’ – H’1F’ using two’s complement

45
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Lab 0 / LO1

Installing MPLAB
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PIC programming languages 

• PIC can be programmed using the official languages provided by the 
manufacturer or using third-party languages.

• Official languages: Assembly language, C language (Free tools)

• Third-party languages: mikroC, Flowcode, PICBASIC, mikroBasic, 
mikroPascal and many others (paid or partially free)

• In this course we will focus only on the official languages

47
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PIC programming software 

• The official software used to write assembly or C 
languages is MPLABX IDE

• IDE means an Integrated Development Environment: 
a software application that helps programmers 
develop software code efficiently. 

• It increases developer productivity by combining 
capabilities such as software editing, building, 
testing, and packaging in an easy-to-use application.

48
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PIC programming software 
• MPLABX IDE needs a compiler/assembler to convert the assembly or 

C codes into machine language. 

• What is a compiler: It is a translator that convert the C coding into a 0/1 
files ready to be deployed on the chip.

• What is an assembler: It is a translator that converts the assembly 
coding into a 0/1 files ready to be deployed on the chip

• What is a machine language: It is the set of binary values that will be 
loaded in the PIC Flash memory. It is generated by the assembler and 
the compiler.

• Lately, Microchip created a compiler called XC8 used to translate the C 
and assembly codes for the midrange family

49
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PIC programming software 

Demo code written in assembly language

50
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PIC programming software 

Demo code written in C language

51
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PIC programming software 

Microchip also designed other compilers 

• for the 16bit MCU like the PIC24 family 

• and other compilers for 32bit MCU like PIC32 families

52
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PIC Programming tools 

• After writing and compiling a code, it is time to move the binary file to the 
PIC flash memory. This can be done using a PIC programmer

• Again we have lot of choices

• Official programming tools 

• Third-party programming tool 

53
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PIC Programming hardware 

Official programmer

• The MPLAB PICkit Programmer allows fast and easy 
debugging and programming of PIC, dsPIC, AVR, SAM and 
CEC flash microcontrollers (MCUs) and microprocessors 
(MPUs), using the powerful graphical user interface of 
MPLAB X Integrated Development Environment (IDE)

54
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PIC Programming hardware 

PICKit can be connected to the microcontroller through 5 
wires only, which represents the programming bus.

The PIC is already placed on the breadboard with the necessary 
components 
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PIC development tools 
In order to reduce the hardware complexity, Microchip 
and other third party companies designed Development 
tools.

These tools can be easily attached to the programmer or 
it can be designed to be a programmer and a 
development tool at the same time. 

Development boards have some on board switches, Push 
buttons, Leds, LCD and many other sensor/actuators.
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Lecture 3 / LO1

Overview on the PIC16F887
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What is the microcontroller PIC16F887

• The PIC16F887 is one of the devices manufactured by Microchip. 

• This PIC is in the midrange family 14bit instruction word

• It is an 8bit Microcontroller
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What is the microcontroller PIC16F887

The most important specifications of this chip are

1: 35 input/output pins

2: Flash memory (Program memory) of 8KWord

3: Ram of 368 bytes

4: EEPROM of 256 bytes

5: 8 internal crystals (oscillators)

6: 14 Analog to Digital channels

7: Three timers

8: Max running frequency of 20Mhz

9: Wide operating voltage ( from 2 to 5.5 volts)

• From now on, you have to use the PIC datasheet for extra information.
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What’s inside the Chip
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Flash Memory

RAM

3 timers

A2D converter

PORTS

Arithmetic

Logic Unit

Working 

register

EEPROM

Bus
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What’s inside the Chip
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TMR0 TMR1 TMR2

PORTA
RA0RA1RA2RA3RA4RA5RA6RA7
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What’s inside the Chip
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PORTD
RE0RE1RE2RD0RD1RD2RD3RD4RD5RD6RD7

PORTEPORTC
RC0RC1RC2RC3RC4RC5RC6RC7

PORTB
RB0RB1RB2RB3RB4RB5RB6RB7

PORTA
RA0RA1RA2RA3RA4RA5RA6RA7

TMR0 TMR1 TMR2

In order to program any microcontroller, you have to be aware of the hardware 
structure of the chip. Just imagine that you have the following items inside the 
PIC
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What’s inside the Chip
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PORTD
RE0RE1RE2RD0RD1RD2RD3RD4RD5RD6RD7

PORTEPORTC
RC0RC1RC2RC3RC4RC5RC6RC7

PORTB
RB0RB1RB2RB3RB4RB5RB6RB7

PORTA
RA0RA1RA2RA3RA4RA5RA6RA7

TMR0 TMR1 TMR2

The Code is 

saved in the 

Flash memory

Ports are used to 

send/receive 

data to/from 

actuators/sensors

RAM is used to 

save temporary 

data

EEPROM used 

to save 

permanent data

Timers used to 

count time and 

make schedules

ALU is a 

calculator

Working place

This guy is the 

one who will do 

the task
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What’s inside the Chip (Flash Memory)
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• The Flash memory is like an Armoire with a set of drawers. It is the 
location in which the machine language code is saved.

• The machine language is the translated version of the code written in 
Assembly or C languages…

• The Flash memory holds the instruction required to make a special 
process. Every instruction is saved in a drawer. 

• Like for example, how to make a pizza, how to control the temperature of 
a room or any other process. 

• Since this memory is used to save the operating program, it is also called 
program memory

• NB: this memory is programmed using a special programmer
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What’s inside the Chip (Flash Memory)
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• The Armoire of the PIC16F887 has 8192 drawers (8K)

• Each drawer can hold 14bits (spaces)

• So, it is called 8KWord of 14 bits

• The total number of spaces is 8192 x 14 = 114688 spaces

• Or more precisely, 114688 bits

• To know what is the byte size, we divide this number by 8

• 114688/8 = 14336 Bytes = 14Kbytes

Drawer number 0

Drawer number 8191
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What’s inside the Chip (Flash Memory)
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• As mentioned before, the Armoire of the PIC16F887 has 8192 
drawers (8K)

• Each drawer has an address (0, 1, 2…8191)

• We need 13 address lines to access these memories. 213 =8192

• The address of the first drawer is 0,0000,0000,0000 (0 in decimal)

• The address of the last drawer is 1,1111,1111,1111 (8191 in decimal)

• It is better to describe the address in Hex format, so,

• The address of the first drawer will be 0000 in Hex

• The address of the last drawer will be 1FFF in Hex

Drawer 
number 0

Drawer 
number 8191
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What’s inside the Chip (Flash Memory)

67

• As per the datasheet, the flash memory starts by a reset vector, in which the program will start from 
address zero when the chip is powered up.

• Also the flash memory is made of 4 pages (will be discussed later)

Drawer number 0

Drawer number 8191

Flash memory  (from datasheet)
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What’s inside the Chip (RAM)
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• The RAM is also like an Armoire with drawers. It is made of 4 banks called 
bank0, Bank1, Bank2, and Bank3. 

• Each bank has 128 drawers (512 in total)

• Each drawer can hold 8 bits 

• Some of the drawers are not accessible

• And some others are duplicated 

• Only 368 drawers are free to use, i.e., 368 bytes)

The data inside the drawers is volatile

NB: Drawer is an acronym to Register, or File, 

or Location memory 

Drawer number 0

Drawer number 127

Bank0 Bank1 Bank2 Bank3
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What’s inside the Chip (RAM)
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• Some of the drawers are used for the “settings” 
of the PIC, called Special Function Registers 
(SFR)

• They have special name and they should be 
carefully loaded by special values

• Others registers are free to use. They can be 
named by any name, and loaded by any value, 
thus called General Purpose Register (GPR)

• The value that can fit into the registers ranges 
from 0 to 255. (8 bit register)

SFR

GPR

Not 

available

A memory location is called FILE or 

Register
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What’s inside the Chip (RAM)
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• Each bank has 128 drawers, thus in total 512.

• Some are taken (SFR)

• And some others are free to use (GPR)

• The total free to use registers are

1. 96 in bank 0 (starting from address 20H)

2. 80 in bank 1 (starting from address A0)

3. 96 in bank 2 (starting from address 110H)

4. 96 in bank 3 (starting from address 190H)

• Total of 368 free space

The registers 

already 

named are 

special

The empty 
spaces are 
the general 

registers

RAM (from datasheet)
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What’s inside the Chip (W register)

• The Working register is the place in which the task is 
done. 

• It is a temporary location to place some values taken 
from/to the RAM of taken from the Flash memory

• The table can fit only one byte

• Thus the value that can be loaded is from 0 to 255
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What’s inside the Chip (EEPROM)

• EEPROM is also an Armoire for not volatile values.

• It is made of 256 drawers with 8bit capacity.

• EEPROM is the abbreviation of  Electrical Erasable 
Programable Read-Only Memory

• This memory can be used to save some important data 
during run-time and keep them saved even at power off
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What’s inside the Chip (ALU)

• The ALU is the Arithmetic/Logic unit. It is like a calculator 
that can do:

• Arithmetic operations (Addition, Subtraction…)

• Logic operations (ANDing, ORing, XORing…)

• In the PIC midrange family, the ALU cannot perform 
multiplication or division. Thus if we need to perform 
complicated operations, we have to make it based on the 
addition/subtraction operations using programming skills.
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What’s inside the Chip (ALU)

• This calculator differ from the traditional one (the Casio for 
example) and works as follows:

1. Enter the first value

2. Enter the second value

3. Select the operation

• For example: 3 + 4 is done as follow

1. Enter 3

2. Enter 4

3. Select addition

• The result will be fetched out on the calculator output
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ALU

First value second value

Summation 

result 

+

-

AND

OR

XOR

Operation 

selector
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What’s inside the Chip (ALU)

• You have to imagine now that the value 
appearing on the calculator will be placed on 
the table, and vice-versa, the value placed on 
the table is already entered as first operand 
on the calculator

• In other words, the operation 3 + 4 leads to 7

• 7 will be placed on the W register

• also entered to the calculator

• And is ready for another operation
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ALU

W

Week 2, Lecture 3 / Overview on the PIC16f887



What’s inside the Chip (PORTS)

• Any chip has pins or PORTS used to exchange 
data with the external environment. For example 
reading data from sensors or writing to actuators.

• These are called the input/output pins

• The PIC16F887 has 40 pins. Only 36 are called 
PORTS. Other pins are for power supply. 

• PORTS are usually grouped by 8 pins 
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PORTD
RE1RE2RE3RD0RD1RD2RD3RD4RD5RD6RD7

PORTEPORTC
RC0RC1RC2RC3RC4RC5RC6RC7

PORTB
RB0RB1RB2RB3RB4RB5RB6RB7

PORTA
RA0RA1RA2RA3RA4RA5RA6RA7 RE0

1

2

3

4

5

6

7

8

28

27

26

25

20

19

18

17

9

10

11

12

16

15

14

13

24

23

22

21

40

39

38

37

36

35

34

33

32

31

30

29

P
IC

 1
6
F

8
8

7

RE3 / /MCLR / VPP

RA0 / AN0

RA1 / AN1

RA2 / AN2/VREF- / CVREF

RA3 / AN3 / VREF+

RA4 / T0CKI / C1OUT

RA5 / AN4 / /SS / C2OUT

RE0 / /RD / AN5

RE1 / /WR / AN6

RE2 / /CS / AN7

VDD

VSS

RA6/OSC2 / CLKO

RA7/OSC1 / CLKI

RC0 / T1OSO / T1CK1

RC1 / T1OSI / CCP2

RC2 / CCP1

RC3 / SCK / SCL

RD0 / PSP0

RD1 / PSP1

RD3 / PSP3

RD2 / PSP2

RC4 / SDI / SDA

RC5 / SD0

RC6 / TX / CK

RC7 / RX / DT

RD4 / PSP4

RD5 / PSP5

RD6 / PSP6

RD7 / PSP7

VSS

VDD

RB0 / AN12/ INT

RB1 / AN10

RB2/ AN8

RB3 / AN9/ PGM

RB4 / AN11

RB5 / AN13

RB6 / PGC

RB7 / PGD



What’s inside the Chip (PORTS)

PIC16F887 has

• PORTA: 8 pins

• PORTB: 8pins

• PORTC: 8pins

• PORTD: 8pins

• PORTE: 4 pins

TOTAL of 36 input/output pins
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PORTD
RE1RE2RE3RD0RD1RD2RD3RD4RD5RD6RD7

PORTEPORTC
RC0RC1RC2RC3RC4RC5RC6RC7

PORTB
RB0RB1RB2RB3RB4RB5RB6RB7

PORTA
RA0RA1RA2RA3RA4RA5RA6RA7 RE0

1

2

3

4

5

6

7

8

28

27

26

25

20

19

18

17

9

10

11

12

16

15

14

13

24

23

22

21

40

39

38

37

36

35

34

33

32

31

30

29

P
IC

 1
6
F

8
8

7

RE3 / /MCLR / VPP

RA0 / AN0

RA1 / AN1

RA2 / AN2/VREF- / CVREF

RA3 / AN3 / VREF+

RA4 / T0CKI / C1OUT

RA5 / AN4 / /SS / C2OUT

RE0 / /RD / AN5

RE1 / /WR / AN6

RE2 / /CS / AN7

VDD

VSS

RA6/OSC2 / CLKO

RA7/OSC1 / CLKI

RC0 / T1OSO / T1CK1

RC1 / T1OSI / CCP2

RC2 / CCP1

RC3 / SCK / SCL

RD0 / PSP0

RD1 / PSP1

RD3 / PSP3

RD2 / PSP2

RC4 / SDI / SDA

RC5 / SD0

RC6 / TX / CK

RC7 / RX / DT

RD4 / PSP4

RD5 / PSP5

RD6 / PSP6

RD7 / PSP7

VSS

VDD

RB0 / AN12/ INT

RB1 / AN10

RB2/ AN8

RB3 / AN9/ PGM

RB4 / AN11

RB5 / AN13

RB6 / PGC

RB7 / PGD



What’s inside the Chip (PORTS)
• Any pin can be configured as input or 

output. 

• Input means that the PIC is reading data 
(0 or 1) from a sensor. 

• Output means that the PIC is sending 
data (0 or 1) to an actuator

• The PIC reads the data in digital form. 
i.e., TTL logic level
• TTL level means 0/5 volts 

• Logic 0 is 0 volt

• Logic 1 is 5 volts

NB: in some new technologies, Logic 1 is 3.3V
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ININ OUT

PORTA

PIC
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1. Assume that we are dealing with a PIC having 4kWord of 14 bit Flash 
memory. Calculate the total number of bits and the size in byte.

2. How many address lines are required to address a 64kByte memory 

3. Having a USB flash memory of 4GByte, how many address lines are 
required to access all the memory locations

4. What is the range of addresses of each bank in RAM of the PIC16F887

5. What is the abbreviation of SFR and GPR

6. What is the maximum clocking speed of the PIC16F887

7. How many pins and how many I/O pins the PIC16F887 has

8. What is the maximum value that can be placed in W register

9. If a microcontroller memory has 14-bits address lines, hence the address 
range in hexadecimal will be___________.

10. The _____ memory of the PIC16F887 has four banks.

79

Week 2, Lecture 3 / Overview on the PIC16f887



Lecture 4 / LO1

Assembly Language
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Week 2



Assembly Language 

• The assembly language for the PIC16F887 is made of 35 different instructions

• An instruction is an order to be executed by the guy

• The instructions are placed in the Flash memory

• Each instruction in a drawer (i.e., memory location)

• The guy opens the first drawer, reads the instruction and then executes it.

• When finished, he moves automatically to the next drawer and executes it….
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Assembly Language

82

Every drawer in the 

flash memory is 14 bit 

wide

Machine language 

Equivalent (generated 

by the 

compiler/assembler

Instructions in 

assembly
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Cycle required to be 

executed



Assembly Language (MOVLW)

83

MOVLW Move Literal to W

Syntax MOVLW k

Operands k is a literal value of 8 bit value (range from 0 to 255)

Operation Copy k to W register

Example MOVLW 20

Flash memory RAM

W

MOVLW 2020

Click to play
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Assembly Language (ADDLW)
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ADDLW Add Literal to W

Syntax ADDLW k

Operands k is a literal value of 8 bit value (range from 0 to 255)

Operation Add k to W and place on W (W = k+W)

Example ADDLW 10

Flash memory RAM

W

MOVLW 20

20

ADDLW 1010

30

Arithmetic 

Operation

Click to play
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Assembly Language (SUBLW)

85

SUBLW Subtract W from Literal

Syntax SUBLW k

Operands k is a literal value of 8 bit value (range from 0 to 255)

Operation Subtract W from k and place on W (W = k-W)

Example SUBLW 10

Flash memory RAM

W

MOVLW 20

20

SUBLW 3030

10

Arithmetic 

Operation

Click to play
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Assembly Language (ANDLW)
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ANDLW AND Literal with W

Syntax ANDLW k

Operands k is a literal value of 8 bit value (range from 0 to 255)

Operation AND k with W and place on W (W = k AND W)

Example ANDLW 11110000

Flash memory RAM

W

MOVLW 0001,1110

0001,1110

ANDLW  1111,0000 1111,0000

00010000

Logic Operation

Old W 0 0 0 1 1 1 1 0

K 1 1 1 1 0 0 0 0

New W 0 0 0 1 0 0 0 0
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Assembly Language (IORLW)
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IORLW Inclusive OR Literal with W

Syntax IORLW k

Operands k is a literal value of 8 bit value (range from 0 to 255)

Operation OR k with W and place on W (W = k OR W)

Example IORLW 11110000

Flash memory RAM

W

MOVLW 0001,1110

0001,1110

IORLW   1111,0000 1111,0000

11111110

Logic Operation

Old W 0 0 0 1 1 1 1 0

K 1 1 1 1 0 0 0 0

New W 1 1 1 1 1 1 1 0

Click to play
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Assembly Language (XORLW)
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XORLW XOR Literal with W

Syntax XORLW k

Operands k is a literal value of 8 bit value (range from 0 to 255)

Operation XOR k with W and place on W (W = k XOR W)

Example XORLW 11110000

Flash memory RAM

W

MOVLW 0001,1110

0001,1110

XORLW  1111,0000 1111,0000

11101110

Logic Operation

Old W 0 0 0 1 1 1 1 0

K 1 1 1 1 0 0 0 0

New W 1 1 1 0 1 1 1 0

Click to play
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Assembly Language (MOVWF)
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MOVWF Move W to File

Syntax MOVWF f

Operands f is a file located in RAM ( 0<f<127)

Operation (W) to (f)  i.e., the content of W is moved to the file

Example MOVWF REG1

Flash memory RAM

W

MOVLW 20

20

MOVWF REG1

REG1

20

W is the register
(W) Is the content of the register

Click to play
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Assembly Language (ADDWF)
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ADDWF ADD W and File

Syntax ADDWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (W)+(f)

Example ADDWF REG1, F

Flash memory RAM

W

MOVLW 20

20

ADDWF REG1, F

REG1

5030

Arithmetic 

Operation

Click to play
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Assembly Language (ADDWF)

91

ADDWF ADD W and File

Syntax ADDWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (W)+(f)

Example ADDWF REG1, W

Flash memory RAM

W

MOVLW 20

20

ADDWF REG1, W

REG1

50

303030

Arithmetic 

Operation

Click to play
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Assembly Language (SUBWF)
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SUBWF SUB W from File

Syntax SUBWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (f)-(W)

Example SUBWF REG1, F

Flash memory RAM

W

MOVLW 20

20

SUBWF REG1, F

REG1

1030

Arithmetic 

Operation

Click to play
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Assembly Language (SUBWF)

93

SUBWF SUB W from File

Syntax SUBWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (f)-(W)

Example SUBWF REG1, W

Flash memory RAM

W

MOVLW 20

20

SUBWF REG1, W

REG1

10

303030

Arithmetic 

Operation

Click to play
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Assembly Language (ANDWF)

94

ANDWF AND W with File

Syntax ANDWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (f) AND (W)

Example ANDWF REG1, F

Flash memory RAM

W

MOVLW 0001,1110

00011110

ANDWF REG1, F

REG1

0001000011110000

Arithmetic 

Operation

W 0 0 0 1 1 1 1 0

Old F 1 1 1 1 0 0 0 0

New F 0 0 0 1 0 0 0 0

Click to play
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Assembly Language (ANDWF)
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ANDWF AND W with File

Syntax ANDWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (f) AND (W)

Example ANDWF REG1, W

Flash memory RAM

W

MOVLW 0001,1110

00011110

ANDWF REG1, W

REG1

00010000

111100001111000011110000

Arithmetic 

Operation

W 0 0 0 1 1 1 1 0

F 1 1 1 1 0 0 0 0

New W 0 0 0 1 0 0 0 0

Click to play
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Assembly Language (IORWF, XORWF)
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IORWF Inclusive OR W with File

Syntax IORWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (destination)  = (f) OR (W)

Example IORWF REG1, W      IORWF REG1, F      

Arithmetic 

Operations

XORWF XOR W with F

Syntax XORWF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation destination  = f XOR W

Example XORWF REG1, W      XORWF REG1, F      
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Assembly Language (MOVF)
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MOVF Move File to destination

Syntax MOVF f, d

Operands f is a file located in RAM ( 0<f<127) , (d is W or F)

Operation (f) to (destination)

Example MOVF REG1, W

Flash memory RAM

W

20

MOVF REG1,W

REG1

20

Click to play

Week 2, Lecture 4 / Assembly Language

If d = 0,destination is W register. 

If d = 1, the destination is file register ‘f’

itself. 

d = 1 is useful to test a file register since 

status flag Z is affected. (To be discussed 

later)



Assembly Language (CLRW)
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CLRW Clear W register

Syntax CLRW

Operands

Operation (W) = 0

Example CLRW

Flash memory RAM

W

CLRW

255
Click to play
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Assembly Language (CLRF)
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CLRF Clear file

Syntax CLRF f

Operands f is a file located in RAM ( 0<f<127)

Operation (f) = 0

Example CLRF REG1

Flash memory RAM

W

CLRF REG1

255

REG1
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Assembly Language (INCF)
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INCF Increment file

Syntax INCF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (d) = (f) + 1

Example INCF REG1, F       INCF REG1, W

Flash memory RAM

W

INCF REG1, F

200

REG1

201

Click to play
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Assembly Language (DECF)
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DECF Decrement file

Syntax DECF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (d) = (f) – 1

Example DECF REG1, F       DECF REG1, W

Flash memory RAM

W

DECF REG1, F

200

REG1

199

Click to play

Week 2, Lecture 4 / Assembly Language



Assembly Language (COMF)
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COMF Complement file

Syntax COMF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (d) = (𝑓)   (every bit in f is flipped, i.e., 1→0     0→1)

Example COMF REG1, F       COMF REG1, W

Flash memory RAM

W

COMF REG1, F

00001010

REG1

11110101

Click to play

Week 2, Lecture 4 / Assembly Language



Assembly Language (SWAPF)
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SWAPF Swap nibbles in file

Syntax SWAPF f, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (f<3:0>) → (destination<7:4>),(f<7:4>) →(destination<3:0>)

Example SWAPF REG1, F       SWAPF REG1, W

Flash memory RAM

W

SWAPF REG1, F

H’AB’

REG1

H’BA’

Click to play
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Assembly Language (BSF)
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BSF Bit set file

Syntax BSF file, bit#

Operands f is a file located in RAM ( 0<f<127), bit# from 0 to 7

Operation 1 → (f<bit#>)

Example BSF REG1, 2

Flash memory RAM

W

BSF REG1, 2
REG1

1 1 1 1 0 0 0 01

b7 b4 b3 b1 b0b2b5b6

Click to play
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Assembly Language (BCF)
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BCF Bit clear file

Syntax BCF file, bit#

Operands f is a file located in RAM ( 0<f<127), bit# from 0 to 7

Operation 0 → (f<bit#>)

Example BCF REG1, 7

Flash memory RAM

W

BCF REG1, 7
REG1

1 1 1 1 0 0 0 00

b7 b4 b3 b1 b0b2b5b6

Click to play
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Assembly Language (BTFSS)
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BTFSS Bit test f and skip if set

Syntax BTFSS file, bit#

Operands f is a file located in RAM ( 0<f<127), bit# from 0 to 7

Operation Skip one line if (f<b>) = 1

Example BTFSS REG1, 7

Flash memory RAM

W

BTFSS REG1, 7
REG1

1 1 1 1 0 0 0 0

b7 b4 b3 b1 b0b2b5b6

If bit7 is 0, 

execute this 

instruction

If bit7 is 1, 

execute this 

instruction

Click to play
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Assembly Language (BTFSC)
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BTFSC Bit test f and skip if clear

Syntax BTFSC file, bit#

Operands f is a file located in RAM ( 0<f<127), bit# from 0 to 7

Operation Skip one line if (f<b>) = 0

Example BTFSC REG1, 5

Flash memory RAM

W

BTFSC REG1, 5
REG1

1 1 1 1 0 0 0 0

b7 b4 b3 b1 b0b2b5b6

If bit5 is 1, 

execute this 

instruction

If bit5 is 0, 

execute this 

instruction

Click to play
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Assembly Language (INCFSZ)
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INCFSZ Increment file and skip is zero

Syntax INCFSZ file, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (f) + 1 → (destination), skip if result = 0

Example INCFSZ REG1, F

Flash memory RAM

W

INCFSZ REG1, F
REG1If REG1≠0

execute this 

instruction

If REG1=0

execute this 

instruction

2550

In a byte, the biggest value is 255
Thus 255 + 1 = 256 = 0

Click to play
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Assembly Language (DECFSZ)
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DECFSZ Decrement file and skip is zero

Syntax DECFSZ file, d

Operands f is a file located in RAM ( 0<f<127), (d is W or F)

Operation (f) - 1 → (destination), skip if result = 0

Example DECFSZ REG1, F

Flash memory RAM

W

DECFSZ REG1, F
REG1If REG1≠0

execute this 

instruction

If REG1=0

execute this 

instruction

200199

In a byte, the biggest value is 255
Thus 255 + 1 = 256 = 0

Click to play
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Assembly Language (GOTO)
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GOTO Unconditional branch

Syntax GOTO k

Operands k is a Flash address ( 0<k<2047)

Operation k → PC<10:0>

Example GOTO SUBROUTINE1

FUNCT1

Click to play

Flash memory

GOTO FUNCT1
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Assembly Language (CALL)
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CALL Call Subroutine

Syntax CALL k

Operands k is a Flash address ( 0<f<2047)

Operation k → PC<10:0>

Example CALL SUBROUTINE1

Click to play

FUNCT1

Flash memory

CALL FUNCT1

RETURN

Stack memory

Address 10

Address 11

Stack memory is the 
place in which the 

address of the Flash 
memory as saved.

8 levels of stack are 
available

NB: a Call function 
requires a RETURN 

function to pop up the 
flash address.

The Stack memory 
follows the 

sequence of Last-in, 
first-out

NB: a CALL function 
Pushes an address+1 

onto the stack 
memory
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Assembly Language (CALL)
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CALL Call Subroutine

Syntax CALL k

Operands k is a Flash address ( 0<f<2047)

Operation k → PC<10:0>

Example CALL SUBROUTINE1

Click to play

FUNCT1

Flash memory

CALL FUNCT1

RETURNStack memory

Address 10

Address 11

Stack memory is the 
place in which the 

address of the Flash 
memory as saved.

8 levels of stack are 
available

NB: a Call function 
requires a RETURN 

function to pop up the 
flash address. 

NB: a CALL function 
Pushes the address+1 

onto the stack 
memory

FUNCT2

RETURN

CALL FUNCT2Address 30

Address 31

Address 11

Address 31

This is a “CALL 
function” inside 

a function.
MAX 8 nested 

CALL are allowed
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Example 1: Adding two numbers

• Assume we want to add two numbers and save the result in a 
register. 

• REGC = REGA + REGB, where REGA = 25 and REGB = 30

To do that, first we have to allocate 3 memory locations in RAM 
for the 3 registers. 

This can be done in assembly as

113

REGA
REGB
REGC

3 memory 
locations are 

used at 
addresses 
0x20, 0x21 
and 0x22
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Example 1: Adding two numbers
• The next step consists of loading the values in REGA and REGB. 

(REGA = 25 and REGB = 30)

 

NB: W register is a temporary place to put values…

There is no way to move literal from Flash to RAM directly

i.e., there is no instruction called MOVLF  25, REGA in PIC16

114

25
30

REGA
REGB
REGC

Check the 

instructions

MOVLW

MOVWF

From the previous 

slides
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Example 1: Adding two numbers
• The next step consists of making the summation of REGA and 

REGB, then save the result in REGC

NB: W register is a temporary place to put values…

Remember that the calculator is placed on the table, thus the 
addition operation should be done on W

115

25
30
55

REGA
REGB
REGC
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Flash memory RAM

W

Example 1: Adding two numbers

116

25

30

55

REGA

REGB
REGC

253055

Click to play

25
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Basic Elements of Assembly Language
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• From the previous example, the code includes lot of elements other than the 
instructions.  The Basic elements of assembly language are:

• Labels 

• Mnemonic 

• Operands 

• Directives 

• Comments 
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Basic Elements of Assembly Language
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Labels

• A Label is a textual designation (generally an 
easy-to-read word) for a line in a program, or 
section of a program where the micro can 
jump to - or even the beginning of set of 
lines of a program. 

• It can also be used to execute program 
branching (such as Goto .......)

• In the new Assembler is pic-as, the labels 
should be terminated by “:” 
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Basic Elements of Assembly Language
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Mnemonic

Mnemonic is the command by itself. The 
assembly language of the PIC midrange family 
is made of 35 mnemonics.
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Basic Elements of Assembly Language
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Operands

Operands are the instruction elements for the instruction 
is being executed. They are usually

1. Registers (PORTA, PORTB…)

2. Variables (any defined register in GFR)

3. Constant, or number represented in:
• Decimal (Digits 0 to 9 followed by D, d or nothing,  Example 23D)

• Hexadecimal (Digits 0 to 9, A to F preceded by 0x or followed by H or h.

• Binary (Digits 0 and 1 followed by B.   01010101B

• Ascii (any ascii letter between ‘ ‘, Example ‘A’
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Basic Elements of Assembly Language
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Directives

A directive is similar to an instruction, but 
unlike an instruction it is independent on 
the microcontroller model, and represents 
a characteristic of the assembly language 
itself. 

Directives are usually given purposeful 
meanings via variables or registers.
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Basic Elements of Assembly Language
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Comments

Comment is a series of words that a 
programmer writes to make the program 
more clear and legible. 

It is placed after an instruction, and must 
start with a semicolon ";".
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1. What is the total number of assembly instruction used to program the  PIC16F887

2. In the instruction MOVLW, what is L ?

3. MOVLW instruction is actually used to move or copy the L to W ?

4. What is the result of swapping H’AB’

5. What is the result of swapping B’11010001’

6. What is the result of swapping D’127’

7. What is the result of COMF D’127’

8. Reg1 = 128, what is the result of Reg1 after “DECF REG1, W”

9. Reg1 = 128, what is the result of W after “INCFSZ Reg1, F”

123
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10. What is the size of the stack memory of the PIC16F887

11. What is the machine code of the instruction BTFSS 0x3A, 5 in 14-bit binary 
representation?

12. Having W = B'11110000'. What is the result of IORLW B'00001111’. 

13. You are given the following PIC16F887 assembly instructions SWAP Reg1, 1.  If Reg1 = 
0xF3, what is the right answer when this function is executed?

14.  Given an assembly language instruction COMF REG1,0 and the current values of REG = 
0x13 and W = 0xC2. What will be the values of the register after the instruction?

15. The Stack memory follows the sequence of____________.

124
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Lab 1 / LO1

MPLABX and Assembler

Code debugging

125

Week 2



Starting with MPLABX (Activity 1)

Step 1: Create new project

126
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Starting with MPLABX (Activity 1)

Step 3: Select PIC16887 and select 
the simulator tool

127

Step 2: Select standalone Project
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Starting with MPLABX (Activity 1)
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Step 5: Name the project as activity1Step 4: Select the pic-as compiler
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Starting with MPLABX (Activity 1)
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Step 6: Right click on Source Files 
and select AssemblyFiles.s

Step 7: Name the file as activity1
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Starting with MPLABX (Activity 1)
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Step 8: Paste the Activity code and 
then click on “Build main project”

or use function key F11

Step 9: You must see the below 
message on the output window

BUILD SUCCESSFUL
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Starting with MPLABX (Activity 1)
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The Hex file is the machine language file generated 
by the compiler. We need this file to upload it to the 
Flash memory of the PIC using a programmer

BUILD SUCCESSFUL mean that a 
list of files is created in the destination 
folder

Open the Hex file in WordPad or Notepad and you must see 
the Hexadecimal numbers representing the code written in 
assembly
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Starting with MPLABX (Activity 1)
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To see how the code is written in 
Flash memory, go to Windows and 
click on the Program Memory

The instructions are listed in 
the Flash one by one starting 
Address 0

The free spaces in Flash will be 

filled by ADDLW 0xFF

The opcode of ADDLW 0xFF 

is 11,1111,1111,1111 

i.e., free spaces are filled by 1s
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Starting with MPLABX (Activity 1)
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Click on Debug main project button

The debugger starts and focus on the reset vector 

Week 2, Lab 1/ MPLABX and Assembler



Starting with MPLABX (Activity 1)
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Click on Debug main project button

The debugger starts and focus on the reset vector 

REGA=0 REGB=0 REGC=0

NB: Numbers are represented in HEX
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Starting with MPLABX (Activity 1)
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Click on Step over button

And check how the code runs

The simulator must freeze at 
GOTO $

Now you can check again the 
register values 

REGA=25

REGB=30

REGC=55
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End of LO1

136



LO2

137



Lecture 5 / LO2

RAM Direct Accessing

PIC clocking systems

138

Week 3



Accessing the RAM

• It was clear from the instruction set 
that the size of the opcode is 14 
bits.

• The instructions that deals with files 
like MOVWF, ADDWF, 
ANDWF… are given as 

 

139
Space available in each memory location in Flash
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Accessing the RAM

• This means that the instruction is 
coded in 6 bits (from 8 to 13)

• The destination bit takes one bit 
size

• And the file address takes only 7 
bits !! (from 0 to 6) 

• 7 bits means that the address that 
can be accessed are from 000,0000 
to 111,1111, i.e., from 0 to 127
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We can only talk to 128 

registers !!!!

What about the others 

registers in the RAM ??

Week 3, Lecture 5 / RAM addressing



Accessing the RAM
• Now if we look to the RAM, we 

can see that the addresses of the 
registers start from 0 to 511 (0 to 
1FF, i.e., 9 bits)

• This means that the addresses range 
are 0,0000,0000 to 1,1111,1111

• The addresses of: 
• Bank 0 are from 0 to 127

• Bank 1 are from 128 to 255

• Bank 2 are from 256 to 383

• Bank 3 are from 384 to 511

 
141

Week 3, Lecture 5 / RAM addressing



Accessing the RAM
• Also, if we focus on the addresses of 

the registers having the same rows, like 
for example PORTD, TRISD, 
CM2CON0 and ANSEL, we can 
conclude that they have the same least 
7 bits 

• PORTD: 08H  = 0,0000,1000

• TRISD: 88H  = 0,1000,1000

• CM2CON0: 108H = 1,0000,1000

• ANSEL: 188H  = 1,1000,1000

 

142
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Accessing the RAM

143

0,0000,0000

0,0111,1111

0,1000,0000

0,1111,1111

1,0000,0000

1,0111,1111

1,1000,0000

1,1111,1111
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Accessing the RAM

144

0,0000,0000

0,0111,1111

0,1000,0000

0,1111,1111

1,0000,0000

1,0111,1111

1,1000,0000

1,1111,1111

0,0000,0000

0,0111,1111
0,1000,0000

0,1111,1111
1,0000,0000

1,0111,1111
1,1000,0000

1,1111,1111

0

127
128

255
256

383
384

511
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Accessing the RAM
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0,0000,0000

0,0111,1111
0,1000,0000

0,1111,1111
1,0000,0000

1,0111,1111
1,1000,0000

1,1111,1111

0

127
128

255
256

383
384

511

For the 7 least 

bits, same values 

are repeated

Same addresses
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Accessing the RAM
So, we can conclude that if we write for example 

MOVLW 20  → MOVLW 20
MOVWF TRISD → MOVWF 0001000B

• Is same as writing 
MOVLW 20  → MOVLW 20
MOVWF CM2CON0  → MOVWF 0001000B

• and same as
MOVLW 20   → MOVLW 20
MOVWF ANSEL  → MOVWF 0001000B

Actually, the 20 will be written in PORTD not in 

TRISD, neither in CM2CN0 and neither in ANSEL. 

In fact, only registers in bank0 are accessible
146

Same least 7 bits

The most 

significant 2 bits 

cannot fit inside 

the opcode 
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Accessing the RAM
How to overcome this case and have access to 
other registers in the other banks ( 1, 2 ,and 3) !!

The answer is we have to write the most 2 
significant bits of the register address before 
accessing the register. 

The 2 MSbits should be written in two bits 
called RP1 and RP0

• PORTD: 08H  = 0,0000,1000

• TRISD: 88H  = 0,1000,1000

• CM2CON0: 108H = 1,0000,1000

• ANSEL: 188H  = 1,1000,1000
147

0,0000,0000

0,0111,1111
0,1000,0000

0,1111,1111
1,0000,0000

1,0111,1111
1,1000,0000

1,1111,1111
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Accessing the RAM
Thus to write on a register in

• bank 0, we have to make RP1=0 and RP0=0 

• bank 1, we have to make RP1=0 and RP0=1 

• bank 2, we have to make RP1=1 and RP0=0 

• bank 3, we have to make RP1=1 and RP0=1 

148

RP1 RP0

BANK RP1 RP0

0 0 0

1 0 1

2 1 0

3 1 1

Now the question is where are the RP1 and RP0 

and how to write on these bits !!

RP1 and RP0 represent the KEYS of the banks
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Accessing the RAM

• RP1 and RP0 are located in the RAM itself, more 
precisely in a register called STATUS.

• BUT! How to accesses the KEYS in a LOCKED 
bank ? 

• STATUS register is available in the 4 banks and 
thus it is accessible whatever are RP1 and RP0.

• STATUS register includes 8 bits. RP1 and RP0 
are bits #6 and 5, respectively. 

The remaining bits will be discussed later 149
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Accessing the RAM

To conclude, writing on registers of different 
BANKS will be like,

150
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Status Register
• The STATUS register, shown below, contains:

• the arithmetic status of the ALU (Z, DC and C bits) these bits are called flags

• the Reset status

• the bank select bits for data memory (GPR and SFR)

• The Z bit is used to check if  the W=0 or not. Z = 1 when W = 0

• This bit is very important in comparing values (equal or not) 

151

Z bit = 1

W = 0

• The carry bit (C bit) is used to check if an 
arithmetic operation is leading to a value more 
than 255 (more than 8 bits) or a negate value

Check the Arithmetic Operations (Subtraction) slide

Week 3, Lecture 5 / RAM addressing



Dealing with PORTS

• Remember from the previous slides that the 
PIC16F887 has 36 I/O pins  distributed on 5 ports..

• These ports are mapped in RAM

• “Mapped” means that accessing the ports is achieved 
by accessing their registers in RAM

• These registers are readable and writable, i.e., we can 
write values on the ports and we can read values from 
ports, thus called I/O ports.

152

Week 3, Lecture 5 / RAM addressing

PORTD
RE1RE2RE3RD0RD1RD2RD3RD4RD5RD6RD7

PORTEPORTC
RC0RC1RC2RC3RC4RC5RC6RC7

PORTB
RB0RB1RB2RB3RB4RB5RB6RB7

PORTA
RA0RA1RA2RA3RA4RA5RA6RA7 RE0



Dealing with PORTS

• PORTS cannot be Input and Output at the same time.

• We have to select the direction first

• This is done by writing on the TRIS registers located 
in BANK1.

• TRIS are like the stickers. They define the PORTS to 
be IN or OUT

153

ININ OUT

PORTA

PIC

Sticker

PORT
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Dealing with PORTS
• TRIS = 0 means that the PORT is OUTPUT

• TRIS = 1 means that the PORT is INPUT

• PORT configured as OUTPUT can deliver 0 or 1 logic, 
i.e., 0 or 5 volts

• PORT configured as INPUT can read 0 or 1 logic, i.e., 0 or 
5 volts

• All PORTS are digital ports

154

ININ OUT

PORTA

PIC

Sticker

PORT
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Dealing with PORTS
• Some of the PORTS like PORTA, PORTB and PORTE can also be 

analog input ports. i.e., a voltage value between 0 and 5 can also be 
recognized by the PIC.

• This can be configured by the two analog select registers ANSEL and 
ANSELH located on BANK3. 1 means analog, 0 means digital.

155
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Dealing with PORTS
To conclude, in RAM we have

5 port registers for reading and writing
5 tris registers for defining the direction of the pins
2 analog-select register to select the mode of PORTA, PORTB and 
PORTE to be analog or digital

156
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Speed of Instruction Execution

157

• From the activity, we saw the compiler executing the code line by line. But what 
would be the execution speed in reality !. 

• The speed on instruction execution depends on the oscillator frequency. 

• Microcontrollers/microprocessors never work without oscillator.

• The oscillator generates the clocking signal for the sequential logic circuit of the 
chip (remember the clock signal of flipflops in digital circuit course)

• The PIC16F887 is designed to get clock from external generators or it can generates 
its own clocking signals.  

• From the PIC datasheet, the maximum clocking frequency is 20Mhz. 
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Speed of Instruction Execution

158

External clock generators rely on external circuitry 
for the clock source. 

The clock signal can be generated from: 

• Oscillator modules (EC mode), 

• Quartz crystal resonators or ceramic resonators (LP, 
XT and HS modes) 

• Resistor-Capacitor (RC) mode circuits.

 
Oscillator is to be 

connected here
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1

2

3

4

5

6

7

8

28

27

26

25

20

19

18

17

9

10

11

12

16

15

14

13

24

23

22

21

40

39

38

37

36

35

34

33

32

31

30

29

P
IC

 1
6
F

8
8

7

RE3 / /MCLR / VPP

RA0 / AN0

RA1 / AN1

RA2 / AN2/VREF- / CVREF

RA3 / AN3 / VREF+

RA4 / T0CKI / C1OUT

RA5 / AN4 / /SS / C2OUT

RE0 / /RD / AN5

RE1 / /WR / AN6

RE2 / /CS / AN7

VDD

VSS

RA6/OSC2 / CLKO

RA7/OSC1 / CLKI

RC0 / T1OSO / T1CK1

RC1 / T1OSI / CCP2

RC2 / CCP1

RC3 / SCK / SCL

RD0 / PSP0

RD1 / PSP1

RD3 / PSP3

RD2 / PSP2

RC4 / SDI / SDA

RC5 / SD0

RC6 / TX / CK

RC7 / RX / DT

RD4 / PSP4

RD5 / PSP5

RD6 / PSP6

RD7 / PSP7

VSS

VDD

RB0 / AN12/ INT

RB1 / AN10

RB2/ AN8

RB3 / AN9/ PGM

RB4 / AN11

RB5 / AN13

RB6 / PGC

RB7 / PGD



Speed of Instruction Execution
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• The External Clock (EC) mode allows an externally generated logic level as 
the system clock source. When operating in this mode, an external clock 
source is connected to the OSC1 input and the OSC2 is available for 
general purpose I/O. 

Signal generated by any 

oscillator circuit like 

“555 timer” of any 

combination/sequential 

circuit

The instruction execution speed is ¼ of the signal frequency i.e., if the signal is 1kHz, 

the instruction speed is achieved at 250 Hz, i.e., 250 instructions are achieved in 1 

second 
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Speed of Instruction Execution
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The LP, XT and HS modes support the use of quartz crystal resonators or ceramic resonators 
connected to OSC1 and OSC2. The mode selects a low, medium or high gain setting of the 
internal inverter amplifier to support various resonator types and speed.

• LP Oscillator mode: Used for low crystal  frequency

• XT Oscillator mode: Used for medium crystal frequency

• HS Oscillator mode: Used for high crystal frequency.

The instruction execution speed is ¼ of the crystal frequency i.e., if the signal is 4MHz, the instruction 

speed is achieved at 1MHz i.e., 1000000 instructions are achieved in 1 second 
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Speed of Instruction Execution
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The external Resistor-Capacitor (RC) modes support the use of an 
external RC circuit. This allows the designer maximum flexibility in 
frequency choice while keeping costs to a minimum when clock 
accuracy is not required. 

• There are two modes: RC and RCIO. 

• In RC mode, the RC circuit connects to OSC1. OSC2/CLKOUT outputs the 
RC oscillator frequency divided by 4. This signal may be used to provide a 
clock for external circuitry, synchronization, calibration, test or other 
application requirements.

• In RCIO mode, the RC circuit is connected to OSC1. OSC2 becomes an 
additional general purpose I/O pin.
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Speed of Instruction Execution
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The PIC16F887 is also able to generate its own clocking 
signals due to two internal oscillators called:

• High speed internal oscillator: HSINTOSC 

• Low speed internal oscillator: LSINTOSC

A frequency divider circuit is used to divide the 
HSINTOSC into 6 different frequencies.

Thus, in total, 8 different internal frequencies can be 
used depends on our requirement. 
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Speed of Instruction Execution

163

The selection of the clocking source (internal or external) is done using the CONFIGURATION bits 
(to be discussed later). In case internal oscillator is used, the selection of the frequency will be 
selected using OSCCON register available in BANK1. Default is 4MHz. 
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Speed of Instruction Execution

164

Execution speed calculation. 

The internal or the external clock generators produce a square wave at predefined frequencies. 
This is called the oscillating frequency Fosc or clocking frequency Fclk

Thus the clock period Tclk can be calculated as Tclk = 1/Fclk

Each instruction needs at least 4 clocks to be totally executed. This is called Tins.

Thus Tins  = 4 x Tclk, and Fins = Fclk/4

Clock signal generated by the crystal, RC circuit, oscillator or resonator

Tclk

Tins

Tclk Tclk Tclk
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Speed of Instruction Execution

165

Execution speed calculation. 

For example, if the crystal oscillator used is 4Mhz (This is Fosc or Fclk)

• Tclk = 1/4000000 = 0.25µs 

• Tins = 4xTclk = 1µs (time to execute one instruction)

• Fins = Fosc/4 = 1Mhz (Speed of execution of instructions, i.e., 1000,000 instructions/s)

                                (or 1 Million Instructions per Second, i.e. 1MIPS)

Tclk=0.25µs

Tins=1µs

Tclk=0.25µs Tclk=0.25µs Tclk=0.25µs

• Million Instructions per second is a measure 

of the execution speed of the computer. 

• The measure approximately provides the 

number of machine instructions that could 

be executed in a second by a computer. 
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Speed of Instruction Execution
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Execution speed calculation. 

The PIC16F887 can run at a maximum clocking of 20Mhz. Thus, 

• Tclk = 1/20,000,0000 = 0.05µs = 50ns (nano is 10-9)

• Tins = 4xTclk = 200ns (time to execute one instruction)

• Fins = Fosc/4 = 5Mhz (Speed of execution of instructions, i.e., 5000,000 instructions/s)

                                (or 5 Million Instructions per Second, i.e. 5MIPS)

Tclk=50ns

Tins=200ns

Tclk=50ns Tclk=50ns Tclk=50ns
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Speed of Instruction Execution
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Also, from the datasheet, it can be seen from the 
table that some instructions need 2 cycle to be 
fully executed. i.e., double time of regular 
instructions

These instructions are the jump instructions 
(branching ) like CALL, GOTO, RETURN, 
RETFIE, RETLW

Or the instructions that are conditional branching 
like INCFSZ, DECFSZ, BTFSS, BTFSC) only 
in case of branching
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Chip reset

• All microcontrollers have a reset pin used to reset the chip and restart the code 
from the beginning. This is mainly used in case of trouble in execution due to a 
mistake in coding or due to environmental noise around the PIC (electric or 
electromagnetic noise).

168

In PIC16F887, the reset pin in pin #1

The PIN is called Master CLeaR and is 

active low, i.e., it will reset the PIC if a 

logic 0 is applied. 

Thus, to allow PIC to work, a logic 1 

level should be applied.
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Chip reset
• From the previous activity, the MCLR is disactivated in the CONFIGURATION bits and the 

PIN is used as RE3 digital input.

• In case we want to use this PIN, we should turn on this bit and connect a special circuit to 
reset the chip when required.

169

The main reset circuit is made of a push 

button and a pull-up resistor.

The role of the pull-up resistor is to pull the 

logic level of the PIN to 5 volt. (the PIC 

will be executing the code normally)

When the push button is pressed, the PIN 

will be grounded (0 logic) and the PIC is 

reset.
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Chip reset
Sometimes, at startup, the PIC generate unexpected results as the code is not running 
correctly. This is due to a non-stable oscillation of the crystal oscillator at power-up. 

The manufacturer recommend adding a capacitor across the push button to make a slower 
starting up of the chip. The voltage across the capacitor increases exponentially from 0 to 5V

The required time to reach 5 volt is 5RC = 5τ, unit in second
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Chip reset
From the datasheet, the MCLR pin is considered HIGH at 0.8VDD which is 0.8x5 = 4V.

The voltage occurs after 150ms from power up. This time is enough to get accurate 
oscillation from the crystal. 

Thus a resistor of 10k and a capacitor of 10uF are good choices to slow down the PIC 
startup by 150ms.
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1. How many bits are allocated for the destination bit

2. How many address lines are required to access a 512 byte RAM

3. What should be RP0 and RP1 to access bank 2

4. PIC resets when a logic level 1 is applied on /MCLR  (T/F)

5. A PIC is connected to a 16Mhz crystal, what is the instruction time ?

6. If the instruction “MOVLW” takes 0.2μs to be executed, what would be the oscillator 
frequency

7. If the instruction “GOTO” takes 0.4μs to be executed, what would be the oscillator 
frequency

8. How many internal oscillator the PIC16F887 has and what are the frequencies that can be 
used.

9. Why Microchip recommend to connect a capacitor to the reset circuit

10. What is the default frequency of the internal oscillator of the PIC

11. What is the name of the register used to select between the internal oscillator frequencies 

12. What should be TRIS to configure the PORT as input

13. What is the instruction time if the used quartz is 4 kHz

14. What should be assigned to TRISB to have: RB0 = input , RB4 = output.
172
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Lecture 6 / LO2

Writing on PORTS

Activity 2 Preparation
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Assembly code structure (template code)

• Assembly code includes the following points with the same order :

1. Code description

2. Including the xc.inc library

3. defining the configuration bits

4. writing the interrupt code (to be discussed later)

5. writing the main code

6. writing the setup function

7. write any other function

174
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Assembly code structure (template code)

• Code description

At the beginning of each code, it is required to add come comments about your 
code task. This will help you understand the code objective for later revision.
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Assembly code structure (template code)

• Including the PIC library

Including the PIC register library is essential in assembly programming. The file is called 
xc.inc. The MPLAB look for the required library file of the chosen chip.

This file is actually located in C:\Program Files 
(x86)\Microchip\packs\Microchip\PIC16Fxxx_DFP\1.2.33\xc8\pic\include\proc

This file includes all the register definition and the configuration-bit values
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Assembly code structure (template code)

• Configuration bits

Configuration bits are the settings of the PIC that includes the way to programming it, the 
method of protecting the internal code, the method of clocking the chip and many other 
settings. 

Configuration bits can be generated automatically by MPLABX as shown
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Assembly code structure (template code)

• Configuration bits

Most common configurations bit are shown. 

The internal oscillator is selected. No watch-dog timer used , MCLR pin is not used, code is 
not protected…. 
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Assembly code structure (template code)

• Main code

The MAIN code is the place we write the main task of the code. 
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Assembly code structure (template code)

• SETUP function

The SETUP function is the one used to 
defines the modes of the PORTS and the 
internal oscillator frequency… and many 
more to be discussed later.

In this function, we usually jumps 
between banks to make the required setup. 

For example, to configure the TRIS and 
OSCCON we must jump to BANK1

To configure the analog/digital pins 
(ANSEL, ANSELH) we must jump to 
BANK3. 

Finally, we jump back to BANK0
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Activity 2: Using PORTS to display data

• In this example, we will learn how to write values on the PORTS. We will be 
using assembly language to configure the PORTS as outputs and then write 
some data on. 

• Also, we will be using Proteus software for the simulation. 

• Proteus is a paid software able to simulate schematic for microcontrollers also design professional PCB 
(Printed circuit board) with 3D view.

• This Activity will be implemented in the next Lab

Thus the main task is to send 1111,1111 to all ports and check if they are all 
illegible to send 5 volts on the output. 

181

Week 3, Lecture 6 / Writing on Ports

https://www.electronicsisfun08.in/2022/12/how-to-download-and-install-proteus.html


Activity 2: Using PORTS to display data

IMPORTANT NOTE

• From now on, you have to consider that designing a control circuit is 
achieved by 

1. Writing code (in class)

2. Simulation (in class and/or lab)

3. Implementation (in lab)
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Activity 2: Using PORTS to display data
• Step 1: Writing assembly code

• Any code will start by some descriptive 
comment, include of the library file and the 
configuration bits.

• The major configuration bit are configure 
to:
• Use internal oscillator
• No watch dog timer
• Power up timer is not used
• Mclr pin is not used
• No code protection required 
• No power fail detection required
• Low voltage programming is off
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Activity 2: Using PORTS to display data
• Step 1: Writing assembly code

• The main code consists of sending 
11111111 on the ports. 

• This is achieved by placing the value on 
the W register first (line37) then move 
the W content to all ports. 

• In case no other duties are required from 
the chip, it is required to freeze the code 
by the GOTO $ (line 44). 

• GOTO $ means keep executing this line 
address

184

Week 3, Lecture 6 / Writing on Ports



Activity 2: Using PORTS to display data
• Step 1: Writing assembly code

• The SETUP function is used to configure 
some important registers. 

• First we clear all ports (lines 47 to 51). 
Preventive step to remove all junk from the 
RAM. 

• OSCCON configures the 4Mhz internal 
crystal (since we are using the internal 
oscillator in the CONFIG)

• All TRIS are cleared to make PORTS 
output.

• ANSEL and ANSELH are cleared to make 
PORTA, E and B as digital pins 
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Activity 2: Using PORTS to display data

• Step 1: Writing assembly code

• Now we need the hex file to be generated by MPLAB. This file will be later 
used to be uploaded on the Flash memory of the PIC using a programmer. Also 
it will be used for the Proteus simulation. 

• Click on F11, or Shift F11 to build the code. The Hex file is generate 
successfully
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Activity 2: Using PORTS to display data

• Step 2: Checking the Code (Simulation)

• After writing the code, and before making any hardware test, it is required to 
simulate the code and check if it is running as expected. 

• We can simulate on MPLAB (as done in Activity 1) or we can use schematic 
based software to check the result. 

• PROTEUS is one of the best software used to simulate microcontroller and 
processor also any analog/digital circuit 

187

Week 3, Lecture 6 / Writing on Ports



Activity 2: Using PORTS to display data

• Step 2: Checking the Code (Simulation)

• Open Proteus, and click on schematic capture icon to create a new schematic. 
Then click on the component icon and select P to Pick a device.
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Activity 2: Using PORTS to display data

• Step 2: Checking the Code (Simulation)

• Write PIC16F887 in keywords and search for it in the library. Double click on the found 
result to add this component to the list. No other device will be needed for the moment.
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Activity 2: Using PORTS to display data

• Step 2: Checking the Code (Simulation)

• Place the PIC in the workspace area, right click and edit the properties. Select the Hex file 
generated by MPLAB (available in the same project folder) and select clock frequency 
4Mhz.  

190..\..\..\..\Activity2.X\dist\default\production\Activity2.X.production.hex
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Activity 2: Using PORTS to display data
• Step 2: Checking the Code (Simulation)

• Click on the PLAY button and check the results

• Observation: The pins are labeled in RED. Means that 5 volt are generated 
by the pins (i.e., 1 logic). 

• All pins are ON unless RE3. 

• This PIN, as per the datasheet, is only INPUT pin 

• RE3/MCLR/VPP is a special pin that can be used for 3 purposes. 
• Input pin RE3
• Master CLeaR pin (Will be discussed later)
• VPP pin for PIC programmer interfacing. 
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Read only pin
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Activity 2: Using PORTS to display data
• Step 3: Hardware implementation

• In order to see the logic levels on the PIC pins, the easiest way is to connect a LED on the pins. 
We will design and implement only one LED circuit. (no need to connect 35 LEDs). 

• As mentioned before, 1 logic means 5 volts, i.e., it is considered as a voltage source (battery) of 5 
volts.
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The LED is similar to a regular diode with a forward 

voltage drop of 2.2V (not 0.6 volt as regular diode).

This means the LED cannot be connected to the source 

directly, otherwise it will be burned. 

NOTE: forward voltage changes with type of LED and 

color. 
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Activity 2: Using PORTS to display data

• Step 3: Hardware implementation

• A red led needs 2.2V to generate the optimum brightness. At this voltage, the current 
flowing will be 10mA. (Important note: the max current a pin can deliver is 20mA)

• Thus we need to connect a resistor in series with the source and the LED to drop the voltage 
to 2.2 volt. 
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Using KVL, the voltage across resistor 

VR = Vin-Vled = 5-2.2 = 2.8V

The Resistor current is same as led 

current (series connection), so IR = 

10mA

Using ohm’s law, the resistor R is 

given as:

R = VR/IR = 2.8/10mA = 280 Ω
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Activity 2: Using PORTS to display data

• Step 3: Hardware implementation

• The simulation result of the circuit is showing the same result as the one calculated. 

• Thus, applying the same circuit on the PIC output will turn on the led.
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Activity 2: Using PORTS to display data

• Step 3: Hardware 
implementation

• The PIC is placed on a breadboard, 

supplied by an external power source 

of 5 volts at pins 11 (VCC, positive 

supply pin) and 12 (VSS, ground 

supply pin). 

• The programmer used is the PIC KIT 

3 connected to MCLR, VCC, VSS, 

RB6 (clock data line), and RB7 (data 

line).
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1. Calculate the series resistor that should be connected to an ultra bright led 
with 3V, 30 mA connected to the pin RC0. Is it allowed to connect such led 
to the PIC ? Why ?

2. Which configuration is better; connect the resistor before the led or after ?

3. State three different ways to identify the positive and negative pins of a LED

4. How many ports in PIC16F887 can be used as output

5. How many ports in PIC16F887 can be used as input

6. Open the datasheet and check the role of every bit used in the configuration 
bits; in CONFIG1 and CONFIG2

7. CONFIG words are located in RAM (T/F)

196

Week 3, Lecture 6 / Writing on Ports



Lab 2 / LO2

Hardware implementation of 
Activity 2
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Implementation of Activity 2
• Tools Required

1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Breadboard wires (male-male)

• Required components:

1. PIC 16F887

2. Led x1

3. Resistor from 200 to 470 ohm x 1
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Lecture 7 / LO2

Push Button interfacing

Reading inputs 

199
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Push button interface with PIC

200

• A Push button switches rely on a simple in-out actuation mechanism. 

• They can be employed to break (off) or initiate (on) a circuit.

• Push button switches can be classified as being 
• Normally Open (NO) or 

• Normally Closed (NC). 

• Normally Open (“OFF” position) switches complete the circuit when actuated, 

• while Normally Closed (“ON” position) switches break the circuit when actuated.
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Push button interface with PIC

201

• PB is used to send command to the PIC to run certain process

• It is a digital device, thus the PIC read it as logic 0 or 1. 

• As per the figure, it is clear that when the PB is pressed, a logic 
1 is applied on the pin. But what if it is not! What will be the 
logic level ! 0 or 1 logic (0V or 5V) ?!

• In fact, when the push button is open, the RD0 is not connected 
to anything. 

• In electronics, the input pin has a high input “impedance”, i.e., 
as if a very high resistor is internally connected to ground
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Push button interface with PIC

202

• This means that if a noise surrounding the wire produces only 
1μA, a voltage V = IR will be generated across the pin. 

• For example, if R = 10M, the produced V = 10x10-6 * 1x106 = 
10V. This voltage represent a logic 1 as if the PB is pressed. 

• Thus it is not allowed to keep the input pin “FLOATING”

• We have to pull the logic level up or down using an external 
resistor, depending on the circuit.
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Push button interface with PIC

203

• Back to our circuit, a pull-down resistor here is used to pull 
the logic level to zero in case the push button is not pressed. 

• What is the best value of R4 ?!

• The Role of R4 is do dominate the effect of noisy current, 
so not to generate a logic level 1 (a voltage above 3 is 
considered 1 logic… depend on the chip in use).

• On the other side the pull down should not be very low, 
otherwise a large current will flow in this resistor at every 
button press.

• Values between 1k to 47k are good choices
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Push button interface with PIC

204

• Also, PB can be used to deliver zero logic when 
pressed (Case of PB1). 

• This PB requires a pull-up resistor similar to the one 
used for PB2.

• As a summary, 

• PB1 is ACTIVE LOW and required a pull-up resistor

• PB2 is ACTIVE HIGH and requires a pull-down resistor 
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Activity 3: Using Push buttons

205

• In this Activity, we will be using a NO 
Push Button connected to RD1. 

• In this Activity, we will be using a push 
button to turn on a Led. 

• The task is to test the Push button and turn 
ON the LED when pressed. Nothing else 
is required for the moment. 
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Activity 3: Using Push buttons

206

• When a push button is connected to a 
PIC, the pin should be configured as 
INPUT (TRIS = 1)

• The task of this Activity is to test the 
Push button and turn ON the LED when 
pressed. 

• At line 37, the instruction GOTO $-1 is 
used. This is used to go up one line. 

• In general, GOTO $±n is used to jump 
down(+) or up(-) for ‘n’ instructions
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Activity 3: Using Push buttons

207

• To enhance our coding skills, the directive 
#define is used. 

• This allows to replace the pin number by a 
significant name. 

• In this example for example

“#define LED RD0” means that we can 
replace RD0 by the word LED as shown in 
line 42. 

And at line 40, we are testing the PB which is 
the same as testing RD1. 
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Activity 3: Using Push buttons

208
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Activity 3: Using Push buttons

209
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Activity 4: Using Push buttons

210

• In this Activity, we will modify the code to turn on the LED ON when the PB is pressed, 
and OFF when released.

• Only the main code is modified as shown.
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Activity 4: Using Push buttons

211
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Activity 4: Using Push buttons

212
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Activity 5: Using Push buttons

213

• In this Activity, we will add another PB. One is used to turn ON the LED and the other is 
used to turn OFF the LED. PBs are defines as RD1 and RD2. Of course both pins are 
configure as inputs.
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Activity 5: Using Push buttons

214
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Activity 5: Using Push buttons

215
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1. What is the optimal value of a pull up or pull-down resistor ?

2. Calculate the current flowing in a 1Ω resistor used as a pull-down when a 
active high push button is pressed (assume 5v supply voltage). What is your 
observation of using too small pull-down resistor ?

3. Open the datasheet and check the register called WPUB. What is it role, 
advantage and disadvantage ?

216
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Lecture 8 / LO2

C language Using MPLABX 
XC8 compiler
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Creating C project in MPLABX

218

• Creating C project steps are similar to the assembly project. Here we have to 
select the C compiler and not the pic-as. 

• Also we need to create a C file to write our code. We can use the template 
main.c from the list. 
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Creating C project in MPLABX

219

• When created, the file appears as shown. The xc.h is included (in pic-as, the 
file is called xc.inc), also a main function is created. 
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Creating C project in MPLABX

220

• Here also we need to generate the configuration bits. This step is exactly 
similar to the one done previously in assembly. Copy the code and paste it in 
the main file.
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Creating C project in MPLABX

221

• Your code should appear like shown

• Only one line is required to define the crystal 
frequency as: #define _XTAL_FREQ 4000000, 
In case of 4MHz internal or external crystal.

(This will be required later for delay functions)
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Activity 5C: Start coding with C using XC8

222

• In this Activity, we will repeat the Activity 5 but in C language. The activity 
is about controlling LED with 2 PBs.

• Step 1: Create the setup function This is the function

It starts by void because it will not return any value

And has empty () because it will not take any argument

Note: Place the function before the main function

This is how we call the function in C
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Activity 5C: Start coding with C using XC8

223

• Step 2: writing the setup function

• In C language, no need to define the banks. The compiler will take care of switching 
between banks.

• The binary values in assembly like 01100000B will be 0b01100000 in C

Assembly formatC format
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Activity 5C: Start coding with C using XC8

224

• Step 3: Creating the infinite loop 

• In C language, the infinite loop is achieved using while(1). We used GOTO repeat to keep 
on repeating the code indefinitely. 

Assembly formatC format
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Activity 5C: Start coding with C using XC8

225

• Step 4: Creating the infinite loop Reading PB and tacking decision

• In C language, the if condition is written as if(condition) {result of condition}

• We can remove the {} if the result of condition is one instruction

Assembly formatC format

if condition

result of condition

if condition

result of condition
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Activity 5C: Start coding with C using XC8

226

Complete C code
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Activity 5C: Start coding with C using XC8

227
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Remarks concerning assembly and C

228

• As shown previously that the assembly and C versions are identical, but the generated hex 
files are not the same. 

Hex file generated from assembly codeHex file generate from C code

Remark 1: The C compiler converts the C file into a machine language without 
optimization (Maybe the paid version will optimize the code)
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Remarks concerning assembly and C

229

• Remark 2: The flash memory shows that the code in C does not starts at address 0 
and we have no control on defining the location of the code in the memory

Hex file generated from assembly codeHex file generate from C code

Code starts 

at location 

0x7DD !!!

Code starts 

at location 

0x00 as 

defined by 

the ORG in 

directive
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Remarks concerning assembly and C

230

Final conclusion

• C is easier compared to the assembly language, 

• Assembly has direct control on registers. 

• In C, we cannot predict how much time the code will take to be executed

• In Assembly, we know how the lines are executed and how much time each 
instruction needs to be executed.



Delay function in C and Assembly

231

• Delay function is usually used in program to slow down some process. As we already know 
that the speed of execution of instruction is very high due to the crystal high frequency. 

• In C language there is already a ready made delay functions that can be called directly. The 
original delay function in C is _delay(n) where n is the number of instruction count.

• This is an in-line function that is expanded by the code generator. 

• When called, this routine expands to an in-line assembly delay sequence. The sequence will 
consist of code that delays for the number of instruction cycles that is specified as the 
argument. The argument must be a constant expression.
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Delay function in C and Assembly

232

• It is often more convenient to request a delay in time-based terms, rather than in cycle 
counts. 

• The macros __delay_ms(x) and __delay_us(x) are provided to meet this need. 

• These macros convert the time-based request into instruction cycles that can be used with 
_delay(n).

__delay_ms(x) // request a delay in milliseconds

__delay_us(x) // request a delay in microseconds
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Delay function in C and Assembly

233

• If we write a code in C that only includes a delay function, we can conclude the assembly 
format of the code that makes the same delay.

• For a small value in the delay function (100 for example), the code is converted to a for loop 
in assembly with one variable 

Code converted to

MOVLW 0x21     takes 1 cycle

MOVWF 0x70     takes 1 cycle

DECFSZ 0x70, F takes 1 cycle 

GOTO $-1            takes 2 cycles

These are repeated 33-1 times (0x21-1), 

i.e., 32x3 = 96 cycles

The last DECFSZ (when the value reaches 

0) will jump and make 2 cycles, thus in 

total 98

2 cycles

Total of 100 cycles
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Delay function in C and Assembly

234

• The C compiler did the calculation of the value that be loaded in address 70 so that the entire 
function takes 100 cycles

• Since the register 0x70 is an 8 bit register, the max value that can be loaded in is 255 (0xFF). 

• If we redo the calculation, we can see that a function with one variable can take max 766 
cycles 

MOVLW 0xFF     takes 1 cycle

MOVWF 0x70     takes 1 cycle

DECFSZ 0x70, F takes 1 cycle 

GOTO $-1            takes 2 cycles
These are repeated 255 times , i.e., 254x3 = 762 cycles

The last DECFSZ (when the value reaches 0) will jump and 

make 2 cycles, thus in total 764

2 cycles

Total of 766 cycles
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Delay function in C and Assembly

235

And this is proven when writing delay 766 in C and got the assembly equivalent code

If the value in delay is higher than 766, the C compiler will create two or more 

cascaded for loops in assembly using two or more variables 
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Delay function in C and Assembly

236

Important note: why the compiler is using address 0x70 and not any other register in GFR ?!!

The answer is found in the RAM. The address 0x70 to 0x7F (16 registers) are accessible in 

all banks, which means that the compiler is using these registers are GLOBAL VARIABLE
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Delay function in C and Assembly

237

Let’s increase now the delay to 1000,000 and check what would be the assembly 
equivalent code

Loading 0x6 in register 0x72

Loading 0x13 in register 0x71

Loading 0xAD in register 0x70

First for loop

Second for loop

Third for loop

For big delay value, the compiler is creating 3 for loop with 3 variables
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Delay function in C and Assembly

238

• After knowing the format of the delay function in assembly, the question now is what should 
be loaded in 0x70, 0x71 and 0x72 to have a particular delay time! 

• The answer is that the variables are calculated by iterations and it is very hard to make it by 
hand. The compiler is making 256 * 256 * 256 iterations to find the nearest values of 
variables that lead to the desired time delay. 

• Lot of online calculators can do the job and generate assembly code ready to be paste in your 
code… check this link www.onlinepiccompiler.com/delayGeneratorENG.php
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Delay function in Assembly

239

• For example, the online calculator generates a code for a 1 second delay, ready to use

We need to change the variable 
addresses to any location in GFR
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Data type in C

240

• If no signedness is specified in the type, then the type will be signed except for the char 
types which are always unsigned. 

• Signed values are stored as a two’s complement integer value

• The MPLAB XC8 compiler 

supports integer data types with 

1, 2, 3 and 4 byte sizes as well 

as a single bit type.

• All integer values are 

represented in little endian 

format with the Least 

Significant Byte (LSB) at the 

lower address.
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Data type in C 

241

• For both float and double values, the 24-bit format is the default. 

• The options --FLOAT=24 and --DOUBLE=24 can also be used to specify this explicitly.

• The 32-bit format is used for double values if the --DOUBLE=32 option is used and for float values if --
FLOAT=32 is used.

• Variables can be declared using the float and double keywords, respectively, to hold values of these types. 

• Floating-point types are always signed and the unsigned keyword is illegal when specifying a floating-point 
type. 

• Types declared as long double will use the same format as types declared as double. 

• All floating-point values are represented in little endian format with the LSB at the lower address.
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1. Where is the syntax mistake in  if (PORTD = 20) PORTC = 20;

2. What is the role of while(true);

3. How many cycles are required by DECFSZ Reg1, F  if Reg1=20

4. How many cycles are required by DECFSZ Reg1, F  if Reg1=1

5. Having Reg1 = 0, what would be its value after DECFSZ Reg1, F

6. Go through web and check what is the Big Endian Versus Little Endian Byte 
Ordering

242
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Lab 3 / LO2

Blinking LED in C and 
Assembly
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Activity 6: Blinking Led
• Tools Required

1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Power supply 5V

5. Breadboard wires (male-male)

• Required components:

1. PIC 16F887

2. Led x1

3. Resistor from 200 to 470 ohm x 1
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Activity 6: Blinking Led

• In this activity, we will blink a led with a frequency of 1Hz, i.e., Period of 1s.

• Blink means ON and OFF

• The ON and the OFF time are T/2, i.e., 500ms

•  
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• The 3 variables are called A1, A2 and A3 and are assigned to addresses 0x70, 71 and 72, 
respectively. 

• The directive EQU is used to declare the variables, i.e., to allocate a name to the address, so it will 
be easy to call the address by its name. the Delay is generated from the link and modified to fit 
our code 
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Variable declaration Main function Delay function

Variables 

already 

declared
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• The same code is now written in C.

• The delay functions used here are the time-based 
delay function __delay_ms(). This requires the 
definition of the crystal frequency.

• You can check the C code of this function by right 
clicking on the function and navigating to the 
implementation. This will open the builtins.h file

247

The __delay_ms(x) depends on the _delay() function multiplied by x and the 4000000/4000 which is 1000

Thus a __delay_ms(500) will call a _delay(500,000)
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Activity 7: Reading PORTS and comparing results
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• In this activity, we will learn how to read data available on PORTs and compare them to  
predefined values to achieve a specific task. 

• Assume for example that we want our PIC to read 4 switches and control 3 LED based on 
the table below

SW3 SW2 SW1 SW0 Led2 Led1 Led0

pressed Not pressed Not pressed pressed ON ON ON

Not pressed pressed pressed pressed ON OFF OFF

pressed pressed Not pressed Not pressed OFF ON ON

else OFF OFF OFF

• The first step is to assign switches to pins. We will use PORTD for switches and 

PORTC for Leds
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• Step2: We have to know how the switches are 
connected (Active high or active low ?) 

• Active high means when pressed, the logic level read is 1, 
and 0 when released (case of SW1) (more logical action)

• Active low means when pressed, the logic level is 0, and 1 
when released (case of SW2)

• Step 3: We have also to know how the Leds are 
connected (Logic 1 turns ON or OFF the Leds)?

• Led D2 turns ON when the pin RC7 is cleared, and OFF 
when set

• Led D1 turns ON when RD0 is set and OFF when cleared 
(more logical connection)

 

Week 5, Lecture 9/ Reading PORTs



Activity 7: Reading PORTS and comparing results

252

 

SW3
RD3

SW2
RD2

SW1
RD1

SW0
RD0

Led2
RC2

Led1
RC1 

Led0
RC0

1 0 0 1 1 1 1

0 1 1 1 1 0 0

1 1 0 0 0 1 1

else 0 0 0

• It is assumes that we selected the more logic 
configuration of switches and leds and 
therefore the table is updated as

• Pressed is replaced by 1 logic

• Not pressed is replaced by 0 logic

• ON is replaced by 1 logic

• OFF is replaced by 0 logic
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• In the main code, the setup is called to configure 

input and outputs

• Then PORTD is read and ANDed with 00001111 

to keep in the least 4 bits and remove the most 4 

bits. This is called masking the required bits. 

• Then it is saved in a temporary file to be used 

later

• In the READ_SWITCHES function, the 

temporary file is compared to case 1, if are 

equal, (by testing the Zero bit), the led values are 

placed on W and the code returns to the main 

code. This is done using RETLW (L →W + 

return)

• If not equal, case 2 is tested….

• If non of the 3 cases are achieved, the last 

RETLW is used to mimic the else condition
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SW3
RD3

SW2
RD2

SW1
RD1

SW0
RD0

Led2
RC2

Led1
RC1 

Led0
RC0

1 0 0 1 1 1 1

0 1 1 1 1 0 0

1 1 0 0 0 1 1

else 0 0 0

Case 1 Case 2 Case 3 Case else
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• The same Activity is also made using C. At line 26, the variable is declared as char.

• At line 39, the bitwise AND is used to remove the most 4 bits and keep on the lowest 
4 bits. 
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1. Redo the assembly code above following the below table

NB: Note that the PORTB and PORTA are analog by default
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SW2
RB2

SW1
RB1

SW0
RB0

Led2
RA2

Led1
RA1 

Led0
RA0

0 1 1 0 1 1

1 1 0 1 1 0

1 0 1 1 1 1

else 0 0 0
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• In general, an interrupt is an event that interrupts a main event

• Imagine that you are reading a book, and suddenly you got a call. This call is interrupting 
your reading. 

• What we do exactly is
1. Stop reading

2. Memorizing what was read so far

3. Answer the call

4. Return back to continue our reading from the same location

• The PIC is able to do the same thing in the same manner. 

• When an interrupt event happens, the PIC 
1. stops the main code, 

2. saves the last executed instruction address in stack, 

3. answer the interrupt event, 

4. then return back to the main code
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• We, as human, have 5 senses. If we don’t hear, we will not be able to get interrupt 

from phone call. Thus interrupt is based on senses. Similarly, the PIC16F887 has 17 
sources of interrupt.

1. External interrupt 

2. Interrupt on change

3. Interrupt on Timer zero

4. EEPROM write interrupt 

5. Interrupt on Timer 1

6. Interrupt on Timer 2

7. Interrupt on A2D conversion

8. Interrupt on USART receive

9. Interrupt on USART transmit

10. Interrupt on Master synchronous Serial port

11. Int on Capture/Compare/ PWM (CCP1)

12. Int on Capture/Compare/ PWM (CCP2)

13. Oscillator fail interrupt 

14. Comparator 1 interrupt 

15. Comparator 2 interrupt

16. Bus collision interrupt 

17. Low power wake-up interrupt 

The first 3 are considered the major interrupt sources. The remaining are called peripheral interrupt 

sources

Week 5, Lecture 10/  Interrupt



Interrupt 

260

• The interrupt is an event that happens in an unexpected time, but has priority over the 
main routine. 

• The phone call happens in an expected time. We don’t check our phone every second, 
otherwise we won’t be able to read. But we have to be prepared for a call at any time.

• Similarly, We have to program the PIC to respond to the interrupt event using a 
special mechanism.
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• We can say that interrupt subroutine is almost similar to any subroutine that you call 

using CALL instruction. 

• The difference is that interrupt subroutine is called by the event itself. 

• Therefore, the location of that subroutine should be known before the occurrence of 
the event, in order to be reached.

• Assume for example that a PIC is dedicated to control an industrial machine and an 
anti-fire system. When the fire alarm generates an interrupt event, the PIC program 
counter leaves the machine control process and jump automatically to the program 
that defied fire. Therefore, this program should be placed in a defined place in order 
to be treated.
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• The PIC16 family has a fixed place on which it jumps in 

case of interrupt. 

• This point is located in the flash memory, in its fifth 
address (address number 0x4). 

• The address number 0x4 represents the Interrupt Service 
Routine (ISR) vector, i.e., the beginning of the interrupt 
function. 

• As any subroutine is ended by a RETURN instruction, the 
interrupt subroutine is also ended by a RETFIE.

• RETFIE is exactly as RETURN but it re-enables the 
global interrupt enable (GIE bit).
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• The Global Interrupt Enable (GIE) is the bit that allows 

the PIC to answer any interrupt event. 

• If GIE = 0, interruption will not happen, even if the source 
of interrupt exists. In other word, the PIC will not treat the 
anti-fire subroutine even if fire exists.

• When starting the process of an interrupt subroutine, the 
GIE bit is cleared automatically, which means that no new 
interrupt happened during the process of interrupt 
subroutine. 

• The RETFIE instruction located at the end of the 
subroutine will re-enable the GIE in order to monitor 
again the interrupt sources.
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• One of the weakness in the PIC16 family is that all 
interrupts generated by the 17 sources (if enabled) have 
the same interrupt vector 0x04. In other words all interrupt 
processes should be written starting address 0x04. 

• Thus, to identify what is the source of interrupt, a flag 
should be tested first. 

• For example, if we have two interrupts (one from the fire 
sensor and another from a water leakage sensor) both will 
interrupt the main code and jump to 0x04. Here, the flag 
of the interrupt should be tested to know the origin 
interrupt. 

 

Week 5, Lecture 10/  Interrupt



Interrupt registers

265

• The 17 sources of interrupt are managed through 3 registers. The main register is called 
INTCON. It includes the Global Interrupt Enable (GIE) bit, The Peripheral enable bit (PEIE), 
and three major interrupt enable bits with their flags.

• PEIE is the enable bit of all peripheral sources that are enabled through PIE1 and PIE2 registers

 

Week 5, Lecture 10/  Interrupt



Interrupt registers

266

• PIE1 and PIE2 includes the Enable bits of the remaining 14 peripheral interrupt sources. 

• The flags of these sources are available in two registers PIR1 and PIR2. 

 

All enable and flag bits are aligned 
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• The internal schematic of the interrupt circuit is presented below. 

 
Peripheral 

interrupt enable 

bits and flags

Major interrupt 

enable bits and 

flags

The Global 

enable bit
Peripheral 

enable bit

A 1 logic on this output will

• break the main code, 

• save the PC in the stack 

• and replace it by 0x04
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• In this activity, we will apply interrupt on RB0/INT. This is an external 
interrupt, i.e., the event is triggered when an external pulse is applied on this 
pin. 

• For the moment, we will assume that the pulse has a rising edge. 

• 4 conditions are required to have interrupt on this pin

1. RB0 should be digital input

2. Enable this interrupt source INTE = 1

3. Enable the global interrupt GIE = 1

4. Wait for external pulse (Rising edge by default)

• Thus we have to prepare the 3 first conditions and wait for the 4th to happen 
from a push button or from a sensor.
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• When all these conditions are true, a flag INTF is set 
(INTF=1) automatically. 

• Having INTE = 1, INTF = 1 and GIE = 1, the CPU will 
generate an interrupt event.

• The interrupt event is described as:

1. Leaving the main code 

2. Disabling GIE bit (automatically)

3. Going to address 0x04 (The interrupt vector)

4. Execute the code of the interrupt service routine

5. Return back to the main code

 

Week 5, Lecture 10/  Interrupt



Activity 8: Interrupt on RB0 

270

• In this activity, we will blink a red led in the main 
code with a frequency of 1Hz, and we will connect a 
push button on RB0 to create a pulse. When the 
interrupt event is triggered we will turn on a green 
led. 

• Remember that we have to setup the 3 conditions 
first

1. RB0 should be input (using TRISB0)

2. Enable this interrupt source INTE = 1

3. Enable the global interrupt GIE = 1
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• When an external pulse is applied through the push 
button, the INTF will be set. 

• And the Program counter (PC) is loaded by 0x04

• At this particular address, we have to write code to 
activate the green led. 

• NOTE: the push button is not tested using BTFSS or 
BTFSC. The event will happen automatically
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• RB0 is set to input in the SETUP function. Then GIE and INTE are set at line 43 and 44. 

• The ISR starts at line 37 which is at address 0x04. First thing to do every time is to clear the flag.

• At the end of the ISR, the instruction RETIFE is used. This will reactivate GIE because it was automatically disactivated 
when jumping to ISR. This means that no interrupt is allowed inside the ISR. (No interrupt on interrupt) 

 

This function is executed when the PB is pressed
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• The same Activity is also designed in C.

• The __interrupt() function is the replacement of the 
ORG 0x04. 

• my_isr_routine() can be replaced by any name 

 

This function is executed 

when the PB is pressed
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• After doing this activity in assembly and C, the generated hex files are compared as below. 

• It is clearly obvious that the C compiler in doing hidden instructions. 

• In fact the Compiler is programmed to generate extra instructions that may be used in more advanced task. In this 
activity, the main task is just to blink and the ISR task is just to turn ON the led, and no need for the extra instructions.

• The extra instructions will be treated in the next activities  

 

Hex file generated by the C compiler Hex file generated by the PIC-as assembler
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• Activity 9 is a modified version of Activity 8. The only difference is to turn off the green led after 500ms. Thus when the 
PB is pressed, the led will turn on for 500ms then off. The same code is written in assembly and C. 
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• It is clear from the videos that the two similar codes lead to different results. The C code is showing a logical output 
compared to the assembly code that freezes for about 50 second somewhere in the loop. 

• This malfunctioning of the assembly code is due to the common delay function that is called from the main code and 
from the interrupt code. 

• When the PB is pressed, the delay function is interrupted with arbitrary values of A1, A2, A3 that are the variables of the 
delay function. In the ISR, the same delay is used and the variables are loaded with new values and decremented until 
reaching zeros ( the condition that terminated the delay function). When returning back to the main code, more precisely 
to the main code, the variables will be loaded by different values of the one before interrupt 

• Thus, as a conclusion, the SHARED VARIABLES are the reason if the mal functioning of the program.   
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• The C compiler is smart by creating different variables for the delay function used in the main code and the delay used in 
the ISR. 

• The assembly code is then modified to have two delay functions with different variables. 
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1. What is the difference between RETFIE and RETURN

2. The Interrupt vector address is at the 5th memory starting from address 0 
(T/F)

3. In the ISR, the GIE is automatically disabled (T/F)

4. What should be cleared manually at the beginning of the ISR ?

278

Week 5, Lecture 10/  Interrupt



Lab 4 / LO2

Interrupt on RB0

279

Week 5



Activity 8 C: Interrupt on RB0 
• Tools Required

1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Power supply 5V

5. Breadboard wires (male-male)

• Required components:

1. PIC 16F887

2. Led x1

3. Push button for breadboard

4. Resistor from 200 to 470 ohm x 1

5. Resistor from 1k to 10k ohm x 1
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• The PIC16F887 has three timers, called Timer 0, Timer 1 and Timer 2.

• You can imagine these timers as wall clock with only one arrow. 

• Timer 0 and Timer 2 count from 0 to 255 (same as clock counts from 0 to 23), i.e., 
these timers are 8bits

• Timer 1 counts from 0 to 65535, i.e., 16bits

• Count means counting the pulses of the oscillator, thus counting the time as we know 
the period of the pulses.

 

TMR0 TMR1 TMR2
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• Timer0 is an 8-bit counter. It counts from 
0 to 255. 

• Actually, timer0 counts the pulses 
generated by the internal or external 
oscillator, divided by 4, i.e., Each four 
clocks increment the timer by 1.

• In other words, the speed of TMR0 is 
four times less than the oscillator  speed.

•  If the used oscillator is 4 MHz, the 
timer0 runs at 1 MHZ.

• This means that the timer increments 
every 1µs
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• When the arrow reaches the position of 
256 (timer overflow), a flag is raised 
automatically. This is like an alarm in a 
real clock.

• This flag is called Timer0 interrupt flag 
or T0IF

• This flag can be used with or without 
interrupt. 

• This flag should be cleared in software 
every time is raised. 
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• Unfortunately, Timer0 has no special configuration 
register to control it. 

• The register used to configure this timer is called 
OPTION_REG which is also used for different setup. 

• Only bit 0 to bit 5 are used to configure the timer. Other 
bits have another duties (to be treated later).

• Also, this timer cannot be stopped. It has no ON/OFF 
control line. It is always running whenever the PIC is 
powered. 
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• In reality, timer0 is nothing more than an auto-incrementing register called 

TMR0 located in bank 0 of the RAM. When the TMR0 overflows, a carry bit is 

set… which is called flag (T0IF) 
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• In this activity, we will be using Timer0 to generate a square wave signal on 

RD0 at a frequency of 10Khz. 

• For F=10Khz, T = 1/10000 = 10-4 s  = 100μs, i.e., 50μs ON and 50μs OFF.

• Thus it is required to tune our timer to generate a flag (the alarm) after 50μs 

after which we toggle the RD0 state.

• In this example, we will assume that the oscillator is running at 4Mhz, hence 

the timer is incremented every 1μs

• Therefore, to count 50μs , it is required to place the timer arrow at 256-50 

which is 206. After 1μs the arrow will be at 207… and so on after 50μs , the 

alarm will be triggered. 

0

64

128

192

256

TMR0

206

50 steps

T0IF

Thus the register TMR0 should be loaded by 256 - ”the required time”

And as 256 = 0 , TMR0 could be loaded by 0 - ”the required time” = - ”the required time”
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• Based on the experimental results, the led 

is not showing any blinking effect. In fact 

it is blinking but human eyes cannot 

detect more than 20 ON/OFF per second 

(20Hz)

• The second remark is that the measured 

frequency is not 10KHz as expected. This 

is due to some instruction execution time 

loss inside the loop. The TMR0 is tuned 

experimentally to be -39
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• The code works as follow:

• 1: In the setup, at line 52, the OPTION_REG (in bank 1) is loaded by xx011000. the first 2 bits are not dedicated for timer 0 setup. 
The other bits will be explained later

• 2: T0IF is cleared at the beginning , 3: TMR0 register is loaded by -39; 4: The code keeps on testing the alarm (T0IF), if set, the 
RD0 is toggle using the XOR gate.  The code is repeated to generate the next state
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• As seen in the code that some instructions are involved in the loop and thus contributed in 

few microseconds loss. The TMR0 is loaded by 39 to compensate this loss, although the 

result is not perfect at high frequency.
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• Now we will apply the same scenario using C but 
we will use the extra options of the timer 0. 

• As shown before that the maximum value that can 
be loaded in the timer is 256, i.e., the maximum 
time that can be counted is 256μs (in case of 
4MHz oscillator). 

• Timer 0 can be slowed down using a prescaler; a 
circuit that divide the oscillator frequency using 8 
cascaded flipflops.

• The prescaler has 8 possible settings. It can divide 
the oscillator frequency by 2, 4, 8, 16, 32, 64, 128, 
256, depends on PS2, PS1 and PS0 bits. 

• If it required to get the oscillator signal without 
division, a switch (bit) called PSA is used to 
connect the timer 0 directly to the oscillator pulses 
(of course ¼ of the frequency)
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• Timer0 has much more options and the real block diagram is shown below.

• Other than timer, Timer0 can be also used as counter. It can count the pulses applied on pin RA4/T0CKI (Timer 
zero clock input). Also the counter increment can be selected on high-to-low transition on T0CKI pin or low-to-
high transition.  

• Furthermore, the prescaler of timer0 (if not used for timer0) can be used for another timer called watch dog timer. 
Check datasheet for more info. NB: the watch dog timer is usually disabled in the configuration bits in our codes 
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• Thus, we can now understand the bits of OPTION_REG. In this activity, we will use the 

timer0 as timer, so T0CS =0, we don’t care about T0SE as Timer0 is a timer. We need to 

use prescaler (PSA = 0) and select PS2,PS1, PS0 for the prescaler division value
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• In this activity, we need to generate a signal at 10Hz, i.e., 100ms (50ms ON, 50ms OFF)

• In fact we need the flag to be set after 50ms. 

• This flag will set after 1µs x Prescaler x “time taken by timer0” = 1µs x Prescaler x (256-

TMR0)  (case of 4Mhz oscillator). 

• For a general oscillator, the equation will be time = Tins x Prescaler x (256-TMR0) 

• In this case 1µs x Prescaler x (256-TMR0) =50000µs

• For example if Prescaler = 256, (256-TMR0) = 50000/256 ≈ 195, so TMR0 = -195 or 61
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• Option_reg is tuned at line 31 with a prescaler of 256 (PS2=1, PS1=1, PS0=1)

• The toggling is achieved using the “!”
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• As shown in the previous activities, the code keeps on 
checking the timer flag to take decision.. Thus the code is 
pending and no other process can be done. This scenario 
is similar to the delay function in which no other process 
can be done. 

• Thus, timer zero is best used with interrupt. The flag will 
trigger the interrupt event every time the timer overflows. 
In the meanwhile the main task can be processed.   

 

• To activate the interrupt 3 conditions are required
1. GIE = 1

2. T0IE = 1

3. Timer overflow => T0IF is triggered

When these conditions are satisfied, the PC switches to 0x04 
(Interrupt vector)
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• In this activity, we’ll design a multitasking process using Timer0 interrupt

• The first task is located in the main code in which we’ll blink a led at 1Hz. 

• At the same time, will configure Timer0 to blink another led in the ISR at 10Hz. 

Multitasking in a computer is based on a 

scheduler which is based on timer trigger 

events.

For example when running internet explorer, 

media player, office application or any other 

applications on your PC, the Processor, due 

to the operating system, schedule the 

processes based on their priority. You have 

the feeling that all applications are running 

at the same time but in fact, every 

application is operating in a time frame.  
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• Two conditions are set in the SETUP function; GIE =1, T0IE = 1 (line 61, 62).

• One condition is missing is the timer overflow. No need to check the flag here. The 
interrupt event is triggered whenever the flag is raised .
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• The first task is located in the main 
code. It consists of blinking a led 
connected to RD1. 

• The second task is located in the ISR. 
it is called every 50ms to flip the led 
connected to RD0 and return back to 
the main code.

• This is the appropriate application of 
timers with interrupt in which is 
mainly used for multitasking process.  
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1. It is required to generate a signal using Timer0 With a period of 1ms, find the 
appropriate values of prescaler and TMR0 if the oscillator is 8MHz. Try to 
find the most accurate combination (integer number)

2. Timer 0 can be used as timer only (T/F)

3. Timer0 without prescaler can count from 0 to ____

4. Timer 0 with its prescaler can count _________cycles

5. It is required to make a delay of 1s using timer0 ? Is it possible? Why?

6. What is the value that TMR0 register should be loaded to generate an 
interrupt after 100 microseconds? Assume Prescaler is 256 and the 
Xtal=4Mhz

7. A square wave 500 Hz signal has to be generated using timer 0 interrupt. 
Find the value of TMR0 and its prescaler for a PIC running at 16Mhz
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• Similar to timer0, timer1 is also able to count time and external pulses, thus it is also 
used as timer and counter. 

• Timer1 is a 16bit counter, i.e., the range is from 0 to 65535 (216) with a max 1/8 
prescaler. It is controlled by a special register called T1CON.

• Because of the 2 byte size, Timer1 is divided into 2 registers in RAM, called TMR1L 
and TMR1H. 

 

Week 6, Lecture 12/  Timers/ Timer1

0

16384

32768

49152

65536

TMR1

OSC1

OSC2

c
ry

s
ta

l

Fosc /4

PIC TMR1IF

÷8

÷4

÷2

÷1 prescaler

T1CKPS1T1CKPS1

T1CON



Timer 1  

305

 
 

• The Timer1 Control register (T1CON), is used to control Timer1 and select the various features of the Timer1 module 
such as timer or counter. In this course we are mostly concerned in timer mode.
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• In timer mode, the block diagram can be simplified as shown and some bit are canceled. We are concerned in the 
prescaler, the on/off control bit and the clock source bit.  
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• One of the advantage of Timer1 compared to timer0 is the timing range. Timer0 with its prescaler 
can count up to 256x256 = 65536 cycle (i.e., 65536 μs if the oscillator is 4MHz). Whereas, timer1 
with its prescaler can count up to 65536 x 8 = 524288 cycles (or 524288 μs for 4MHz oscillator).

• In this Activity, we are interested in generating a signal of 1Hz (500ms ON/ 500ms OFF) for a PIC 
running at 4MHz

• The task is to find the prescaler and the TMR1 values to generate a flag after 500ms

• Time = Tins x Prescaler x (65536-TMR1) = 500,000 μs 

• For a prescaler  = 8 and Tins = 1 μs

   65536-TMR1 = 500000/(8x1μs)

 → TMR1 = 3036 (value in decimal) corresponds to H’0BDC’

Thus we have to load TMR1L by 0xDC

  and TMR1H by 0x0B  
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• First the T1CON is configured to set the prescaler 
to 8 and turn ON the timer. 

• Next the values are loaded in TMR1L and TMR1H 
as already calculated. 

• We keep on testing the flag TMR1IF which is 
located in PIR1 register, If set, we toggle the led.
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1. It is required to generate a signal using Timer1 With a period of 1ms, find the 
appropriate values of prescaler and TMR1 if the oscillator is 20MHz. Try to 
find the most accurate combination (integer number)

2. Timer1 can be used as timer only (T/F)

3. Timer1 without prescaler can count from 0 to ____

4. The TMR1 with its prescaler can count _________cycles

5. It is required to make a delay of 1s using timer1 ? Is it possible? Why? What 
should be changes in the circuit to make it possible?
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• Tools Required
1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Oscilloscope 2 channels

5. Power supply 5V and 12V

6. Breadboard wires (male-male)

• Required components:
1. PIC 16F887

2. Led x2

3. Resistor from 200 to 470 ohm x 2

4. Resistor from 1k to 10k x 1

5. NPN transistor TIP120 or any equivalent (or use 2n2222 in case of small motor)

6. Fast recovery diode UF4001 or any equivalent (use any regular diode if you don’t have)

7. Any DC motor (measure the motor current before choosing the transistor)
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• To make the design more attractive, a DC motor is added to the circuit and connected to RD1 
(the low speed led).   
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• The design of the brushed DC motor is quite simple. A permanent magnetic field is created 
in the stator by either of two means: 

1. Permanent magnets 

2. Electro-magnetic windings 

• If the field is created by permanent magnets, the motor is said to be a "permanent magnet 
DC motor" (PMDC). 

• If created by electromagnetic windings, the motor is often said to be a "shunt wound DC 
motor" (SWDC). 

• Today, because of cost-effectiveness and reliability, the PMDC motor is the motor of 
choice for applications involving fractional horsepower DC motors, as well as most 
applications up to about three horsepower. 
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How to design an amplifier circuit to drive a motor 

• Assume that we have a 12V DC motor with internal resistance of 

12Ω. 

• The current required by the motor will be 

𝐼𝑚 =
𝑉𝑚

𝑅𝑚
=

12

12
= 1𝐴

• This current cannot be supplied by the Arduino pin and thus a 

transistor amplifier circuit is required.

• The transistor will be used to amplify the Arduino current to be able to 

drive the motor.
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How to design an amplifier circuit to drive a motor 

• The first thing to consider is the current of the transistor

• In this case, we are using the TIP120 (Darlington transistor) that has a collector 

current of 5A continuous
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How to design an amplifier circuit to drive a motor 

• The saturation current required is the motor current Im which is the collector 

current IC

• Knowing IC, we can calculate the base current IB using 

𝐼𝐵 =
𝐼𝐶

𝛽
=

1

1000
= 0.001𝐴 = 1𝑚𝐴

• With beta is the grain in current of the transistor (also called hef)

• NOTE: the base current will be delivered from the PIC and should be less that 

20mA (as recommended by the PIC Datasheet)
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How to design an amplifier circuit to drive a motor 

• Knowing IB, we need now to find the series resistor between 

the PIC pin and the base of the transistor. This is required to 

drop the PIC voltage (5 volt) to the VBE of the transistor 

which is around 0.7 volt (voltage across the BE pins which 

is a PN junction)

• The value of the resistor can be calculated using KVL and 

Ohm’s law as:

𝑅 =
𝑉𝑃𝐼𝐶 − 𝑉𝐵𝐸

𝐼𝐵
=

5 − 0.7

0.001
= 4300Ω = 4.3𝑘Ω
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How to design an amplifier circuit to drive a motor 

• The circuit need enhancement to protect the transistor for the Inductor current of the motor.

• Assume that the motor is normally running and a 1A is flowing through the transistor.

• When switching it off by sending the BCF instruction, the current should be zero (logical analysis)

• But the fast switching will generate a high voltage from the motor that can be modeled as:

•   𝑉𝑀 = 𝑉𝐿 = 𝐿
𝑑𝑖𝑀

𝑑𝑡
= 𝐿

Δ𝑖

Δ𝑡

• Taking some numerical values for L=1mH , ΔiM=1A, and Δt=1μs

• 𝑉𝑀 = 𝑉𝐿 = 1000𝑉 which represents the voltage across the CE pins of the transistor. 

• The VCE voltage of the transistor will be given in the datasheet VCE=1000V
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How to design an amplifier circuit to drive a motor 

• Thus it is required to find solution for the high voltage generated by the inductor of the motor when 

switched off.

• It can be seen from the equation  𝑉𝑀 = 𝑉𝐿 = 𝐿
𝑑𝑖𝑀

𝑑𝑡
= 𝐿

Δ𝑖

Δ𝑡
 that the only parameter that can be controlled is 

time

• Thus increasing Δt will decrease the voltage VL 

• This can be done by using a fast diode (fast recovery diode)

• The role of the diode is to open a path for the current to circulate inside the 

      Motor winding (made of inductor and resistance)

• The current will drop slowly until the energy is fully dissipated inside 

      the resistance of the motor

The diode here is called free-wheeling diode 
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• Timer2 is an 8bit timer with a prescaler and a postscaler. Unlike Timer0 and timer1, timer2 does not have the 
ability to count external pulses. It is used for timing only.

• The clock input to the Timer2 module is the system instruction clock (FOSC/4). The clock is fed into the 
Timer2 prescaler, which has prescale options of 1:1, 1:4 or 1:16. 

• The output of the prescaler is then used to increment the TMR2 register.

• The values of TMR2 and PR2 are constantly compared to determine when they match. 

• TMR2 will increment from 00h until it matches the value in PR2. 
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c
ry
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ta
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clock
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/4

Prescaler

postscaler

TMR2

Comparator

PR2

TMR2IFFlag used for pwm 

signal generation

• When a match occurs, two things happen:
• TMR2 is reset to 00h on the next increment cycle
• The Timer2 postscaler is incremented

• The match output of the Timer2/PR2 comparator is 
then fed into the Timer2 postscaler. 

• The postscaler has postscale options of 1:1 to 1:16 
inclusive. 

• The output of the Timer2 postscaler is used to set the 
TMR2IF interrupt flag bit in the PIR1 register.
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• The total number of cycle that the timer2 module can 
count is 16x256x16 = 65535. Which is same as timer0 
module. Thus timer2 is mainly used for PWM signal 
generation

Week 7, Lecture 13/  Timers/ Timer2/PWM



PWM signal generation

323

 

• A PWM signal or Pulse Width Modulation is a digital signal with fixed period and variable duty cycle. 

• The duty cycle (α) is the positive time over the total period. 

α =
𝑇𝑜𝑛

𝑇
• The TTL signal duty cycle is 50%, which means the 

positive part is half of the period. In other words, the 

time of the logic 1 is equal to the time of the logic 0.

• Any PIC can generate such as signal by software. 

• This can be done by setting and clearing any pin for a 

delay time. The example below show the assembly of 

a PWM signal with a period of 1s with a duty cycle 

equal to 100ms/1000ms or 10%.

T

Ton

Ton

T

Ton

T

 α = 10%

α = 50%

α = 90%
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• Why PWM signal is so important !! In fact when this signal is applied on a Led at high frequency, 
the intensity of light can be controlled depends on the signal average, i.e., on the duty cycle.

• Same for motors, the PWM signal can control the speed of the shaft. Also in Power electronics, this 
signal is usually used in converters/inverters. As well in communication systems, PWM is used in 
modulation.

• The average value can be calculated using the integration of the signal over period

• 𝑉𝑎𝑣𝑔 =
1

𝑇
0׬

𝑇
𝑉𝑖𝑛𝑑𝑡 =

1

𝑇
0׬

𝛼𝑇
𝑉𝑖𝑛𝑑𝑡 + 𝛼𝑇׬

𝑇
𝑉𝑖𝑛𝑑𝑡 = 𝛼𝑉𝑖𝑛 with 0 ≤ 𝛼 ≤ 1

• Thus we can say that the average voltage is part of the input voltage 

=0

T

Vin

αT0 t

v
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• In PIC16F887, the generation of that signal is made by hardware. This means that this PIC contains a 
module dedicated for this job. 

• All what is required is to configure the period and the duty cycle, and the module generates signal 
automatically.

T

Ton

Ton

T

Ton

T

α = 10%

α = 50%

Average = 10% of 

the max voltage

Average = 50% of 

the max voltage

Average = 90% of 

the max voltageTon

T

α = 90%

• The module is called CCP or 

Capture/Compare/PWM module. 

• The PIC contains two modules. 

• The CCP module can do many tasks. It can 

Capture the signal time, Compare times, and 

generates a PWM signal.

• The generation of a PWM signal is related 

to the TIMER2 and its PRESCALER that 

define the period, also, related to CCPR1L 

register that defines the duty cycle. 

• The POSTSCALER of TIMER2 is not used 

in PWM generation.
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• The block diagram of the CCP module is 

merged with the timer2 module (without the 

postscaler)

• The block diagram shows 2 comparators; the 

first one compare TMR2 with PR2 and the 

second compares TMR2 with CCPR1H.

• Both comparators generates events to the RS 

flipflop connected to the output pin 

RC2/CCPR1L

• The whole module is controlled by 

• T2CON

• CCP1CON

• CCPR1L

• PR2

OSC1

OSC2

c
ry

s
ta

l

clock

PIC

F
o

s
c

/4

Prescaler TMR2

Comparator 1

PR2

Comparator 2

CCPR1H

CCPR1L

R

S

Q

Flip Flop

RC2

CCP1

Week 7, Lecture 13/  Timers/ Timer2/PWM



PWM signal generation

327

 

• PWM Generation Mechanism

• The TMR2 is incremented on every prescaler 

overflow. 

• When TMR2 =PR2 value, the first comparator 

does the following

1. Set the RS-flip-flop, (RC2=1)

2. clear TMR2, and

3. Fetch the CCPR1L value to CCPR1H. 

• This time represents the signal period defined by 

the equation:

Period 𝑇 = 𝑃𝑅2 + 1  × 𝑇𝑖𝑛𝑠 × 𝑝𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑟
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• PWM Generation Mechanism

• When TMR2 becomes equal to the CCPR1H, 

the second comparator resets the CCP pin via 

the RS-flip-flop (RC2=0). 

• The pulse width is given by the formula:

Pulse width 𝑇𝑜𝑛 = 𝐶𝐶𝑃𝑅1𝐿 × 𝑇𝑖𝑛𝑠 × 𝑝𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑟

• In fact, the TMR2 reaches the value of CCPR1H 

before reaching the value of PR2 since the 

signal period is bigger than its positive portion. 

Therefore, to understand the scenario of the flip-

flop, start by its reset position where the TMR2 value 

is equal to CCPR1H.
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• PWM Generation Mechanism

Having 𝑇 = 𝑃𝑅2 + 1  × 𝑇𝑖𝑛𝑠 × 𝑝𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑟

And

  

 𝑇𝑜𝑛 = 𝐶𝐶𝑃𝑅1𝐿 × 𝑇𝑖𝑛𝑠 × 𝑝𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑟

The duty cycle 𝛼 =
𝐶𝐶𝑃𝑅1𝐿

𝑃𝑅2+1

• NB1: The CCPR1L is 10 bit wide, here is used 

in 8 bit mode.

• NB2: the PIC has two PWM modules, in which 

the timer2 module is common for both. Thus the 

PIC is able to generate 2 PWM signal but with 

same period. 
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• In this Activity, we will generate two PWM signals with different duty cycles. As previously mentioned that 
these signal cannot be generated at different frequency because the timer2 module is common for both CCP 
modules. 

• We will assume that the used oscillator is 4Mhz, the PR2 = 255 (highest value) and the timer 2 prescaler is 
16, the period is then calculated as:

𝑇 = 𝑃𝑅2 + 1  × 𝑇𝑖𝑛𝑠 × 𝑝𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑟 = 256 × 1𝜇𝑠 × 16 = 4096𝜇𝑠

• The frequency will be 1/T = 1000000/4096 = 244.14 Hz

• Changing CCPR1L and CCPR2L from 0 to 255 will change the Ton time from 0 to 4095μs, i.e. from 0 to 
100% duty cycle. 

• In this activity we'll change CCPR1L from 0 to 255 and CCPR2L from 255 to 0 with 10ms step. 
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• In the setup function, PR2, Timer2, CCPxCON and TRISC are configured.
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1. Calculate the PR2 value in order to have f = 500 Hz, using an 8MHz crystal 
and a prescaler 16.

2. Having a 10MHz crystal and a prescaler of 1, calculate the best frequency of 
the PWM signal (best frequency happens at PR2 = 255)

3. What is the average voltage of a pulsating 5 volt signal at 500Hz with 
Ton=500μs 

4. It is required to have 3V from a 12 volt source. The PWM signal has 
1000Hz, calculate PR2 and CCPR1L of a PIC running at 4Mhz. Select the 
best prescaler.

5. What to put in PR2 to generate a flag after 500 microseconds from the timer 
2 module of a PIC running at 1Mhz. Assume that Prescaler is 1 and 
Postscaler is 5.

333

Week 7, Lecture 13/  Timers/ Timer2/PWM



Lab 6 / LO3

Timer 2/PWM

334

Week 7



• Tools Required

1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Oscilloscope 2 channels

5. Power supply 5V and 12V

6. Breadboard wires (male-male)

• Required components:

1. PIC 16F887

2. Resistor from 1k x 2

3. NPN transistor TIP120 or any equivalent (or use 2n2222 in case of small motor)

4. Fast recovery diode UF4001 or any equivalent (use any regular diode if you don’t have)

5. Any DC motor (measure the motor current before choosing the transistor)
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Activity 13 C: Timer 2/PWM application 

• Same code as Activity 13C but with different components

The PWM signal with different duty cycle is usually applied on DC motors. In this activity you will see the 
effect of duty cycle on the speed of the motor.
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• Analog-to-digital conversion (ADC) is an electronic process in which a continuously variable, or analog, 

signal is changed into a multilevel digital signal without altering its essential content.

• An analog-to-digital converter changes an analog signal that's continuous in terms of both time and 

amplitude to a digital signal that's discrete in terms of both time and amplitude. 

• The analog input to a converter consists of a voltage that varies among a theoretically infinite number of 

values. 

• Examples are sine waves, the waveforms representing human speech and the signals from a conventional 

television camera.

• The output of the analog-to-digital converter has defined levels or states. The number of states is almost 

always a power of two -- that is, 2, 4, 8, 16, etc. The simplest digital signals have only two states and are 

called binary. All whole numbers can be represented in binary form as strings of ones and zeros.
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• Two things to be considered when converting an analog 

signal into digital

1. Quantization

2. Sampling rate

• Quantization is the measure of quantity (voltage) of the 

analog signal. Higher quantization accuracy requires 

higher resolution and number of bits of the A/D 

converter. (These represent the segments on the Y axis- 

usually voltage)

• Sampling rate is how much shots can the A/D 

converter takes of the analog signal. Highest sample 

per sec rate assure a best recovery of information 

included in the analog signal.(These represent the 

segments on the X axis- usually time)
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Quantization
• Assume for example that a butterfly is moving in 

a room of 5m height. At one moment I asked a 

kid to describe me the position of the butterfly in 

the space… the silly answer will be HIGH or 

LOW. 

• Thus the silly description of the analog position 

of the butterfly is in its digital form HIGH or 

LOW. 

• High means above the reference located virtually 

in between the 0 and max height. 

• Low means below the reference

•  

• This is actually an analog to digital conversion 

using 1 bit.

• 1  bit can be 0 (LOW) or 1 (HIGH)
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• Actually, the opamp in comparator mode is the 

native analog to digital convertor with 1 bit. 

• The comparator compares (as the kid) the voltage 

on V+ (position of the butterfly) with the reference 

voltage applied on V-. The Output is HIGH or 

LOW depends on who’s bigger

• If V+ > Vref => output is high

• If V+ < Vref => output is low 
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• For a better assumption now, we’ll divide the 

room into 4 portion through 3 references. 

• From 0 to 1.25m is very low

• From 1.25 to 2.5m is low

• From 2.5 to 3.75 is high

• From 3.75 to 5 is very high

• Thus the position is described in 2 bits which can 

be:

1. 00 for very low

2. 01 for low

3. 10 for high

4. 11 for very high
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We can conclude that the precision increases as the number of bits increases. Thus, the resolution of the 

ADC is the number of bits it uses to digitize the input samples. For an n bit ADC the number of discrete 

digital levels that can be produced is 2n. Thus, a 2 bit digitizer can resolve 22 or 4 levels.
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• The PIC16F887 ADC resolution is 10 bits, i.e., it can 

recognize the analog signal with 1024 different level. 

• Assuming for now that the range of voltage is from 0 to 5, 

the digital value range will be from 0 to 1023,  or in binary 

between 00,0000,0000 to 11,1111,1111.

• Thus the ADC can recognize a variation of 5/1024 = 

4.88mV change in the analog signal.

• Usually, the border of the voltages is called Vref- and Vref+. 

We are assuming for now that they are 0 and 5. 
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• The PIC16F887 also has 14 analog inputs.  They enable the 

microcontroller to precisely measure its voltage and convert it into 

numerical value, i.e. digital format.

• One of the most important analog modules within the 

microcontroller is an A/D converter which has the following 

features: 

• Conversion is performed by applying the method of successive 

approximation;

• There are 14 separate analog inputs connected to the 

microcontroller port pins;

• The A/D converter converts an analog input signal into a 10-bit 

binary number;

• The resolution, i.e. the quality of conversion may be adjusted to 

various needs by selecting voltage references Vref- and Vref+.
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• Sampling

• Sampling rate is the speed of reading the information 

from the signal. Usually, sampling is the time required to 

take a copy of the signal, save it in a holding capacitor 

then converting it into digital. The second shot cannot be 

proceeded until the previous shot is converted. 

• This scenario is similar to the diaphragm of a camera. It 

opens to take a shot, then closes to start the image 

processing. The next image cannot be taken until the 

image is completely processed. 

• The circuit model of the holding circuit is given on the 

right. The SS switch closed to charge the capacitor Chold. 

The time required to charge it depends on its value and 

the series resistors connected to the source. This time is 

called acquisition time and it is about 20μs.
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• Quantazation

• After taking the shot, it is time to process the voltage, i.e., find its quantity using the sets of comparator inside 

the A2D convertor. 

• The time required to convert 1 bit is called Tad.

• Since the ADC is 10 bits, it needs 10Tad to make the conversion. Also 2Tad are required to open the SS switch 

and prepare the conversion. So in total 12Tad. 

• The minimum time for 1Tad is 1.6μs, thus in total quantization time is 19.2μs
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• Sampling

• The manufacturer provides the below table for different Tad at different oscillator frequency.

• It is clear that the minimum time for 4MHz oscillator is 2μs. 

• As a result, the total time required to take a shot and make the process is the sum of the acquisition time and 

the quantization time  = 20 + 2x12 ≈ 44 μs / sample

• This means that ideally the PIC is able to read almost 22700 samples in 1 second. Based on the Nyquist rate 

criteria, the PIC is able to read a signal with a maximum frequency of 11kHz 
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• Sampling

Week 9, Lecture 15/  A/D conversion

Nyquist Sampling Rate

• In signal processing, the Nyquist rate is the minimum sampling rate required to accurately 
rebuild the original analog signal from its digital representation.

• To avoid errors, the rate at which you sample a signal must exceed twice the highest 
meaningful frequency contained within the signal.

𝐹𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 > 2𝐹𝑚𝑎𝑥

• Or, if the sampling rate is fixed (Fsampling), then the fastest signal that can be sampled 
must have a maximum meaningful frequency less than half Fsampling :

𝐹𝑚𝑎𝑥 <
𝐹𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔

2
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• Sampling
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If we sample the signal at 5 KHz and 10 KHz, the 

signal will look like as shown below (the brown 

points)

Here is a 10 KHz signal

It is clear that we can't get any useful information from the sampled signal. 
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• Sampling
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Now, to get some information about the 

signal, Nyquist said that we must sample 

the signal at least 2 x max signal 

frequency. Now, here are the signals 

sampled at the Nyquist frequency and 

more than it:

It can be seen that by sampling at the 

Nyquist rate, we can get the frequency 

information about the signal. However, to 

faithfully reconstruct the signal, we have to 

increase the sampling rate even more.
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• AD results

• After doing the conversion, the PIC fetches the result in 10 bit format. As the RAM of the PIC is only 8bit 

wide, the A2D result is saved in two registers called ADRESH and ADRESL (Analog to Digital RESult High 

and Low).

• In fact we have two options. 

1. Save the 8 higher bits in ADRESH and the 2 remaining in ADRESL ( Left justified) or 

2. Saves the higher 2 bits in ADRESH and the 8 lower in ADRESL (Right justified)

• Options are selected by ADFM bit
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• Although the Pic has 14 Analog channels, the drawback 

of the module is that it has only one converter. Which 

means the PIC can process only 1 conversion at a time. 

The reading of channel is to be done by sequence. 

• By default, the Vref+ and Vref- are connected to the 

VDD and VSS. They can be connected the AN3 and 

AN2 for external references.

• From the block diagram we can see that the analog input 

are multiplexed through CHS<3:0>. When the channel is 

selected, the Chold capacitor is connected. It means that 

20μs delay is required before starting the conversion.

• The ADC is controlled by the GO/DONE bit to start the 

conversion. This bit is cleared automatically when the 

conversion is done. 

• ADON is used to turn on the converter. 

• The results are placed in ADRESH and ADRESL based 

on the ADFM bit.
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• Not to forget that ANSEL and ANSELH are the two registers dedicated to analog/digital pin configuration.
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• In this activity, we will apply the concept on A2D conversion. It is required to read the 
analog channel 0 and display the digital value (8 bit only) on PORTD. 

• The analog sensor used is a potentiometer. It is a three-terminal resistor with a sliding or 
rotating contact that forms an adjustable voltage divider.

• The A2D is configured to work at Fosc/8 to get 

the minimum Tad time (fastest conversion). 

• The left justified configuration is used (ADFM 

=0) 

• Only ADRESH will be read and displayed on 

PORTD

• Only RA0 is selected to be input (trough TRIS) 

and analog (through ANSEL)
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• Relating ADC reading to Voltage

• The ADC reports a ratio-metric value. This means that the ADC assumes 5V is 1023 (or 255 in 
case of 8 bits) and anything less than 5V will be a ratio between 5V and 1023.

2#𝑜𝑓𝑏𝑖𝑡𝑠 − 1

𝑉+ − 𝑉−
=

𝐴𝐷𝐶𝑟𝑒𝑎𝑑𝑖𝑛𝑔

𝑉𝑖𝑛 − 𝑉−
→ 𝐴𝐷𝐶𝑟𝑒𝑎𝑑𝑖𝑛𝑔 = (2#𝑜𝑓𝑏𝑖𝑡𝑠−1)

𝑉𝑖𝑛 − 𝑉−

𝑉+ − 𝑉−

• V+ is the upper reference

• V- is the lower reference

• Vin is the input voltage

• ADCreading is the A2D output result in decimal 

• Analog to digital conversions are dependent on the system voltage. Because we predominantly use 
the 10-bit ADC of the PIC on a 5V system, we can simplify this equation slightly:

𝐴𝐷𝐶𝑟𝑒𝑎𝑑𝑖𝑛𝑔 = 1023
𝑉𝑖𝑛

5
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• On the other side, if we have the read value from the PIC and we need 
to figure out what is the input voltage, the following equation can be 
used

𝑉𝑖𝑛 =
𝑉+ − 𝑉− × 𝐴𝐷𝐶𝑟𝑒𝑎𝑑𝑖𝑛𝑔

(2#𝑜𝑓𝑏𝑖𝑡𝑠−1)
+ 𝑉−

with

0 < 𝐴𝐷𝐶𝑟𝑒𝑎𝑑𝑖𝑛𝑔 < 2#𝑜𝑓𝑏𝑖𝑡𝑠 − 1

𝑉− < 𝑉𝑖𝑛 < 𝑉+



1. Calculate the ADC reading of a 3V input on a 4bit A2D having 4V Vref+ and 
0V Vref-.

2. Calculate the ADC reading of a 3V input on a 4bit A2D having 2V Vref+ and 
0V Vref-.

3. Calculate the ADC reading of a 3V input on a 4bit A2D having 2V Vref+ and 
-2V Vref-.

4. Calculate the voltage from a sensor when the AD reading of 50 is captured 
on the output of a 10bit A2D converter with Vref+ = 3 and Vref-=2

5. Calculate the voltage from a sensor when the AD reading of 4095 is captured 
on the output of a 12bit A2D converter with Vref+ = 3 and Vref-=0.

6. A 10-bit ADC has Vref+ = 4, and Vref-  = 1, the converted decimal value is 
230. What would be the input voltage ?
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LCD
• An LCD character display is a unique type 

of display that can only output individual 
ASCII characters with fixed size. 

• The LCD is controlled by a microcontroller 
HD44780 from Hitachi.

• Closer look at the display we can notice that 
there are small rectangular areas composed 
of 5×8 pixels grid. Each pixel can light up 
individually, and generates characters 
within each grid.
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LCD

• The number of the rectangular areas define the size of the LCD. 

• The most popular LCD is the 16×2 LCD, which has two rows with 16 rectangular areas or 
characters. 

• There are other sizes like 8x1, 8x2, 16×1, 16×4, 20×4, 40x4 and so on, but they all work 
on the same principle. Also, these LCDs can have different background and text color.
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LCD
LCD Pinout

• It has 16 pins and the first one 
from left to right is the Ground 
pin. 

• The second pin is the VCC which 
we connect the 5 volts pin on the 
Arduino Board. 

• Next is the Vo pin on which we 
can attach a potentiometer for 
controlling the contrast of the 
display.
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LCD
• RS pin or register select pin is used 

for selecting whether we will send 
commands or data to the LCD. 

• For example if the RS pin is set on 
low state or zero volts, then we are 
sending commands to the LCD like: 
set the cursor to a specific location, 
clear the display, turn off the display 
and so on. 

• And when RS pin is set on High state 
or 5 volts we are sending data or 
characters to the LCD.
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LCD
• R/W pin which selects the mode 

whether we will read or write to 
the LCD. 

• Here the write mode is obvious 
and it is used for writing or 
sending commands and data to the 
LCD. 

• The read mode is used to read the 
CGRAM and the busy flag
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LCD
• E pin enables the writing to the 

registers, or the next 8 data pins from 

D0 to D7. 

• So through this pins we are sending 

the 8 bits data when we are writing to 

the registers or for example if we 

want to see the letter uppercase A on 

the display we will send 0100 0001 

to the registers according to the 

ASCII table. 
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LCD
• LED Backlight (A and K) pins 

that are used to turn on and off the 
LED backlight.

• A resistor should be connected in 
series to protect the LED. The 
value of the resistor can be in a 
range of 100 to 470 Ohm (when 
supplied by a 5V source)
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LCD
• The HD44780 can receive data in either two 4-bit operations or one 8-bit operation, thus 

allowing interfacing with 4- or 8-bit microcontroller.

• For 4-bit interface data, only four bus lines (DB4 to DB7) are used for transfer. Bus lines 
DB0 to DB3 are disabled. The data transfer between the HD44780U and the MPU is 
completed after the 4-bit data has been transferred twice.

•  As for the order of data transfer, the four high order bits (for 8-bit operation, DB4 to DB7) 
are transferred before the four low order bits (for 8-bit operation, DB0 to DB3). 
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LCD
Writing Instruction

• A set of instructions of the HD44780 are 
listed in the table on the right.

• For example LCD is cleared by sending 
B’00000001’ while RS and RW are zeros. 

• Notice the bold “1” in every instruction; this 
represents the select bit of the HD44780 
internal register.
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BIT name

I/D 0 = Decrement cursor position 1 = Increment cursor position

S 0 = No display shift 1 = Display shift

D 0 = Display off 1 = Display on

C 0 = Cursor off 1 = Cursor on

B 0 = Cursor blink off 1 = Cursor blink on

S/C 0 = Move cursor 1 = Shift display

R/L 0 = Shift left 1 = Shift right

DL 0 = 4-BIT interface 1 = 8-BIT interface

N 0 = 1/8 or 1/11 Duty (1 line) 1 = 1/16 Duty (2 lines)

F 0 = 5x7 dots 1 = 5x10 dots

BF 0 = Can accept instruction 1 = Internal operation in progress

Settings

RS R/W DB7 DB6 DB5 DB4 DB3 DB2 DB1 DB0

Clear display 0 0 0 0 0 0 0 0 0 1
Clears display and returns cursor to the home 

position (address 0).

Cursor home 0 0 0 0 0 0 0 0 1 *

Returns cursor to home position (address 0). Also 

returns display being shifted to the original position. 

DDRAM contents remains unchanged.

Entry mode set 0 0 0 0 0 0 0 1 I/D S

Sets cursor move direction (I/D), specifies to shift 

the display (S). These operations are performed 

during data read/write.

Display On/Off 

control
0 0 0 0 0 0 1 D C B

Sets On/Off of all display (D), cursor On/Off (C) 

and blink of cursor position character (B).

Cursor/display shift 0 0 0 0 0 1 S/C R/L * *

Sets cursor-move or display-shift (S/C), shift 

direction (R/L). DDRAM contents remains 

unchanged.

Function set 0 0 0 0 1 DL N F * *
Sets interface data length (DL), number of display 

line (N) and character font(F).

Set CGRAM address 0 0 0 1
Sets the CGRAM address. CGRAM data is sent and 

received after this setting.

Set DDRAM address 0 0 1
Sets the DDRAM address. DDRAM data is sent and 

received after this setting.

Read busy-flag and 

address counter
0 1 BF

Reads Busy-flag (BF) indicating internal operation 

is being performed and reads CGRAM or DDRAM 

address counter contents (depending on previous 

instruction).

Write to CGRAM or 

DDRAM
1 0 Writes data to CGRAM or DDRAM.

Read from CGRAM 

or DDRAM
1 1 Reads data from CGRAM or DDRAM.

Description

read data

CGRAM address

DDRAM address

CGRAM / DDRAM address

write data

Instruction
Code



LCD
Writing Instruction

• Clear Display

• Clear display writes space code 20H (character pattern for character code 20H must be a blank pattern) into all 
DDRAM addresses. It then sets DDRAM address 0 into the address counter, and returns the display to its original 
status if it was shifted. In other words, the display disappears and the cursor goes to the left display edge

• Return Home

• Return home sets DDRAM address 0 into the address counter, and returns the display to its original status if it was 
shifted. The DDRAM contents do not change. The cursor goes to the left display edge.

• Entry Mode Set

• I/D: Increments (I/D = 1) or decrements (I/D = 0) the DDRAM address by one when a character code is written into 
or read from DDRAM. The cursor moves to the right when incremented by one and to the left when decremented by 
one. The same applies to writing and reading of CGRAM.

• S: Shifts the entire display either to the right (I/D = 0) or to the left (I/D = 1) when S is 1. The display does not shift if 
S is 0. If S is 1, it will seem as if the cursor does not move but the display does. The display does not shift when 
reading from DDRAM. Also, writing into or reading out from CGRAM does not shift the display.
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LCD
Writing Instruction

• Display On/Off Control

• D: The display is on when D is 1 and OFF when D is 0. When off, the display data remains in DDRAM, but can be 
displayed instantly by setting D to 1.

• C: The cursor is displayed when C is 1 and not displayed when C is 0. Even if the cursor disappears, the function of 
I/D or other specifications will not change during display data write. The cursor is displayed using 5 dots in the 8th 
line for 5x8-dot character font selection and in the 11th line for the 5x10-dot character font selection.

• B: The character indicated by the cursor blinks when B is 1. The blinking is displayed as switching between all blank 
dots and displayed characters. The cursor and blinking can be set to display simultaneously.

• Cursor or Display Shift

• Cursor or display shift shifts the cursor position or display to the right or left without writing or reading display data. 
This function is used to correct or search the display. In a 2-line display, the cursor moves to the second line when it 
passes the 40th digit of the first line. Note that the first and second line displays will shift at the same time.

• When the displayed data is shifted repeatedly each line moves only horizontally. The second line display does not 
shift into the first line position. The address counter (AC) contents will not change if the only action performed is a 
display shift.
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LCD
Writing Instruction

• Function Set

• DL: Sets the interface data length. Data is sent or received in 8-bit lengths (DB7 to DB0) when DL is 1, and in 4-bit 
lengths (DB7 to DB4) when DL is 0. When 4-bit length is selected, data must be sent or received twice.

• N: Sets the number of display lines.

• F: Sets the character font.
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LCD
Writing Data 

• The HD44780 has an internal Character Generator ROM CGROM that saves all 
ASCII characters. 

• The CGROM generates 5x8 dot or 5x10 dot character patterns from 8-bit character 
codes as shown in the Table. 

• It can generate 208 “5x8” dots character patterns and 32 “5x10” dots character 
patterns.

• To display the character “A” for example, you have to send B’01000001’ to the LCD 
port while RS is 1 and R/W is 0. Notice that transforming every character to binary 
code is very difficult especially if you want to write a phrase on the LCD.

• Display data RAM (DDRAM) stores display data represented in 8-bit character codes. 
Its extended capacity is 80x8 bits, or 80 characters. The area in display data RAM 
(DDRAM) that is not used for display can be used as general data RAM.
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LCD Initialization

• Before being able to receive 
instruction and data, the LCD 
needs to be initialized to the 
appropriate mode of function. 
We have mentioned that the 
HD44780 controller is available 
for almost all sizes of LCD; 
therefore, you have to tell the 
HD44780 that the character type 
is “5x7” or “5x10”, the number 
of display lines is 1, 2 or 4, and 
the control mode is 4-bit or 8-bit.

377

Week 9, Lecture 16/ LCD

4-bit mode initialization steps8-bit mode initialization steps
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In this activity, we are interested in writing a message on the LCD. In order to reduce the connection complexity, the 
LCD is interfaced in 4 bit mode. i.e., 6 lines are only required from the PIC (RS, E, D4…D7). The R/W line will be 
grounded as the LCD required to write only.

A potentiometer of 1k to 10k is required to be connected 

on VEE line to define the contract of the LCD. 

In Proteus, the backlight pins (A, K) are not available. In 

case of hardware implementation, these pins should be 

connected to VCC though a 200-300 ohm resistor (Same 

as LED connection) 
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• First, the variables are declared and the pins are 

defines.

• The main code includes the steps to be 

repeated. Display messages, wait, display 

another msg and wait… 

• The LCD_BEGIN is the initialization function 

required to setup the LCD in 4 bits mode. These 

steps are to be respected as recommended by 

Hitachi
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• LCD_CMD is the function that sends commands to the LCD

• LCD_WRITE is used to write data on LCD

• These functions fetch the higher and lower nibbles to the 

LCD in order

• LCD_4H and _4L are the functions that reads the data to be sent to 

the LCD and places them on the selected pins D4…D7. these are 

created so that user can modify the lcd-pic pin connection easily.
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• 4 important functions are designed to easily clear the lcd, focus on line1, or line 2 and to return home.

• Finally, writing msg on LCD is simply done by calling the LCD_WRITE while placing ASCII value on W
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• Tools Required

1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Power supply 5V

5. Breadboard wires (male-male)

• Required components:

1. PIC 16F887

2. Resistor from 100 to 330 x 1 (for the lcd back light)

3. LCD 16 characters 2 lines  x1

4. Potentiometer 10k
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Activity 16C : A2D with LCD and Sensor
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• In this activity we will connect a temperature sensor to the PIC, read its analog value, convert it 

into a digital form and display its value on the LCD. Also a piezo buzzer will be added to 

generate alarm if temperature is above certain limit. 

• The temperature sensor to be used is the LM35, linear sensor with 10mV/ ̊C
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• Let’s start first by meeting our devices.

LM35
The LM35 is a cheap temperature sensor, which can be used to measure ambient temperature. 

The LM35 looks like a transistor but it is in fact an integrated circuit, with an output voltage linearly proportional to the 

Centigrade temperature. 

Features 

• Calibrated directly in ° Celsius (Centigrade) 

• Linear + 10.0 mV/°C scale factor 

• 0.5°C accuracy (at +25°C) 

• Rated for full −55° to +150°C range 

• Operates from 4 to 20 volts 

• Output impedance  0.5 ohm 

• Can source current up to 10 mA 
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• Let’s start first by meeting our devices.

LM35

Converting the LM35 output voltage into temperature

The output scale factor of the LM35 is 10 mV/°C. for example, it provides 

an output voltage of 250 mV at 25°C… or 1V at 100°C 

 

To convert the output voltage of the sensor into the temperature in 

degree Celsius, the following formula is used

Temperature (°C) = VOUT / 10

with VOUT in millivolt (mV). 

So if the output of the sensor is 750 mV, the temperature is 

75°C



Activity 16C : A2D with LCD and Sensor

388

 

Week 10, Lecture 17/  A/D in C with sensor and LCD

• Let’s start first by meeting our devices.

Piezo buzzer

• A piezoelectric buzzer is a loudspeaker that uses the 

piezoelectric effect for generating sound. 

• The initial mechanical motion is created by applying a 

voltage to a piezoelectric material, and this motion is 

typically converted into audible sound using diaphragms 

and resonators. 

• Compared to other speaker designs piezoelectric speakers 

are relatively easy to drive; for example they can be 

connected directly to TTL outputs, although more 

complex drivers can give greater sound intensity.

• Typically they operate well in the range of 1 - 5kHz and 

up to 100kHz in ultrasound applications
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• Circuit / Coding design

LM35
Assuming that the A2D references are 0 and 5 volts

For a temperature range from 0 to 100 °C, the LM35 output 

voltage ranges from 0 to 1V. 

It can be seen that only 1/5 of the A2D scale is used.

i.e., the full range of temperature is translated in 205steps 

only. Which means we are loosing resolution of reading.

The resolution is 100/205  ≈  0.5

Means that the PIC can recognize 0.5

degree step changes only.

0

1023

00,0000,0000

Vref+ 5V

Vref- 0V

11,1111,1111

1V

0V

Temp = 100 ºC

Temp = 0ºC

1V 205
LM35 output

Range not used

Only 1/5 of the 

scale is used
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• Circuit / Coding design

LM35
Changing the Vref+ to 1V, assures that the full 

range of temperature is having 1024 different 

outputs. 

The resolution now is 100/1024 ≈ 0.1 

Means that the PIC is able to recognize a variation 

of 0.1 degree which is 5x more better that the 

previous case

0

1023

00,0000,0000

Vref+ 1V

Vref- 0V

11,1111,1111
1V

0V

Temp = 100 ºC

Temp = 0ºC

1V 205

LM35 output

Full range used
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• Circuit / Coding design

Designing the 1V ref voltage
The PIC circuit is supplied by a 5v source. 

Usually, when designing a circuit, we don’t use different power source of different 

voltages. 

We use the main voltage and we design converters to satisfy the circuit needs. 

A voltage divider made of two resistors is the simplest solution to provide 1V output. 

• Vin = 5

• Vout = 1V (the desired voltage)

• 2 resistors are to be calculated to get Vout =1 (we assume one and calculate the 

second)

The voltage divider equation is 

𝑉𝑜𝑢𝑡 =
𝑅2

𝑅1 + 𝑅2
𝑉𝑖𝑛 → 𝑅1 = 𝑅2

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
− 1 = 4𝑅2

For R2 = 1k, R1 = 4k
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• Circuit / Coding design

A2D conversion in C in 10bits
The first part in coding is to read the 10bit AD 

result. 

To do that, we configure ADCON0 and start the 

conversion using the GO bit. The result will be 

available in ADRESH and ADRESL.

To merge them in one variable, an unsigned 

integer “digital_value” is created 

X X X X X X X X X X 
ADRESH ADRESL

digital_value (unsigned int = 16 bit)

digital_value  = ADRESH

X X X X X X X X
ADRESH

Step 1:

Variable 

created

Step 2:

ADRESH 

moved to 

digital_value

digital_value  = digital_value <<8

X X X X X X X X
ADRESHStep 3:

Shifted left 8 

steps

digital_value  = digital_value | ADRESL

X X X X X X X X
ADRESH

X X 
ADRESLStep 4:

ADRESL is 

concatenated in 

digital_value

digital_value = digital_value >> 6

X X X X X X X X X X 
Step 5:

Shifted right 

6 steps
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• Circuit / Coding design

Main code
• The main code includes the setup of I/O pins, and 

the setup of the LCD.

• A welcome message is first displayed for 2s.

• In the while loop, the temperature is read 

(AN0_value has the raw value of reading). Then 

this value is converted into float to be suitable for 

the mathematical operations. 

• Integer to Ascii (itoa) is used to convert the 

temperature value into a set of characters saved in 

“phrase” ready to be sent to the LCD. 

• An “if condition” is used to compare the 

temperature to 40
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• Circuit / Coding design

(itoa) is a function available in stdlib; thus 

needs to be included. 

The buzz function is designed to generate 

pulses to the piezo buzzer. The signal has a 

period of 200μs (5000Hz) generated for ≈ 

2000 x 100μs = 0.2s
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Week 10, Lecture 17/  A/D in C with sensor and LCD

• Circuit / Coding design

The LCD functions are already placed in a header file and included 

to the main file

First the pins are declared and the functions prototype are defined

The functions are similar to the one discussed in assembly



1. What is the role of itoa in C code

2. Design a voltage divider circuit in order to have an output voltage of 2.3V 
from a source of 1000V

3. Check on the web the specs of the TMP36 and compare it to the LM35

4. What is the difference between an NTC sensor and the LM35. Why it is 
better to work with LM35 in A2D conversion !

5. What is the difference between a piezo buzzer and a speaker

396
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USART

USART in TX mode

397

Week 10



USART

398

Week 10, Lecture 18/ USART

• The Universal Synchronous Asynchronous Receiver/Transmitter (USART) is a built-in hardware serial data transfer 

module. 

• The synchronous mode is done via two communication lines. The first is for data transfer and the second is the clock 

that determines the speed of communication. 

• In the asynchronous mode, data are transferred via one line only; the speed (bit rate) is already defined from the 

transmitter and the receiver sides. 

• The asynchronous communication is mostly used to transfer data between PIC and PC.

• When doing data communications, the condition of "0" and "1" out from the side of the sending must be able to be 

recognized in the receiving side. 

• Asynchronous communication, starts by a START bit, then 8or 9 bits of data, then finished by a STOP bit. 



USART

399

• In the asynchronous mode communication of USART, the RX port is used for receiving and the 

TX port is used for the transmission, so, it is possible to send and receive at the same time. 

• This type of communication is called Full duplex.

• The transmission is achieved based on a stopwatch running at the same devices. This will assure 

that the devices are communicating at the same speed (same baud rate)

• The Baud rate refers to the total number of signal units transmitted in one second.

PIC microcontroller

Microcontroller

Computer

GPS

GSM modem

Bluetooth

TX RX

RX TX

GND GND
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USART (Asynchronous transmitter)

400

• The TX pin is multiplexed with RC6 (output 

pin). 

• The transmitter is managed by TXSTA register. 

• When TXREG is loaded, the data is shifted to 

the transmit shift register TSR and shifter 

serially one by one (the least significant bit 

first) with a start bit first and a stop bit at the 

end. 

• When data is fully sent, the TRMT flag bit is 

raised. 

• The speed of pushing the data is managed by 

the SPBRG clock generator. 

• User can also add the 9th bit (called parity bit)

• In order to make the serial port active, the SPEN 

bit should be enabled.

RC6/ 

TX

PIC

TX9

D

TX9
TRMT SPEN

 TX9D TRMT BRGH SENDBSYNC TXEN TX9 CSRC

TXSTA

RCSTA

Parity 
bit TSR

LSB

TXIF

MSB TXREGPIR1

clk

SPBRG

TXEN
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USART (Asynchronous transmitter)
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RC6/ 

TX

PIC

TX9

D

TX9
TRMT SPEN

 TX9D TRMT BRGH SENDBSYNC TXEN TX9 CSRC

TXSTA

RCSTA

Parity 
bit TSR

LSB

TXIF

MSB TXREGPIR1

clk

SPBRG

TXEN
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USART (Asynchronous receiver)
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RC7/ 

RX

PIC

RX9

D

RX9

SPEN

RCSTA

Parity 
bitRSR

LSB

RCIF

MSB

RCREG

PIR1

clk

SPBRG

 RX9D OERRFERRADDENCRENSRENRX9SPEN

• The RX pin is multiplexed with RC7 (input pin)

• The receiver is managed by the RCSTA register. 

• When data is received serially, it is pushed into 

the Receive Shift Register (RSR). when it is 

full, the data in shifted to the RCREG and the 

RCIF is raised. 

• The speed of receive is also managed by the 

SPBRG clock generator. 

• SPEN is used to enable the serial port. 

• NB: SPEN is used for both transmitter and 

receiver. You cannot use the transmitter alone 

and use RC7 is regular IO pins… same for the 

receiver. 
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USART (Asynchronous receiver)
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RC7/ 

RX

PIC

RX9

D

RX9

SPEN

RCSTA

Parity 
bitRSR

LSB

RCIF

MSB

RCREG

PIR1

clk

SPBRG

 RX9D OERRFERRADDENCRENSRENRX9SPEN
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USART (bit rate configuration)
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RC7/ 

RX

PIC

RX9

D

RX9

SPEN

RCSTA

Parity 
bitRSR

LSB

RCIF

MSB

RCREG

PIR1

clk

SPBRG

 RX9D OERRFERRADDENCRENSRENRX9SPEN

RC6/ 

TX

PIC

TX9

D

TX9
TRMT SPEN

 TX9D TRMT BRGH SENDBSYNC TXEN TX9 CSRC

TXSTA

RCSTA

Parity 
bit TSR

LSB

TXIF

MSB TXREGPIR1

clk

SPBRG

TXEN

• The USART of the PIC16F887 is an enhanced USART, means 

that it has the ability to detect any Asynchronous data speed (baud 

rate).

• In this course, we are interested in having a fixed baud rate 

configuration between the PIC and the connected device. 

•  This is managed by the BAUDCTL baud control register. 

• The Baud Rate Generator (BRG) is an 8-bit or 16-bit timer 

that is dedicated to the support of both the asynchronous and 

synchronous EUSART operation.

• By default, the BRG operates in 8-bit mode. 

• Setting theBRG16 bit of the BAUDCTL register selects 16-bit 

mode.
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USART (bit rate configuration)
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• The SPBRGH, SPBRG register pair 

determines the period of the free running 

baud rate timer. 

• In Asynchronous mode the multiplier of 

the baud rate period is determined by both 

the BRGH bit of the TXSTA register and 

the BRG16 bit of the BAUDCTL register. 

• We can also use the table below to find out 

the value of SPBRG based on our settings

• For example, using a 4MHz oscillator, at 

high speed bard rate, in 8 bit BRG, the 

speed of 9600bit/sec is achieved by 

loading SPBRG by 25
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USART (bit rate configuration)
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• 𝐵𝑎𝑢𝑑 𝑟𝑎𝑡𝑒 =
𝐹𝑜𝑠𝑐

16 𝑆𝑃𝐵𝑅𝐺+1

• 𝑆𝑃𝐵𝑅𝐺 =
𝐹𝑜𝑠𝑐

16×𝑏𝑎𝑢𝑑 𝑟𝑎𝑡𝑒
− 1

• For example at 4Mhz and 9600 Baud rate

• 𝑆𝑃𝐵𝑅𝐺 =
4000000

16×9600
− 1 = 25.04 ≈ 25
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USART (bit rate configuration)
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Activity 17 : USART (TX mode)
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Week 10, Lecture 18/ USART

• In this activity, we will apply the rules of sending a message through USART. 

• First we will start by sending a character serially.

• In Proteus, the “Virtual Terminal” is used to mimic the behavior of any USART receiver. This will show the 

sent characters on the screen. 

• In reality, if we want to interface the PIC with the PC, we have to use the USB to Serial converter as the 

new PCs do not have a real serial port (the old DB9 or DB25 serial port with RS232 protocol). We can use 

the FT232 module, the CH340 module or the CP2102 module
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• In the Setup, the baud rate is set to 

9600 through SPBRG. The TX pin 

is configured as output. The 

USART is enabled in TX 

asynchronous mode. 

• In the main code, the character H is 

loaded into the TXREG. Nothing 

else is required…all the 

transmission is processed 

automatically.



Activity 17 : USART (TX mode)
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• The code is modified to send a complete phrase “HCT Dubai” 

serially. The letters are sent one by one. The simulation shows 

that the serial terminal is receiving only “Hi”.



Activity 17 : USART (TX mode)
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• Actually, only the first and last letter is received. The second 

letter is sent to the TXREG while the TSR is still sending the 

previous letter. It needs only 2µs to send the letter to TXREG but 

needs about  10/9600 seconds to send the data serially (10 

because we have 8 bits, 1 start and 1 stop) = 1.04ms



Activity 17 : USART (TX mode)
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• In order to send all letters correctly, we can wait for at least 

1.04ms per character, or we can check the TRMT flag bit. The 

code is adjusted by testing the TRMT located in bank 1. 



1. Calculate the SPBRG in order to have a baud rate of 115200. Do the 
calculation for BRGH =0 and BRGH=1 and compare the results.

2. Why it is required to wait after loading the TXREG by a value. What is the 
delay required to send a byte (with start and stop bits) at 115200 bit/sec. 

3. What is the time required to send a single bit at 1200 baud rate. 

4. What is the time required to send a byte at 1200 baud rate. 

5. Check on the web what is the protocol used to communicate with a GSM 
modem sim900, the GPS NEO 6M and the Bluetooth HC-5. Also check the 
protocol used to communicate with the RFID RC522 and the nrf24L01 
transceiver.

6. What should be in SPBRG to have a baud rate of 19200 with a PIC running 
at 4Mhz. Make sure to select the one with less error
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LCD with sensor
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Week 10



• Tools Required
1. Breadboard x1
2. Multimeter x 1
3. PIC programmer
4. Power supply 5V and 12V
5. Breadboard wires (male-male)

• Required components:
1. PIC 16F887
2. Resistor from 100 to 330 x 1 (for the lcd back light)
3. Resistor 1k x1
4. LCD 16 characters 2 lines  x1
5. Potentiometer 10k x2 (one for the contract and one for the Vref+ )
6. LM35
7. Piezo buzzer
8. Transistor 2n2222 or any NPN equivalent x1
9. Any relay (5 to 12V) x1
10. Fast diode UF4001 x1

415

Activity 16C : A2D with LCD and Sensor

Week 10, Lab 8/ A2D/ LCD/Buzzer/relay



• The lab activity is same as the one done in 16C but with extra relay connected on RD6. 

• Activate the relay when the temperature exceed 40.  (2 lines of code are required)

416
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Relay

417

• A relay is an electromechanical switch that opens and closes under the control of another electrical circuit. 

• In the original form, the switch is operated by an electromagnet to open or close one or many sets of contacts.

• When a current flows through the coil, the resulting magnetic field attracts an armature that is mechanically 

linked to a moving contact. The movement either makes or breaks a connection with a fixed contact. When 

the coil current is switched off, the armature is returned by a force approximately half as strong as the 

magnetic force to its relaxed position.

Week 10, Lab 8/ A2D/ LCD/Buzzer/relay



Relay
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• The relay is used if it is wanted to drive a high power motor without using a power transistor 

circuits. 

• The relay is driven using a signal transistor since its coil consumes around 30 mA and 100 mA 

depending on its size and manufacturer

Week 10, Lab 8/ A2D/ LCD/Buzzer/relay



Relay
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• Due to the current of the relay that exceeds the limit 

of the PIC pin, a current amplifier transistor is used 

to drive it. 

• Thus, the PIC sends 1 logic to the transistor that 

amplify the relay current to switch ON… to drive the 

motor ON.

• A freewheeling diode is required due to the inductive 

effect of the relay coil
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USART

USART in RX mode

420

Week 11



Activity 18 : USART (RX mode)

421

• This activity is a continuation of the previous activity. 

The USART receiver is now added to the code. 

• One of the main issue to consider in the receiver mode 

is that the PIC should be interrupted to read the received 

data as it is unknown when it will be available. 

• To enable the receiver interrupt, the RCIE bit in PIE1 

should be enabled. Also the peripheral bit and the GIE 

bits should be 1. 

• In this activity, the received data is compared to ‘H’. If 

it is equal, the PIC will send ‘HCT Dubai’. If not, 

nothing will happed.
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Activity 18 : USART (RX mode)
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• When the data is ready in the RSR, the information 

in shifted to the RCREG and the flag RCIF is raised. 

• If all condition are meet, the PC will jump to the 

address 0x04. 

• The RCIF cannot be cleared (as all other flags in 

PIC) by the BCF RCIF. To clear the flag, it is 

sufficient to read the RCREG, even if it is not used 

for any task.

Week 11, Lecture 19/ USART

RC7/ 

RX

PIC

RX9

D

RX9

SPEN

RCSTA

Parity 
bitRSR

LSB

RCIF

MSB

RCREG

PIR1

clk

SPBRG

 RX9D OERRFERRADDENCRENSRENRX9SPEN
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• When
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Activity 18 : USART (RX mode)
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• When
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Activity 19C : USART in TX and RX mode
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• In this activity, the USART will be used in C in two modes.

• It is required to send back the received message. The C code is an advance copy of the assembly 

code done in the previous activity. 

• The code is designed to receive and send messages, also compare some received character in the 

message. 

• For example, if the message is “OK”, the led on RC0 will turn on. 
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Activity 19C : USART IN TX AND RX MODE
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Activity 19C : USART IN TX AND RX MODE

427

• The setup function is similar to the 

one in assembly. The selected baud 

rate is 9600. 
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Activity 19C : USART IN TX AND RX MODE
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• A “phrase” buffer of 30 spaces is created with char type. 

• In the ISR, every received character is saved in the buffer in the pointer location. The pointer is 

incremented every time a new character is received until the characters \n or \r are received. 

• This means that the user typed “enter” on the keyboard.

Week 11, Lecture 19/ USART

• If so, the phrase is sent 

back to the user. 

• If the user typed 

“OK”, the led turns 

ON, else it turns OFF



Activity 19C : USART IN TX AND RX MODE
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• The functions used to send the phrase are included in usart.h file 

• The USART_SEND function sends a phrase starting from its pointer zero until \r

Week 11, Lecture 19/ USART

• The USART_SEND_NEW_LINE 

function sends the characters \n and \r 

as enter key. 

• NB: testing the TXIF or the TRMT 

flags have almost the same 

functionality in testing if the TX buffer 

if full of empty to proceed with the next 

transmission
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• The functions used to send the phrase are included in usart.h file 
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Week 11



H-Bridge design

432

• The DC motor inverts its direction when the polarity of the supply voltage is inverted. 

• This will invert the flux direction of the coil that consist the motor. 

• The switches in circuit a are used to switch the polarity across the motor.
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Brushed DC motor driver design (in different directions and speed)

433

• In this application, the DC motor is driven in double directions with different speed. 

• Different speed means a PWM signal and different direction means switches that switch polarity on the 

motor armature.

• In fact, when merging these two techniques together we can reach what is called the H-bridge.

• We will be using 4 transistor to design an H-Bridge so we can flip the motor polarity and switch it ON 

and OFF at high speed through a PWM signal

Week 11, Lecture 20/ / H-Bridge/ Motor driver
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• The Figure “a” is what we have started in switching motor polarity. We have divided each 

double position switch into two simple switches in Figure “b”. 

• If the switches 1and 4 are pressed, the motor will turn, and if 2 and 3 are pressed the motor 

will turn in the other direction. 

• Note that if 1 and 2 are pressed at the same time, a short circuit happened as well if 3 and 4 

are pressed together. 

Week 11, Lecture 20/ / H-Bridge/ Motor driver
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• In the Figure “c”, transistors replace the switches to get the H-bridge that we need to drive 

our motor in this application. 

• By connecting the transistor bases of 1 and 4 and apply a PWM signal, the motor will turn at 

low speed.

• Also by connecting the transistor base of 2 and 3 and apply the PWM signal, the motor will 

turn in the other direction.

Week 11, Lecture 20/ / H-Bridge/ Motor driver

Brushed DC motor driver design (in different directions and speed)



436

The L298 and L293 are two ships that contain two H-bridges that support 4A and 1A, 

respectively. 

The L298 main feature is the internal protection against short circuit and overheating.

L293L298

Week 11, Lecture 20/ / H-Bridge/ Motor driver
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The L298 can be used to drive two DC motors at the same time (It has two H-bridge 

circuits)

L298

Week 11, Lecture 20/ / H-Bridge/ Motor driver
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• The L298 module is used to reduce the 

implementation time and difficulties. 

• The module is already equipped with 

freewheeling diodes and 5 volt voltage 

regulator to supply external devices.

Week 11, Lecture 20/ H-Bridge/ Motor driver
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• In this activity, we will drive a motor using the L298 chip through Bluetooth command 

received from cell phone. 

• The Bluetooth transceiver to be used is the HC05 (Master and slave device) or the HC06 

(slave device). Both work well with PIC and other microcontrollers.

Week 11, Lecture 20/ H-Bridge/ Motor driver

Activity 20C: Motor drive through Bluetooth

• Serial Bluetooth terminal is a good Android app to send/receive raw data
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• The block diagram of the design is shown. The PIC is connected to the TX and RX of the 

HC05 (pins 4 and 5). Enable and state pins are not used.

• At the same time, the PIC is connected to the L298 (chip or module) through 3 lines, IN1, 

IN2 (for direction) and Enable (for speed).

Week 11, Lecture 20/ H-Bridge/ Motor driver
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PIC

HC05

L298
Motor
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• The Bluetooth is replaced by the serial monitor in the simulation. 

• The format of data to be transferred to the PIC is XYYY where X is the direction and 

YYY is the speed

• X can be:

• L for left

• R for right

• S for stop

Week 11, Lecture 20/ H-Bridge/ Motor driver

Activity 20C: Motor drive through Bluetooth

• YYY can be any number between 

0 and 255

• e.g. L255 (Left full speed)

• R127 (Right half speed)

• SYYY(Stop )
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• The main function simply calls the 

setup function and send instruction 

to the user. 

• The setup function configures the 

oscillator, the port direction, the 

USART and the PWM.

• The interrupt on USART receive is 

enabled

Week 11, Lecture 20/ H-Bridge/ Motor driver
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• The motor function is created to take 2 

parameters; the direction and speed.

• The direction can be L for left, R for right and S 

for stop. 

• The speed can be ay value between 0 and 255 as 

the parameter is loaded onto the CCPR1L

Week 11, Lecture 20/ H-Bridge/ Motor driver
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• When a value is received through Bluetooth, the interrupt fct is called. The received value 

is saved in “phrase”

• The phrase[0] represent the direction. 

• Phrase[1], [2] and [3] contains the speed. These values are considered as characters and 

should be converted into one value, i.e., ‘1’ ‘2’ ‘5’ are 3 characters that represents 125. 

• Thus to make the conversion, 48 is subtracted from the char and multiplied by its weight.

Week 11, Lecture 20/ H-Bridge/ Motor driver
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Activity 20C: Motor drive through Bluetooth

• The table shows the equivalent of character numbers 

in decimal, hex, octal and binary.



Lab 9 / LO4

Motor drive with Bluetooth
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• Tools Required

1. Breadboard x1

2. Multimeter x 1

3. PIC programmer

4. Power supply 5V, 12V

5. Breadboard wires (male-male)

6. Oscilloscope

• Required components:

1. PIC 16F887 x1

2. L298 module x1

3. DC motor x1

4. HC05 or HC06 module x1
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End of LO4
End of the course
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