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Preface to the Third Edition
The first edition of this book concentrated on a single chip that was widely used in hobby electronics and education – the PIC®> 16F84A. This has now been superseded by chips that are faster, cheaper, and more complex and powerful. This has created a dilemma – whether to still use this chip that is effectively obsolete or substitute a current chip that is more complicated. In the end, I have done both – sticking with the '84 due to its relative simplicity in the initial stages, and then moving on to more recent chips with extra features, such as the 16F690. At the same time, I have taken advantage of simulation software that is now available, which provides on-screen animated circuits and user-friendly microcontroller program debugging.
All the main points in this book are illustrated by simple examples, which are downloadable from the support website at www.picmicros.org.uk. Program source code can be modified, reassembled and retested using Microchip's MPLAB® IDE development system, downloadable free from www.microchip.com. This website also provides many of the technical references and data sheets used in the book. The schematic capture and simulation software is from Labcenter Electronics at www.labcenter.com. A demo version is available, but to create and test your own applications, a license will be needed. A low-cost package, including a model for the 16F84A, is currently available.
The book is aimed at beginners, so more experienced readers should skip over any parts that are already familiar. Some basic principles have been moved to the appendices in this edition, to make room for updated applications and examples. Again, these are aimed primarily at learners at college or university, or independent hobbyists. Nevertheless, I hope that more experienced readers will find some of the examples useful, and will perhaps see the advantages of some of the techniques described, particularly interactive simulations, which enrich the application development experience at all levels, and potentially enhance productivity for the professional electronic design engineer.
Martin Bates
Sussex, England, July 2011



Introduction to the Third Edition
The microcontroller is now at the heart of many electronic products. Mobile phones, microwave ovens, digital television, credit cards, the Internet and many other current technologies rely on these small, unobtrusive devices to make it all happen.
This book is an attempt to introduce the beginner to this ubiquitous yet complex technology. Starting with the standard PC (on the basis that most people are familiar with its operation), the basic concepts and terminology will be established: microprocessor systems, memory, input and output, and general digital systems ideas. We will then go on to study one of the biggest selling products the general public has never heard of: the PIC® microcontroller (MCU). It dominates the market for small-scale industrial applications, with the manufacturer Microchip Technology Inc. currently reporting annual sales over US $1 billion per annum.
We will start by studying a chip that is no longer commercially significant, but is relatively simple, with the minimum of advanced features: the PIC 16F84A. This was one of the first popular small microcontrollers with flash program memory, the kind found in memory sticks. This allows it to be easily reprogrammed and therefore made it ideal for learning and hobby electronics. We will learn how to connect up and program this chip, and design simple applications, such as flashing output LEDs. In addition, simulation software will be introduced, which makes the design process easier, and more fun. We will then move on to the PIC 16F690, which has more features and is representative of more recent products in the PIC range. Many microcontrollers used in real applications such as motor vehicle engine control or communications systems are more powerful, but the operating principles are just the same. Other types of control technology will be reviewed for comparison with microcontrollers.
The book uses numerous examples relating to motor control, because this is a very common application (disk drives, washing machines, conveyors, etc.). The small direct current motor is inexpensive and can be easily connected to the output of a PIC via a simple current driver interface. The response of the motor is easily observed, yet can be complex, which demonstrates the problems associated with real-time system control. The motor also provides a link to wider areas of engineering – mechatronics, robots, machine tools and industrial systems – that is useful for students and engineers in these disciplines. 
The big problem with microprocessors and microcontrollers is that, to fully understand how they work, we have to understand both the hardware and the software at the same time. Therefore, we have to circle round the subject, looking at the system from different angles, until a reasonable level of understanding is built up. The book will cover basic hardware design, interfacing, program development, debugging, testing and analysis using a range of simple examples. This is supported by appendices, which introduce basic concepts to readers who do not have this essential background – number systems, digital principles and microprocessor system concepts, as well as system design exercises. Appendix E covers the whole design process using the Proteus VSM™ electronic design suite.
There is a summary at the start of each chapter, so that its content can be seen at a glance, as well as a set of questions at the end for self-assessment or formal testing of students (with full answers at the end of the book) and suggested activities which can be developed into practical assessments if required. The style of the book is also intended as a model for students who need to write technical reports for such practical assessments. The stages of application development should be clearly identified in this case: specification, design, implementation and testing. Another useful model can be seen in the application notes written by professional engineers, such as those available on the Microchip website.
The content of each chapter is a compromise between maintaining overall continuity and allowing each chapter to be read independently. There will therefore be a certain amount of repetition between chapters, which I hope the reader will not find too irritating, and may aid learning. It is always difficult to decide exactly what to include in this kind of book, where the subject is vast and complex. My intention is always to keep it simple, and I hope my selection will help the reader to begin to get to grips with the fascinating world of microcontrollers, develop a reasonable understanding of real applications, and perhaps progress to a career in microcontroller application design. However, an understanding of microcontrollers is essential for any electrical engineer, since the technology is now central to most electronic products and industrial systems.


Chapter 1. Computer Systems
Chapter Outline
1.1. Personal Computer System4
1.1.1. PC Hardware5

1.1.2. PC Motherboard7

1.1.3. PC Memory9




1.2. Word-Processor Operation10
1.2.1. Starting the Computer10

1.2.2. Starting the Application10

1.2.3. Data Input10

1.2.4. Data Storage11

1.2.5. Data Processing11

1.2.6. Data Output12




1.3. Microprocessor Systems13
1.3.1. System Operation14

1.3.2. Program Execution14

1.3.3. Execution Cycle15




1.4. Microcontroller Applications17
1.4.1. Microcontroller Application Design17

1.4.2. Programming a Microcontroller22




Question 125

Activities 126


Chapter Points

• A microprocessor system consists of data input, storage, processing and output devices, under the control of a CPU.

• The main unit of a desktop PC is a modular system, consisting of the motherboard, power supply and disk drives.

• The motherboard carries the microprocessor (CPU), RAM, BIOS ROM, bus controllers and I/O interfaces.

• The CPU communicates with the main system chips via a shared set of address and data bus lines.

• The microcontroller provides most of the features of a conventional microprocessor system on one chip.




In this chapter, we will start with something familiar, looking at how a personal computer (PC) works when running a word processor, to establish a few technical concepts that are used in microcontrollers (MCUs). Hopefully, most readers will be familiar with this, and will know how the application functions from the user's point of view. Some basic microcontroller system ideas will be introduced by analyzing how software interacts with computer hardware, allowing the user to enter, store and process documents. For example, we will see why different kinds of memory are needed to support the system operation. If you are familiar with these concepts, you can skip this chapter.
The PC also provides the hardware platform for the PIC® program development system. The programs for the PIC are written using a text editor, and the machine code program is created and downloaded to the PIC chip using the PC. The PIC development system hardware can be seen connected in Figure 1.1. We will see how this works later.
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	Figure 1.1 Laptop with PIC demo system attached




We will also have a quick look at a basic microcontroller system, set up to operate as a simple equivalent of the microprocessor-based PC system, to see how it compares. Here, the microcontroller has a keypad with only 12 keys instead of a keyboard, and a seven-segment display instead of a screen. Its memory is much smaller than the PC, yet it can carry out the same basic tasks. In fact, it is far more versatile; the Intel™ processors used in the PC are designed specifically for that system. The microcontroller can be used in a great variety of circuits, and it is much cheaper. 
1.1. Personal Computer System
The conventional desktop system comprises a main unit, separate keyboard and mouse, and monitor. The main unit has connectors for these (when wireless peripherals are not available) and universal serial bus (USB) ports for memory sticks, printers, scanners, etc., as well as hardwired (Ethernet), or wireless (Wi-Fi) network interfaces. The circuit board (motherboard) in the main unit carries a group of chips which work together to provide digital processing of information and control of input and output devices. A power supply for the motherboard and the peripheral devices is included in the main unit.
The laptop has the same components in a compact form, with integrated keyboard and screen, while tablet computers are even more compact with a touch-sensitive screen and no keyboard. The difference between a microprocessor and microcontroller system is illustrated quite well by comparing a desktop computer with a touch-screen game console or mobile phone. The facilities and applications are similar, they just differ in scale and complexity.
A block diagram (Figure 1.2 a) is a good way to show such a system in simplified form, so we can identify the main components and how they connect. In the case of the disk drives and network, for example, the information flow is bidirectional, representing the process of saving data to, and retrieving data from, the hard disk or server. The internal architecture of a microcontroller is shown in its data sheet as a block diagram.
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	Figure 1.2 The PC system: (a) block diagram of PC system; (b) view of PC desktop main unit




Any microprocessor or microcontroller system must have software to run on the hardware. In a desktop, this is stored on a hard disk inside the main unit; this can hold a large amount of data that is retained when the power is off. There are two main types of software required: the operating system (e.g. Microsoft® Windows) and the application (e.g. Microsoft® Word). As well as the operating system and application software, the hard disk stores the data created by the user, in this case, document files.
The keyboard is used for data input, and the screen displays the resulting document. The mouse provides an additional input device, allowing control operations to be selected from menus or by clicking on icons and buttons. This provides a much more user-friendly interface than earlier computers, which had a command-line interface. Then, actions were initiated by typing a text command such as ‘dir’ to show a directory (folder) of files. Network specialists still use this type of interface as it allows batch files (list of commands) to be created to control system operation. The network interface allows us to download data or applications from a local or remote server, or share resources such as printers over a local area network (LAN) and provide access to a wide area network (WAN), usually the Internet. In the domestic environment, a modem is currently needed to connect to the Internet via a telephone line or cable service. The network browser (e.g. Microsoft® Internet Explorer) is then another essential application. 
1.1.1. PC Hardware
Inside the PC main unit (Figure 1.2 b), the traditional motherboard has slots for expansion boards and memory modules to be added to the system. The power supply and disk drives are fitted separately into the main unit frame. The keyboard and mouse interface are integrated on the motherboard. In older designs, expansion boards carried interface circuits for the disk drives and external peripherals such as the display and printer, but these functions are now increasingly incorporated into the motherboard itself. Peripherals are now usually connected via USB or wirelessly.
The desktop PC is a modular system, which allows the hardware to be put together to meet the individual user's requirements, with components sourced from different specialist suppliers, and allows subsystems, such as disk drives and keyboard, to be easily replaced if faulty. This also allows easy upgrading (e.g. fitting extra memory chips) and also makes the PC architecture well suited to industrial applications. In this case, the PC can be ‘ruggedized’ (put into a more robust casing) for use on the factory floor. This modular architecture is one of the reasons for the success of the desktop PC hardware, which has continued in the same basic form for many years, as a universal processor platform. The laptop is the main alternative for the general user, but it is not so flexible, and tends to be replaced rather than upgraded. Another reason for its success is the dominance of Microsoft operating systems, which have developed in conjunction with the Intel-based hardware, providing a standard platform for domestic, commercial and industrial computers.

1.1.2. PC Motherboard
The main features of typical motherboards are shown in Figure 1.3. The heart of the system is the microprocessor, a single chip, or central processing unit (CPU). The CPU controls all the other system components, and must have access to a suitable program in memory before it can do anything useful. The blocks of program required at any one time are provided by both the operating system and the application software, which are downloaded to random access memory (RAM) from the hard disk as required. The programs consist of lists of machine code instructions (binary code) that are executed in sequence by the CPU.
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	Figure 1.3 PC motherboards: (a) desktop motherboard; (b) laptop motherboard




The Intel CPU has undergone rapid and continuous development since the introduction of the PC in the early 1980s. Intel processors are classified as complex instruction set computer (CISC) chips, which means they have a relatively large number of instructions that can be used in a number of different ways. This makes them powerful, but relatively slow compared with processors that have fewer instructions; these are classified as reduced instruction set computer (RISC) chips, of which the PIC microcontroller is an example.
The CPU needs memory and input/output devices for getting data in, storing it and sending it out again. The main memory block is made up of RAM chips, which are generally mounted in Dual In-line Memory Modules (DIMMs). As far as possible, input/output (I/O) interfacing hardware is fitted on the motherboard (keyboard, mouse, USB, etc., preferably wireless), but additional peripheral interfacing boards may be fitted in the expansion card slots to connect the main board to extra disk drives and other specialist peripherals, traditionally using the PCI bus, a parallel data highway 32 bits wide. 
All these parts are connected together via a pair of bus controller chips, which handle parallel data transfers between the CPU and the system. The ‘northbridge’ provides fast access to RAM and the graphics (screen) interface, while its partner, the ‘southbridge’, handles slower peripherals such as the disk drives, network and PCI bus. The motherboard itself can be represented as a block diagram (Figure 1.4) to show how the components are interconnected.
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	Figure 1.4 Block diagram of PC motherboard




The block diagram shows that the CPU is connected to the peripheral interfaces by a set of bus lines. These are groups of connections on the motherboard, which work together to transfer the data from the inputs, such as the keyboard, to the processor, and from the processor to memory. When the data has been processed and stored, it can be sent to an output peripheral, such as the screen.
Buses connect all the main chips in the system together, but, because they mainly operate as shared connections, can only pass data to or from one peripheral interface or memory location at a time. This arrangement is used because separate connections to all the main chips would need an impossible number of tracks on the motherboard. The disadvantage of bus connection is that it slows down the program execution speed, because all data transfers use the same set of lines, and only one data word can be present on the bus at any one time. To help compensate for this, the bus connections are as wide as possible. For example, a 64-bit bus, operating at 100MHz (108Hz), can transfer 6.4 gigabits (6.4×109 bits) per second. The current generation of Intel® CPUs also use multiple (typically 4) 64-bit cores in one chip to improve performance.

1.1.3. PC Memory
There are two principal types of memory in the PC system. The main memory block is RAM, where input data is stored before and after processing in the CPU. The operating system and application program are also copied to RAM from disk for execution, because access to data in RAM is faster. Unfortunately, RAM storage is ‘volatile’, which means that the data and application software disappear when the PC is switched off, and these have to be reloaded each time the computer is switched back on.
This means that some read-only memory (ROM), which is non-volatile, is needed to get the system started at switch on. The basic input/output system (BIOS) ROM chip contains enough code to check the system hardware and load the main operating system software from disk. It also contains some basic hardware control routines so that the keyboard and screen can be used before the main system has been loaded.
The hard disk is a non-volatile, read and write storage device, consisting of a set of metal disks with a magnetic recording surface, read/write heads, motors and control hardware. It provides a large volume of data storage for the operating system, application and user files. The applications are stored on disk and then selected as required for loading into memory; because the disk is a read and write device, user files can be stored, applications added and software updates easily installed. Standard hard disk drives can now hold over 1TB (1terabyte=1012 bytes) of data.
The PC system quickly becomes ever more elaborate, and this description may well already be out of date in some respects. However, the basic principles of microprocessor system operation are the same as established in the earliest digital computers, and these also apply to microcontrollers, as we will see.


1.2. Word-Processor Operation
In order to understand the operation of the PC microprocessor system, we will look at how the word-processor application uses the hardware and software resources. This will help us to understand the same basic processes that occur in microcontrollers.
1.2.1. Starting the Computer
When the PC is switched on, the RAM is empty. The operating system, application software and user files are all stored on the hard disk, so the elements needed to run the word processor must be transferred to RAM for quick access when using the application. The BIOS gets the system started. It checks that the hardware is working properly, loads (copies) the main operating system software (e.g. Windows) from hard disk into RAM, which then takes over. As you will probably have noticed, this all takes some time; this is because of the amount of data transfer required and the relatively slow access to the hard drive.

1.2.2. Starting the Application
Windows displays an initial screen with icons and menus, which allow the application to be selected by clicking on a shortcut. Windows converts this action into an operating system command which runs the executable file (WINWORD.EXE, etc.) stored on disk. The application program is transferred from disk to RAM, or as much of it as will fit in the available memory. The word-processor screen is displayed and a new document file can be created or an existing one loaded by the user from disk. 

1.2.3. Data Input
The primary data input is from the keyboard, which consists of a grid of switches that are scanned by a dedicated microcontroller within the keyboard unit. This chip detects when a key has been pressed, and sends a corresponding code to the CPU via a serial data line in the keyboard cable, or wirelessly. The serial data is a sequence of voltage pulses on a single wire, which represent a binary code, each key generating a different code. The keyboard interface converts this serial code to parallel form for transfer to the CPU via the system data bus. It also signals separately to the CPU that a keycode is ready to be read into the CPU, by generating an ‘interrupt’ signal. This serial-to-parallel (or parallel-to-serial) data conversion process is required in all the interfaces that use serial data transfer, such as the keyboard, screen and network (see the appendices for more information on binary coding, and serial and parallel data).
The mouse is a convenient pointer controller for selecting options on screen and drawing graphics. The original mouse used two rollers set at right angles, with perforated disks attached. The holes were detected using an opto-sensor, sending pulses representing movement in two directions to the CPU. This mechanism has been replaced with direct optical sensing of variations in the surface under the mouse, using complex software to extract the direction and speed information. This also eliminates unreliable mechanical components.
Data input from a network or USB source is also in serial form, while the internal disk interface is traditionally in parallel, direct onto the peripheral bus. The parallel connection is inherently faster, since data bits are transferred simultaneously on all bus lines.

1.2.4. Data Storage
The character data is received by the CPU from the keyboard, or other interface, in parallel form, via the internal data bus. It is stored in a CPU register and then copied back to RAM. RAM locations are numbered and accessed via the system address bus, a set of lines that select a location as a binary number. This is why the CPU has so many pins: for speed of transfer, all data and address pins, and control lines, are separately connected to the northbridge controller via the frontside bus, and hence to the RAM. The data is stored in RAM as charge on the gate of an electronic switch, a field effect transistor (FET; see Appendix B). When charged, the FET is switched on, and this state can be read back at a later time. The addressing system accesses an array of these switches in rows and columns to store and retrieve bits of data. Each byte has a unique address.

1.2.5. Data Processing
The data processing in the CPU required by a simple text editor is minimal; the input characters are simply stored as binary code and displayed, with a separate graphics processor converting the character code to a corresponding symbol on the screen. Nevertheless, the word-processor program has to handle different fonts, word wrapping at the end of lines and so on. It also has to handle text, page and document formatting, menu systems and the user interface. Editing embedded graphics is a bit more complex, since each pixel needs handling separately. The most demanding applications are those where the real world is simulated in a computer model in order to make predictions about the behavior of complex systems. Weather forecasting is an extreme example; the fact that we can still only forecast accurately a few days ahead illustrates the limitations of such system modeling, even on the most powerful computers.
The circuit simulation software used in this book, Proteus VSM, combining traditional circuit analysis with an interactive interface, is a good example of system modeling in a PC. It takes a circuit created as a schematic and applies network analysis (lots of simultaneous equations) to predict its operation when constructed. For digital elements, logic modeling is needed, and then the analogue and digital domains are co-simulated. Component characteristics and input variables are typically represented by 32-bit binary numbers, which correspond to decimal numbers in exponential form (as on a scientific calculator). The processor needs to be able to manipulate these circuit variables simultaneously to represent the circuit conditions at a series of points in time. The output is calculated and displayed via animated circuit components or virtual instruments, or graphically. Numerous examples are to follow!

1.2.6. Data Output
Going back to the word processor, the characters must be displayed on the screen as they are typed in, so the character codes stored in memory are also sent to the screen via the graphics interface. The display is made up of single colored dots (pixels) organized in lines across the screen, which are accessed in sequence, forming a scanned display. The shape of the character on screen must be generated from its code in memory, and sent out on the correct set of lines at the right time. The display must therefore be created as a two-dimensional image made up from a serial data stream which sets the color of each pixel on the screen in turn, line by line, where each line of text occupies a set of adjacent lines. The exact arrangement depends on the font type and size.
If a file is transferred on a network, it must also be sent in serial form. The characters (letters) in a text file are normally sent as ASCII code, along with formatting information and network control codes. ASCII code represents one character as one byte (8 bits) of binary code, and is therefore a very compact form of the data. The code for the letter ‘A’ (upper case), for example, is 01000001.
The printer works in a similar way to the screen, except that the output is generated as lines of dots of ink on a page. In an inkjet printer, you can see the scanning operation taking place. These days, printer data is usually transferred in serial form on a USB, wireless or network link. The printer itself is capable of formatting the final output; only the character code and any formatting codes are needed. A portable document format (PDF) file is a standard output format for the display and printing of documents containing text and graphics.
The operation of the word processor can be illustrated using a flowchart, which is a graphical method of describing a sequential process. Figure 1.5 shows the basic process of text input and word wrapping at the end of each line. Flowcharts will be used later to represent microcontroller program operation.
	[image: B9780080969114100011/f01-05-9780080969114.jpg is missing]

	Figure 1.5 Word-processor flowchart






1.3. Microprocessor Systems
All microprocessor systems perform the same essential functions, that is, data or signal input, storage, processing and output. However, the PC is a relatively complex microprocessor system, with a hierarchical bus structure, which has developed to improve system performance by alleviating the bus bottleneck of earlier designs. The Intel PC processor itself also has many additional performance-enhancing features such as cache memory, multiple processing pipelines and multiple cores. To understand the microcontroller, we need to go back to a simpler system. 
The basic microprocessor system needs a certain set of chips, with suitable interconnections, as follows:
• CPU

• RAM

• ROM

• I/O ports.


These devices must be interconnected by:
• Address bus

• Data bus

• Various control lines.


These buses and control lines originate from the CPU, which is in charge of the system. RAM and ROM chips are usually general purpose hardware, which can be used in any system. The I/O chips are sometimes designed to work with a particular processor, but all provide specific interfacing functions. In a basic system, this would be simple digital input and output, with perhaps a serial port providing an RS232 (see Chapter 12) type data link.
Additional support chips are needed to make a CPU system work. In a minimal system, an address decoder is needed to select the memory chip or I/O device required for a data transfer to or from the CPU. This system is illustrated in Figure 1.6 a, and there is further information about microprocessor system operation in Chapter 14 and Appendix C.
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	Figure 1.6 Microprocessor system: (a) block diagram; (b) typical memory map




1.3.1. System Operation
The CPU controls the system data transfers via the data and address buses and additional control lines. A clock circuit, usually containing a crystal oscillator (as found in digital watches), is required; this produces a precise fixed frequency signal that drives the microprocessor along. The CPU operations are triggered on the rising and falling edges of the clock signal, allowing their exact timing to be defined. This allows events in the CPU to be completed in the correct sequence, with sufficient time allowed for each step. The CPU generates all the main control signals based on the clock. A given CPU can be used in different system designs, depending on the type of application, the amount of memory needed, the I/O requirements and so on.
The address decoder controls access to memory and I/O registers for a particular design. Typically, a programmable logic device (PLD) is used to allocate each memory chip to a specific range of addresses. An input address code in a particular range generates a chip select output, which enables that device. The I/O port registers, which are set up to handle the data transfer in and out of the system, are also allocated particular addresses by the same mechanism, and accessed by the CPU in the same way as memory locations. The allocation of addresses to particular peripheral devices is called a memory map (Figure 1.6 b). 

1.3.2. Program Execution
The ROM and RAM will contain program code and data in numbered locations, that are selected by a binary code at its address inputs. If the program is in ROM, it can start immediately (as in the PC BIOS), but RAM must be loaded from a non-volatile program store, such as a hard disk.
A register is a temporary store for data within the CPU or port. In the port chip, it holds working data or a control code which sets up how the port will operate. For example, the bits in the data direction register control whether each port pin operates as an input or an output. The data being sent in or out is then stored temporarily in the port data register.
The program consists of a list of instructions in binary code stored in memory, with each instruction and any associated data (operands) being stored in sequential locations. The program instruction codes are fetched into the CPU and decoded. The CPU sets up the internal and external control lines as necessary and carries out the operation specified in the program, such as read a character code from the serial port into the CPU. The instructions are executed in order of their addresses, unless the instruction itself causes a jump to another point in the program, or an ‘interrupt’ (signal) is received from an internal or external source. The program counter keeps track of the current step. 

1.3.3. Execution Cycle
Program execution is illustrated in Figure 1.7. Assuming that the application program code is in RAM, the program execution cycle proceeds as follows:
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	Figure 1.7 Program execution sequence




1. The CPU outputs (1) the address of the memory location containing the required instruction (this address is kept in the program counter). The sample address is shown in hexadecimal form (3A24) in Figure 1.7, but it is output in binary form on the address lines from the processor (for an explanation of hex numbering see Appendix A). The address decoder logic uses the address to select the RAM chip that has been allocated to this address. The address bus also connects directly to the RAM chip to select the individual location, giving a two-stage memory location select process.

2. The instruction code is returned to the CPU from the RAM chip via the data bus (2). The CPU reads the instruction from the data bus into an instruction register. The CPU then decodes and executes the instruction (3). The operands (code to be processed) are fetched (4) from the following locations in RAM via the data bus, in the same way as the instruction.

3. The instruction execution continues by feeding the operand(s) to the data processing logic (5). Additional data can be fetched from memory (6). The result of the operation is stored in a data register (7), and then, if necessary, in memory (8) for later use. In the meantime, the program counter has been incremented (increased) to the address of the next instruction code. The address of the next instruction is then output and the sequence repeats from step 2.


The operating system, the application program and the user data are stored in different parts of RAM during program execution, and the application program calls up operating system routines as required to read in, process and store the data. PC processors have multi-byte instructions, which are stored in multiple 8-bit locations, and use complex memory management techniques to speed up program execution.


1.4. Microcontroller Applications
We have now looked at some of the main ideas to be used in explaining microcontroller operation: hardware, software, how they interact and how the function of complex systems can be represented using block diagrams and flowcharts.
The microcontroller provides, in a simplified form, all the main elements of the microprocessor system on a single chip. As a result, less complex applications can be designed and built quickly and cheaply. A working system can consist of a microcontroller chip and just a few external components for feeding data and signals in and out. They tend to be used for control operations requiring limited amounts of memory but operating at high speed, with external hardware attached only as required by a specific application.
As an example of a typical microcontroller system, a digital camera, is shown in Figure 1.8 (a), with the microcontroller clearly visible as the large black chip on the main board. A block diagram is a useful way of identifying the main components and the connections between them Figure 1.8 (b). This is called a mechatronic application, because it has a lot of mechanical components as well as electronics.
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	Figure 1.8 Typical microcontroller system: (a) digital camera (MCU labeled); (b) block diagram of digital camera




1.4.1. Microcontroller Application Design
A simple microcontroller-based equivalent of the word-processing application described above is shown in Figure 1.9. The purpose of the system is to store and display numbers that are input on the keypad. Four inputs and three outputs are required for keypad connection to the microcontroller, but to simplify the drawing, these parallel connections are represented by the block arrows. The operation of the keypad is explained in more detail in Chapter 13 (see Figure 13.3). The seven segment displays show the input numbers as they are stored in the microcontroller. Each display digit consists of seven light-emitting diodes (LEDs), such that each digit from 0 to 9 is displayed as a suitable pattern of lit segments.
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	Figure 1.9 Keypad display system: (a) block diagram; (b) schematic; (c) flowchart (MSD: most significant digit; LSD: least significant digit)




The basic display program works as follows: when a key is pressed, the digit is displayed on the right (least significant) digit, and subsequent keystrokes will cause the previously entered digit to shift to the left, to allow decimal numbers up to 99 to be stored and displayed. Calculations could then be performed on the data, and the result displayed. Obviously, real calculators have more digits, but the principle is the same.
The block diagram can then be converted into a circuit diagram using schematic capture software. Labcenter ISIS, part of the Proteus VSM package, has been used to create Figure 1.9 (b). A provisional choice of microcontroller must be made (which can be changed later) and the connections worked out. The PIC 16F690 has been selected here because it has a suitable number of inputs and outputs available, and is used on the Microchip Technology Inc. (Microchip) demonstration board to be studied later. A programming connector is also needed to get the program into the MCU. It is not necessary to include this in the block diagram, as it is implicit in the PIC design.
The starting point for writing the program for the microcontroller is to convert the general specification such as that given above into a description of the operations, which can be programmed into the chip using the set of instructions that are available for that microcontroller. The instruction set is defined by the manufacturer of the device. The process by which the required function is implemented is called the program algorithm, which can be described using a flowchart (Figure 1.9 c). 
This flowchart is now converted into a program, which is listed as Program 1.1. This source code is typed into a text editor and converted into a machine code program in the host PC, and downloaded to the chip via a programming module connected to the USB port (Figure 1.11). The main object of this book is to provide the reader with sufficient information to develop this kind of simple application, with a view to progressing to more complex projects. Proteus VSM allows the circuit to be tested on screen, with this program attached to the MCU. Animated inputs and outputs provide instant results, allowing the program to be developed and debugged quickly and easily (see Appendix E). The list file shown contains the source code and machine code, which will be explained in the next chapter.
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	Program 1.1 Keypad program list file




With suitable development of the software and hardware, the system could be modified to work as a calculator, message display, electronic lock or similar application; for example, more digits could be added to the display. Keyboard scanning and display driving are standard operations for microcontrollers, and the techniques mentioned here to create a working application will be discussed fully in later chapters. 

1.4.2. Programming a Microcontroller
For the examples in this book, we will be using PIC chips that have flash ROM program memory, which can be easily erased and reprogrammed. This is very useful when learning,  but also allows the firmware (microcontroller program) to be upgraded in any application, e.g. adding an app to a mobile phone, or upgrading its operating system. It is the same kind of memory used to store the image data in the SD card in the camera, and for general storage in a memory stick.
There are two ways of programming the PIC microcontroller. The preprogramming system is shown in Figure 1.10. The programming interface is the basic PICSTART Plus module, which accepts dual-in line (DIL) pin-out PIC chips up to 40 pins in a zero insertion force socket. The serial connection to the host PC COM port is made via an RS232 lead. This protocol is rather slow, and the COM port connector is not usually fitted to current PCs, so it is being replaced by USB in current programmers. 
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	Figure 1.10 Preprogramming a PIC microcontroller: (a) block diagram; (b) programming unit
(courtesy of Microchip™ Technology Inc.); (c) demo target board



Alternatively, the PIC can be programmed in circuit, that is, after it has been fitted into the finished circuit board. This is known as in-circuit serial programming (ICSP), and the same hardware can also support in-circuit testing and debugging (ICD), as seen in Figure 1.11. The in-circuit programming module is the Microchip ICD2, which connects to the host via USB and to the target system via a six-way RJ-45 connector. In this case, the application board is the PIC Mechatronics demo board, which is used to investigate control of brushed dc motors and stepper motors.
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	Figure 1.11 In-circuit programming: (a) block diagram; (b) ICSP/ICD programming interface and PIC mechatronics target board




The program is written as a text file and converted (assembled) to machine code (hex) in the host computer, using suitable development system software, usually Microchip MPLAB integrated development environment (IDE). Mistakes in the source code must be corrected before a hex file can be successfully created. The program operation can then be tested in MPLAB and downloaded to the target system.
Electronic computer-aided design (ECAD) software such as Proteus VSM also allows us to simulate the circuit on screen, in order to debug the program before downloading. The complete circuit can then be checked for correct operation, ideally by running the microcontroller in debug (fault-finding) mode, if this is supported by that particular device. All these techniques will be explained later on.
The basic technology for implementing digital systems is described in appendices at the back of this book. If you are not familiar with any of these hardware concepts, please refer to these sections as necessary. Appendix A covers information coding and assembler programs, Appendix B describes the basic electronics of digital systems, and Appendix C show how these work together to provide data input, storage, processing and storage devices.

Questions 1
1. Name at least two PC user input devices, two user output devices and two storage devices.(6)

2. Why is the BIOS ROM needed to start the PC, and why does the start-up take some time?(4)

3. Why are shared bus connections used in a microprocessor system, even though it slows down program execution?(2)

4. State two advantages of the PC hardware modular design.(4)

5. State the differences between ROM and RAM and the significance for operation of the PC and typical MCU.(4)

6. State the function, in one sentence, of the following microprocessor system elements:
(a) CPU(2)

(b) ROM(2)

(c) RAM(2)

(d) Address bus(2)

(e) Data bus(2)

(f) Address decoder(2) 

(g) Program counter(2)

(h) Instruction register.(2)




7. Explain the essential differences between a typical microprocessor system and microcontroller, and their applications.(8)

8. Outline the stages in the development of a microcontroller application. (6)


Answers on page 417–18.(Total 50 marks)






Activities 1
1. Open the system folder (control panel, system, device manager) on a PC or laptop and list the hardware features of the system, noting the characteristics of the CPU, memory and all the interfaces installed. Investigate why a ‘software driver’ is needed for each peripheral device, and report briefly on each, identifying the interface hardware, its function, driver name, version and other relevant information.

2. Under supervision if necessary, carry out the following investigation:
 Disconnect the power supply, remove the cover of the main unit of a desktop PC and identify the main hardware subsystems: power supply, motherboard and disk units. On the motherboard, identify the CPU, RAM modules, expansion slots, and the keyboard, graphics, disk and network interface. Photograph or sketch and identify the system main unit components. Compile an inventory of the system hardware, including relevant information from Activity 1.




3. Run a word processor and study the process of word wrapping, which occurs at the end of each line. Describe the algorithm that determines the word placement, and the significance of the space character in this process. Draw a flowchart to represent this process.

4. Select a typical microcontroller application, such as a mobile phone or coffee machine, write a description of how it works and devise a block diagram of the system, as shown in the digital camera in Figure 1.8.
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Chapter Points

• The PIC microcontroller contains a program execution section and a register processing section.

• The program is list of binary machine code instructions stored in flash memory.

• The program counter steps through the program addresses, and the instructions are decoded and executed.

• Data is transferred via port registers, stored in RAM/registers and processed in the ALU.

• Special function registers store control, setup and status information.

• Instructions move or process data, or control the execution sequence.

• The content of the data registers is manipulated as single data words or using register pairs.

• Program jumps can be unconditional or conditional, using bit testing or status bits to determine the sequence.

• Subroutines are distinct program blocks which operate using call, execute and return.




In Chapter 1, some basic ideas about microprocessor system operation were introduced. In order to understand the operation of a typical microcontroller (MCU), some knowledge of both the internal hardware arrangement and the instruction set is required, so in this chapter we will look at some basic elements of PIC® microcontroller architecture and essential features of machine code programs.
If necessary, the reader should refer to the appendices for details of number systems and assembler coding (Appendix A), logic circuit devices (Appendix B) and data system operation (Appendix C). These will also allow the PIC microcontroller data sheets, which form the primary technical reference, to be more readily understood. All PIC data sheets can be downloaded from the Microchip website www.microchip.com, by selecting MCUs, 8-bit, PIC 16 Family. A table of all 16 series chips, in numerical order, allows their features to be compared and their PDFs to be downloaded and stored locally for ease of access.
2.1. Microcontroller Architecture
The architecture (internal hardware arrangement) of a complex chip is best represented as a block diagram. This allows the overall operation to be described without having to analyze the internal circuit, which is extremely complex, in detail. PIC data sheets contain a definitive block diagram for each chip. Our starting point is the PIC 16F84A chip, because it has all the basic features but none of the more advanced elements that will be covered later. Also, the model for this chip is provided in the entry-level Proteus VSM microcontroller simulation package. Unfortunately, this chip is now effectively obsolete for new designs and is relatively expensive compared with more recently introduced chips, which actually have more features, such as the 16F690 that we will examine later on.
Simplified versions of the block diagrams from the data sheets will be used to help explain particular aspects of the chip operation. A general block diagram that shows some of the common features of PIC microcontrollers is seen in Figure 2.1. It shows that the MCU can be considered in two parts: the program execution section and the register processing section. Note that the program and data are accessed separately, and do not share the same data bus, as is the case within some processor systems. This arrangement, known as Harvard architecture, increases overall program execution speed. The timing and control block coordinates the operation of the two parts as determined by the program instructions, and responds to external control inputs, such as the reset and interrupts.
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	Figure 2.1 General microcontroller block diagram




The program execution section contains the program memory, instruction register and control logic, which store, decode and execute the program. The register processing section has a block of random access memory (RAM), which starts with the special function registers (SFRs) that are used to control the processor operations, including the port registers, which are used for input and output. The rest of this RAM block provides general purpose registers (GPRs) for data storage. The arithmetic and logic unit (ALU) processes the data, e.g. add, subtract and compare.
In some microcontrollers and microprocessors, the main data register is called the accumulator (A), but the name working register (W), used in the PIC system, is a better description. It holds the data that the processor is working on at the current time, and most data has to pass through it. For example, if a data byte is to be transferred from the port register to a RAM data register, it must be moved into W first. The working register works closely with the ALU in the data processing operations. Instructions may operate on W or on the RAM register, which includes the ports and SFRs.
2.1.1. Program Memory
Microcontrollers used for prototyping and short production runs use flash memory to store the program. The program can be downloaded while the chip is in the application circuit (in-circuit programming). Alternatively, the chip is placed in a programming unit attached to the host computer for program downloading, before fitting it in the application board. For longer production runs, preprogrammed chips can be ordered from the manufacturer, which use mask programmed ROM, where the program is incorporated during chip fabrication.
The PIC 16 program consists of a list of 14-bit binary codes, each containing the instruction and operand (data) in one operation code. The program starts at address zero and the instructions are executed in turn unless a branch instruction or an external ‘interrupt’ occurs. Usually, the last instruction causes a loop back to repeat the control sequence. The capacity of the program memory block is one of the most significant features of each PIC, varying from 1024 to 8096 instructions in the 16 series. The higher power PIC 18, 24, 32 and dsPIC ranges offer more memory, input/output (I/O) and peripheral features.

2.1.2. Program Counter
The Program Counter (PC) is a register that keeps track of the program sequence, by storing the address of the instruction currently being executed. It is automatically loaded with zero when the chip is powered up or reset. The program counter is file register number 2 in the SFR set. As each instruction is executed, PC is incremented (increased by one) to point to the next instruction. Program jumps are achieved by reloading PC to point to an instruction other than the next in sequence. This new address is provided in the instruction.
Often, it is necessary to jump from address zero to the start of the actual program at a higher address, because special control words must be stored in particular low addresses. Specifically, PIC 16 devices use address 004 to store the ‘interrupt vector’ (start address of the interrupt routine). In this case, the main program must not be located at address zero; instead, a jump to a higher address should be placed there. An assembler directive is then needed to place the start of the program at a higher address. This problem can be ignored for programs that do not use interrupts, and such simple programs will be located by default at address zero. Interrupts will be explained in more detail later.
Associated with the program counter is the ‘stack’. This is a temporary program counter store. When a subroutine is executed (see Chapter 5, Section 5.2.4), the stack register temporarily stores the current address, so that it can be recovered at a later point in the program. It is called a stack because the addresses are restored to the PC in the reverse order to which they were stored, that is, ‘last in, first out’ (LIFO), like a stack of plates.

2.1.3. Instruction Register and Decoder
To execute an instruction, the processor copies the instruction code from the program memory into the instruction register (IR). It can then be decoded (interpreted) by the instruction decoder, which is a combinational logic block which sets up the processor control lines as required. These control lines are not shown explicitly in the block diagram, as they go to all parts of the chip, and would make it too complicated. In the PIC, the instruction code includes the operand (working data), which may be a literal value or register address. For example, if a literal (a number) given in the instruction is to be loaded into the working register (W), it is placed on an internal data bus and the W register latch enable lines are activated by the timing and control logic. The internal data bus can be seen in the manufacturer's block diagram (Figure 1-1 in the PIC 16F84A data sheet). 

2.1.4. Timing and Control
This sequential logic block provides overall control of the chip, sending signals to all parts of the chip to move the data around and carry out logical operations and calculations (see Appendix C). A clock signal is needed to drive the program sequence; it is traditionally derived from an external crystal oscillator, which provides an accurate, fixed frequency signal. More recent chips have an internal oscillator, which saves on external components.
A maximum frequency of operation is always specified; most current PIC 16 chips run at a maximum of 20 MHz, although newer designs reach 32 MHz. All can operate at any frequency below this maximum, down to 0 Hz. This is referred to as a static design: the clock can be stopped and the current MCU status will be retained. It takes four clock cycles to execute one instruction, unless it involves a jump, when it is eight. However, the execution of successive instructions overlaps to double the effective speed (pipelining; see data sheet).
The program starts automatically at program location zero, as long as the reset input is connected high (power-on reset). If required, a push button reset can be connected, which takes this input low for a manual reset. This should not normally be needed, but if there is a bug in the program or another system fault that causes the program to hang (get stuck in loop), a manual reset is useful, particularly during prototyping.
The only other way to stop or redirect a continuous loop is via an interrupt. Interrupts are signals generated externally or internally, which force a change in the sequence of operations. If an interrupt source goes active in the PIC 16, the program will restart at program address 004, where the sequence known as the ‘interrupt service routine’ (or a jump to it) must be stored. More details are provided in Chapter 6.

2.1.5. Arithmetic and Logic Unit
This is a combinational logic block that takes one or two input binary words and combines them to produce an arithmetic or logical result. In the PIC, it can operate directly on the contents of a register, but if a pair of data bytes is being processed (e.g. added together), one must be in W. The ALU is set up according to the requirements of the instruction being executed by the timing and control block. Typical ALU/register operations are detailed later in this chapter.

2.1.6. Port Registers
Input and output in a microcontroller are achieved by simply reading or writing a port data register. If a binary code is presented to the input pins of the chip by an external device (e.g. a set of switches), the data is latched into the register allocated to that port when it is read in the program. This input data can then be moved (or more accurately, copied) into another register for processing. If a port register is initialized for output, the code moved to its data register is immediately available at the pins of the chip. It can then be displayed externally, for example, on a set of light-emitting diodes (LEDs).
Each port has a ‘data direction’ register associated with its data register. This allows each pin to be set individually as an input or output before the data is read from or written to the port data register. A ‘0’ in the data direction register sets the port bit as an output, and a ‘1’ sets it as an input. These port registers are mapped (addressed) as SFRs, starting from register 05 for port A, 06 for port B, and so on in the original PIC 16 specification. In more recently introduced chips (e.g. 16LF1826), which need more registers, the ports start at 0Ch (h is a suffix indicating a hexadecimal number; see Appendix A). The port data direction registers are mapped into a second register bank (bank 1) with addresses starting at 85h for port A, 86h for port B, and so on.

2.1.7. Special Function Registers
These numbered registers provide dedicated program control registers and processor status bits. In the PIC, the program counter, port registers and spare registers are all mapped as part of a block that starts at zero and ends at 0Bh in the 16F84A. For example, the program counter is register number 02. The working register is the only one that is not located in the main register block, and is accessed by specifying it in the instruction.
All processors contain control and status registers whose bits are used individually to set up the processor operating mode, or record significant results from those operations. In the PIC 16, the status register is located at SFR 03. The most frequently used bit is the zero flag. This is internally set to 1 if the result of any operation is zero in the destination register (the register that receives the result). The carry (C) flag is another bit in the status register; it is set if the result of an arithmetic operation produces a carry-out of the most significant bit of the destination register, that is, the register overflows.
The status register bits are often used to control program sequence by conditional branching. Alternate sections of code are executed depending on the condition of the status flag. In the PIC instruction set, this is achieved by an instruction that tests the bit and skips the next instruction if it is 0 or 1. The bit test and skip instruction is generally followed by a jump instruction to take the execution point to another part of the program, or not, as the case may be. This will be explained more fully in the next section.
The most important SFRs in the 16F84A are listed in Table 2.1. The RAM is divided into blocks, where bank 0 contains registers 00h to 7Fh, bank 1 registers 80h to FFh and so on, that is, 128 registers per bank. The SFRs are located at the bottom (lowest addresses) of each register bank (but the data sheet RAM block diagram shows them at the top). Some registers are duplicated in different banks (e.g. program counter, PCL), while others are unique (e.g. data direction register, TRISA). More complex chips that need more registers have extra banks of RAM. For example, the 16LF1826 has eight. The exact arrangement for each chip must be carefully studied in the data sheet before attempting any programming for that chip. A standard header file is available for all chips which assigns the data sheet labels to the SFRs.
Table 2.1 Selected PIC 16 special function registers
	File Register Address	Name	Function
	Bank 0		
	01	TMR0	Timer/Counter allows external and internal clock pulses to be counted
	02	PCL	Program Counter stores the current execution address
	03	STATUS	Individual bits record results and control operational options
	05	PORTA	Bidirectional input and output bits
	06	PORTB	Bidirectional input and output bits
	0B	INTCON	Interrupt control bits
	Bank 1		
	85	TRISA	Port A data direction bits
	86	TRISB	Port B data direction bits




2.2. Program Operations
We can see in Appendix A that a machine code program consists of a list of binary codes stored in the microcontroller memory. They are decoded in sequence by the processor block, which generates control signals that set up the microcontroller to carry out the instruction. Typical operations are:
• Load a register with a given number.

• Copy data from one register to another.

• Carry out an arithmetic or logic operation on a data word.

• Carry out an arithmetic or logic operation on a pair of data words.

• Jump to an alternative point in the program.

• Test a bit or word and jump, or not, depending on the result of the test.

• Jump to a subroutine, and return later to the same point.

• Carry out a special control operation.


The machine code program must be made up only from those binary codes that the instruction decoder will recognize. These codes can be read off from the instruction set given in the data sheet. When computers were first developed, this was exactly how the program was entered, in binary, using a set of switches. This is obviously time consuming and inefficient, and it was soon realized that it would be useful to have a software tool that would generate the machine code automatically from a program written in a more user-friendly form. Assembly language programming was therefore developed, when computer hardware had moved on enough to make it practicable. 
Assembly language allows the program to be written using mnemonic (memorable) codes. Each processor has its own set of instruction codes and corresponding mnemonics. For example, a commonly used instruction mnemonic in PIC programs is ‘MOVWF’, which means move (actually copy) the contents of the working register (W) to a file register that is specified as the operand. The destination register is specified by number (file register address), such as 0Ch (the first general purpose register in the PIC 16F84A). The complete instruction is:
MOVWF0C
This is converted by the assembler software (MPASM.EXE) to the hexadecimal code specified in the instruction set:
008C
The binary code stored in program memory is therefore
0000001 0001100
Note that the instruction is 14 bits in total, with the operand represented, in this case, by the last seven bits, and the operation code the first seven. The op-code bits are used by the instruction decoder to select the correct source and destination registers (W and SFR 0C) prior to the operation. A following clock edge will then trigger the copy operation on the internal data bus.
There are two main types of instruction, with four identifiable subgroups within each:
1. Data processing operations:
MOVE:copy data between registers

REGISTER:manipulate data in a single register

ARITHMETIC:combine register pairs arithmetically

LOGIC:combine register pairs logically.




2. Program sequence control operations:
UNCONDITIONAL JUMP:jump to a specified destination

CONDITIONAL JUMP:jump, or not, depending on a test

CALL:jump to a subroutine and return

CONTROL:miscellaneous operations.





Together, these types of operations allow inputs to be read and processed, and the results stored or output, or used to determine the subsequent program sequence.
A complete assembly language example is shown in the final section of Chapter 1. Program 1.1 is the list file KEY690.LST, whose function is to read a keypad and display the inputs. The source code mnemonics are on the right, with the machine code in column 2 and the memory location where each instruction is stored in column 1. 
2.2.1. Single Register Operations
The processor operates on 8-bit data stored in RAM registers and W. The data can originate in three ways:
• A literal (numerical value) provided in the program

• An input via a port data register

• The result of a previous operation.


This data is processed using the set of instructions defined for that processor. Table 2.2 shows a typical set of operations that can be applied to a single register. The same binary number is shown before processing, and then after the operation has been applied to the register.
Table 2.2 Single register operations
	∗Carry bit included.

	
	Operation	Before		After	Comment
	CLEAR	0101 1101	→	0000 0000	Reset all bits to zero
	INCREMENT	0101 1101	→	0101 1110	Increase value by one
	DECREMENT	0101 1101	→	0101 1100	Decrease value by one
	COMPLEMENT	0101 1101	→	1010 0010	Invert all bits
	ROTATE LEFT	0101 1101	→	1011 1010	Move all bits left by one place∗
	ROTATE RIGHT	0101 1101	→	1010 1110	Move all bits right by one place∗
	CLEAR BIT	0101 1101	→	0101 0101	Clear bit (3) to 0
	SET BIT	0101 1101	→	1101 1101	Set bit (7) to 1


As an example of how these operations are specified in mnemonic form in the program, the hex and assembler code to increment a PIC register is:
0A86INCF06
Register number 06 happens to be port B data register, so the effect of this instruction can be seen immediately at I/O pins of the chip. The corresponding machine code instruction is 0A86h, or 00 1010 1000 0110 in binary (14 bits). As you can see, it is easier to recognize the mnemonic form. Bit 7 of the instruction code is significant in that it determines the destination of the result. The default is ‘1’, which causes the result to be left in the RAM register. ‘0’ places it in W, which helps to reduce the number of move instructions required.
An example of a single register operation appears at line 33 in the keypad program, CLRF PORTC, which sets all the output bits connected to the display to zero, switching it off. 

2.2.2. Register Pair Operations
Table 2.3 shows basic operations that can be applied to pairs of registers. The result is retained in one of them, the destination register. The data to be combined with the contents of the destination register is obtained from the source register, typically W or a literal (number supplied in the instruction). The source register contents generally remains unchanged after the operation.
Table 2.3 Operations on register pairs
	Operation		Before		After	Comment
	MOVE					
		Source	0001 1100		0001 1100	Copy operation
		Destination	xxxx xxxx	→	0101 1100	Overwrite destination with source
	ADD					
		Source	0001 1100		0001 1100	Arithmetic operation
		Destination	0001 0010	→	0010 1110	Add source to destination
	SUB					
		Source	0001 0010		0001 0010	Arithmetic operation
		Destination	0101 1100	→	0100 1010	Subtract source from destination
	AND					
		Source	0001 0010		0001 0010	Logical operation
		Destination	0101 1100	→	0001 0000	AND source & destination bits
	OR					
		Source	0001 0010		0001 0010	Logical operation
		Destination	0101 1100	→	0101 1110	OR source & destination bits
	XOR					
		Source	0001 0010		0001 0010	Logical operation
		Destination	0101 1100	→	0100 1110	Exclusive OR source & destination bits


The meaning of each type of instruction is explained below, with examples from the PIC instruction set. As noted above, there is an option to store the result in W, the working register, if that is the source. Note also that the PIC 16 instruction set does not provide moves directly between file registers; all data moves are via W.
Status bits are modified by specific register operations. The zero flag (Z) is invariably affected by arithmetic and logic instructions, and the carry flag (C) by arithmetic ones, including rotate. The effect on the source, destination and status registers of each instruction is specified in the instruction set, and this needs to be studied thoroughly before attempting to write assembler programs. The binary, hex and assembler code is given, together with the flag(s) affected, if any, in the following examples. 
Move
The most commonly used instruction in any program simply moves data from one register to another. It is actually a copy operation, as the data in the source register remains unchanged until overwritten.
00100000001100080CMOVF0C,W(Z)
This instruction moves the contents of register 0Ch (1210) into the working register. Note that bit 7, selecting the destination, is ‘0’ for W, which has to be specified in the instruction.
00000010001100008CMOVWF0C
This instruction is the reverse move, from W to register 0Ch. Bit 7 is now ‘1’, and the zero flag is not affected, even if the data is zero.
An example of the move instruction is seen at line 46 in the keypad program, MOVWF PORTC, which outputs a binary code to operate the display.

Arithmetic
Add and subtract are the basic arithmetic operations, carried out on binary numbers. Some processors also provide multiply and divide in their instruction set, but these can be created if necessary by using shift, add and subtract operations.
00011110001100078CADDWF0C(C,Z)
This instruction adds the contents of W to register 0C. The carry flag will store a carry-out of the most significant bit (MSB), if the result is greater than the maximum value, FFh (25510), with the remainder left in the register. For example, if we add the decimal numbers 200 and 100, the result will be 300. The remainder will be 300 − 256 = 44, with the carry flag representing 256 (result = 1 0010 1100 in binary). If the sum is exactly 25610, the register result will be zero (Z flag set) and carry-out generated (C flag set).
The carry flag is also included when subtracting, so that numbers up to 51110 can be operated on. Rotate can be used to halve and double binary numbers, while increment and decrement are also available.

Logic
Logical operations act on the corresponding pairs of bits in a literal or source register, and destination. The result is normally retained in the destination, leaving the source unchanged. The result in each bit position is obtained as if the bits had been fed through the equivalent logical gate (see Appendix B).
111001000000013901ANDLW01(Z)
This instruction carries out an AND operation on the corresponding pairs of bits in the binary number in W and the binary number 00000001, leaving the result in W. In this example, the result is zero if the LSB in W is zero, so it forms a check on the state of that bit alone.
This type of operation can be used for bit testing if the processor does not provide a specific instruction, or masking to select a portion of the source data. The AND operation gives a result 1 if BOTH source bits are 1. The OR operation gives the result 1 if EITHER bit is 1. XOR gives result 1 if ONE of the bits is 1. This covers all the options for logical processing.
An example of a logic instruction is seen at line 45 in the keypad program, ANDLW 0F0, which masks one of the digits for output to the display.


2.2.3. Program Control
As we have already seen, the microcontroller program is a list of binary codes in the program memory, which are executed in sequence. The sequence is controlled by the program counter, (PC). Most of the time, PC is simply incremented by one to proceed to the next instruction. However, if a program jump (branch) is needed, PC must be modified, that is, the address of the next instruction required loaded into PC, replacing the existing value.
The PC is cleared to zero when the chip is reset or powered up for the first time, so program execution starts at address 0000. The clock signal then drives the execution sequence forward. During the execution cycle of the first instruction, the PC is incremented to 0001, so that the processor is ready to execute the next instruction. This process is repeated unless there is a jump instruction.
The jump instructions must have a destination address as the operand. This can be given as a numerical address, but this would mean that the instructions would have to be counted up by the programmer to work out this address. So, as we can see in the program examples, a destination address is usually specified in the program source code by using a recognizable label, such as ‘again’, ‘start’ or ‘wait’. The assembler program then replaces the label with the actual address when the assembler code is converted to machine code.
Program sequence control operations are illustrated in Figure 2.2, Figure 2.3 and Figure 2.4. The diagrams show the program memory from address zero, with different types of jump instruction at address 0002.
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	Figure 2.2 Unconditional jump
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	Figure 2.3 Conditional jump
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	Figure 2.4 Subroutine call




Jump
The unconditional jump (Figure 2.2) forces a jump to another point in the program every time it is executed. This is carried out by replacing the contents of the program counter with the address of the destination instruction, in this case, 005. Execution then continues from the new address. Note that the code for GOTO is 28 combined with the destination address 05, giving the instruction code 2805h. 
This example shows the sequence when jumping over the interrupt vector location 004. The unconditional jump is also frequently used at the very end of a program to go back to the beginning of the sequence, and keep repeating it, illustrated below as a program outline:
Initialize
………………
startfirst instruction
………………
………………
GOTO start
The label ‘start’ is placed in the first column of the program code, to differentiate it from the instruction mnemonics, which must be placed in the second column, as we will see. The spelling of the label and its reference must match exactly, including upper and lower case letters. The label is replaced by the corresponding address by the assembler when creating the machine code for the GOTO instruction.
An example of an unconditional jump in the keypad program can be seen at line 50, GOTO Next, where Next is the label assigned to line 37.

Conditional Jump
The conditional jump instruction is required for making decisions in the program. Instructions to change the program sequence depending on, for instance, the result of a calculation or a test on an input, are an essential feature of any microprocessor instruction set. 
In Figure 2.3, the code 1885 tests an input bit of the PIC and skips the next instruction if it is zero. Instruction YYYY (representing any valid instruction code) is then executed. If the input bit is high, the instruction 2807 is executed, which causes a jump to address 007, and instruction ZZZZ is executed next. This is called Bit Test and Skip, and is the way that conditional branches are achieved in the PIC.
In PIC assembly language, this program fragment looks like this:
….
….
BTFSC05,1; Test bit 1 of file register 5
GOTOdest1; Execute this jump if bit = 1
….; otherwise carry on from here
….
….
dest1….; branch destination
The PIC is designed with a minimal number of instructions, so the conditional branch has to be made up from two simpler instructions. The first instruction tests a bit in a register and then skips (misses out) the next instruction, or not, depending on the result. This next instruction is usually a jump instruction (GOTO or CALL). Thus, program execution continues either at the instruction following the jump, if the jump is skipped, or at the jump destination.
The program outline of a conditional jump used in a delay routine, would look like this:
Allocate 'Count' register
….
….
Load 'Count' register with literal XX
AgainDecrement 'Count' register
Test 'Count' register for zero
If not zero yet, jump to label 'Again'
When zero, execute this next instruction
….
This software timing loop simply causes a time delay in the program, which is useful, for instance, for outputting signals at specific intervals. A register is used as a down counter by loading it with a number, XX, and decrementing it repeatedly until it is zero. A test instruction then detects that the zero flag has gone active, and the loop is terminated. Each instruction takes a known time to execute, therefore the delay can be predicted.
An example of a conditional jump can be seen at lines 39 and 40 in the keypad program, where BTFSS DIGIT,4 is followed by GOTO Next, so that the jump back is only executed if bit 4 of the register labelled DIGIT (GPR 20) is zero.

Subroutine
Subroutines are used to carry out discrete program functions. They allow programs to be written in manageable, self-contained blocks, which are then executed as required, often more than once per program cycle. The instruction CALL is used to jump to a subroutine, which must be terminated with the instruction RETURN.
CALL has the address of the first instruction in the subroutine as its operand. When the CALL instruction is decoded, the destination address is copied to the PC, as in the GOTO instruction. In addition, the address of the next instruction in the main program is saved in the ‘stack’, a special set of registers. The return address is ‘pushed’ onto the stack when the subroutine is called, and ‘pulled’ back into the program counter at the end of the routine, when the RETURN instruction is executed. These addresses are automatically stored in order and retrieved in reverse order.
In Figure 2.4, the subroutine is a block of code whose start address has been defined by label as 0F0. The CALL instruction at address 002 contains the destination address as its operand. When this instruction is encountered, the processor carries out the jump by copying the destination address (F0h) into the program counter. At the same time, the address of the next instruction in the main program (003) is pushed onto the stack, so that the program can come back to the original point after the subroutine has been executed.
One advantage of using subroutines is that the block of code can be used more than once in the program, but only needs to be typed in once. A delay loop can be written as a subroutine. In a program to generate an output pulse train, it can be ‘called’ twice within a loop, which sets an output high, delays, sets the output low, and delays again before repeating the whole process. The delay subroutine can be written such that it takes its delay count from W each time it is called, making it a variable delay routine, as shown in the outline below:
;Program DELTWICE ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
Allocate'Count'Register
….
….
Load'Count'registerwithvalue XX
CALL'delay'
NextInstruction
….
….
Load'Count'registerwithvalueYY
CALL'delay'
NextInstruction
….
….
ENDofProgram
;Subroutine DELAY ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
delayDecrement 'Count' register
Test 'Count' register for zero
If not zero, jump to label 'delay'
RETURN from subroutine
; End of code ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
An example of a subroutine call is included in the keypad program at line 38, CALL Scan, which causes a jump to the subroutine starting at line 54. RETURN is encountered at line 83, when the execution continues from line 39.
A simple application will be developed in the next chapter to illustrate the basic principles of assembly language programming.

Questions 2
1. Outline the sequence of program execution in a microcontroller, describing the role of the program memory, program counter, instruction register, instruction decoder, and timing and control block.(5)

2. A register is loaded with the binary code 01101010. The carry bit is set to zero. State the contents of the register after the following operations on this data (refer to PIC MCU data sheet for exact effects):
(a) clear, (b) increment, (c) decrement, (d) complement, (e) rotate right, (f) shift left, (g) clear bit 5, (h) set bit 0.(8)




3. A source register is loaded with the binary code 01001011, and a destination register loaded with 01100010. State the contents of the destination register after the following operations:
(a) MOVE, (b) ADD, (c) AND, (d) OR, (e) XOR.(5)




4. In a microcontroller program, a subroutine starts at address 016F and ends with a ‘return’ instruction at address 0172. A ‘call subroutine’ instruction is located at address 02F3. Assuming that the microcontroller has one complete instruction in each address, list the changes in the contents of the program counter and stack between the time of execution of the instruction before the call and the instruction following the call. Indicate an unknown value as XXXX.(5)

5. Write a program outline for the process by which two numbers, say 4 and 3, could be multiplied by successive addition. Use the register instructions Clear, Move, Add, Decrement, Test for Zero and Jump if Zero to Label. Load a register with zero, and add 4 to it three times by using a counter initially loaded with 3 and decremented to zero to control the loop.(7)



Answers on page 417(Total 30 marks)






Activities 2Download the PIC 16F84A data sheet from www.microchip.com.
1. Study the PIC 16F84A block diagram (data sheet Figure 1-1), and identify the features described in Section 2.1. Note the separate internal instruction and data buses, and summarize the function of each block. Describe how data is moved between registers and memory, and the function of the multiplexers (refer to Appendix C).

2. Study the PIC Instruction Set (data sheet Table 7-2). Note the format of the binary code for each instruction, and identify the meaning of the symbols f, b, k, d, x, C, DC and Z. Explain why some instructions take two cycles. 

3. Study the list file generated for program BIN4 shown in Figure 4-4, noting the machine code at the lower left. The program memory addresses from 0000 to 000F appear in column 1, and the machine code instructions appear in column 2. Refer to the instruction set in the PIC 16F84A data sheet, and analyze the program by deducing the code for each instruction and operand, identifying SFR and GPR addresses, register bits, destination bit, address labels and literal values as appropriate. Complete the table below (for all addresses from 0004 through 000F), analyzing each instruction – 0000 to 0003 have been completed as an example:



	Hex Address	Hex Inst.	Binary Inst. (14 bits)	Inst. Bits	Operand Bits	Operand Type	Instruction Mnemonic
	0000	3000	11 0000 0000 0000	11 00	0000 0000	Literal 00	MOVLW 00
	0001	0066	Do not include	–	–	–	TRIS 06
	0002	2807	10 1000 0000 0111	10 1	000 0000 0111	Address label 0007	GOTO 0007
	0003	008C	00 0000 1000 1100	00 0000 1	000 1100	File address 06	MOVWF 06
	0004						
	…						
	000F	(last instruction)					














End of sample
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