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1 Introduction  

The goal for this series of laboratory designs is to teach not only how to manage the PIC32 processor to solve 

engineering design problems, but also how to produce dependable (validated) and sustainable (verified) software 

using best design practices. To that end, Unit 1 will begin by introducing engineering concepts that are important 

in developing these best practices. Although some of these concepts may seem trivial at first, they are important in 

measuring the ability of a system to meet design requirements and specifications, and will be implemented 

throughout Units 1-7.  

 

2 Objectives 

1. How to develop a plan for a software-based microprocessor design. 

2. Understand the management of basic microprocessor digital inputs and outputs. 

3. Write an application that utilizes the Basys MX3 processor platform to perform basic calculator functions 

and display the results on a 4-digit 7-segment LED display.  

4. Become familiar with the circuits included on the Basys MX3 PCB.  

 

3 Basic Knowledge 

1. Fundamentals of digital combinational and sequential logic. 

2. How to interpret a schematic diagram and electric circuits. 

3. How to write a computer program using the C language. 

4. How to launch a Microchip MPLAB X project. 

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

https://en.wikipedia.org/wiki/Verification_and_validation
https://en.wikipedia.org/wiki/Combinational_logic
https://en.wikipedia.org/wiki/Sequential_logic
http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
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4. Digilent Analog Discovery 2 

4.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

a. Installation help 

b. Getting started 

2. XC32 Cross Compiler 

3. PLIB Peripheral Library 

 

5 Project Takeaways 

1. Know how to generate a microprocessor development project using MPLAB X. 

2. Know how to generate a config_bits file for the PIC32MX370 processor.  

3. Know how to configure the Microchip PIC32 processor pins as either digital inputs or outputs. 

4. Understand the drive capability of a processor digital output.  

5. Know how to write a C program for a specific application using an embedded system. 

6. Know how to make speed performance measure on a processor-based system.  

 

6 Fundamental Concepts 

6.1 Project Planning 

A software-based system consists of a collection of electrically interconnected electronic hardware components, 

some of which require programming using a computer language. Software-based system design is an engineering 

effort and requires a good process to obtain good results. The life cycle of system development uses a series of 

activities that, when considered in proper order, minimize design effort and achieve maximum benefit using the 

available resources of the software-based system.  

Coding is one of the last phases when developing software-based systems. There are many methods and tools 

available today to assist in code development planning. Not all software applications require exotic planning tools, 

although all applications do require some degree of planning. After my 25 years of teaching a course on 

microcontrollers, the most common mistake I have seen students make is writing code before they completely 

understand the problem. Even a simple plan helps to guide the developer to design a system that meets the stated 

requirements.  

Table 6.1 provides an outline of minimal tasks to complete the design process as is commonly done in industry. 

The first step is to have a complete understanding of the requirements or specifications. In other words, state in 

common human language what it is that the final design will do. Although the life cycle process appears to be a 

single pass, the final phase often results in cycling through the entire process numerous times to ensure that the 

delivered system meets the customer’s expectations.  

  

http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://microchip.wikidot.com/mplabx:installation
http://microchip.wikidot.com/tls0101:start
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
https://en.wikipedia.org/wiki/Software_system
https://en.wikipedia.org/wiki/Software_design
https://en.wikipedia.org/wiki/Systems_development_life_cycle
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Table 6.1. Life cycle of a software-based system design plan.1 

Phase Activity Output Measure 

Concept 
Understanding the purpose, use, or 
objectives 

Problem statement 
0 = Not adequate 
10 = very precise 

Requirements 
Define specific characteristics and 
capabilities – what the design will do. 

Validated detailed 
requirements and 
specifications 

0 = Incomplete 
10 = Complete 

Design 
Describe how the requirements will be 
met and compliance be measured. 

A series of concept, circuit 
diagrams, plans identifying 
required resources.  

0 = Incomplete 
10 = Complete 

Construction 
Build hardware components and write 
software code 

A software based system 
0 = Incomplete 
10 = Complete 

Test Verify system meets requirements Test compliance report 
Rating on 
compliance 

Evaluation 
Evaluation of reliability and 
functionality 

Recommendations for 
improvements 

Cost – benefit 
analysis 

 

In all lab exercises of this series, the purposes and requirements will be defined by a problem statement. In most 

labs, the required hardware is provided on the Basys MX3 trainer board. In some instances, additional hardware 

circuits will need to be constructed and connected to the trainer board.  

Software development will be the focus of the design phase for this series of labs. A significant amount of effort 

will be needed to understand the required resources of the PIC32MX370 processor along with the functionality of 

sensors, actuators, displays, and controls used in each lab, as well as the interconnection of these I/O devices to 

the PICMX370 processor. This includes application specific hardware, interconnection drawings, development 

tools, and testing instrumentation. Part of processor resource allocation is a table that designates the processor 

I/O pins and special functions such as timers, communications, and analog I/O. During the design phase, the 

developer must consider how the system will be tested or validated. Frequently, this requires identifying hardware 

instrumentation test points and test code that must be integrated with the system code.  

6.1.1 Concepts Planning Using Graphical Representations 

Concept maps are used as a mechanism for describing design plans. Figures 6.1 and 6.2 represent two common 

concept maps used in software engineering. Figure 6.1 is a data flow diagram (DFD) that describes the system as a 

collection of elements that transform inputs and outputs. The DFD is very useful in system partitioning to help 

identify minimum dependency and interaction between portioned elements.  

6.1.2 Concepts Planning Using Partitioning 

Software and hardware engineering use the divide and conquer approach that divides a large problem into a series 

of small tasks that are easier to complete. For software engineering, this requires partitioning the problem into 

single-purpose functions that can be tested independently of other single-purpose functions. There are two 

common approaches to partitioning: those based on hardware such as I/O devices or processor peripherals and 

partitions based on software functionality so that minimum interaction with or dependency on other partitions is 

necessary.  

                                                                 

1 Real-Time Systems Design and Analysis an Engineers Handbook 2nd Ed., Phillip A. LaPlante, IEEE Press, Piscataway, 
NJ, 08855-1331, ISBN 0-7803-1119-1, 1997, pp 88-96 

https://en.wikipedia.org/wiki/Concept_map
https://en.wikipedia.org/wiki/Data_flow_diagram
https://effectivesoftwaredesign.com/2011/06/06/divide-and-conquer-coping-with-complexity/
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Figure 6.1. Data flow diagram - partitioning base on I/O resources for Lab 
1a. 
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Figure 6.2. Control flow diagram for Lab 1a. 

A control flow diagram (CFD), as the one shown in Fig. 6.2, describes the order in which the transactions occur. The 

CFD is useful when integrating the portioned elements in defining the order in which they are executed. One 

should be able to determine where each line of software code is executed on the CFD graph. The CFD is also useful 

during the testing phase to ensure that a scenario can be generated that causes the execution to transverse each 

path through the CFD.  

6.1.3 Concept Planning: Performance Evaluation – When and How to Test 

Using the divide and conquer approach, each element in the partitioned project must be completely tested and 

validated before integrating it with another element. You don’t want to design new code based on the 

functionality of incorrectly functioning old code. It is a waste of time.  

After integration of all partitioned elements, system tests determine how well your design effort satisfies the 

stated requirements. One of the most straightforward ways is to make a table of the specified requirements to 

serve as a check-off list to include in your final documentation. 

 

7 Problem Statement 

There are two lab assignments associated with this unit. Lab 1a is very limited in scope and complexity and focuses 

on defining the PIC32MX370 I/O pins as digital inputs or outputs in a tutorial-like fashion. Lab 1b is more open-

ended and asks the student to extend the knowledge gained in Lab 1a by using the slide switches, push buttons, 

and the 4-digit 7-segment LED display on the Basys MX3 trainer board to implement a basic calculator. Both labs 

emphasize the engineering approach to embedded system design.  

  

https://en.wikipedia.org/wiki/Control_flow_graph
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8 Background Information 

8.1 The Development Environment 

The reader is expected to have acquired the basic knowledge of programming a computer in C. But as a review, we 

offer web links to an online C Tutorial and Microchip MPLAB X IDE. Figure 8.1 illustrates a typical hardware 

configuration for microcontroller development. The workstation computer can be running any Windows®, MAC®, 

or Linux® operating system. The developer writes the program code on this workstation using the editor provided 

by the MPLAB X IDE or a third party editor such as NotePad++®. A cross compiler converts the C programs into a 

binary representation of the code that the PIC processor can execute. The file generated by the compiler is 

downloaded to the target application processor with the aid of a programmer/debugger module (included on-

board the Basys MX3). 

 
 

Figure 8.1. Integrated Development Hardware Diagram. 

The diagram in Fig. 8.1 shows the Basys MX3 unit. The Basys MX3 has a built-in programmer/debugger that allows 

a direct connection from the development workstation computer to the Basys MX3 board. If the 

programmer/debugger is not built into the hardware platform, a separate programmer is required, such as the 

PICkit 3 or a chipKIT Programmer.  

8.2 General Notes of Interest 

1. For optimal processor performance, include the instruction SYSTEMConfig(SystemClock, 

SYS_CFG_WAIT_STATES | SYS_CFG_PCACHE); in the initialization portion of the main function. The 

parameter, SystemClock, is set to 80,000,000 by the “config_bits” file.  

2. In order to access all pins on PORT A as digital I/O, include the following statement in the initialization 

portion of the main function. DDPCONbits.JTAGEN = 0;   

http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://www.microchip.com/mplab/mplab-ide-home
https://notepad-plus-plus.org/download/v6.9.1.html
http://store.digilentinc.com/pickit-3-in-circuit-debugger/
http://store.digilentinc.com/chipkit-pgm-programmer-debugger-for-use-with-digilent-chipkit-platforms/
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3. If you are using “plib.h” functions, XC32 rev. 1.4 will generate numerous warnings concerning the 

obsolescence of the plib functions. These warnings can be suppressed by adding the following definitions 

to the top of the main.c file.  

#ifndef _SUPPRESS_PLIB_WARNING 

    #define _SUPPRESS_PLIB_WARNING 

#endif 

    #ifndef _DISABLE_OPENADC10_CONFIGPORT_WARNING 

        #define  _DISABLE_OPENADC10_CONFIGPORT_WARNING 

    #endif 

4. Table 8.1 below, reproduced from the MPLAB XC32 C/C++ Compilers User’s Guide, notes that the legacy 

library option is automatically selected for new projects. If using MPLABX 3.40 or later, when starting a 

new project, this option must not be checked, as shown in Fig. 8.2. 

Table 8.1. XC32 (Global Options) all Options Category. 

Option Description Command Line 

Use legacy lib 

Check to use the Standard C library in the format before XC32 
v1.12. Uncheck to use the HTC LIBC version. The legacy libc is 
the default for new projects created in MPLAB X v3.15 and 
later. 

-legacy-libc 

& 
-no-legacy-libc 

 

 

Figure 8.2. Disable “Use Legacy libc” to use plib.h. 

http://ww1.microchip.com/downloads/en/DeviceDoc/51686F.pdf
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5. Only the 8 individual LEDs labeled LD0 through LD7 are connected to contiguous I/O port pins (see Table 

E.1 for Port A pins 0 through 7). These are the only I/O pins that may be set as a group. All other pins must 

be individually assigned. The dispersion of pins and ports for common elements such as switches, buttons, 

and segment LEDs requires a bit-banging approach rather than reading or setting a group of bits with a 

single instruction.  

8.3 Microcontroller Resources 

Microcontrollers have three major resources: time access to the central processing unit (CPU execution time), 

program and data memory, and input and output (I/O). Frequently, an application requires more of one of these 

three resources than the selected processor can provide. Microprocessor resource management involves 

compensating for a lack of one of these resources using excess capability in one or both of the other two. For 

example, if an application requires more I/O than the processor has I/O pins, the designer can implement a parallel 

pin multiplexing scheme that reduces the number of I/O pins but requires additional memory and CPU time to 

execute the code. This concept will be explored when we interface the PIC32 processor with a 4-digit 7-segment 

LED display.  

 

9 References 

1. Real-Time Systems Design and Analysis an Engineers Handbook 2nd Ed., Phillip A. LaPlante, IEEE Press, 

Piscataway, NJ, 08855-1331, ISBN 0-7803-1119-1, 1997 

2. The Art of Designing Embedded Systems, Jack Ganssle, Newness Press, ISBN 0-7506-9869-1, 1999 

3. Best coding practices,  https://en.wikipedia.org/wiki/Best_coding_practices  

4. PIC32MX330/350/370/430/450/470 Family Data Sheet  

5. MPLAB XC32 C/C++ Compiler User’s Guide, 

http://ww1.microchip.com/downloads/en/DeviceDoc/51686F.pdf 

6. Getting Started with MPLAB®X IDE and Microchip Tools, http://microchip.wikidot.com/tls0101:start 

 

  

https://en.wikipedia.org/wiki/Bit_banging
https://en.wikipedia.org/wiki/Best_coding_practices
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/51686F.pdf
http://microchip.wikidot.com/tls0101:start
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Appendix A: Starting a New MPLAB X Project 

The following three steps are used to launch a new project. New MPLAB X users are also referred to Reference 6 

above. 

1. Generate Lab 1 Project: 

a. Open the MPLAB X application on your workstation computer. 

b. Start a new Microchip Embedded Standalone Project. 

c. Select Device: PIC32MX370F512L 

d. Select Tool: Licensed Debugger MCU Alpha One 

e. Select Toolchain: XC32 compiler 

f. Select Project Name and Folder:  

i. Project Name: LABx 

ii. Project Location: to be determined 

g. Click on “Finish” 

2. Generate a config_bits header file 

a. Right-click on the Header Files and select “New” -> “XC32 Header.h”. Name this file 

“config_bits.h”. 

b. Click on “Windows” -> “PIC Memory Views” -> “Configuration Bits”. 

c. Set the options as shown in Listing C.2 in the Appendix. 

d. Click on “Generate Source Code to Output”. 

e. Enter “CTRL A” to highlight the text in the output window and “CTRL C” to copy the text.  

f. Double-click on “config_bits” under the Header Files tab to open that file in the editor window. 

Delete lines 21 through 173 of the automatically generated code. 

g. Change the three instances of the text “_EXAMPLE_FILE_NAME_H” to “_CONFIG_BITS_H”. 

h. Position the cursor to the blank line – line 21. 

i. Enter “CRTL V” to paste the config_bits text to the config_bits.h file. Enter “CTR_S” to save the 

newly generated file to the project folder.  

j. Make the appropriate edits to the automatically generated header comments.  

k. Once a config_bits.h file is generated, it can be copied to other projects without needing to 

complete steps a through j.  

3. Generate a main function: All projects must contain a function called “main”.  

a. Right-click on Source Files and select “New” -> “C Main File..”. Name this file “main.” and the 

extension set to “c”, so it will be “main.c”. 

b. The main.c file must contain the following elements: 

i. #include “config_bits.h”. Other header files may be required.  

ii. Declare global variables.  

iii. Declare local functions other than the function main.  

iv. Add a main function code as shown in Listing A.1. The return denotes an EXIT FAILURE 

because embedded systems code should never exit from the function main because it 

inherently has no place to return to.  

Listing A.1. Format of a typical main function.  

        int main(int argc, char** argv)  

 { 

    // Initialization code goes here 

 

     while(1) 

      { 
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           // User code in infinite loop  

      } 

     return (EXIT_FAILURE);  // Failure if code executes 

                             // this line of code. 

 } // End of main.c 

 

i. Complete the project requirements by adding header and source files as elements of 

building blocks. Each source file should have a header file that declares constants and 

software function prototypes that are used as interfaces with other project files. The 

project work is divided into independently testable units that can serve as libraries for 

other projects that use the same hardware resources.  For example, writing a decimal 

number to a 4-digit 7-segment display is a common operation. Hence, a set of source-

header files will be written to display a 4-digit number.  
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Appendix B: Configuration Settings for the PIC32MX370F512L 

Listing B.1. Configuration bits Settings for Basys MX3 Processor Board 

/* ************************************************************************** */ 

/** Descriptive File Name 

 

Company:  DigilentInc 

 

File Name: config_bits.h 

 

Summary: Set configuration bits for the PIC32MX370F512L processor. 

 

Description:  The configurations settings set the processor to have a core frequency of 

80MHz and a peripheral clock speed of 10MHz. 

 */ 

/* ************************************************************************** */ 

 

#ifndef _CONFIG_BIYS_H_      /* Guard against multiple inclusion */ 

#define _CONFIG_BIYS_H_ 

 

// PIC32MX370F512L Configuration Bit Settings 

 

// 'C' source line config statements 

 

#include <xc.h> 

 

// DEVCFG3 

// USERID = No Setting 

#pragma config FSRSSEL = PRIORITY_7     // Shadow Register Set Priority Select 

                                        //(SRS Priority 7) 

#pragma config PMDL1WAY = OFF           // Peripheral Module Disable  

                                        // Configuration (Allow multiple  

                                        // reconfigurations) 

#pragma config IOL1WAY = OFF            // Peripheral Pin Select Configuration  

                                        // (Allow multiple reconfigurations) 

 

// DEVCFG2 

#pragma config FPLLIDIV = DIV_2         // PLL Input Divider (2x Divider) 

#pragma config FPLLMUL = MUL_20         // PLL Multiplier (20x Multiplier) 

#pragma config FPLLODIV = DIV_1         // System PLL Output Clock Divider  

                                        // (PLL Divide by 1) 

 

// DEVCFG1 

#pragma config FNOSC = PRIPLL           // Oscillator Selection Bits (Primary  

                                        // Osc w/PLL (XT+,HS+,EC+PLL)) 

#pragma config FSOSCEN = OFF            // Secondary Oscillator Enable  

                                        // (Disabled) 

#pragma config IESO = OFF               // Internal/External Switch Over  

                                        // (Disabled) 

#pragma config POSCMOD = XT             // Primary Oscillator Configuration  

                                        // (XT osc mode) 

#pragma config OSCIOFNC = OFF           // CLKO Output Signal Active on the  

                                        // OSCO Pin (Disabled) 

#pragma config FPBDIV = DIV_8           // Peripheral Clock Divisor (Pb_Clk is 

                                        // Sys_Clk/8) 

#pragma config FCKSM = CSDCMD           // Clock Switching and Monitor Selection 
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                                        // (Clock Switch Disable, FSCM Disabled) 

#pragma config WDTPS = PS1048576        // Watchdog Timer Postscaler (1:1048576) 

#pragma config WINDIS = OFF             // Watchdog Timer Window Enable 

                                        // (Watchdog Timer in Non-Window Mode) 

#pragma config FWDTEN = OFF             // Watchdog Timer Enable (WDT Disabled  

                                        // (SWDTEN Bit Controls)) 

#pragma config FWDTWINSZ = WINSZ_25     // Watchdog Timer Window Size (Window  

                                        // Size is 25%) 

 

// DEVCFG0 

#pragma config DEBUG = OFF              // Background Debugger Enable (Debugger 

                                        // is Disabled) 

#pragma config JTAGEN = OFF             // JTAG Enable (JTAG Disabled) 

#pragma config ICESEL = ICS_PGx1        // ICE/ICD Comm Channel Select  

                                        // (Communicate on PGEC1/PGED1) 

#pragma config PWP = OFF                // Program Flash Write Protect (Disable) 

#pragma config BWP = OFF                // Boot Flash Write Protect bit  

                                        //(Protection Disabled) 

#pragma config CP = OFF                 // Code Protect (Protection Disabled) 

 

#endif /* _CONFIG_BIYS_H_ */ 

 

/* *********************************** End of File ******************************/ 
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Appendix C: Basys MX3 Hardware Initialization 

Listings C.1 and C.2 that are provided below initialize the Basys MX3 hardware inputs. Development time will be 

reduced by including these two files in future projects. The hardware.h header file contains an extensive use of 

macro instructions. Macro instructions are text replacement compiler directives that can result in better 

documentation and all but eliminate magic numbers, which are a well-known programming bad practice. Macro 

instructions can obfuscate code and can make it difficult when debugging; however, when properly used, macro 

instructions can improve documentation and facilitate code portability. The macro instructions used in the 

hardware.h header file are simple definitions, conditional compilation, and ternary operations all designed to 

improve readability of the code.       

Listing C.1. Hardware Initialization Header File 

/* ************************************************************************** */ 
/** Descriptive File Name 
 @ Author 
   Richard Wall 
 @ Date 
   April 30, 2016 
 

 @ Revised 
    December 10, 2016 
 

 @Company 
   Digilent Inc.       
 

  @File Name 
   hardware.h 
 

 @Summary 
   Definition of constants and macro routines for the Basys MX3 processor board  
 

 @Description 
   The #define statements and macro C code provide high level access to the  
   Basys MX3 trainer boards switches, push buttons, and LEDs. 
    
*/ 
/* ************************************************************************** */ 
/* Conditional inclusion prevents multiple definition errors */ 
#ifndef _HARDWARE_H_    
   #define _HARDWARE_H_ 
 

   #ifndef _SUPPRESS_PLIB_WARNING /* Suppress plib obsolesce warnings */ 
       #define _SUPPRESS_PLIB_WARNING 
   #endif 
 

   #ifndef _DISABLE_OPENADC10_CONFIGPORT_WARNING 
       #define  _DISABLE_OPENADC10_CONFIGPORT_WARNING 
   #endif 
 

/* Comment out the following define statement when programmer is NOT used to  
* allow using BTNL and BTNU as user inputs. */ 
   #define DEBUG_MODE  /* Inputs from push buttons BTNL and BTNU are not useable */ 
 

http://wiki.c2.com/?MagicNumber
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/* This included file provides access to the peripheral library functions and 
  must be installed after the XC32 compiler. See 
http://ww1.microchip.com/downloads/en/DeviceDoc/32bitPeripheralLibraryGuide.pdf and 
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library */ 
 

  #include <plib.h> 
   
/* The following definitions are for IO assigned on the Digilent Basys MX3 
  processor board. */ 
 

/* The ANSELx register has a default value of 0xFFFF; therefore, all pins that 
* share analog functions are analog (not digital) by default. All pins are  
* initially set be digital followed be setting A_POT for the ANALOG INPUT  
* CONTROL and A_MIC for the microphone input back to being analog input pins.*/ 
   #define ALL_DIGITAL_IO() (ANSELA=0,ANSELB=0,ANSELC=0,ANSELD=0,ANSELE=0,ANSELF=0,ANSELG = 0) 
   #define SET_MIC_ANALOG()  ANSELBbits.ANSB4 = 1 
   #define SET_POT_ANALOG()  ANSELBbits.ANSB2 = 1 
 

/* Macros to configure PIC pins as inputs to sense switch settings */ 
/* BIT definitions are defined in port.h which is provided with the plib  
  Library. */ 
   #define SW0_bit     BIT_3   /* RF3 - 1<<3 */ 
   #define SW1_bit     BIT_5    /* RF5 - 1<<5 */ 
   #define SW2_bit     BIT_4    /* RF4 - 1<<4 */ 
   #define SW3_bit     BIT_15   /* RD15 - 1<<15 */ 
   #define SW4_bit     BIT_14   /* RD14 - 1<<14 */ 
   #define SW5_bit     BIT_11   /* RB11 - 1<<11 */ 
   #define SW6_bit     BIT_10   /* RB10 - 1<<10 */ 
   #define SW7_bit     BIT_9    /* RB9 - 1<<9 */ 
 

/* The following macro instructions set switches as inputs. */ 
   #define Set_SW0_in() TRISFbits.TRISF3 = 1  
   #define Set_SW1_in() TRISFbits.TRISF5 = 1  
   #define Set_SW2_in() TRISFbits.TRISF4 = 1  
   #define Set_SW3_in() TRISDbits.TRISD15 = 1 
   #define Set_SW4_in() TRISDbits.TRISD14 = 1 
   #define Set_SW5_in() TRISBbits.TRISB11 = 1  
   #define Set_SW6_in() TRISBbits.TRISB10 = 1 
   #define Set_SW7_in() TRISBbits.TRISB9  = 1 
 

/* The following macro instruction sets the processor pins for all 8 switch inputs */ 
   #define Set_All_Switches_Input();  { Set_SW0_in(); Set_SW1_in(); Set_SW2_in();\ 
                                  Set_SW3_in(); Set_SW4_in(); Set_SW5_in();\ 
                                  Set_SW6_in(); Set_SW7_in(); } 
 

/* The following macro instructions provide for reading the position of the 8 switches. */ 
   #define SW0()           PORTFbits.RF3 
   #define SW1()           PORTFbits.RF5 
   #define SW2()           PORTFbits.RF4 
   #define SW3()           PORTDbits.RD15 
   #define SW4()           PORTDbits.RD14 
   #define SW5()           PORTBbits.RB11 
   #define SW6()           PORTBbits.RB10 
   #define SW7()           PORTBbits.RB9 
 

/* Organize the SW bits into a unsigned integer */ 
 

/* Macro instructions to define the bit values for push button sensors */ 
   #define BTNL_bit        BIT_0   /* RB0 1 << 0 */ 
   #define BTNR_bit        BIT_8   /* RB8 1 << 8 */ 
   #define BTNU_bit        BIT_1   /* RB1 1 << 1 */ 
   #define BTND_bit        BIT_15  /* RA15 1 << 15 */ 
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   #define BTNC_bit        BIT_0   /* RF0 1 << 1 */ 
 

/* See http://umassamherstm5.org/tech-tutorials/pic32-tutorials/pic32mx220-tutorials/internal-

pull-updown-resistors */ 
/* Macro instructions to set the push buttons as inputs */ 
   #define Set_BTNL_in()  (TRISBbits.TRISB0 = 1, CNPDBbits.CNPDB0 = 1) 
//  #define Set_BTNL_in()   TRISBbits.TRISB0 = 1  
   #define Set_BTNR_in()   TRISBbits.TRISB8 = 1 
   #define Set_BTNR_out()  TRISBbits.TRISB8 = 0  
   #define Set_BTNU_in()  (TRISBbits.TRISB1 = 1, CNPDBbits.CNPDB1 = 1)  
//  #define Set_BTNU_in()   TRISBbits.TRISB1 = 0  
   #define Set_BTND_in()   TRISAbits.TRISA15 = 1 
   #define Set_BTND_out()  TRISAbits.TRISA15 = 0 
   #define Set_BTNC_in()   TRISFbits.TRISF0 = 1 
 

/* single macro instruction to configure all 5 push buttons */  
   #ifndef DEBUG_MODE 
       #define Set_All_PBs_Input()  ( 

Set_BTNL_in(),Set_BTNR_in(),Set_BTNU_in(),Set_BTND_in(),Set_BTNC_in() )     
   #else 
       #define Set_All_PBs_Input()  ( Set_BTNR_in(),Set_BTND_in(),Set_BTNC_in() ) 
   #endif 
 

/* Macro instructions to read the button position values. 1 = button pressed */  
/* Include BTNL and BTNU only if NOT in debug mode */ 
   #ifndef DEBUG_MODE 
       #define BNTL()      PORTBbits.RB0   
       #define BNTU()      PORTBbits.RB1   
   #endif 
   #define BNTR()          PORTBbits.RB8   
   #define BNTD()          PORTAbits.RA15  
   #define BNTC()          PORTFbits.RF0  
 

/* Macros to define the PIC pin values for the board LEDs */ 
   #define LED0_bit        BIT_0   /* RA0 */ 
   #define LED1_bit        BIT_1   /* RA1 */ 
   #define LED2_bit        BIT_2   /* RA2 */ 
   #define LED3_bit        BIT_3   /* RA3 */ 
   #define LED4_bit        BIT_4   /* RA4 */ 
   #define LED5_bit        BIT_5   /* RA5 */ 
   #define LED6_bit        BIT_6   /* RA6 */ 
   #define LED7_bit        BIT_7   /* RA7 */ 
   #define All_LED_bits    0xff /* Set all LEDs off  
 

/* Macros to configure PIC pins as outputs for board LEDs */ 
   #define Set_LED0_out()  TRISAbits.TRISA0 = 0 
   #define Set_LED1_out()  TRISAbits.TRISA1 = 0 
   #define Set_LED2_out()  TRISAbits.TRISA2 = 0 
   #define Set_LED3_out()  TRISAbits.TRISA3 = 0 
   #define Set_LED4_out()  TRISAbits.TRISA4 = 0 
   #define Set_LED5_out()  TRISAbits.TRISA5 = 0 
   #define Set_LED6_out()  TRISAbits.TRISA6 = 0 
   #define Set_LED7_out()  TRISAbits.TRISA7 = 0 
  
/* Macro instruction to configure all 8 LED pins for outputs */ 
   #define Set_All_LEDs_Output()  TRISACLR = All_LED_bits 
 

/* Macros to set board each LED on (1) or off (0) */ 
   #define setLED0(a);  {if(a) LATASET = LED0_bit; else LATACLR = LED0_bit;} 
   #define setLED1(a);  {if(a) LATASET = LED1_bit; else LATACLR = LED1_bit;} 
   #define setLED2(a);  {if(a) LATASET = LED2_bit; else LATACLR = LED2_bit;} 
   #define setLED3(a);  {if(a) LATASET = LED3_bit; else LATACLR = LED3_bit;} 
   #define setLED4(a);  {if(a) LATASET = LED4_bit; else LATACLR = LED4_bit;} 
   #define setLED5(a);  {if(a) LATASET = LED5_bit; else LATACLR = LED5_bit;} 
   #define setLED6(a);  {if(a) LATASET = LED6_bit; else LATACLR = LED6_bit;} 
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   #define setLED7(a);  {if(a) LATASET = LED7_bit; else LATACLR = LED7_bit;} 
   #define Set_All_LEDs_On()   LATASET = All_LED_bits  // Set all LEDs on 
   #define Set_All_LEDs_Off()  LATACLR = All_LED_bits  // Set all LEDs off 
 

/* Macros to invert the output to the board LEDs */ 
   #define invLED0()   LATAINV = LED0_bit     
   #define invLED1()   LATAINV = LED1_bit 
   #define invLED2()   LATAINV = LED2_bit 
   #define invLED3()   LATAINV = LED3_bit 
   #define invLED4()   LATAINV = LED4_bit 
   #define invLED5()   LATAINV = LED5_bit 
   #define invLED6()   LATAINV = LED6_bit 
   #define invLED7()   LATAINV = LED7_bit 
 

/* Based upon setting in config_bits.h These directly influence timed 
* events using the Tick module.  They also are used for UART I2C, and SPI 
* baud rate generation. */ 
 

   #define XTAL                 (8000000UL)     /* 8 MHz Xtal on Basys MX3 */ 
   #define GetSystemClock()     (80000000UL)    /* Instruction frequency */ 
   #define SYSTEM_FREQ          (GetSystemClock()) 
   #define GetCoreClock()       (GetSystemClock()/2) /* Core clock frequency */ 
   #define GetPeripheralClock() (GetSystemClock()/8) /* PCLK set for 10 MHz */ 
 

/* Used in core timer software delay */ 
   #define CORE_MS_TICK_RATE  (unsigned int) (GetCoreClock()/1000UL) 
 

#endif /* End of _HARDWARE_H_ */ 
 

/* Declare Hardware setup for global access */ 
void Hardware_Setup(void); 
unsigned int switch2Binary(void); 
 

Listing C.2. Hardware Configurations for the Basys MX3 Trainer Board 

/* ************************************************************************** */ 
/** Descriptive File Name 
 @ Author 
   Richard Wall 
 @ Date 
   April 30, 2016 
 

 @ Revised 
    December 10, 2016 
 

 @Company 
   Digilent        
 

  @File Name 
   PICmx370.c 
 

 @Summary 
   Definition of constants and macro routines  
 

 @Description 
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   The #define statements and macro C code provide high level access to the  
   "Trainer" boards switches, push buttons, and LEDs. 
    
*/ 
/* ************************************************************************** */ 
 

/* This included file provides access to the peripheral library functions and 
  must be installed after the XC32 compiler. See 
http://ww1.microchip.com/downloads/en/DeviceDoc/32bitPeripheralLibraryGuide.pdf 
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library 
*/ 
 

#include "hardware.h" 
#include "switches.h" 
#include <plib.h> 
 

// ***************************************************************************** 
/** 
   @Function 
       void Hardware_Setup(void); 
 

   @Summary 
       Initializes PIC32 pins commonly used for IO on the Trainer processor 
       board. 
 

   @Description 
       Initializes PIC32 digital IO pins to provide functionality for the  
       switches, push buttons, and LEDs 
 

   @Precondition 
       "config_bits* must be included in the project 
 

   @Parameters 
       None 
     
   @Returns 
       None 
 

   @Remarks 
       * Returned error flag indicates the value of either x or y is out of 
       * range 0 through 15. 
   */ 
     
void Hardware_Setup(void) 
{ 
/*~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
* Statement configure cache, wait states and peripheral bus clock 
* Configure the device for maximum performance but do not change the PBDIV 
* Given the options, this function will change the flash wait states, RAM 
* wait state and enable prefetch cache but will not change the PBDIV. 
* The PBDIV value is already set via the pragma FPBDIV option above.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~*/ 
// Allow RA0, RA1, RA4 and RA5 to be used as digital IO 
   SYSTEMConfig(GetSystemClock(), SYS_CFG_WAIT_STATES | SYS_CFG_PCACHE); 
 

   ALL_DIGITAL_IO();       /* Set all IO pins to digital */ 
   SET_MIC_ANALOG();        /* Set microphone input to analog */ 
   SET_POT_ANALOG();        /* Set ANALOG INPUT CONTROL pot input to analog */ 
    
   Set_All_LEDs_Output(); /* Configure all Basys MX3 LED0 – LED7 as outputs */ 
   Set_All_LEDs_Off(); /* Set all Basys MX3 LED0 – LED7 off */ 
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   Set_All_Switches_Input(); /* Configure all Basys MX3 slide switches as inputs */ 
   Set_All_PBs_Input(); /* Configure all Basys MX3 push buttons as inputs */ 
    
} /* End of hardware_setup */ 
 

/**  
 @Function 
   unsigned int Switch2Binary( void )  
 

 @Summary 
   Generates an unsigned integer value from the switch settings using binary 
   weighting. The Basys MX3 slide switches are initialized as inputs to a 
   disparate port assignments.  This function collects all the switch  
   settings into a single variable. 
*/ 
unsigned int switch2Binary(void)  
{ 
int value; 
    
   value =  ((int) SW0()) << 0; 
   value += ((int) SW1()) << 1; 
   value += ((int) SW2()) << 2; 
   value += ((int) SW3()) << 3; 
   value += ((int) SW4()) << 4; 
   value += ((int) SW5()) << 5; 
   value += ((int) SW6()) << 6; 
   value += ((int) SW7()) << 7; 
   return value; 
} 
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Appendix D: Essential Elements of the PIC32 

Microprocessor I/O2 

This section is not required to complete Labs 1a and 1b; however, it contains information important to forming a 

more complete view of microprocessor I/O.  

Digital input and output is one of the most basic functions as a microprocessor can perform. A simplified block 

diagram of the control of an I/O processor pin is shown in Fig. D.1. The operation of the I/O pin is configured by bit 

values in the following four registers: the output drain control (ODC), the output latch (LAT), the output tri-state 

(TRIS), and, for pins that can be used for analog inputs, the analog-to-digital input configuration (AD1PCFG).  
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Figure D.1. Simplified block diagram for a PIC32 I/O pin.2 

Minimally, the TRIS registers must be set to configure a processor I/O pin as an input or output by setting the bit in 

the register to 0 for output or 1 for input. By default, all pins that can serve as an analog input are configured to be 

so. Any analog input pin that is to be used for digital I/O must also be designated to be a digital I/O pin by clearing 

the appropriate analog select pin. The PIC32MX370 processor has five registers that are used to designate dual-

functioning pins as digital or analog inputs. For example, the instruction to clear the analog select pin for PORT D 

bit 1 (RD1) is “ANSELDbits.ANSD1 = 0; “. 

If the bit in the TRIS register is set low to make the I/O pin to function as an output, the voltage pin can be set high 

by writing a 1 to the appropriate bit in the LAT register. Setting the LAT register bit to a zero sets the output pin 

low (0V). The actual voltage at the output pin depends on the setting in the ODC register. The default configuration 

                                                                 

2 PIC32MX330/350/370/430/450/470 family data sheet, Chapter 12 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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has all bits in the ODC register set to zero, which means the output can both source (supply output current) and 

sink (pull outputs low) current. If the bit in the ODC register is set high, then the output pin functions as open 

drain, which can sink current but not source current.  

The maximum current capability of each conventional I/O pin is 15mA (sink or source), while the combined current 

of all I/O pins is 200mA subject to total power constraints. I/O pins have both open drain and active source output 

capability. The open drain capability provided by the ODC register is useful when interfacing with switch array 

keypads (see Pmod KYPD for an example keypad device). The outputs that drive the four LEDs on the Basys MX3 

board are limited to approximately 5mA.  

The PORT register allows the state of pin to be read regardless if the pin is configured in the TRIS register to be an 

input or an output. If the voltage on the pin is above the high input threshold, the PORT bit is read as a logic one. 

Various processor pins have different thresholds.  

If you are interested, refer to Table 30-8 of PIC32MX330/350/370/430/450/470 data sheet to determine the high 

and low thresholds for the pins being used. All digital input-only pins are 5V tolerant, meaning that a device that 

outputs 5V for logic high can be connected to digital input pins and will not damage the PIC32MX processor. For 

the PIC32MX7370, the maximum voltage that can be applied to I/O pins that can be used as either analog or digital 

I/O is VDD+0.3V, or 3.6V.  Exceeding this voltage limit will damage the processor. 

The following listings are two functionally equivalent examples of code that uses the input state of pin RD0 to set 

the output on RD1. 

Listing D.1. Basic I/O Program 

#include "config_bits.h"  // Configure PIC32MX370F512L 

int main() 

{ 

// Initialization 

    ANSELDbits.ANSD1 = 0;     // RD1 set to digital I/O 

    TRISDbits.TRISD1 = 0;     // RD1 set to output  

    TRISDbits.TRISD0 = 1;     // RD2 set to input  

 

// loop 

    while(1) 

    { 

        LATDbits.LATD1 = PORTDbits.RD0; //Copy state of RD0 to RD1 

    { 

} 

 

Listing D.2. Alternate Basic I/O Program 

#include "config_bits.h"  // Configure PIC32MX370F512L 

int main() 

{ 

// Initialization 

    ANSELDCLR = 0x02;      // RD1 set to digital I/O 

    TRISDCLR = 0x02;     // RD1 set to output  

    TRISDSET = 0x01;      // RD0 set to input  

 

// loop 

    while(1) 

    { 

        if(PORTD & 0x01)  // Read RD0 pin 

      LATDSET = 0x02; // Set RD1 pin high 

http://store.digilentinc.com/pmodkypd-16-button-keypad/
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        else 

      LATDCLR = 0x02; // Set RD1 pin low 

    { 

} 
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Appendix E: PIC32MX370F512L Processor Pin Assignments for 

Basys MX3 

Table E.1. Processor I/O Assignments. 

CPU pin Port ALT Function   

21 RB4 AN4/C1INB/RB4 A_MIC Microphone  

43 RB14 AN14/RPB14/PMA1/CTED5/RB14 A_OUT Speaker  

23 RB2 PGEC3/AN2/C2INB/PRB2/CTED13/RB2 A_POT Pot  

90 RG0 RPGO/PMD8/RG0 ACL_INT2 
I2C - 

Accelerometer 
 

22 RB3 PGED3/AN3/C2INA/RPB3/RB3 AIN1 Stepper motor  

18 RE8 RPE8/RE8 AIN2 Stepper motor  

41 RB12 AN12/PMA11/RB12 AN0 
4 digit 7 segment 

LED 
 

42 RB13 AN13/RB13 AN1 "  

28 RA9 VREF-/CVREF-/PMA7/RA9 AN2 "  

29 RA10 VREF+/CVREF+/PMA6/RA10 AN3 "  

19 RE9 RPE9/RE9 BIN1 Stepper motor  

20 RB5 AN5/C1INA/RPB5/RB5 BIN2 Stepper motor  

87 RF0 RPF0/PMD11/RF0 BTNC Push Button  

67 RA15 RPA15/RA15 BTND/S1_PWM 
Push Button / 

servo mtr 
 

32 RB8 AN8/RPB8/CTED10/RB8 BTNR/SP_PWM 
Push Button / 

servo mtr 
 

96 RG12 TRD1/RG12 CA 
4 digit 7 segment 

LED 
 

66 RA14 RPA14/RA14 CB "  

83 RD6 RDD6/PMD14/RD6 CC "  

97 RG13 TRD0/RG13 CD "  

1 RG15 CNG15/RG15 CE "  

84 RD7 RPD7/PMD15/RD7 CF "  

80 RD13 RPD13/RD13 CG "  

95 RD14 TRD2/RD14 CP "  

93 RE0 PMD0/RE0 DB0 
Character LCD 
data 

 

94 RE1 PMD1/RE1 DB1 "  

98 RE2 AN20/PMD2/RE2 DB2 "  

99 RE3 RPE3/PMD3/RE3 DB3 "  

100 RE4 AN21/PMD4/RE4 DB4 "  

3 RE5 AN22/RPE5/PMD5/RE5 DB5 "  

4 RE6 AN23/PM6/RE6 DB6 "  

5 RE7 AN27/PMD7/RE7 DB7 "  

81 RD4 RPD4/PMWR/RD4 DISP_EN Character LCD ctrl  

82 RD5 RPD5/PMRD/RD5 DISP_R/W "  

44 RB15 AN15/RPB15/PMA0/CTED6/RB15 DISP_RS "  
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89 RG1 RPG1/PMD9/RG1 IR_PDOWN IRDA  

26 RB6 PGEC2/AN6/RPB6/RB6 IR_RX "  

27 RB7 PGED2/AN7/RPB7/CTED3/RB7 IR_TX "  

7 RC2 RPC2/RC2 JA1 Pmod JA  

6 RC1 RPC1/RC1 JA2 "  

9 RC4 RPC4/CTED7/RC4 JA3 "  

10 RG6 AN16/C1IND/RPG6/SCK2/PMA5/RG6 JA4 "  

8 RC3 RPC3/RC3 JA7 "  

11 RG7 AN17/C1INC/RPG7/PMA4/RG7 JA8 "  

12 RG8 AN18/C2IND/RPG8/PMA3/RG8 JA9 "  

14 RG9 AN19/C2INC/RPG9/PMA2/RG9 JA10 "  

69 RD9 RPD9/RD9 JB1 Pmod JB  

71 RD11 RPD11/PMCS1/RD11 JB2 "  

70 RD10 RPD10/PMCS2/RD10 JB3 "  

68 RD8 RPD8/RTCC/RD8 JB4 "  

74 RC14 SOSCO/RPC14/T1CK/RC14 JB7 "  

72 RD0 RPD0/RD0 JB8 "  

76 RD1 AN24/RPD1/RD1 JB9 "  

73 RC13 SOSCI/RPC13/RC13 JB10 "  

17 RA0 TMS/CTED1/RA0 LED0 LED  

38 RA1 TCK/CTED2/RA1 LED1 "  

58 RA2 SCL2/RA2 LED2 "  

59 RA3 SDA2/RA3 LED3 "  

60 RA4 TDI/CTED9/RA4 LED4 "  

61 RA5 TD0/RA5 LED5 "  

91 RA6 TRCLK/RA6 LED6 "  

92 RA7 TD3/CTED8/RA7 LED7 "  

78 RD3 AN26/RPD3/RD3 LED8_B Tri-color LED  

79 RD12 RPD12/PMD12/RD12 LED8_G "  

77 RD2 AN25/RPD2/RD2 LED8_R "  

88 RF1 RPF1/PMD10/RF1 MODE Stepper motor  

25 RB0 PGED1/AN0/RPB0/RB0 P32_PGC/BTNU Push Button  

24 RB1 PGC1/AN1/RPB1/CTED12/RB1 P32_PGD/BTNL "  

57 RG2 SCL1/RG2 SCL 
I2C - 

Accelerometer 
 

56 RG3 SDA1/RG3 SDA "  

53 RF8 RPF8/RF8 SPI_CE Flash memory  

55 RF6 RPF6/SCK1/INT0/RF6 SPI_SCK "  

52 RF2 RPF2/RF2 SPI_SI "  

54 RF7 RPF7/RF7 SPI_SO "  

51 RF3 RPF3/RF3 SW0 Slide switch  

50 RF5 RPF5/PMA8/RF5 SW1 "  
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49 RF4 RPF4/PMA9/RF4 SW2 "  

48 RD15 RPD15/RD15 SW3 "  

47 RD14 RPD14/RD14 SW4 "  

35 RB11 AN11/PMA12/RB11 SW5 "  

34 RB10 CVREFOUT/AN10/RPB10/PMA13/CTED11/RB10 SW6 "  

33 RB9 AN9/RPB9/CTED4/RB9 SW7 "  

39 RF13 RPF13/RF13 UART_RX FTDI receive  

40 RF12 RPF12/RF12 UART_TX FTDI transmit  

63 RC12 CLKI/RC12/OSC1    

64 RC15 CLKO/RC15/OSC2    

 

 

 

 



 

1300 Henley Court 
Pullman, WA 99163 

509.334.6306 
www.store.digilentinc.com 

Lab 1a: Microprocessor I/O 

 

Revised March 9, 2017 
This manual applies to Unit 1, Lab 1a  

 

Unit 1, Lab 1a Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 1 of 7 

 

 

1 Objectives 

1. How to develop a plan for a software-based microprocessor design. 

2. Understand the management of basic microprocessor digital inputs and outputs. 

3. Become familiar with the circuits included on the Basys MX3 trainer board.  

 

2 Basic Knowledge 

1. Fundamentals of digital logic. 

2. How to interpret a schematic diagram and electric circuits. 

3. How to write a computer program using the C language. 

4. How to launch a Microchip MPLAB X project. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Standard USB A to micro-B cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Digilent Analog Discovery 2 

3.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. XC32 Cross Compiler 

3. PLIB Peripheral Library 

  

http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
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4 Project Takeaways 

1. Know how to generate a microprocessor development project using MPLAB X. 

2. Know how to configure the Microchip PIC32 processor pins as either digital inputs or outputs. 

3. Know how to write a C program for a specific application using an embedded system. 

 

5 Fundamental Concepts 

This lab focuses on control of PIC32MX370 I/O pins. It consists of a simple example that demonstrates the syntax, 

as well as a mini project. The mini project is designed to demonstrate the process for approaching software-based 

design of an open-ended problem and to apply the design approach given only the performance specifications.  

 

6 Problem Statement 

In this lab, you will be using specified switches to turn specified RED, BLUE, and GREEN colors of the tri-color LED8 

either on or off using SW0, SW1, and SW2, respectively. 

 

7 Background Information 

7.1 Control Registers 

In this lab, we will make use of the TRISx, LATx, and PORTx control registers. TRISx registers simply control the data 

direction flow through port I/O pins, e.g., whether a PORTx I/O pin is an input or an output. If the data direction bit 

is a “1”, then the corresponding PORTx I/O pin is an input, and vice versa.  

LATx registers (PORTx data latch) hold data written to port I/O pins. A write to a LATx register latches data to the 

corresponding port I/O pins and those I/O port pins configured as outputs are updated. A read from a LATx resister 

reads the data held in the PORTx data latch, not directly from the port I/O pins (this distinction will come into play 

in Lab 1b).  

PORTx registers are the registers that allow I/O pins to be accessed. A write to a PORTx register writes to the 

corresponding LATx register (PORTx data latch) and those I/O port pins configured as outputs are updated. This is 

effectively the same as writing to a LATx register. A read from a PORTx register reads the synchronized signal 

applied to the port I/O pins.  

7.2 Configuring the PIC32 for Digital Inputs 

As noted from Appendix E Table E.1 in the Unit 1 description, the eight slide switches are connected to various pins 

on differing I/O ports of the PIC32 processor. This then requires that PIC32 pins connected to the switches must be 

configured as inputs either individually or in groups if multiple pins are connected to a common PIC32 port. Notice 

that some of these pins have an “AN” designation in the Alt column of Appendix E Table E.1. These pins are analog 

capable. To be used as a digital input, port pins that can be used as analog inputs must have the analog input 

disabled as well as be set as an input by setting the corresponding bit in the TRIS (tristate) register to a 1. To be 
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used as an output, this bit must be set to 0.  For example, to program SW5, SW6, and SW7 as digital inputs, the 

following statements must be included in the hardware initialization. The order of these statements is not critical. 

Listing 7.1. Instructions for Setting Analog Inputs to be Digital Inputs for SW5 

Through SW7 

    TRISBbits.TRISB9  = 1; // Set Port B bit 9 for input mode (3.3V tolerant only) 

    ANSELBbits.ANSB9  = 0; // Disable analog input 

    TRISBbits.TRISB10 = 1; // Set Port B bit 10 for input mode (3.3V tolerant only) 

    ANSELBbits.ANSB10 = 0; // Disable analog input 

    TRISBbits.TRISB11 = 1; // Set Port B bit 11 for input mode (3.3V tolerant only) 

    ANSELBbits.ANSB11 = 0; // Disable analog input 

 

If multiple I/O pins on a common processor port are to be simultaneously set, then the code in Listing 7.2 can be 

used. The bits do not need to be in succession and the ordering of the two statements is not critical. Only the bit 

positions designated as “1” will be set or cleared and all other bit positions will be unchanged by the “SET” and 

“CLR” instructions.  

Listing 7.2. Instructions for Setting Analog Inputs to be Digital Inputs for SW5 

Through SW7 

TRISBSET =  0b0000111000000000; // Set Port B bits 9 - 11 for input mode (3.3V only) 

ANSELBCLR = 0b0000111000000000; // Disable analog input for Port B bits 9 – 11 

 

Note: If the instruction TRISB =  0b0000111000000000; is used, all bit positions of the TRISB register will be set 

according to the bit positions of the 1s and 0s. 

If the peripheral library function is used, the statement PORTSetPinsDigitalIn(IOPORT_B, BIT_9 | BIT_10 | BIT_11); 

will both disable the analog input and set the specified TRIS register bits. This instruction is equivalent to the two 

statements in Listing 7.2.  

Other PIC I/O pins that serve solely as digital inputs require only the instruction to set the appropriate TRIS bit. For 

example, to program the PIC32 to an input for SW0, initialize using the statement TRISFbits.TRISF3 = 1;.  

Figure A.1 shows that seven of the switches (SW0 through SW6) are isolated from the PIC32 processor I/O pins by 

a 10K ohm resistor. This means the PIC32 pins could be used as outputs with no ill effect on the operations of the 

PIC32 processor. Note also that SW7 (PIC32 pin RB9) is connected via a voltage divider to the Analog Discovery 2 

Trig2 pin. Therefore, SW7 can be used as a manual trigger for the Analog Discovery 2 by setting RB9 as an input, or 

used as a software-controlled trigger by setting RB9 as an output and setting SW7 off.      

7.3 Configuring the PIC32 for Digital Outputs 

Figure A.1 shows the portion of the Basys MX3 schematic for connection to the tri-color LED. The corresponding 

PIC32 pins connected to the tri-color LED must be configured as outputs. If output pins are analog capable, they 

must be set for digital mode operation as described above.  
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8 Lab 1a 

8.1 Requirements 

This exercise uses the Basys MX3 switches SW0 through SW2 to control the red, blue, and green LEDs on the tri-

colored LED labeled LED8 according to the following rules (refer to the schematic diagrams in Appendix A of this 

lab for additional details): 

1. SW0 is to turn the RED color of LED8 on or off. 

2. SW1 is to turn the BLUE color of LED8 on or off. 

3. SW2 is to turn the GREEN color of LED8 on or off. 

4. All switch combinations are allowable. 

8.2 Design Phase 

This design follows Table 6.1 and the concept maps shown in Figs. 6.1 and 6.2 of the Unit 1 text. Functionally, this 

design consists of three tasks: hardware initialization, reading the state of slide switches, and setting the outputs 

to the tri-color LED. After executing the required initialization, the process of reading switches and setting outputs 

is repeated as fast as the processor can execute the code. As long as all processor inputs and outputs are 

completed at least once within the infinite loop, the program will meet the above project requirements. 

8.3 Construction Phase 

1. Write a problem statement that lists the requirements. 

2. List the resources that you will be using in this design. 

3. Sketch a flow diagram for this program that identifies what is to be done in the initialization section and 

what will be done in the infinite loop. 

4. Write a test plan that you will use to validate your software design. (See Unit 1) 

5. From the schematic diagram for the Basys MX3 trainer board: 

a. Determine and record the port and bit numbers assigned to switch outputs for SW0 through 

SW2. 

b. Determine and record the port and bit number assigned to the RED, GREEN, and BLUE LEDs on 

the tri-colored LED labeled LED8. 

c. Determine which pins can be set as analog input or digital I/O. 

6. Create a new project for the Basys MX3 trainer board. Name this project Lab1a. 

7. Copy the “config_bits.h” file to the project folder 

8. Add the “config_bits.h” file to the project list of Header Files. 

9. Create a new “mainfile” to the project.  Name this file “main.c”.  

10. Add config_bits.h to the top of main.c. 

11. Create a function called main by writing int main(void) { … } 

12. Within the initialization section of the main function: 

a. Set the PORT D TRIS register to set the bits for LED8_R, LED8_G, and LED8_R as digital outputs. 

b.  Set the PORT F TRIS register to set the bits SW0 through SW2 as digital inputs. 

13. Write the code inside the infinite loop so that SW0 through SW2 are used to control the ON/OFF state of 

RED, GREEN, and BLUE LEDS respectively. 

8.4 Testing 

1. Verify that all LED colors are off when the three switches are off. 
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2. Verify that the specified colors RED, BLUE, and GREEN individually light on and off using SW0, SW1, and 

SW2. 

3. Verify that multiple colors simultaneously light when switch pairs are on. Record the observed colors of 

the pair color combinations. 

4. Verify that the tri-color LED appears to be bluish white when all three switches are on. 

 

9 Questions 

1. Listing 7.1 and Listing 7.2 present two equivalent methods of setting PIC32 pins as inputs.  

a. Do a quick internet search and find out what “magic number” refers to in software programming. 

b. Which listing, 7.1 or 7.2, uses magic numbers? 

c. What are the advantages and disadvantages of using magic numbers? 

2. Most of the PIC32 processor outputs have a resistor connected in series with the end circuit or device. 

Using section 31 of the PIC32MX370 datasheet (see Reference 2 in section 10), answer the following 

questions relative to output drive capability. Assume that the processor is powered with VDD equal to 

3.3V. 

a. What is the maximum source current for processor pins and what are the stipulated conditions?  

b. What is the maximum sink current for the processor pins and what are the stipulated conditions?  

c. What is the maximum output (source) current to each LED0 through LED7? 

d. What is the maximum input (sink) current from each of the 7-segment LEDs? What is the 

maximum current that can be supplied by the PIC32 to all I/O pins?  

3. Using the schematic diagram shown in Fig. A.3 for LED0 through LED7 on the Basys MX3 and Figs. 32-1 

presented in Reference 2, when Vdd is 3.3V: 

a. Estimate the output voltage when RA0 pin is set high. Estimate the current output when RA0 pin 

is set high, assuming that the forward diode voltage drop is 0.7 V.  

 

10 References 

1. Best coding practices,  https://en.wikipedia.org/wiki/Best_coding_practices  

2. PIC32MX330/350/370/430/450/470 Family Data Sheet  

  

https://en.wikipedia.org/wiki/Best_coding_practices
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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Appendix A: Schematic Drawings 

 

Figure A.1. Slide switch schematic diagram. 

 

Figure A.1. Schematic of PIC32 interconnection with the Tri Color LED. 

 

Figure A.3. Basys MX3 LEDs. 
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Appendix B: Integrated Development Environment (IDE) 

Setup – Essential Elements of a MPLAB X Project 

1. Microchip MPLAB X IDE and XC32 C compiler must be installed on a PC or Linux computer. 

2. All applications execute from a MPLAB X project. Instructions on how to create a project can be found at 

http://www.siriusmicro.com/mplabx-c.html. Although you should follow the general flow of the tutorial, 

some specifics need to be altered as follows: 

a. The processer type is a “32-bit MCU”. 

b. The particular processor is a “PIC32MX370F512L”. 

c. The hardware debugging tool is “MCU Alpha One”. 

d. The C compiler will be “XC32(v1.xx)”. 

e. The developer selects the project name and location as needed. 

3. Configure the processor: “Configuration Bits - are a collection of special bits that can only be modified at 

program time. Configuration bits are "read" during reset and enable or disable hardware features in the 

microcontroller.”1 Sorting out the proper configurations can be daunting for beginning developers. Hence, 

the labs associated with the Microchip PIC32MX270F512L microprocessor installed on the Basys MX3 

processor board will use a header file called config_bits.h that is included only with the file containing the 

function “main”. 

4. The software must have a function called “main” that contains an initialization section and a run section.  

a. The initialization section configures executes only once and sets up processor resources for the 

particular application. Typically, I/O pins are configured to be analog or digital. If the pin is 

declared as digital, it is configured as input. Other resources such as timers, serial ports, and 

interrupts are also configured in this section. 

b. The run section must contain an infinite software loop that, under no condition, must ever end.  

Typically this infinite loop is written as for(;;){ … } or while(1){ …}. The embedded application 

executes from the infinite loop or from interrupts that preempt this loop. 

 

                                                                 

1 View and Set Configuration Bits, http://microchip.wikidot.com/mplabx:view-and-set-configuration-bits  

http://www.siriusmicro.com/mplabx-c.html
http://microchip.wikidot.com/mplabx:view-and-set-configuration-bits
http://microchip.wikidot.com/mplabx:view-and-set-configuration-bits
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1 Objectives 

1. How to develop a plan for a software-based microprocessor design. 

2. Understand the management of basic microprocessor digital inputs and outputs. 

3. Write an application that utilizes the Basys MX3 processor platform to perform basic calculator functions 

and display the results on a 4-digit 7-segment LED display. 

4. Become familiar with the circuits included on the Basys MX3 trainer board. 

 

2 Basic Knowledge 

1. Fundamentals of digital logic. 

2. How to interpret a schematic diagram and electric circuits. 

3. How to write a computer program using the C language. 

4. How to launch a Microchip MPLAB X project. 

5. How to configure the PIC32 I/O pins for digital input and output (See Lab 1a). 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Standard USB A to micro-B cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Digilent Analog Discovery 2 

3.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. XC32 Cross Compiler 

3. PLIB Peripheral Library 

http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
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4 Project Takeaways 

1. Know how to generate a microprocessor development project using MPLAB X. 

2. How to solve an embedded design problem using engineering methodologies. 

3. How to perform a basic timing problem. 

 

5 Fundamental Concepts 

This lab builds on the lessons learned in Lab 1a to solve a more complex static I/O problem.  The basic two 

software elements of all embedded designs, namely initialization and continuous execution of a process loop, are 

used once again. A simple delay loop is introduced to generate a stable and persistent output to allow humans to 

read a visual display. 

 

6 Problem Statement 

The objective of this lab is to program the PIC32 processor to implement the functionality of a simple integer 

calculator that displays the result of X • Y where the operator, •, will be add, subtract, multiply, or divide. The most 

recently computed result is continuously displayed on the 7-segment LEDs such that if an operation push button is 

held depressed and the X or Y switches change position, the new value is immediately seen on the LED display.  

 

7 Background Information 

7.1 Control Registers 

There are two methods to individually set or clear writable registers, such as the TRIS and LAT registers. One is to 

write a sequence of instructions know as read-modify-write (RMW) operations, as was done in Lab 1A. The second 

method is to use bit-modifying instructions. 

Using read-modify-write sequences introduces opportunities for errors when the programs are using interrupts 

and high capacitive pin loads.1 In addition to the register assignments, such as LATA = 23;, that result in all 16 bits 

of the register being set at one time, there are modifier instructions that provide bit control. The modifiers that 

provide atomic bit manipulation are SET, CLR, and INV. Atomic instructions are those that cannot be divided by 

interrupts, avoiding the errors potentially introduced by RMW operations.   

For the SET modifier, the bit positions that are set to a one in the instruction will set the register bits high, while 

not altering the bit in the unspecified positions. For example, the instruction LATASET = 0x8020; will result in bits 5 

and 15 being set to a one. Bits 0 through 4 and 6 through 14 will not be changed by this instruction. The LATACLR 

instruction will set only the specified bits to zero. Likewise, the LATAINV instruction will invert only the specified 

bits.  

7.2 Using the Slide Switches 

                                                                 

1 Read Modify Write Problem, https://download.mikroe.com/documents/compilers/mikroc/pic/help/rmw.htm  

https://download.mikroe.com/documents/compilers/mikroc/pic/help/rmw.htm


Lab 1b: Microprocessor I/O  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 3 of 9 

 

The disparate assignments of processor I/O pins connected to the eight slide switch inputs makes it imperative to 

use bit reading instructions. The instruction “s0 = PORTFbits.RF3;” is one way of sensing the state for slide switch 

SW0. To generate a 4-bit binary encoded for the value X as a 4-bit integer value, the following C programming 

instruction can be used: 

𝑋 = PORTFbits. RF3 + (PORTFbits. RF5 ≪ 1) + (PORTFbits. RF4 ≪ 2) + (𝑃𝑂𝑅𝑇𝐷𝑏𝑖𝑡𝑠. 𝑅𝐷15 ≪ 3); 

Similarly, an expression can be created that will generate a value for another variable, Y, using SW4 through SW7. 

7.3 Using the Push Button’s Inputs 

As with the slide switches, the push buttons must be individually set as PIC32 inputs. BTNR, BTNL, and BTNU are 

analog pins, and hence require disabling the analog input. Remember that PIC32 I/O pins that also function as 

analog inputs must have the appropriate ANSELx bit set low. The state of the BTND push buttons can be read using 

the following C statement: 

𝐵𝑇𝑁𝐷 = PORTAbits. RA15; 

Figure A. shows that these five processor signals all have alternate uses. BTNR, BTND, and BTNC can be used as 

outputs for controlling servo motors and triggering the Analog Discovery 2. The 10K ohm resistors in series with 

the push buttons allow the buttons to be pressed with no effect on the PIC32 when these pins are configured as 

outputs.  

BTNL and BTNU are also used for MPLAB debugging and processor programming that renders them unavailable for 

push button inputs while the MPLAB X debugger is running. The PIC32 must be programmed for standalone 

operation to allow using BTNL and BTNU for inputs to the PIC32. 

7.4 Using a 7-Segment Display 

As previously discussed for the slide switch and push button inputs, the 7-segment LED controls are scattered over 

multiple ports and pins. Again, Table E.1 of Unit 1 must be used to identify those pins that need to have the analog 

functionality disabled. Each segment should be set on or off using the LATxSET = BIT_xx and LATxCLR = BIT_xx 

instructions.  

The particular multiple digit 7-segment LED display used in this application is a common anode device. The 

cathodes for the seven LED segment and the decimal point (DP) are active low, meaning the output pin must be 

set low to activate the LED segment. In addition, one of the four anodes (AN0 through AN3) must also be set low to 

allow the LEDs set by CA through CG to be turned on for the selected digit. For example, to display the number “5” 

on LED display number two, we would use the instructions shown in Listing 7.1.  

Listing 7.1. Bit-banging Instructions to Display the Number “5” on the Third Digit 

LATGCLR = BIT_12; // Segment A on 

LATASET = BIT_14;  // Segment B off 

LATDCLR = BIT_6;  // Segment C on 

LATGCLR = BIT_13;  // Segment D on 

LATGSET = BIT_15;  // Segment E off 

LATDCLR = BIT_7;  // Segment F on 

LATDCLR = BIT_13;  // Segment G on 

LATGSET = BIT_14;  // Segment DP off 

LATBSET = BIT_12; // Display 0 off 

LATBSET = BIT_13;  // Display 1 off 

LATACLR = BIT_9;  // Display 2 on 

http://www.luckylight.cn/UploadFiles/KW4-281XSB.pdf
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LATASET = BIT_10;  // Display 3 off 

 

Note: BIT_xx instructions used above are defined in port.h.  

Variations of the code in Listing 7.1 must be used to light different numbers on each of the four digits. The last four 

instructions select the display digit. 

7.5 Persistence: Lighting the 7-Segment Display 

The display in Fig. 8.2 appears to have LED segments in three digits simultaneously displayed. As just discussed, the 

cathodes of all four of the 7-segment LEDs are connected in parallel and the particular digit is selected by asserting 

the common anode pin high. In order to make the 4-digit display appear that all four LED digits are simultaneously 

on, one should make sure each digit is displayed for a minimum of 1 millisecond. Listing 7.2 provides a simple 

software delay. Since this delay is dependent on the speed of execution, the “ms_cnt” will need to be changed 

depending on the speed of the core frequency. For the example shown in Listing 7.2, the ms_cnt value of 1000 is 

set to generate a one ms delay when the core frequency is set to 80 MHz. 

Listing 7.2. Software Time Delay 

void sw_delay(int ms) 

{ 

unsigned int ms_cnt; // 1 ms counter 

    while(ms--)  // ms loop counter 

    { 

        ms_cnt = 10000; // Reset ms counter 

        while(--ms_cnt); // wait for 1 ms 

    } 

} 

 

8 Lab 1b 

8.1 Development Plan 

Follow the system design plan presented in Unit 1 by completing the actions described in steps 1 through 5 of 

Table 8.1. After the planning activity has been completed, proceed to the design phase by setting up your 

development environment. Note that a test plan is included in the list of activities so that any test hardware and or 

software is included in the overall design. 

Table 8.1. Software based system work flow. 

Step Action 
Phase of project test to 

be completed 
Test Metrics – How is 

test to performed 
Results 

1  Problem statement Initial action Peer review 
0 = Not adequate 
10 = very precise 

2 Software Plan 
Prior to initiating coding 
effort 

Control Flow Diagram 
Collaboration Diagram 

0 = Vague – not 
complete 
10 = Complete 

3 Testing Plan 
Prior to initiating coding 
effort 

Identify 
instrumentation 
methods 

0 = Vague – not 
complete 
10 = Complete 
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4 
Resource list –
hardware and 
software 

After understanding of 
work to be completed 

Peer review 
0 = Not adequate 
10 = Complete 

5 I/O Table 
Prior to initiating coding 
effort 

Peer review 
0 = Vague – not 
complete 
10 = Complete 

6  Code Development 
Start of software 
development 

Compiles with no 
errors 

Pass / fail 

7 
Functionality 
Testing 

After code development 
Operates according to 
specification 

Pass / fail 

8 Documentation After Testing 
Sufficient information 
to allow work to be 
independently verified. 

0 = Vague – not 
complete 
10 = Complete 

 

8.2 Project Requirements 

Using the five push buttons and eight slide switches on-board the Basys MX3, program the PIC32 processor to 

implement the functionality of a simple integer calculator that displays the result of X • Y where the operator, •, 

will be add, subtract, multiply, or divide. The button and switch operation assignments are given below. The most 

recently computed result is continuously displayed on the 7-segment LEDs such that if an operation push button is 

held depressed and the X or Y switches change position, the new value is immediately seen on the LED display. 

Only one push button is allowed to be pressed at a time. If multiple push buttons are simultaneously pressed, the 

result will not change. 

Table 8.2. Button operation. 

Push Button Mathematical Operation 

BTND ADD: Result = X + Y 

BTNC SUBTRACT: Result = X – Y 

BTNR MULTIPLY: Result = X * Y 

BTNU (1) DIVIDE: Result = X / Y 

BTNL (1) CLEAR RESULT: Result = 0 

 

Note 1: BTNU and BTNL can only be implemented when MPLAB is not in debug mode (see hardware.h in Unit 1, 

Appendix C). 

The eight slide switches shown in Figure 8.1 are divided into two groups of four switches to generate values for X 

and Y by setting the switches in a binary fashion. The X and Y values are determined by equations 1 and 2.   

𝑋 = (𝑆𝑊0 ∙ 20) + (𝑆𝑊1 ∙ 21) + (𝑆𝑊2 ∙ 22) + (𝑆𝑊3 ∙ 23)     Eq. 1 

𝑌 =  (𝑆𝑊4 ∙ 20) + (𝑆𝑊5 ∙ 21) + (𝑆𝑊6 ∙ 22) + (𝑆𝑊7 ∙ 23)     Eq. 2 

Where SW0 through SW7 has a value of one if in the on (up) position, or zero if in the off (down) position.  
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Figure 8.1. Partitioning of switches assigned to variables X and Y. 

The mathematical operation on variables X and Y produce a new result that is displayed on the 4-digit 7-segment 

display, as shown in  

Figure 8.1, whenever one of the push buttons is pressed. The operations associated with the push buttons are shown in the green text in  

Figure 8.2. (Note: BTNL and BTNU are not functional when MPLAB X is running in debug mode.) 

 
 

 
 

Figure 8.1. 4-digit 7- segment display. 

 
 

Figure 8.2. Operator assignments to push buttons. 

 

8.3 Design Phase 

1. Generate a work flow table as shown in Table 8.1.  

2. Write a problem statement that lists the requirements. 

3. List the resources that you will be using in this design. 

4. Sketch a flow diagram for this program that identifies what is to be done in the initialization section and 

what will be done in the infinite loop. 
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5. Write a test plan that you will use to validate your software design (see above).  

6. From the schematic diagram for the Basys MX3 trainer board: 

a. Determine and record the port and bit numbers assigned to switch outputs for SW0 through 

SW7. 

b. Determine and record the port and bit number assigned to the five push buttons. 

c. Determine and record the eight port and bit number assigned to the cathodes CA-CG and DP of 

the 7-segment LED module. 

d. Determine and record the four port and bit number assigned to the anodes AN0-AN3 of the 7-

segment LED module. 

e. Determine which pins can be set as analog input or digital I/O. 

8.4 Construction Phase 

1. Create a new project for the Basys MX3 trainer board. Name this project Lab1b. 

2. Copy the “config_bits.h” file to the project folder. 

3. Add the “config_bits.h” file to the project list of Header Files. 

4. Create a new “mainfile” to the project.  Name this file “main.c”. 

5. Add “config_bits.h” to the top of main.c. 

6. Create a function called main by writing “int main(void) { … } 

7. Within the initialization section of the main function: 

a. Declare local variables “x” and “y” initialized to a value of zero in the “main” function. 

b. Set the PIC32 I/O pins connected to the switch and push buttons as inputs. 

c. Set the PIC32 I/O pins connected to the 4-digit 7-segment module as outputs. 

8. Write and test a function that reads the eight slide switches and returns values “x” and “y.” 

9. Write and test a function that determines if a push button is pressed and performs the required 

mathematical operation. This function returns the result as a signed integer. 

10. Write and test a function that displays the result on the 7-segment display with the required persistence. 

11. Integrate the functions developed in steps 13-15 into a continuous loop in the “main” function. 

8.5 Testing 

1. Test the Add operation using the minimum and maximum values for X and Y. 

2. Test the Subtract operation using the minimum and maximum values for X and Y. 

3. Test the Multiply operation using the minimum and maximum values for X and Y. 

4. Test the Divide operation using the minimum and maximum values for X and Y. 

 

9 Questions 

1. What is displayed on the 7-segment LED for the operation X / Y when Y is set to zero? 

2. What does the 7-segment display show if all anode outputs (AN0 through AN3) are pulled low at the same 

time? 

3. Using schematic diagram of the Basys MX3 and Figs. 31-1 presented in Reference 2 in section 10, when 

Vdd is 3.3V: 

a. Estimate the output voltage when RA0 pin is set high.  

b. Estimate the current output when RA0 pin is set high assuming that the forward diode voltage 

drop is 0.7V.  

4. If RB8 is programmed to be a digital output, what affect will pushing BTNR have on the output signal? 

5. The signal BTNC is connected to PIC32 Port F pin 0 and programmed to serve as a digital input or output.  
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a. Consider the case when pin RF0 is programmed to be an input and the signal TRIG_1 is a digital 

output signal from an external device that is either 0 or 3.3V. What effect will pressing the BTNC 

button have on the processor RF0 pin when TRIG_1 is low and when it is high? 

b. Consider the case when pin RF0 is programmed to be an output and the signal TRIG_1 is a digital 

input signal to an external device. What effect will pressing the BTNC button have on the TRIG_1 

signal when the RF0 output is low and when it is high? 

6. Measure the loop execution time by toggling Pmod connector JA pin 1 at the start of the loop execution 

using the instruction LATCINC = 0x04. Connect a logic analyzer or oscilloscope probe to JA pin 1 and the 

ground or common connector to JA pin 5. The loop time is one half the period of the square wave 

generated at JA pin 1.   

a. What is this time?  

b. Is this time expected? 

 

10 References 

1. Best coding practices,  https://en.wikipedia.org/wiki/Best_coding_practices  

2. PIC32MX330/350/370/430/450/470 Family Data Sheet  

  

https://en.wikipedia.org/wiki/Best_coding_practices
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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Appendix A: Schematic Drawings 

 

Figure A.1 Push button schematic diagram. 

 

Figure A.2 Schematic diagram of Basys MX3 slide switches. 

 

Figure A.3. 4-digit 7-segment display schematic. 
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1 Introduction 

A real-time system is a combination of computer hardware and software that operates with time constraints. This 

unit investigates the concepts of multi-threaded process time management for a real-time dynamic system, using 

foreground-background task scheduling. Processor timers are used to start tasks with a high degree of accuracy. 

We will use the classic example application of controlling the rotor speed of a stepper motor to illustrate the 

software implementation of a dynamic system using timers and a finite state machine (FSM) controlling the 

execution of tasks in real-time.    

A PIC32 processor timer is used to control the period between steps of the stepper motor in a uniform manner, 

resulting in what appears to be constant angular velocity. This unit is concerned only with the dynamic behavior of 

the stepper motor (intervals between steps, the step mode, and direction of rotation), but not the rotor’s absolute 

position. The requirements of Lab 2b could be easily modified to add position control, but would require some 

type of position feedback or a starting reference. 

 

2 Objectives  

1. Implement task management based on polling PIC32 timers. 

2. Implement task management based on PIC32 timer interrupts. 

3. Understand the principles of a software implemented finite state machine (FSM). 

4. Use time management and FSM code to control the speed of rotation of the stepper motor rotor. 

5. Implement a multitasking real-time application using foreground-background scheduling. 

 

3 Basic Knowledge 

1. Understanding of combinational logic and sequential logic. 

2. Using the SWITCH-CASE construct in C. 

3. How to interpret a schematic diagram and electric circuits. 

4. Fundamentals of stepper motors. 

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

https://en.wikipedia.org/wiki/Multithreading_(computer_architecture)
https://en.wikipedia.org/wiki/Dynamical_system
https://en.wikipedia.org/wiki/Foreground-background
http://www.businessdictionary.com/definition/task.html
https://en.wikipedia.org/wiki/Stepper_motor
https://en.wikipedia.org/wiki/Dynamical_system
https://en.wikipedia.org/wiki/Finite-state_machine
https://en.wikipedia.org/wiki/Polling_(computer_science)
https://en.wikipedia.org/wiki/Interrupt_latency
https://en.wikipedia.org/wiki/Finite-state_machine
https://en.wikipedia.org/wiki/Stepper_motor
https://en.wikipedia.org/wiki/Foreground-background
https://www.cs.umd.edu/class/sum2003/cmsc311/Notes/Seq/diff.html
http://www.tutorialspoint.com/cprogramming/switch_statement_in_c.htm
http://www.learn-c.com/schemat.htm
http://homepage.cs.uiowa.edu/~jones/step/an907a.pdf
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
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2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

4. 4-wire stepper motor 

5. 5V, 4A DC power supply 

4.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. XC32 Cross Compiler 

3. PLIB Peripheral Library 

 

5 Project Takeaways 

1. How to set the period of a PIC32 Timer. 

2. How to write a software state machine. 

3. How to allocate tasks to either foreground or background scheduling. 

4. Understanding of stepper motor operations and applications. 

 

6 Fundamental Concepts 

In the first unit, we looked at ways of implementing a static logical processing design that can be implemented 

with a limited set of combinational digital logic circuits. In this unit, we will look at dynamic real-time systems that 

require a history of state (memory) and sense of timing (deadlines). For microcontrollers, a “sense” of timing is 

gained by using a timer.  

The correct operation of a dynamic real-time scheduling scheme is predicated on two requirements. The first is 

that the worst case (longest) execution time of the timer interrupt service routine (ISR) must be less than the 

interrupt interval. The second is that the time remaining in the interrupt period after execution of the ISR must be 

sufficient so that it appears to the user that the processor is acknowledging his or her inputs in a timely manner. 

Real-time operation has two basic requirements: correct value at the correct time. A system that cannot always 

meet both of these requirements is a failed system. Hence, it is not sufficient to just have the correct output 

values; these outputs have to be generated at the correct time. You have already developed a real-time operating 

system for Lab 1b. 

The time required to service the ISR includes the execution time of the user ISR code in addition to the time 

required to save and restore the system context. Using the MPLAB X Stopwatch debugging feature, we find that it 

requires 33 machine cycles to save and restore the system context. Using a core frequency of 80 MHz, the context 

saving and restoring time is 1.03 μs. The time to execute the user written code varies. In the case of Labs 2a and 

2b, execution of the ISR code will vary based upon the conditional execution of the LED and stepper motor 

functions. 

  

http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/stepper-motor/
http://store.digilentinc.com/5v-4000ma-switching-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
https://en.wikipedia.org/wiki/Dynamical_system
https://en.wikipedia.org/wiki/Real-time_computing
http://www.embedded.com/electronics-blogs/beginner-s-corner/4024440/Introduction-to-Counter-Timers
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7 Background Information 

7.1 Real-time Operating Systems 

“An operating system (OS) is system software that manages computer hardware and software resources and 

provides common services for computer programs. All computer programs, excluding firmware, require an 

operating system to function.” 

When referring to real-time multi-threaded systems, we mean that to the observer, the system appears to be 

simultaneously servicing multiple tasks. We often refer to this as multitasking. Timing becomes everything for 

these types of applications. To achieve this goal, the PIC32 single-core processor must switch from running the 

program code for one task to executing code for an entirely different task. The challenge for the developer is to 

write an operating system that executes this task switching at a rate such that the processor appears to be 

completing both tasks simultaneously.   

Real-time systems can be categorized based on the need for tasks to be completed within a time constraint. Hard 

real-time systems require all deadlines be met. Failure to do so constitutes a system failure. Completing a task 

early is as bad as completing it late. Firm real-time systems allow for infrequently missing deadlines while still 

maintaining required levels of performance. For soft real-time systems, the usefulness of the system degrades as 

the rate of deadline misses increase.  

Although there are different approaches to task switching, the two easiest are cooperative and preemptive. When 

using the cooperative scheduling approach, each task willingly gives up running its computer code to allow another 

task to run. To be effective, all tasks must work together “nicely” such that all tasks have an opportunity to meet 

their time deadlines. Each task is responsible for determining when it is time to switch tasks. The various tasks 

managed using a cooperative multitasking scheme are scheduled in a round-robin fashion. This is how the multiple 

tasks needed to implement Lab 1a and Lab 1b are managed – they took turns executing in the main function’s 

infinite loop. 

7.1.1 Preemption 

“In computing, preemption is the act of temporarily interrupting a task being carried out by a computer system, 

without requiring its cooperation, and with the intention of resuming the task at a later time. It is normally carried 

out by a privileged task or part of the system that has the power to interrupt, and later resume, other tasks in the 

system.” 

In software, a task is a basic unit of programming that has a constrained, defined purpose. For example, reading 

the state of the input pins to determine if buttons are pressed or not can be considered a task. Multitasking implies 

that more than one task is running at the same time. Single-core processors appear to be multitasking by time-

sharing the processor resources. No time sharing is required in Lab 1a and Lab 1b, where each task in the program 

ran to its completion before the next task could begin. When multitasking with a single-core processor, some tasks 

are suspended so that higher priority tasks can be serviced (executed).   

7.1.2 Task Scheduling 

Task scheduling for preemptive multitasking requires the use of one or more interrupts to determine when each 

task is to be executed. These interrupts can be based on external events, such as a communications message, or 

internal events, such as a timer clock. Typically, real-time systems use both cooperative and preemptive scheduling 

to implement what’s called foreground-background scheduling. High priority tasks (time critical or hard real-time 

tasks) are called the foreground tasks. The tasks that can be executed when no foreground tasks are pending are 

https://en.wikipedia.org/wiki/System_software
https://en.wikipedia.org/wiki/Computer_hardware
https://en.wikipedia.org/wiki/Computer_software
https://en.wikipedia.org/wiki/Operating_system_services
https://en.wikipedia.org/wiki/Computer_program
https://en.wikipedia.org/wiki/Computer_program
https://en.wikipedia.org/wiki/Firmware
https://en.wikipedia.org/wiki/Real-time_computing
https://en.wikipedia.org/wiki/Multithreading_(computer_architecture)
https://en.wikipedia.org/wiki/Round-robin_scheduling
https://en.wikipedia.org/wiki/Foreground-background
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called background tasks. Background tasks have low priority and can, in theory, wait forever without degrading 

system performance. 

7.1.3 Interrupts 

In Unit 1, the order in which tasks were started and completed was strictly controlled by the order in which code 

was executed in the program. In this unit, we will investigate the concept of altering program code execution using 

preemption. Preemption by an interrupt causes the processor to stop the execution of the current code flow and 

begin execution of a special function called an “interrupt handler” or “interrupt service routine” (ISR). In a 

preemptive system, tasks are started and completed based on a programmed prioritization. The PIC32MX370 has 

up to 76 different interrupt sources and 46 interrupt vectors. References 2, 3, and 4 provide background 

information concerning processor interrupts. 

As illustrated in Fig. 7.1, an interrupt is a signal triggered by an event internal to the processor or an external 

signal. The computer suspends what would normally be the next instruction of a task in one part of a program and 

begins executing code to complete an entirely different task. This occurrence of events can be periodic 

(deterministic) or aperiodic (sporadic). An example of a deterministic event is a timer flag being set at a specified 

interval. Sporadic interrupts are the result of an unpredictable event, such as a divide by zero error, detection of 

low processor power, serial data received flag, or even pressing a button by a person. These signals cause the 

microprocessor to implement a sequence of operations resulting in an orderly way of suspending one task, 

executing an entirely different task, and subsequently resuming the original task. 

 

Figure 7.1. PIC32 interrupt handler block diagram. 

The three main types of interrupts are software, internal hardware, and external hardware. Software and internal 
hardware interrupts that are initiated by some event inside the microprocessor are also commonly referred to as 
exceptions or traps. Software interrupts are explicitly internally triggered by instructions within the current 
program, commonly referred to as trap instructions. Internally generated hardware interrupts triggered by timers, 
analog converters, serial communications, errors detected during software execution, such as illegal math 
scheduling instructions or operational codes (opcodes), are all known as exceptions. Finally, external hardware 
interrupts are interrupts initiated by hardware other than the CPU. Both the software code and the processor 
architecture determine how interrupts are prioritized and processed.  

7.1.3.1    Context 

The context of a microprocessor defines the state or operating conditions internal to the processor. In order to 

properly resume executing the task that was interrupted, the ISR is responsible for saving and restoring the 

http://www.embedded.com/electronics-blogs/beginner-s-corner/4024543/Introduction-to-Preemptive-Multitasking
http://en.wikipedia.org/wiki/Interrupt
http://en.wikipedia.org/wiki/Trap_(computing)
https://en.wikipedia.org/wiki/Opcode
http://en.wikipedia.org/wiki/Context_(computing)
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context of the processor to before it was interrupted. At the very least, the context consists of the processor 

register values, the CPU flag registers, and the program address of the next instruction to be executed when the 

ISR has completed.   

The C compiler is responsible for generating code segments called a prologue and an epilogue for functions 

designated to be interrupt handlers. The prologue code saves the processor’s context prior to executing any code 

that the developer generated to service the interrupt. The epilogue code restores the context at the end of the ISR 

and redirects the execution of computer code back to the instruction that was preempted. For the PIC32 

processor, the C compiler generates 33 assembly language instructions to save the processor context and an equal 

number of instructions to restore the context, thus requiring approximately 8.5 µs before and after executing the 

ISR code. PIC32 processors have one or more shadow registers that can all but eliminate the time needed for 

executing prologue and epilogue code. 

Interrupt latency is defined as the time between the instant when an event generates the interrupt signal and the 

time when the first useful instruction in the ISR is executed. This latency is made up of two major components: the 

time required to save the processor context and the amount of time that an interrupt is disabled or deferred by 

higher priority interrupts as necessary.  

7.1.3.2    Managing Interrupts 

Preemptive programs usually consist of two types of tasks: foreground and background. Foreground tasks are 

those preemptive tasks that the processor executes as soon as the need arises in response to an interrupt. 

Interrupts are assigned priority levels that dictate the order in which interrupts will be serviced. In the case of 

multiple foreground tasks both needing service at the same time, the higher the interrupt priority, the sooner the 

microprocessor executes the code to service that interrupt. Code executed immediately following a power-up 

reset runs at priority level zero and has no preemptive capability. This initial background task is responsible for 

setting up the resources for tasks that will eventually run as foreground tasks.   

Foreground tasks have preemptive capability by having higher priorities than background tasks. The foreground 

task ensures adequate response times, while the background task manages deferred processing of the foreground 

data. Background tasks are those that the processor executes whenever it has available time and is waiting for 

something more important to do. Background tasks generally run at the interrupt priority level zero within a 

while(1) { … } program loop, where event detection by polling flags and pins is common. Interrupt only systems, 

which are those that only have foreground processes, respond quickly to both periodic and sporadic events but 

ignore potential work that can be allocated to a background process. The use of interrupts falls under the broad 

category of real-time task scheduling, and a thorough investigation of this topic is beyond the scope of this project. 

There are two types of preemptive operating schemes: nested and non-nested. Nested interrupt schemes allow 

higher priority level interrupts to preempt code that is servicing a lower priority interrupt. A non-nested interrupt 

scheme completes the execution of the code currently servicing an interrupt before it begins to service the code 

for any interrupt awaiting service, regardless of interrupt priorities.   

Non-nested preemptive schemes are usually easier to manage, but they can result in priority inversion, where a 

low priority task blocks a higher priority task from running. This scheme is easier to manage because the developer 

only has to focus on one ISR, and the operation that determines which interrupts to service resembles the process 

of polling, i.e., constantly checking to see if a specific event has occurred, which we did in Lab 1b. For non-nested 

interrupt schemes, we must individually check the flags set by the interrupting event to determine which event to 

service. All interrupts are assigned to priority level 1 and are vectored (sent) to the same ISR where the particular 

interrupt flag must be cleared. For multiple simultaneous interrupts, tasks are serviced in the order that the 

interrupt flags are polled. A non-nested priority scheme results whenever interrupts are enabled using the 

instruction INTEnableSystemSingleVectoredINT(); provided in the peripheral library.  

http://microchip.wikidot.com/32bit:mz-arch-isa-cpu-shadow-registers
https://en.wikipedia.org/wiki/Interrupt_latency
https://en.wikipedia.org/wiki/Scheduling_(computing)
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Nested priority schemes are generally more responsive, taking advantage of the fact that higher priority tasks can 

preempt (interrupt) lower priority tasks. The highest priority interrupt is guaranteed to have the lowest latency; 

however, nested priority schemes require more computer resources, such as time and memory, to accommodate 

context saving and restoring. Some low-end microcontrollers simply do not have sufficient memory and/or speed 

to support fully nested priority schemes. In reality, many embedded systems manage tasks using both nested and 

non-nested preemptive schemes as a result of either hardware and/or software limitations. Either interrupt 

management scheme can be used in combination with polling to detect events, as will be the case for the labs 

associated with this unit.   

The PIC32MX family of processors can use polling, nested priority, and non-nested priority schemes 

simultaneously. The PIC32MX processors utilize two major software level priorities called the “Group Priority” and 

the “Subgroup Priority.” There are seven levels that can be assigned for the group priority (1-7), with one being the 

lowest priority and seven being the highest. An interrupt with a higher group priority will preempt an interrupt of a 

lower priority group. There are four subgroup priority levels that can be assigned at each of the seven levels of 

group priority. Interrupts assigned to different group priority levels operate as nested interrupts.  

Multiple events can be assigned interrupt priorities at the same group level but at different subgroup levels. If two 

interrupts with the same group priority level are pending, the interrupt with the highest sub-priority will be 

handled first. The natural (hardware) priority scheme is asserted whenever multiple interrupts are generated 

simultaneously for events that are set for the same group and subgroup priority levels. (The notion of 

“simultaneous events” must be expanded to mean “if two interrupts are detected as waiting for service,” whether 

or not they occur at the same precise instant of time.)  

See the PIC32MX Family Reference Manual Section 8 for additional details of interrupt operations on the PIC32MX 

family of processors. 

7.1.3.3    General Interrupt Code Requirements 

There are four essential code elements required for a program to process interrupts using C: the declaration of the 

functions that will be used to service the interrupts, the code to initialize the resources that generate the interrupt, 

the ISR code that will be executed in response to an interrupt, and the instructions that enable interrupts in a 

global sense. There must be a specific ISR to handle each enabled interrupt, including the instruction to clear the 

specific interrupt flag. Failing to clear the interrupt will cause the processor to repeatedly execute the ISR, thus 

preventing the processor from executing any other application code.   

Functions that have been declared as an ISR cannot be called by any other C function, although code within an ISR 

can call other C functions. The two ways that the ISR code will be executed are, one, in response to the event that 

sets the interrupt flag through hardware, and two, by setting the corresponding bit in the interrupt flag register 

using a software instruction. A function that is declared as an ISR cannot have any variables passed to it (no 

argument list) and must return a void data type.  

In this project, two different interrupts will be generated: Timer 1 interrupt and an I/O pin change notice interrupt. 

The programming requirements for each of these two interrupts are discussed below. The two statements in 

Listing 7.1 apply to all interrupts and should be executed only once after all resources that are to generate an 

interrupt have been initialized. In this instance, the program is using multi-vectored interrupts. Selected segments 

of the code used in an application can be protected from preemption by any and all interrupts by bracketing the 

code segment with the instructions INTEnalbeInterrupts(); and INTDisableInterrupts();.  

Listing 7.1. Global Enabling of Global Interrupts 

// Enable multi vectored interrupts 
INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR); //done only once 

http://ww1.microchip.com/downloads/en/DeviceDoc/61108G.pdf
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INTEnableInterrupts();    //use as needed 
 

7.2 Microprocessor Timers and Counters 

Counter/timer hardware is a crucial component of most embedded systems. In some cases, a timer is needed to 

measure elapsed time; in others, we want to count or time some external events. We will use timers to pace the 

execution of specific segments of code either by polling timer flags or using interrupts generated by the timer. The 

PIC32MX370 has a core timer, a watchdog timer, and five general purpose counters/timers that can use one of the 

six PIC32 oscillator inputs.     

The core timer and Timers 1 through 5 can be used to create blocking delays that are similar to the software delay 

presented in Lab 1b and shown again here in Listing 7.2. The advantages of a software time delay based on CPU 

execution speed, as shown here in Listing 7.2, are as follows:  

1. This method of delay can be implemented on any microprocessor.  

2. The range of delay can be from a few microseconds to days depending on the timing resolution.  

The disadvantages are:  

1. The delay must be calibrated using instrumentation and trial and error.  

2. Although the delay function is blocking, it may be preempted in a foreground-background scheduling 

scheme.   

3. Preemption of this delay function causes the delay period to be extended. 

Listing 7.2. Software Time Delay Based on the CPU Instruction Execution Speed 

void sw_delay(int ms) 
{ 
unsigned int ms_cnt; // 1 ms counter 
   while(ms--)  // ms loop counter 
   { 
       ms_cnt = 10000; // Reset ms counter 
       while(--ms_cnt); // wait for 1 ms 
   } 
} 
 

In comparison to the software delay above, the CPU core timer and Timers 1 through 5 can be used to create a 

blocking delay by polling a timer value, as shown in Listing 7.3. The advantages of implementing a delay by polling 

a timer value are: 

1. The delay period is from 1.08 μs to 1.78 minutes in steps of 1.08 μs. (Minimum time is a function of the 

code execution speed.) 

2. Preemption of this delay function does not interfere with the clock. 

3. The core timer does not require any initialization code. 

4. Timing resolution is twice the period of the core frequency, providing high resolution. 

The disadvantages of polling a Timer to implement a delay are: 

1. Delay periods longer than 1.78 minutes will result in very short delays due to 32-bit addition overflow. 

2. The maximum delay for Timer 1 through Timer 5 is 4.2 seconds and requires a prescale value of 256 and a 

10 MHz peripheral bus clock (Core clock / 8). 

3. The minimum delay for Timer 1 through Timer 5 is 25.6 μs when the timer is configured to be capable of 

the maximum delay.  

https://en.wikipedia.org/wiki/Polling_(computer_science)
https://en.wikipedia.org/wiki/Interrupt_latency
http://blog.flyingpic24.com/2009/04/02/using-the-32-bit-core-timer/
http://microchip.wikidot.com/8bit:wdt
http://microchip.wikidot.com/32bit:osc-overview
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4. Timers 1 through 5 require initialization code. 

Listing 7.3. Software Time Delay Based on the CPU Core Timer 

void msDelay(unsigned int mS) 
{ 
unsigned int tWait; /* tWait is the time to wait until */ 

 
   tWait = (CORE_MS_TICK_RATE * mS) + ReadCoreTimer(); 
   while(ReadCoreTimer() < tWait); /* wait for the total delay */ 
} /* End of msDelay */ 

 

7.2.1 Timer Interrupts 

In the following labs, we will use Timer 1 to control the task execution timing so that the rotor of the stepper 

motor spins at a constant speed. The two instructions shown in Listing 7.4 will cause the Timer 1 interrupt flag to 

be set every tenth of a millisecond, assuming that the peripheral bus clock is running at 10 MHz. Even though an 

interrupt will be ever generated, the Timer 1 interrupt flag must be reset after the function that is polling the flag 

for timing purposes has detected that the flag has been set.  

Listing 7.4. Initializing Timer 1 

/* PBCLK = 10E6 */ 
#define T1_INTR_RATE 100000    //For 0.1 ms period 
OpenTimer1( (T1_ON | T1_SOURCE_INT | T1_PS_1_1), (T1_INTR_RATE - 1) ); 

 
In order to set up a timer to generate interrupts, you must modify the code to be as shown in Listing 7.5. The first 

macro instruction sets the Timer 1 interrupt priority level to 2, the second sets the Timer 1 sub priority level to 0, 

and the third enables Timer 1 interrupts.  

Listing 7.5. Initializing Timer 1 Interrupts 

#define T1_INTR_RATE 100000    //For 0.1 ms interrupt rate with T1 clock=10E6 
void timer1_interrupt_initialize(void) 
{ 
//configure Timer 1 using internal clock, 1:1 prescale, PR1 = T1_TICK-1 
   OpenTimer1( (T1_ON | T1_SOURCE_INT | T1_PS_1_1), (T1_INTR_RATE - 1) ); 
// set up the timer interrupt with a priority of 2, sub priority 0 
   mT1SetIntPriority(2);        // Group priority range: 1 to 7 
   mT1SetIntSubPriority(0);       // Subgroup priority range: 0 to 3 
   mT1IntEnable(1);        // Enable T1 interrupts 
// Global interrupts must be enabled to complete the initialization. – see 
// Listing 1. 
} 

 

Timer 1 interrupts can be disabled at any point in the application software by using the instruction 

mT1IntEnable(0);.  Other methods for initializing Timer 1 interrupts are shown in Appendix A. 

The code shown in Listing 7.6 illustrates how to declare a function to be an ISR and the general format of an ISR 

function. For this example, the parameter IPL2 sets the Timer 1 interrupt level to 2. This method of declaring an ISR 

eliminates the requirement of a function prototype.  

Listing 7.6. Timer 1 ISR at Interrupt Level 2 

void __ISR(_TIMER_1_VECTOR, IPL2) Timer1Handler(void)  
{  
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/* User generated code to service the interrupt is inserted here */ 

 
mT1ClearIntFlag(); // Macro function to clear the interrupt flag 

 
} 

 

7.3 Change Notification Interrupts 

A change notification (CN) interrupt indicates that an input pin has changed level from a high to low or low to high. 

All of the PIC32MX370 IO pins are capable of generating a CN interrupt, except for RF6. All of the CN interrupts are 

vectored to the same ISR, thus requiring polling the CN status registers, CNSTATA through CNSTATG, to determine 

which pin or pins are responsible for generating the CN interrupt. The code in Listing 7.6 will initialize BTNC on the 

Basys MX3 trainer board to generate a change notification interrupt at group level 1, sub group level 2. Listing 7.8 

provides the code for the CN interrupt service routine. 

Listing 7.7. Initializing the CN Interrupt for BTND 

/* Configure BTNC for change notification */ 
   TRISAbits.TRISA15 = 1;   /* Set RA15 for digital input 
 
   CNPDAbits.CNPA15 = 0;    /* Disable RA15 pull down resistor */ 
   CNPUAbits.CNPUA15 = 0;   /* Disable RA15 pull up resistor */ 
   CNENAbits.CNIEA15 = 1;   /* Enable RA15 change notification */  
   CNCONAbits.ON = 1;       /* Set RA15 change notification on */ 
    
   IEC1bits.CNFIA = 1;      /* Enable RA15 CN interrupts */  
 
/* Set CN interrupt level */ 
   IPC8bits.CNIP = 1;       /* Set CN interrupt group level 1 */ 
   IPC8bits.CNIS = 0;       /* Set CN interrupt sub group level 0 */ 
    
/* Enable global nested interrupts */     
   INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR); /* Execute only once */ 
   INTEnableInterrupts();  /* Execute as needed */ 
 

Listing 7.8. CN Interrupt Service Routing for BTNC 

void __ISR(_CHANGE_NOTICE_VECTOR, IPL1SOFT) CNHandler(void)  
{ 
   if( IFS1bits.CNAIF )            /* Check if CN on BTND - RA15 */ 
   { 
       if(CNSTATA & BTND_bit)      /* Check  if CN on RA15 */ 
       { 
           // ISR user code  
       } 
   } 
} 

 

7.4 Finite State Machines 

A finite state machine (FSM) is a behavior model for dynamic systems that determines what to do next based upon 

its current activity, the present conditions, and a stimulus. Current activities are called states. Present conditions 

are inputs that determine where to go and possible transitory activities. The stimulus is a trigger that indicates 

when to transition from one state to the next. A state diagram is a graphical representation (or model) of an FSM. 

A timer is in fact an FSM that uses a clock source as a trigger to advance the count, which is the timer’s state. 

https://en.wikipedia.org/wiki/Finite-state_machine
https://en.wikipedia.org/wiki/State_diagram
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As an example, consider a simple momentary contact push button that you want to operate in a push-on / push-

off fashion. Although the button is in the on condition only while being pressed, we want a system that remembers 

that it was pressed and maintains the “on” condition. When the button is pressed the next time, we want the on 

condition to be remembered so the output will transition to the “off” condition. Figure 7.2 is a state diagram 

representation of the push-on / push-off operation. Although there are many variations to the actual drawing of a 

state diagram, we will use one that follows the UML approach.   

Each rounded box in Fig. 7.2 represents a stable state and each directed arrow represents a transition between 

states. The circle containing the uppercase letter “I” is the initial conditions and is directed to the initial state. Each 

state is identified by name or number above the horizontal line. The actions ascribed to the state are described 

below the line. The state action is divided into two actions separated by a colon. The left action declares the action 

generated on entry to the state. The action to the right of the colon declares the action generated on exit from the 

state.  

Transitions describe both events (triggers) with guards and actions associated with the transaction. Guards 

represent conditions that inhibit the transaction. There may be multiple transitions between the same two states. 

Each path represents differing guard conditions and differing transaction actions.  

 

Figure 7.2. State diagram for a push-on / push-off button operation. 

The button action described by Fig. 7.2 shows that four states are required to represent its operation: two states 

are needed for a button press and release when the switch is on, as well as when the switch is off. There is only 

one possible event that initiates a transition: the clock event, which for this example is a millisecond timer. The 

number of clock pulses is counted to hold the system in a fixed state until the predefined delay period has expired. 

This is used to eliminate multiple transitions due to switch contact bounce when a button is pressed.   

The guard condition on the clock event inhibits the transition between states unless the button is in the proper 

pressed or released condition. The action associated with the transaction controls an LED to indicate the condition 

of the push-on/push-off switch output, sw. It is apparent from Fig. 7.2 that even relatively simple dynamic systems 

can result in complex logic. 

http://www.sparxsystems.com/resources/uml2_tutorial/uml2_statediagram.html
http://www.eng.utah.edu/~cs5780/debouncing.pdf
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Software state machines inherently define control of the computer code. Our code execution control options 

include “if-else” constructs, “do-while” loops, and “switch-case” software constructs. The most common software 

control construct for software state machines is the “switch-case” implementation. Listing 7.9 is a C function that 

implements the control flow represented in Fig. 7.2. This function is called each millisecond and is passed the 

condition of the push button. Local variables are declared “static” to provide the state memory for the delay timer, 

the process state, and the switch output. The implementation in Listing 7.9 is non-blocking, meaning that the 

function immediately returns to the calling code regardless of the state of the push button or the delay timer. 

Listing 7.9. Push-on / Push-off C Program 

int push_on_off(int button ) 
{ 
static int td = 10;   /* Initial conditions */ 
static sw_state = 0;  /* Switch state memory variable */ 
static int sw = 0;   /* Switch output variable */ 
 
   if(td)    /* Debounce period timer */ 
       --td; 
   else switch(sw_state) 
   { 
       case 0: 

if(button)  /* Button pressed - switch on */ 
           { 
               setLED0(1); 
               sw = 1; 
               td = 10; 
               sw_state = 1; /* Advance to next state */ 
           } 
           break; 
       case 1: 
           if(!button)  /* Button released – advance to next state */ 
           { 
               td = 10; 
               sw_state = 2; 
           } 
           break; 
       case 2: 
           if(button)  /* Button pressed - switch off */ 
           { 
               setLED0(0); 
               sw = 0; 
               td = 10; 
               sw_state = 3; /* Advance to next state */ 
           } 
           break; 
       case 3: 
           if(!button)  /* Button released – advance to state 0 */ 
           { 
               td = 10; 
               sw_state = 0; 
           } 
           break; 
   } 
   return sw; 
} 
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8. How Stepper Motors Work, https://www.youtube.com/watch?v=bngx2dKl5jU. 
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https://learn.digilentinc.com/Documents/196
http://chipkit.net/wp-content/uploads/2015/05/chipKIT_PIC32_Interrupt_Handling.pdf
http://chipkit.net/wp-content/uploads/2015/05/chipKIT_PIC32_Interrupt_Handling.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185D.pdf
https://www.ics.uci.edu/~givargis/pubs/C38.pdf
https://learn.digilentinc.com/Documents/211
https://www.youtube.com/watch?v=bngx2dKl5jU
http://www.barrgroup.com/Embedded-Systems/How-To/Coding-State-Machines
http://www.barrgroup.com/Embedded-Systems/How-To/Coding-State-Machines


Unit 2: Elements of Real-time Systems  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 13 of 19 

 

Appendix A: PIC32 Timers and Counters 

Most microcontrollers are equipped with one or more timing systems that can be used to perform a variety of 

precision timer functions, including generating events at specific times, determining the duration between two 

events, or counting events. Example applications that require generating events include generating an accurate 1 

Hz signal in a digital watch, keeping a traffic light green for a specific duration, or communicating bits serially 

between devices at a specific rate. 

The main component of such a timing system is a free running binary counter. The counter increments with each 

incoming timing pulse. The counter counts continuously from 0 to 2n-1, where n is the number of bits in the 

counter. Since it runs independently, it can count inputs or clock pulses concurrently while the microcontroller is 

executing the main program. If the input clock to the binary counter has a fixed known frequency, we can make an 

accurate measurement of time interval by counting the pulses of the clock. The PIC32MX370 processor has a 

watchdog timer, five 16-bit counters/timers, and a 32-bit core timer.   

A.1 Watchdog Timer 

A watchdog timer (WDT) is a device used to protect a system from specific software or hardware failures that may 

cause the system to stop responding. The application is first registered with the watchdog device. Once 

the watchdog is running on your system, the application must periodically send information to 

the watchdog device. The PIC32 watchdog timer is powered from the low power RC oscillator, and once enabled, 

must be reset periodically or the system will undergo a power-on reset using software instructions. Although 

watchdog timers are an important concept in developing secure and dependable code, their usage is beyond the 

scope of this unit. 

A.2 The Core Timer 

Unlike 8- and 16-bit Microchip PIC processors, the PIC32 processor that uses the MIPS32® M4K® core has a core 

timer that keeps time using the 32-bit MIPS32 internal register 9 named “Count.” Although infrequently used, the 

core timer can generate an interrupt using the MIPS32 internal register 11 named “Compare.” The core oscillator 

counts at one half the System Clock frequency, as shown in Fig. A.1, and can be used to generate a millisecond 

software delay using the code shown in Listing A.1.    

Listing A.1. Millisecond Delay Based on Polling the Core Timer 

#define CORE_MS_TICK_RATE CORE_OSCILLATOR_FREQUERNCY/2/1000 
void msDelay(unsigned int mS) 
{ 
   unsigned int  tWait = (CORE_MS_TICK_RATE * mS) + ReadCoreTimer(); 
   while(ReadCoreTimer() < tWait); // wait for the total delay 
}  /* End of msDelay */ 

 

Refer to Section 2.12 of the PIC32 Family Reference Manual for additional information concerning uses of the core 

timer. 

https://en.wikipedia.org/wiki/Watchdog_timer
http://ww1.microchip.com/downloads/en/DeviceDoc/61114E.pdf
http://blog.flyingpic24.com/2009/04/02/using-the-32-bit-core-timer/
http://ww1.microchip.com/downloads/en/DeviceDoc/61113E.pdf
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Figure A.1. Core timer block diagram. 

A.3 Types of Timers 

Section 14 of the PIC32 Family Reference Manual identifies two types of timers. Generically, all timers have a block 

diagram, as shown in Fig. A.2. A Type A timer is a 16-bit counter that can be clocked from either the peripheral bus 

clock or from a secondary oscillator that typically uses a 32 kHz crystal and is used for the real-time clock 

applications. This timer can be used to generate an interrupt that will wake up the processor after it has been put 

into a sleep mode. The clock source for the timer has the option of four software-programmable pre-scale dividers: 

1, 8, 64, or 256. The PIC32 Timer 1 is a Type A timer or counter. 

Timers 1 through 5 are 16-bit timers which support both synchronous external timer modes of operation. Timer 1 

also allows asynchronous external mode which enables operations during sleep mode when the master oscillator 

is turned off and controller operation is done using a secondary oscillator. 

 

Figure A.2. Simplified PIC32 timer block diagram. 

http://ww1.microchip.com/downloads/en/DeviceDoc/61105E.pdf
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Type B timers are similar to Type A timers in that they use 16-bit counters; however, two Type B timers can be 

programmed to operate together to form a 32-bit counter. The Type B timers have eight possible pre-scale values 

of 1, 2, 4, 8, 16, 32, 64, and 256.  

The clock source for Timers 1 through 5 can be an external input or the peripheral clock. The external input for 

Timer 1 is the output from the secondary oscillator. All timers can be gated by software that generates a timing 

window.   

A.4 Determining the Timer Input Clock and Rollover Frequency 

The maximum counter value is determined by the size of the register that holds the counts. Common sizes for 

microprocessors are 8, 16, and 32-bit. Including the core timer, the PIC32 processor has six timers that can be used 

for delay timing. The core timer is 32 bits wide. Timers 2 and 3 along with Timers 4 and 5 can be used together as 

32-bit counters, respectively, extending the count value range from 65,536 to 4,294,967,296. As shown in Fig. A.3, 

when the counter register equals the value of the period register (PR), the counter is reset to zero and the timer 

interrupt flag is set. Although the core timer can be reset to any value, PIC32 documentation recommends that 

such practices be avoided.  

The period register is used to set the timer’s maximum count. If a period equal to a value of N is set, then N-1 is 

written to the PR register. The period registers are declared as PR1 for Timer 1, PR2 for Timer 2, and so on. Each 

Timer 1 count is compared to the value of the PR1 register. When the PR1 register equals the Timer 1 register, the 

timer has reached its terminal count and initiates two actions: first, the Timer 1 register is reset to zero, and 

second, the Timer 1 Interrupt Flag (T1IF) bit is set in the Interrupt Flag Status register (IFS0). (See the 

PIC32MX3xx/4xx/5xx User’s Manual Sheet Section 7, Table 7-1 for additional information.)  

As Fig. A.3 illustrates, the Timer 1 clock frequency (T1CLK) is determined from the crystal frequency on the Basys 

MX3 trainer board (XTAL), the PLL input divider (FPLLIDIV), the PLL multiplier (FPLLMUL), the PLL output divider 

(FPLLODIV), the peripheral bus clock divider (FPBDIV), and the Timer pre-scale (TCKPS). This frequency is computed 

using Eq.1. The values of XTAL, FPLLMUL, FPLLDIV, FPLLODIV, and FPBDIV are set in the common “config_bits.h” 

header file.   

T1CLK = (XTAL * FPLLMUL / ( FPLLIDIV * FPLLODIV * FPBDIV ))  /  TCKPS)   Eq. 1 

 

 

Figure A.3. Divider chain from the CPU crystal (oscillator) to the Timer 1 Interrupt flag. 

Since the Timer 1 register is reset to zero, the value set into the PR register is one less than the desired number of 

Timer 1 clock counts. Hence, the rate that the timer interrupt flag is set equals the timer clock frequency divided 

by the value written to the PR register, as expressed by Eq. 2. For example, using the values shown in Fig. A.4, the 

T1PS is set for 8 and the PR1 register is set to 24999. The result of these settings is that the T1 interrupt flag is set 

at the rate of 50 Hz, provided that the subsequent interrupt flag is cleared in software. The T1IF can be polled or 

used to generate interrupts. Timers 2 through 5 are similar to Timer 1, with the differences being the timer pre-

scale options and the period register. 

  

http://ww1.microchip.com/downloads/en/DeviceDoc/61156G.pdf
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A.5 Timer Interrupts 

Once the timer interrupt flag is set, it will remain set until a software instruction clears the flag. (Since the timer 

interrupt has not been enabled, although the timer interrupt flag is set, no interrupt will be generated. Thus, all 

peripherals that can potentially be used to generate an interrupt can also be used in a polled mode.) 

Section 11 of the 32-bit Peripheral Library Guide contains the functions pertaining to the core timer and Timers 1 

through 5. Timers are initialized using the OpenTimer function that requires two arguments: the configuration 

argument and the initial PR value. For example, initializing Timer 1 to use the peripheral bus clock, a pre-scale 

value of 8, and an initial period of 1000 requires the following assignment: 

OpenTimer1((T1_ON | T1_SOURCE_INT | T1_IDLE_CON | T1_PS_1_8), 999); 

The arguments to this procedure are defined in timers.h of the peripheral library. The timer interrupt flag is polled 

using the macro statement, mTxGetIntFlag();, and can be cleared using the macro mTxClearFlag(). Both macros are 

defined by the peripheral library. 

The PR register for the timers can be changed within the software at any time by simply using the assignment: PRx 

= ###; or WritePeriodx (###);, where x is the timer number (1 through 5) and ### is the value to be set into the PR 

register. The program shown in Listing A.3 illustrates using Timer 1 to implement a delay by polling the interrupt 

flag.   

Listing A.3. Example Timer Delay Using Interrupt Flag Polling 

/********************************************************************* 
* The purpose of this example code is to demonstrate the use of polling Type A  
* Timer 1 interrupt flags to generate a 1 ms delay. 
* 
* Platform:     Basys MX3  
* 
* Features demonstrated: 
*      - Timer configuration 
*      - Timer Interrupt flag polling 
*      - Timer Interrupt flag resetting 
* 
* Description: 
*         - This example polls the Timer 1 interrupt flag and toggles LED0 and  
* 
* Oscillator Configuration Bit Settings: config_bits.h 
* Basys MX3 hardware initialization is provided by Hardware_Setup.c  
* Notes: 
*   - Peripheral clock: BPCLK = FOSC/PB_DIV = 80E6/8 = 10MHz 
*   - Timer 1 clock = T1_CLK = PBCLK / T1PS = 10E6 / 8 = 1.25E5 
*   - To generate a 1 ms delay, PR1 is loaded with T1_TICK = (10000-1) = 9999 
* 
********************************************************************/ 
#include "config_bits.h" 
#include <plib.h> 
 
/* Application constant */ 
#define T1_PRESCALE      8 
#define TOGGLES_PER_SEC  1000 
#define T1_TICK          (GetPeripheralClock() / T1_PRESCALE / TOGGLES_PER_SEC) 
 
int main(void) 
{ 
   TRISACLR = 0x01;          /* Set LED0 for output */ 
   LATACLR = 0x01;           /* Initialize LED for off */ 
 

http://ww1.microchip.com/downloads/en/DeviceDoc/32bitPeripheralLibraryGuide.pdf
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/* Configure Timer1 to roll over once each second */ 
   OpenTimer1(T1_ON | T1_SOURCE_INT | T1_PS_1_256, T1_TICK - 1); 
 
   while (1)  
   { 
       if(INTGetFlag( INT_T1 )) 
       { 
           /* Tasks to be executed each millisecond */ 
           LATAINV = 0x01;             /* Invert LED 0 */ 
           INTClearFlag( INT_T1 );     /* Clear the interrupt flag */ 
       } 
       /* Tasks to be executed at the loop execution rate */ 
   }  
    
   return (EXIT_FAILURE);  /* System has failed is this line is reached */ 
} /* End of File main.c */  
 

Using the Timer 1 interrupt flag to generate a preemption requires both an interrupt service routine and that the 

timer interrupt be enabled. The code shown in Listing A.4 is part of the system initialization that configures the 

timer interrupt and sets a priority level, as well as enables system-wide nested interrupts. 

Listing A.4. Enabling Global Interrupts 

ConfigIntTimer1(T1_INT_ON | T1_INT_PRIOR_2); 
    INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR);  /* Do only once */ 
   INTEnableInterrupts();      /*Do as needed for global interrupt control */ 
 

The interrupt service routine shown in Listing A.5 cannot be called directly in software, hence a function prototype 

should not be defined. The ISR only executes in response to the setting of an interrupt flag. The format for defining 

an ISR is shown here. The interrupt flag should be cleared at the start of the ISR to guarantee that interrupts 

generated in the course of servicing the ISR will not be missed. 

Listing A.5. Constructs of an Interrupt Service Routine 

void __ISR(_TIMER_1_VECTOR, IPL2SOFT) Timer1Handler(void) 
{ 
   INTClearFlag( INT_T1 );     /* Clear the interrupt flag */ 
/* ************************ Code executed in ISR  *************************** 

 
********************************************************************** */ 
} 
 

The program shown in Listing A.6 illustrates using Timer 1 to implement a one millisecond delay by implementing 

preemption.   

Listing A.6. Example Timer 1 Delay Using Interrupts 

/********************************************************************* 
* The purpose of this example code is to demonstrate the use of the Type A  
* Timer 1 interrupts to generate a 1 ms delay. 
* 
* Platform:     Basys MX3  
* 
* Features demonstrated: 
*      - Timer configuration 
*      - Timer Interrupt Service routine 
*      - Timer Interrupt flag resetting 
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* 
* Description: 
*         - This example polls the Timer 1 interrupt flag and toggles LED0 and  
* 
* Oscillator Configuration Bit Settings: config_bits.h 
* Basys MX3 hardware initialization is provided by Hardware_Setup.c  
* Notes: 
*        - Peripheral Clock: PBCLK = 80E6 / 8 = 10E6  
*        - Timer1 clock = T1CLK = PBCLK/T1_PRESCALE = 10E6/256 = 39062 Hz 
*        - To generate a 1 sec delay, PR1 = (T1CLK)-1 = (39062-1) = 39061 
* 
********************************************************************/ 
#include "config_bits.h"   /* System configuration */ 
#include <plib.h>    /* Include peripheral library */ 
                        
/* Application constant */ 
#define T1_PRESCALE      8 
#define TOGGLES_PER_SEC  1000 
#define T1_TICK          (GetPeripheralClock() / T1_PRESCALE / TOGGLES_PER_SEC) 
 
int t1Flg = 0;  /* ISR global variable */ 
 
int main(void) 
{ 
   TRISACLR = 0x01;      /* Set LED0 for output */ 
   LATACLR = 0x01;       /* Initialize LED for off */ 
 
/* Configure Timer1 to roll over once each second */ 
   OpenTimer1(T1_ON | T1_SOURCE_INT | T1_PS_1_256, T1_TICK-1); 
 
/* set up the timer interrupt with a priority of 2 */ 
   ConfigIntTimer1(T1_INT_ON | T1_INT_PRIOR_2); 
 
/* Enable multi-vector interrupts */ 
   INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR);  /* Do only once */ 
   INTEnableInterrupts();   /*Do as needed for global interrupt control */ 
    
   while (1)  
   { 
       if(t1Flg) 
       { 
           /* Code for foreground tasks */ 
           t1Flg = 0; /* Clear ISR serviced flag */ 
       } 
       /* Code background tasks */ 
   }  
   return (EXIT_FAILURE);  /* System has failed is this line is reached */ 
} /* End of main */  
 
/* START FUNCTION DESCRIPTION ******************************************** 
* Timer1Handler 
* SYNTAX:         void __ISR(_TIMER_1_VECTOR, IPL2SOFT) Timer1Handler(void) 
* KEYWORDS:       millisecond, hardware delay, Timer A, timer 
* DESCRIPTION:    Services the Timer 1 interrupt and toggles LED1 
* Parameters:     None 
* RETURN:         None 
* NOTES:          Requires Timer 1 initialization and global interrupts enabled 
*                 t1Flg is a global variable and altered in this ISR 
* END DESCRIPTION *******************************************************/ 
void __ISR(_TIMER_1_VECTOR, IPL2SOFT) Timer1Handler(void) 
{ 
   INTClearFlag( INT_T1 );     /* Clear the interrupt flag */ 
/* ********************  Code executed in ISR  ************************* */ 
   LATAINV = 0x01;             /* Invert LED 0 */ 
   t1Flg = 1;                  /* Set Timer ISR serviced flag */  
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/* ********************************************************************* */ 
} 
/* End of File main.c  */ 
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1 Objectives 

1. Develop an application of foreground-background task scheduling. 

2. Use change notification interrupts to detect push button presses and releases. 

3. Eliminate multiple button operations using a timer interrupt to implement a non-blocking delay. 

4. Implement the push-on / push off operation using a software-based finite state machine. 

 

2 Basic Knowledge 

1. Understanding of combinational logic and sequential logic. 

2. Using the SWITCH-CASE construct in C. 

3. How to interpret a schematic diagram and electric circuits. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Digilent Analog Discovery 2 

3.2 Software 

1. Microchip MPLAB X® v3.35 or higher 

2. XC32 Cross Compiler 

3. PLIB Peripheral Library 

4. WaveForms 2015 

  

https://www.cs.umd.edu/class/sum2003/cmsc311/Notes/Seq/diff.html
http://www.tutorialspoint.com/cprogramming/switch_statement_in_c.htm
http://www.learn-c.com/schemat.htm
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://store.digilentinc.com/waveforms-2015-download-only/
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4 Project Takeaways 

1. How to set the period of a PIC32 Timer. 

2. How to write a software state machine. 

3. How to allocate tasks to either foreground or background scheduling. 

 

5 Fundamental Concepts 

Microprocessor-based systems that we use today, such as coffee makers and microwave ovens, require a human-

machine interface (HMI). HMI inputs are implemented with some type of electromechanical device such as touch 

pads, push buttons, toggles, and rotary switches. Such devices rarely produce clean (noise free) logical signals to 

the inputs of high speed digital electronics. Special software and/or hardware is required to reduce or entirely 

eliminate the noise from these signals. 

 

6 Problem Statement 

The design challenge titled “Push-on/Push-off Buttons” presented on the Digilent Learn website targets the chipKIT 

Pro circuit board. This lab modifies the requirements to include non-blocking button press and release detection 

using change notification interrupts. The requirements are: 

Write the code that converts the three momentary contact pushbuttons to operate as push-on/push-off buttons 

and that satisfies the following specifications: 

1. The state of the three push buttons BTNR, BTNC, and BTND are displayed on LED0 through LED2. 

2. The function provides for a 20 ms debounce period for every press and release of a push button. 

3. The new button state is reported at the start of the 20 ms debounce period. 

4. The button polling function is to be non-blocking during the 20 ms debounce period. 

 

7 Background Information 

Digital logic can be classified as combinational or sequential. Combinational circuits are logic circuits whose 

outputs respond immediately to the current inputs, as was presented in Lab 1a. No memory circuits are required 

for combinational logic circuits. In a sequential logic circuit, the outputs depend on the current inputs plus state, 

requiring some form of memory. In hardware, memory is provided by flip-flops, latches, and counters. Principle of 

Equivalence of Hardware and Software: Anything that can be done with software can also be done with hardware, 

and anything that can be done with hardware can also be done with software. The exception to this principle is 

speed of implementation. Hardware has considerably faster time response. This is true of discrete logical 

electronic devices but even more so with modern FPGAs. 

Momentary contact switches have one stable state, that being when the switch is in the relaxed condition. A push-

on/push-off switch is a type of a mechanical toggle switch that has two stable states. The common approach to 

implementing a push-on/push-off operation with a momentary contact push button is to provide some type of 

memory which is usually electronic in nature, such as a flip-flop or latch. Section 7.6 of Unit 2 presents a state 

machine implementation of the push-on/push-off toggle switch. Since we want to detect the push button 

https://www.techopedia.com/definition/12829/human-machine-interface-hmi
https://www.techopedia.com/definition/12829/human-machine-interface-hmi
https://learn.digilentinc.com/Documents/192
http://en.wikipedia.org/wiki/Switch
https://www.cs.umd.edu/class/sum2003/cmsc311/Notes/Seq/diff.html
https://en.wikipedia.org/wiki/Flip-flop_(electronics)
https://en.wikipedia.org/wiki/Counter_(digital)
https://www2.southeastern.edu/Academics/Faculty/kyang/2006/Spring/CMPS375/ClassNotes/CMPS375ClassNotesChap01.pdf
https://www2.southeastern.edu/Academics/Faculty/kyang/2006/Spring/CMPS375/ClassNotes/CMPS375ClassNotesChap01.pdf
https://en.wikipedia.org/wiki/Field-programmable_gate_array
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operations using change notification interrupts that detect both openings and closings, the state machine 

presented in Unit 2 has four stable states.   

Electromechanical devices, such as switches and relays that are commonly used for microprocessor inputs, are 

mass-spring devices that will result in contact bounce when opening and closing. Combinational logic circuits will 

see the multiple contact closures and openings as multiple events unless signal conditioning circuits are used. 

Usually some type of delay after the initial contact operation is implemented so subsequent operations are 

ignored for a period of time. The delay can be implemented using an analog low-pass circuit with a resistor and 

capacitor in addition to electronic devices. Such circuits are costly in terms of circuit board real-estate. As an 

alternative, there are specialty electronic circuits as well as FPGA designs that can be used to remove contact 

bounce.  

High speed modern microprocessors are also subject to contact bounce issues. Contact bounce issues can be 

mitigated using simple time delays, such as the polling software delay used in Lab 1b; however, this delay 

implementation is a blocking procedure that inhibits the processor from executing code for another task during 

the delay period. Delays implemented with interrupts are used to notify the processor to execute code for another 

application task and to notify again when the delay period has expired. This implementation of a delay is non-

blocking.  

 

8 Lab 2a 

8.1 Requirements 

1. BTNR is to toggle LED0. 

2. BTNC is to toggle LED1. 

3. BTND is to toggle LED2. 

4. All LED changes are to occur immediately following a push button press. 

5. A 20 ms debounce delay inhibits the CN only for the button pressed or released. 

6. The push-on / push-off operation must allow multiple simultaneous push button operations. 

7. A single conditional statement in the infinite loop is to call a single state machine function that 

implements the push-on/push-off operations for all three push buttons. 

8.2 Design Phase 

1. Concept maps 

a. Data Flow diagram 

b. Control Flow diagram 

2. Schematic diagrams 

a. The schematic diagrams of the connections with the PIC32 processor are shown in Appendix A  

8.3 Construction Phase 

1. Write a problem statement that lists the requirements. 

2. Determine what elements of the Basys MX3 board will be used. 

3. List the processor hardware resources that you will be using in this design. 

4. Generate a data flow diagram that identifies tasks (functions) and the information that needs to be 

passed between these tasks. 

https://en.wikipedia.org/wiki/Relay
http://www.ganssle.com/debouncing.htm
http://www.ganssle.com/debouncing-pt2.htm
https://www.maximintegrated.com/en/products/power/supervisors-voltage-monitors-sequencers/MAX16054.html
http://www.ni.com/example/31251/en/
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5. Sketch a control flow diagram for this program that identifies what is to be done in the initialization 

section and what will be done in the infinite loop. 

6. Write a test plan that you will use to validate your software design. 

7. Create a new project for the Basys MX3 trainer board. Name this project Lab2a. 

a. Copy the “config_bits.h” file to the project folder 

b. Add the “config_bits.h” file to the project list of Header Files. 

c. Create a new “mainfile” to the project.  Name this file “main.c”.  

d. Add “config_bits.h” to the top of main.c. 

e. Create a function called main by writing “int main(void) { … }”. 

f. Within the initialization section of the main function: 

i. Set the PORT A TRIS register to set the bits for LED0, LED1, and LED1 as digital outputs. 

ii. Set the PORT A TRIS register to set the IO pin for BTND as a digital input. 

iii. Set the PORT B TRIS register to set the IO pin for BTNR as a digital input. 

iv. Set the PORT F TRIS register to set the IO pin for BTNC as a digital input. 

g. Write a shell program that passes the data identified in step 4 above. 

8. Develop the task code one task at a time. Verify each task as it is developed.  

8.4 Testing 

1. Verify that each push button individually operates as push-on/push-off in all combinations of LED0 

through LED2 on and off. 

2. Verify that each push button individually operates as push-on/push-off when another push button is held 

depressed. 

3. Initialize RE0 as an output. Set the Analog Discovery 2 for Logic Display and add signal DIO 0. 

a. Using LATEbits.LATE0 = 1; and LATEbits.LATE0 = 0;, determine the execution time of the Timer 1 

ISR. 

b. Using LATEbits.LATE0 = 1; and LATEbits.LATE0 = 0;, determine the execution time of  the CN ISR 

whenever a button is pressed. 

c. Using LATEbits.LATE0 = 1; and LATEbits.LATE0 = 0;, determine the execution time of the push-on 

/ push-off state machine. 

 

9 Questions 

1. How does your control flow diagram convey the fact that interrupts can occur at any time during 

execution of the background task? 

2. What is the latency from the button press until the LED changes state? 

 

10 References 

1. PIC32MX330/350/370/430/450/470 Family Data Sheet 

2. Basys MX3 Reference Manual  

  

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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Appendix A: Basys MX3 Schematic Drawings 

 

Figure A.1. Push button schematic diagram. 

 

Figure A.2. Basys MX3 schematic diagram for LED0 through LED8. 
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1 Objectives 

1. Develop an application of foreground-background task scheduling. 

2. Use change notification interrupts to detect push button presses and releases. 

3. Eliminate multiple button operations using a timer interrupt to implement a non-blocking delay. 

 

2 Basic Knowledge 

1. Understanding of combinational logic and sequential logic. 

2. Using the SWITCH-CASE construct in C. 

3. How to interpret a schematic diagram and electric circuits. 

4. Fundamentals of stepper motors. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

4. 4 wire stepper motor 

5. 5V, 4A DC power supply 

In addition, we suggest the following instruments: 

6. Digilent Analog Discovery 2 

3.2 Software 

1. Microchip MPLAB X® v3.35 or higher 

2. XC32 Cross Compiler 

3. PLIB Peripheral Library 

4. WaveForms 2015 

 

https://www.cs.umd.edu/class/sum2003/cmsc311/Notes/Seq/diff.html
http://www.tutorialspoint.com/cprogramming/switch_statement_in_c.htm
http://www.learn-c.com/schemat.htm
http://homepage.cs.uiowa.edu/~jones/step/an907a.pdf
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/stepper-motor/
http://store.digilentinc.com/5v-4a-switching-power-supply/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://store.digilentinc.com/waveforms-2015-download-only/
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4 Project Takeaways 

1. The ability to control the speed of rotation of a stepper motor. 

2. Determine the number of steps required for one rotation of the rotor. 

3. How to determine the delay time between steps, resulting in a specified rotation speed. 

 

5 Fundamental Concepts 

After a search of the internet, one will find that the stepper motor is one of the most frequently used examples of 

an application of finite state machines (FSM). Applications that use stepper motors include robotics, disk drives, 

and office products like laser printers and copiers. 

 

6 Problem Statement 

Use the eight slide switches to set the speed of rotation of the stepper motor shaft from 0 to 31.875 RPM in steps 

of 0.125 RPM. BTND will switch the motor operation from FULL step to HALF step when depressed. BTNR will 

switch the rotational direction of the rotor from CW to CCW when pressed. The speed of rotation will be displayed 

on the four-digit seven-segment display digits with 25% duty cycle persistence and one ms update rate. 

 

7 Background Information 

Stepper motors are electrical mechanical devices used in many robotics applications. In this lab, we will look at 

how the PIC32 internal timers can be used to implement both cooperative and preemptive scheduling for a real-

time system application. We will use time management to transition between states, giving the appearance of 

continuous rotation of the motor. The position of the stepper motor shaft is a function of four outputs. These 

outputs must change in a predefined order to cause the motor shaft to move in discrete steps. The outputs to the 

stepper motor are controlled using a state machine algorithm that generates output patterns and will be used to 

control position and angular velocity.  

Since the PIC32 outputs represent a form of memory, I find it convenient to use state on-entry or on-exit actions to 

set the processor pins. An on-entry action sets the phase outputs specified for that case whenever a state (case) is 

entered. An on-exit action sets the phase outputs specified for that case whenever a next state (case) is set. The 

DIR and MODE inputs define the next state using “if-else” or a sub level of “switch-case” statements. 

An alternate implementation uses a table of output codes and an index that becomes the state. It must be 

remembered that the Basys MX3 platform does not connect consecutive processor pins on a single port to the 

stepper motor phases. Hence, the state output table must be replaced with a sequence of bit-banging instructions 

to individually set each phase output pin. 

  

https://en.wikipedia.org/wiki/UML_state_machine#Entry_and_exit_actions
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8 Lab 2b 

8.1 Requirements 

1. This make of stepper motor is nominally rated for 1600 steps per revolution +/- 7%. Hence, the range can 

be from 1488 to 1712 steps per revolution. Determine the number of steps for one complete revolution 

for the particular motor you are using. 

2. BTNR controls the direction of rotor rotation (CW or CCW). 

3. BTND controls the stepper motor step mode (full or half step). 

a. The speed or rotation must be the same regardless of stepper mode operation. 

4. The speed of rotation is set by the hexadecimal value set on the eight slide switches. SW7 is the most 

significant bit and SW0 is the least significant bit with the switch weighting, as shown in Table 8.1. 

 
Table 8.1. Stepper motor speed control table. 

Switch SW7 SW6 SW5 SW4 SW3 SW2 SW1 SW0 

RPM 16 8 4 2 1 0.5 0.25 0.125 

 

5. The speed of the motor is to be displayed on the 4-digit 7-segment LED display in RPM with the decimal 

point to the right of the third digit, as shown in Fig. A.2. 

6. The four digits of the Basys MX3 7-segment display are continually updated with a 1 ms persistence (each 

digit must be turned on for 1 ms). The four digits will be lit in a round-robin fashion in a foreground 

operation managed by the Timer 1 ISR. 

7. Stepper motor outputs are changed in the Timer 1 ISR using the period as determined by the slide switch 

settings. The period is determined by converting RPM to ms delay between steps. 

8.2 Design Phase 

1. Concept maps 

a. Develop a Data flow diagram that relates slide switch inputs, push button inputs, and timer 

interrupts to stepper motor and 7-segment LED outputs. 

b. Develop a state transition diagram similar to the one described in Unit 2. 

c. Develop a control flow diagram that describes the total system operation. Background 

operations are represented separately from each foreground operation. 

2. Review the pertinent schematic diagrams to determine the relevant IO pin assignments. Refer to Figs. A.3, 

A.4, and A.5 in Appendix A. 

3. Make a list of the processor I/O pins used, along with the data direction (input or output). Include the 

information as to whether the pin is analog capable or not. 

8.3 Construction Phase 

This lab should be developed in phases to partition the problem into functions or collection of functions that can 

be tested separately.    

8.3.1 Phase 1 

1. Develop an expression that converts rotational speed in RPM to ms per step. 

2. Write an application that initializes all switches as well as BTNR and BTND as PIC32 inputs. Configure all 

stepper motor connections as outputs. 



Lab 2b: Dynamic Stepper Motor Control  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 4 of 16 

 

3. Develop a PIC32 application program that causes the stepper motor to take a single step in a specified 

direction (CW or CCW) in a specified mode (half or full step).  

4. The rotational direction of the stepper is such that when BTNR is depressed, the motor rotates in a 

clockwise (CW) direction, otherwise it rotates in a counterclockwise (CCW) direction. 

5. This program will be operated with a breakpoint set in the infinite loop function to determine if the 

stepper motor phase connection is correct. 

6. Using a software delay, determine the number of steps needed for one complete revolution. (See 

Requirement 1 above.) 

8.3.2 Phase 2 

1. Initialize Timer 1 to generate a Level 2 interrupt once each 1/10 millisecond. 

2. Write a Timer 1 interrupt service routine that causes the 7-segment LED to display the RPM (in decimal 

values) set by the binary encoded switch settings. The LED display is to update one of the four digits once 

each millisecond.  

8.3.3 Phase 3 

1. Integrate Phase 1 and Phase 2 to implement the following controls in steps two and three. 

2. The speed of the stepper motor in revolutions per minute (RPM) is set by the binary encoding of the eight 

slide switch positions. For example, the position of the slide switches shown in Fig. A.1 results in the 

stepper motor rotating at 60 RPM. 60 RPM results when SW5, SW4, SW3, and SW2 are set high.  

3. The stepper motor normally operates using half steps. If BTND is held depressed, the stepper motor 

switches to full step operation without altering the RPM set by the slide switches and returns to half step 

upon release of the button. 

8.4 Testing 

1. Configure the Analog Discovery 2 to display the PIC32 outputs used for the stepper motor control, as 

shown in Fig. 8.1. 

Half Step 

period for

10 RPM

0.1 ms step 

time reference

 

Figure 8.1. WaveForms screen capture showing stepper motor output signals. 

a. Measure the step interval for switch settings in the following table and compute the motor speed 

in RPM using the expression developed for Phase 1, step 1. 
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Table 8.1.  Stepper motor speed control performance log. 

SW7-SW0 BTND Set Rotor Speed RPM Step Period – ms Calculated Rotor Speed RPM 

0 0 0 0 0 0 0 1 Down 0.125   

0 0 0 0 0 0 0 1 Up 0.125   

0 0 0 0 0 0 1 0 Down 0.25   

0 0 0 0 0 0 1 0 Up 0.25   

0 0 0 0 0 1 0 0 Down 0.5   

0 0 0 0 0 1 0 0 Up 0.5   

0 0 0 0 1 0 0 0 Down 1.0   

0 0 0 0 1 0 0 0 Up 1.0   

0 0 0 1 0 0 0 0 Down 2.0   

0 0 0 1 0 0 0 0 Up 2.0   

0 0 1 0 0 0 0 0 Down 4.0   

0 0 1 0 0 0 0 0 Up 4.0   

0 1 0 0 0 0 0 0 Down 8.0   

0 1 0 0 0 0 0 0 Up 8.0   

1 0 0 0 0 0 0 0 Down 16.0   

1 0 0 0 0 0 0 0 Up 16.0   

 

b. Capture the WaveForms 2015 screen when slide switches are configured for 0x40 (SW6, and SW4 

set high resulting in 10.00 RPM), as shown in Fig. A.1, when BTND push button is depressed. 

 

9 Questions 

The following questions ask you to make execution timing measurements. I used the Digilent Analog Discovery 2 

pin designated for LCD DB0.  

1. How are you able to accurately determine the number of steps per revolution? How many steps occur in 

the phase period shown in Fig. 8.1?  

2. From the expression that converts RPM to ms per step, what is the effect of using integer division on the 

actual stepper motor rotational speed?   

3. What is the measured stepper motor maximum rotational speed?  

4. Using the pin designated for LCD DB0 on the Basys MX3 processor board (PIC32 RE0), measure the 

minimum and maximum ISR execution time. Using the MPLAB stopwatch feature and the assembler code 

for the Timer 1 ISR prologue and epilogue (saving and restoring) times, what is the worst case ISR 

execution time? 

5. Using the pin designated for LCD DB0 on the Basys MX3 processor board, measure the minimum and 

maximum background loop. What is the worst case response time for a user input measured in 

microseconds? 

 

11 References 

1. PIC32MX330/350/370/430/450/470 Family Data Sheet. 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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2. Basys MX3 Reference Manual.  

3. How Stepper Motors Work, https://www.youtube.com/watch?v=bngx2dKl5jU. 

4. MPLAB X Stopwatch, https://learn.digilentinc.com/Documents/211. 

  

https://www.youtube.com/watch?v=bngx2dKl5jU
https://learn.digilentinc.com/Documents/211
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Appendix A: Basys MX3 Schematic Drawings and 

Equipment Configurations 

 

Figure A.1. Equipment configuration for Lab 2b. 



Lab 2b: Dynamic Stepper Motor Control  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 8 of 16 

 

 

Figure A.2. Basys MX3 slide switch schematic. 

 

Figure A.3. Switch setting for 18.25 RPM. 
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Figure A.4. Push button schematic diagram. 

 

Figure A.5. Schematic diagram of stepper motor driver. 
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Figure A.6.  Stepper motor connector to Basys MX3 connection. The stepper motor pink wire is not connected. 
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Appendix B: Introduction to Stepper Motors and Finite State 

Machines 

Stepper motors are variable reluctance electric motors that are designed to control the angular position of the 

rotor shaft in discrete steps. The stepper motor consists of two sets of field windings positioned around a 

permanent magnet rotor. The combinations of voltages applied to the four control terminals of the field windings 

control the magnitude and direction of the current through the windings. The electrical current through the 

windings create an electromagnet. The motor shaft rotates to a position that minimizes the reluctance path 

between the field winding electromagnet’s north/south poles and those of the permanent magnet rotor.  

 

Figure B.1. Bipolar (4 wire) Stepper motor diagram. 

 

Figure B.2. Wiring configurations for 5, 6, and 8 wire stepper motor. 

Considering the combinations of voltages on the winding terminals as possible control states, there are only eight 

states that produce current in the field windings, as shown in Table B.1 below. In order to move the rotator shaft 

from one stable position to the physically adjacent stable position, the control voltages must switch to one of four 

out of the eight possible combinations of voltages. The action of moving from one stable position to an adjacent 

stable position is referred to as either a full-step or a half-step. Half-step increments are half the angular rotation 

of full-steps. Repeating a sequence of full-step or half-step movements at a high speed uniform rate will cause the 

rotator shaft to appear to rotate at a constant speed albeit in discrete steps.  

Table B.1. Stepper motor control codes. 

 

Step Control  Winding Voltage 

Step Name Hex Code “1a”  “1b” “2a” “2b” 

S0_5 0x0A H L H L 

S1 0x08 H L L L 
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S1_5 0x09 H L L H 

S2 0x01 L L L H 

S2_5 0x05 L H L H 

S3 0x04 L H L L 

S3_5 0x06 L H H L 

S0 0x02 L L H L 

 

The stepper motor used in Lab 2b is configured as a 5 wire motor, as shown in Fig. B.2, and is designed to require 

nominally 1600 full steps for the rotor shaft to complete one full revolution, or 0.225 degrees per step. 3200 half-

steps are required to make one revolution, or 0.1125 degrees per half-step. The first column in Table B.1 is a label 

assigned to the state. The second column is the hexadecimal code that will set the processor’s I/O pins to control 

the voltages on the terminals of the windings. The last four columns in Table B.1 represent the combinations of 

voltages on the field windings that produce stable rotator shaft positions. The letter “H” denotes a high voltage 

and the letter “L” denotes a low voltage.  As shown in Fig. B.1, current flows through a motor coil when there is a 

voltage difference across the winding. The voltage combinations for step 3 (S3) in Table B.1 represent the 

combination to produce the current flow shown in Fig. B.1.  

The four winding terminal designations shown in Table B.1 are assigned to I/O pins, as shown in Appendix C. The 

stepper motor will move to the nearest stable position generated by the voltages associated with the hexadecimal 

codes shown in the second column. The stepper motor will be held in a fixed position until the voltages on the 

windings change.  

If the motor is to rotate the motor shaft in a clockwise direction using the full-step mode, the sequence of output 

codes that must be sent to the motor are represented by steps S1, S2, S3, S4, S1, etc.  A 1600-step per revolution 

motor will require the sequence of the four output combinations, S1 through S4, to be repeated 400 times for the 

rotator shaft to make exactly one revolution. If operating in half-step mode, then the eight-step sequence of S0, 

S0_5, S1, S1_5, S2, S2_5, etc., must also be repeated 400 times for the rotator shaft to make a complete 

revolution. Sequencing in one direction (up or down) through the output code found in Table II causes the rotator 

shaft to rotate in one direction.  Reversing this sequence causes the rotator shaft to rotate in the opposite 

direction. 

B.1 Connecting the Stepper Motor to the Basys MX3 

The Basys MX3 processor platform uses a DRV8835DSSR driver module that interfaces with the PIC32 processor, as 

shown in Fig. A.5. Referring to Table C.1 of Appendix C, we can generate Table B.2 below to assist in the 

initialization and operation of the stepper motor. All pins must be set as outputs. The RB3 pin used for AIN1 and 

the RB5 pin used for BIN2 must also have the analog functionality disabled using the instructions 

“ANSELBbits.ANSB5 = 0” and “ANSELBbits.ANSB5 = 0.” Based on the data sheet for the DRV8835DSSR driver, the 

“mode” input must be set low using the output from RF1. 

Since an external 5.0 V supply will be used to power the stepper motor, connected to J11, the jumper pin must be 

set for the VBAR position on the top right corner of the Basys MX3 processor board. The stepper motor is 

connected to the Basys MX3 board as shown in Table B.2. 

Table B.2. PIC32 to Stepper Motor Driver Connections. 

PIC32 PORT PIC32 PIN Driver Input Motor Output Stepper Motor 

RB3 PGED3/AN3/C2INA/RPB3/RB3 AIN1 AIN1 Red 

RE8 RPE8/RE8 AIN2 AIN2 Orange 

http://www.ti.com/lit/ds/symlink/drv8835.pdf
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RE9 RPE9/RE9 BIN1 BIN1 Yellow 

RB5 AN5/C1INA/RPB5/RB5 BIN2 BIN2 Blue 

RF1 RPF1/PMD10/RF1 MODE   

   No Connection Pink 

 

When all phase outputs are either energized or de-energized, there is no holding torque on the motor, which 

allows it to turn freely. Since all steps are relative to the previous position of the stepper motor, the Basys MX3 

outputs should change simultaneously and not one pin at a time. Since the current Basys MX3 trainer board 

precludes operation in this manner, we must assume that the time to execute the code to individually change the 

four outputs is much less than the step delay period. This turns out to be a reasonable assumption. 

B.2 Unknown Wiring Configurations 

If no wiring details are provided with the stepper motor, you can determine which wires constitute a phase pair 

through following the link in the footnote below. Figures B.1 and B.2 show the common wiring configurations. The 

common wires shown in Fig. B.2 should be left floating, with the exception of each pair of common wires shown in 

the 8-wire configuration, which must be connected together. Do not connect all four common wires of the 8-wire 

configuration together. 
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Appendix C: PIC32MX370 Pin Assignment for the Digilent 

Basys MX3 Platform 

Table C.1. Processor I/O Assignments. 

CPU 
pin 

Port ALT Function  

21 RB4 AN4/C1INB/RB4 A_MIC Microphone 

43 RB14 AN14/RPB14/PMA1/CTED5/RB14 A_OUT Speaker 

23 RB2 PGEC3/AN2/C2INB/PRB2/CTED13/RB2 A_POT Pot 

90 RG0 RPGO/PMD8/RG0 ACL_INT2 I2C - Accelerometer 

22 RB3 PGED3/AN3/C2INA/RPB3/RB3 AIN1 Stepper motor 

18 RE8 RPE8/RE8 AIN2 Stepper motor 

41 RB12 AN12/PMA11/RB12 AN0 4 digit 7 segment LED 

42 RB13 AN13/RB13 AN1 " 

28 RA9 VREF-/CVREF-/PMA7/RA9 AN2 " 

29 RA10 VREF+/CVREF+/PMA6/RA10 AN3 " 

19 RE9 RPE9/RE9 BIN1 Stepper motor 

20 RB5 AN5/C1INA/RPB5/RB5 BIN2 Stepper motor 

87 RF0 RPF0/PMD11/RF0 BTNC Push Button 

67 RA15 RPA15/RA15 BTND/S1_PWM 
Push Button / servo 
mtr 

32 RB8 AN8/RPB8/CTED10/RB8 BTNR/SP_PWM 
Push Button / servo 
mtr 

96 RG12 TRD1/RG12 CA 4 digit 7 segment LED 

66 RA14 RPA14/RA14 CB " 

83 RD6 RDD6/PMD14/RD6 CC " 

97 RG13 TRD0/RG13 CD " 

1 RG15 CNG15/RG15 CE " 

84 RD7 RPD7/PMD15/RD7 CF " 

80 RD13 RPD13/RD13 CG " 

95 RG14 TRD2/RD14 CP " 

93 RE0 PMD0/RE0 DB0 Character LCD data 

94 RE1 PMD1/RE1 DB1 " 

98 RE2 AN20/PMD2/RE2 DB2 " 

99 RE3 RPE3/PMD3/RE3 DB3 " 

100 RE4 AN21/PMD4/RE4 DB4 " 

3 RE5 AN22/RPE5/PMD5/RE5 DB5 " 

4 RE6 AN23/PM6/RE6 DB6 " 

5 RE7 AN27/PMD7/RE7 DB7 " 

81 RD4 RPD4/PMWR/RD4 DISP_EN Character LCD ctrl 

82 RD5 RPD5/PMRD/RD5 DISP_R/W " 

44 RB15 AN15/RPB15/PMA0/CTED6/RB15 DISP_RS " 

89 RG1 RPG1/PMD9/RG1 IR_PDOWN IRDA 
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26 RB6 PGEC2/AN6/RPB6/RB6 IR_RX " 

27 RB7 PGED2/AN7/RPB7/CTED3/RB7 IR_TX " 

7 RC2 RPC2/RC2 JA1 Pmod JA 

6 RC1 RPC1/RC1 JA2 " 

9 RC4 RPC4/CTED7/RC4 JA3 " 

10 RG6 AN16/C1IND/RPG6/SCK2/PMA5/RG6 JA4 " 

8 RC3 RPC3/RC3 JA7 " 

11 RG7 AN17/C1INC/RPG7/PMA4/RG7 JA8 " 

12 RG8 AN18/C2IND/RPG8/PMA3/RG8 JA9 " 

14 RG9 AN19/C2INC/RPG9/PMA2/RG9 JA10 " 

69 RD9 RPD9/RD9 JB1 Pmod JB 

71 RD11 RPD11/PMCS1/RD11 JB2 " 

70 RD10 RPD10/PMCS2/RD10 JB3 " 

68 RD8 RPD8/RTCC/RD8 JB4 " 

74 RC14 SOSCO/RPC14/T1CK/RC14 JB7 " 

72 RD0 RPD0/RD0 JB8 " 

76 RD1 AN24/RPD1/RD1 JB9 " 

73 RC13 SOSCI/RPC13/RC13 JB10 " 

17 RA0 TMS/CTED1/RA0 LED0 LED 

38 RA1 TCK/CTED2/RA1 LED1 " 

58 RA2 SCL2/RA2 LED2 " 

59 RA3 SDA2/RA3 LED3 " 

60 RA4 TDI/CTED9/RA4 LED4 " 

61 RA5 TD0/RA5 LED5 " 

91 RA6 TRCLK/RA6 LED6 " 

92 RA7 TD3/CTED8/RA7 LED7 " 

78 RD3 AN26/RPD3/RD3 LED8_B Tri-color LED 

79 RD12 RPD12/PMD12/RD12 LED8_G " 

77 RD2 AN25/RPD2/RD2 LED8_R " 

88 RF1 RPF1/PMD10/RF1 MODE Stepper motor 

25 RB0 PGED1/AN0/RPB0/RB0 P32_PGC/BTNU Push Button 

24 RB1 PGC1/AN1/RPB1/CTED12/RB1 P32_PGD/BTNL " 

57 RG2 SCL1/RG2 SCL I2C - Accelerometer 

56 RG3 SDA1/RG3 SDA " 

53 RF8 RPF8/RF8 SPI_CE Flash memory 

55 RF6 RPF6/SCK1/INT0/RF6 SPI_SCK " 

52 RF2 RPF2/RF2 SPI_SI " 

54 RF7 RPF7/RF7 SPI_SO " 

51 RF3 RPF3/RF3 SW0 Slide switch 

50 RF5 RPF5/PMA8/RF5 SW1 " 

49 RF4 RPF4/PMA9/RF4 SW2 " 

48 RD15 RPD15/RD15 SW3 " 
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47 RD14 RPD14/RD14 SW4 " 

35 RB11 AN11/PMA12/RB11 SW5 " 

34 RB10 CVREFOUT/AN10/RPB10/PMA13/CTED11/RB10 SW6 " 

33 RB9 AN9/RPB9/CTED4/RB9 SW7 " 

39 RF13 RPF13/RF13 UART_RX FTDI receive 

40 RF12 RPF12/RF12 UART_TX FTDI transmit 

63 RC12 CLKI/RC12/OSC1   

64 RC15 CLKO/RC15/OSC2   
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1 Introduction 

Throughout Unit 3 and Labs 3a and 3b, you will learn how to interface a PIC32 processor to a character liquid 

crystal display (LCD) using 8-bit parallel data lines and handshaking using bit-banging techniques. You will learn to 

translate timing diagrams provided by target equipment data sheets into timed sequences of program instructions. 

You will also learn how to use ASCII encoded data and control to generate a stable and easily readable display of 

real-time data. 

You will experiment with the mechanisms required to synchronize asynchronous systems using hardware and 

software handshaking, as well as explicit and implicit handshaking. You will build a project that consists of multiple 

C files. We will also look into using variables in software macros. 

 

2 Objectives 

1. Identify the PIC32 processor pins used for the LCD interface. 

2. Write a library of functions, providing the general capability to display strings of text, characters, and 

numbers at specified positions on the LCD display. All of these functions have strict timing requirements. 

a. Initialize the LCD using the recommended sequence of instructions to write specific codes to the 

LCD at specified intervals. 

b. Write function(s) that write ASCII control data to the Display Data Ram (DDRAM). 

i. Translate the ASCII carriage return (CR) and line feed (LF) control characters into a 

sequence of instructions for LCD control. 

ii. Position the cursor where the next character is to be displayed. 

c. Write function(s) that write ASCII character data to the Display Data Ram (DDRAM). 

i. Write a function that will write a single ASCII encoded character to the display. 

ii. Write a function that will write a string (array) of ASCII encoded characters to the 

display. 

3. Display static and dynamic text on the LCD. 

4. Verify that the timing of the handshaking meets the specified minimums. 

5. Understand handshaking requirements for interfacing two systems operating at differing clock speeds. 

 

3 Basic Knowledge 

1. How to interpret control flow and data flow diagrams. 

2. How to interpret a schematic diagram and electric circuits. 

https://en.wikipedia.org/wiki/Control_flow_diagram
https://en.wikipedia.org/wiki/Data_flow_diagram
http://www.learn-c.com/schemat.htm
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3. How to write a computer program using the C language. 

4. How to launch a Microchip MPLAB X project. 

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

a. The 2X16 LCD included on the Basys MX3 processor board can display 16 characters on each of 

its two lines. The display can be more easily viewed if the LCD backlight is switched on using the 

slide switch SW9. 

2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Analog Discovery 2 Logic Analyzer 

a. Note: Fig. B.1 through Fig. B.4 in Appendix B shows an Analog discovery 2 connected directly to 

the LCD data pins and the three handshaking and control pins: RS, R/W, and EN. This custom 

modification was made to enable testing during software development. It is not required to 

make this modification in order to complete Lab 3a and Lab 3b. This is further explained in 

Appendix B.  

4.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2) 

 

5 Project Takeaways 

1. How to use control flow diagrams to generate program code. 

2. How to use software delay to write control commands at specified intervals. 

3. How to use software code to generate minimum setup and hold times. 

4. How to implement one form of handshaking. 

5. How to read and interpret timing software modeling diagrams. 

  

http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
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6 Fundamental Concepts 

6.1 Communications 

Digital communication is an electronic transfer of information between two electronic devices. Parallel 

communication is a method of conveying multiple binary data bits simultaneously. It contrasts with serial 

communication, which is covered in Unit 4, and conveys only a single bit at a time. Both parallel and serial 

communications may have additional signals, such as a clock signal to pace the flow of data, a signal to control the 

direction of data flow, and handshaking signals. 

 

7 Background Information 

7.1 Handshaking: What and Why 

Handshaking refers to the mechanism used to facilitate the transfer of data between two systems that may be 

operating at different clock frequencies. In simple terms, it involves a set of messages or signals exchanged 

between two devices that control when data is transferred. The sender is the device that is the source of the 

information, and the receiver is the device intended to be the destination of the information. For effective 

exchange of information, the sender needs to know first if the receiver is in a condition in which it is able to receive 

information, and second, when the information has been received. The receiver needs to know when the 

information is ready to be sent and when the sender determines that the receiver has acquired the information.  

The exact implementation of the handshaking process comes in many forms, but it may be classified as either 

explicit or implicit. Explicit handshaking uses dedicated hardware control signals to indicate the impending action 

from the sender and readiness of the receiving device, as shown in Fig. 7.1. Each of the two handshaking signals 

has two possible states. The basic concepts are that the receiving device must indicate when it is ready to receive 

data and when it is done. The sending device must tell the receiving device when new data is ready and when the 

data is no longer available.  

 

Figure 7.1. Interconnection for 4-phase handshaking. 

The timing diagram shown in Fig. 7.2 illustrates the sequence of events required for the sender to transfer data to 

the receiver using a four-phase handshaking protocol. The shaded area on the data signal indicates intervals when 

the data level is permitted to change from high to low or low to high. At time “A,” the receiver asserts the RxRdy 

signal high to indicate to the sender that it is ready to accept data. When the sender has information to send to the 

receiver, it first asserts the data signals high or low (indicated at time “B”) and then asserts the TxReq signal high at 

time “C” to indicate the data is now available to be read. The time interval between “B” and “C” is called the data 

setup time and is specified by the receiving device. At some point in the interval between times “C” and “D”, the 

receiving device reads the data bus. The receiving device then asserts the RxRdy signal low to indicate to the 

sender that it has acquired the data. The sending device then asserts its TxReq signal low at time “E” to indicate to 

https://en.wikipedia.org/wiki/Parallel_communication
https://en.wikipedia.org/wiki/Parallel_communication
https://en.wikipedia.org/wiki/Serial_communication
https://en.wikipedia.org/wiki/Serial_communication
https://en.wikipedia.org/wiki/Handshaking
https://www.techopedia.com/definition/7527/hardware-handshaking
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the receiver that the data is no longer available on the data bus. The data must not actually change until time “F” 

to meet the data hold time specified by the receiving device. The minimum time between successive time points 

marked “A” is called the cycle time. Regardless of how quickly the sender is able to send data, the data maximum 

exchange rate must conform to the specifications of the receiving device. 

 

Figure 7.2. Timing diagram of four-phase handshaking showing two complete cycles. 

For bidirectional data exchanges, the handshaking signal must be mirrored, as illustrated in Fig. 7.3. Data sent in 

only one direction (as illustrated in Fig. 7.1) is called simplex communications. When communication is restricted 

to one direction at any given time, it is referred to as half-duplex operation. This is usually the case for devices that 

share a common data signal line, as illustrated in Fig. 7.3. Full-duplex operation refers to simultaneous bidirectional 

data exchange and requires separate data signal lines.  

 

Figure 7.3. Interconnection bi-directional for four-phase handshaking. 

A four-phase handshaking scheme can use an explicit strobe signal from the sender to the receiver and implicit 

handshaking from the receiver to the sender. The sender assumes implicitly that the receiver is ready, provided 

the timing constraints for the receiving device are met. Figures 7.4 and 7.5 show two common four-phase 

handshaking interfaces. Since Device “A” controls both the timing and the direction of the data flow, the 

configuration is commonly referred to as master-slave operation. Figures 7.6 and 7.7 show the timing for the four-

phase handshaking with the receiver, with the implication that the device is always ready to receive new data. 

Additionally, the sending device assumes that the receiving device has acknowledged the data transfer after a 

specified period of time. In both cases, the interval between B and C is called the data setup time and the interval 

between D and F is called the data hold time. In Fig. 7.6, the interval between A and B is called the control setup 

time and the time between D and E is called the control hold time.  

http://en.wikipedia.org/wiki/Simplex_communication
http://en.wikipedia.org/wiki/Duplex_(telecommunications)
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Figure 7.4. Half-duplex using an ENABLE strobe and read / write 

control. 

 

 

Figure 7.5. Half-duplex using separate read and write strobes. 

 

 

Figure 7.6. Timing diagram of four-phase handshaking with 

implied receiver ready corresponding to Fig. 7.4. 

 

 

Figure 7.7. Timing diagram of four-phase handshaking with implied 

receiver ready corresponding to Fig. 7.5. 

There is also a two-phase handshaking scheme that is beyond the scope of this discussion. The interested reader 

should refer to the web link at Velocity Reviews to become informed on the differences between four-phase and 

two-phase handshaking. 

7.2 LCD Hardware Interface 

We are using an LCD with a parallel interface to demonstrate the concept of handshaking needed for electronic 

communications. The LCD will be used in many of the future projects to serve as a local display of varying data. The 

general hardware configuration for this project is shown in Fig. A.1 of Appendix A. The Basys MX3 processor board 

shows that it is populated with an SD1602GSLB LCD (for which the datasheet is incomplete). It includes the correct 

pinout, which we have listed here in Table 7.1; however, it does not include the necessary timing requirements. 

Because the SC1602B model uses the same Samsung KS0066 controller as the SD1602GSLB, we will assume it is 

sufficiently similar and use the timing information from the SC1602B datasheet.  

Table 7.1. PIC32 Pin Assignment for the LCD Interface. 

Port # Processor Function LCD Pin 

RE0 PMD0/RE0 DB0 

RE1 PMD1/RE1 DB1 

RE2 AN20/PMD2/RE2 DB2 

RE3 RPE3/PMD3/RE3 DB3 

RE4 AN21/PMD4/RE4 DB4 

RE5 AN22/RPE5/PMD5/RE5 DB5 

http://www.velocityreviews.com/forums/t586101-4-phase-vs-2-phase-handshaking.html
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RE6 AN23/PM6/RE6 DB6 

RE7 AN27/PMD7/RE7 DB7 

RD4 RPD4/PMWR/RD4 DISP_EN 

RD5 RPD5/PMRD/RD5 DISP_R/W 

RB15 AN15/RPB15/PMA0/CTED6/RB15 DISP_RS 

 

Although LCD units produced by various manufacturers have different numbers of characters per line and different 

numbers of display lines, they have an interface that has become a de facto standard. This interface will be 

discussed in detail in the following paragraphs.  

There are three signals that the microprocessor uses to control the data transfer with the LCD module. The Enable 

(E) signal is a read or write strobe, depending on whether the Read/!Write signal is high or low.  (The “!” character 

indicates that the signal is active when the signal is asserted low, commonly referred to as “active low.”) The action 

of the read and write operations is from the perspective of the microprocessor that serves as the master 

controller. The LCD controller IC has multiple memory banks or data storage areas: the configuration registers, the 

data display RAM (DDRAM), and the character generation RAM (CGRAM). The register select (RS) signal 

determines whether data is exchanged with the LCD DDRAM/CGRAM or the configuration registers. In regards to 

the handshaking discussion above, the interface we will be using represents a half-duplex communications 

scheme. Therefore, the LCD handshaking conforms to what was described for Fig. 7.4 and Fig. 7.6.  

Figure 7.8 shows the timing diagram for the LCD write cycle. The RS and the R/W signals must be asserted for a 

period equal to or longer than the time specified by the RS and R/W setup time parameter, tsu1, prior to the E signal 

being asserted high. The diagram shows that the processor is permitted to set the pins used for data as outputs 

and write the data to the I/O port any time prior to the E signal, making a high to low transition, provided that this 

happens at a time equal to or greater than the write data setup time, tsu2. In theory, the R/W signal should be set 

low before the data pins are set as outputs. 

The processor must assert the E signal high for a minimum time as specified by the period, tw. The processor is 

expected to maintain the logic level for RS and R/W for a period greater than th1 and the data must remain at 

constant logic levels on the output pins for a period equal to or longer than that specified by the write data hold 

time, th2.   

 

Figure 7.8. LCD character write cycle timing. 

The LCD read cycle timing provided in Fig. 7.9 shows that both the RS and R/W signals must be asserted for a 

period equal to or longer than the time specified by the R/W setup time parameter, tsu, prior to the E signal being 

asserted high. Also, prior to asserting the E signal high, the processor I/O pins used for the data lines must be set as 
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inputs to avoid both the LCD and the PIC32 I/O pins contending to control the level of the data lines. The processor 

must assert the E signal high for a minimum time, as specified by the period, tw. After the read data output delay 

interval (tD) and prior to the processor asserting the EN signal low, the processor will be able to read the data 

outputs from the LCD. The LCD maintains the data output until the E signal has been asserted low, and through the 

specified read data hold time (tDH).  

 

Figure 7.9. LCD Read cycle timing. 

The minimum time before the read or write operation can be repeated is set by the enable cycle time, tc. Table 7.2 

provides the values of the timing parameters for both read cycles and write cycles. The times shown in Table 7.2 

are worst case times for a supply voltage in the range of 2.7 V to 4.5 V and operating temperature in the range of -

30 °C to +85 °C. 

Table 7.2. LCD signal timing. 

Mode Characteristic Symbol Min Typical Max Units 

Write Mode 
Refer to Figure 7.8 

E Cycle Time tc 1000 -  

ns 

E Rise/Fall Time tr, tf - - 25 

E Pulse Width (High, Low) tw 450 - - 

R/W and RS Setup Time tsu1 60 - - 

R/W and RS Hold Time tH1 20 - - 

Data Setup Time tsu2 195 - - 

Data Hold Time tH2 10 -  

Read Mode 
Refer to Figure 7.9 

E Cycle Time tc 1000 -  

ns 

E Rise/Fall Time tr, tf - - 25 

E Pulse Width (High, Low) tw 450 - - 

R/W and RS Setup Time tsu1 60 - - 

R/W and RS Hold Time tH1 20 - - 

Data output Delay Time td - - 360 

Data Hold Time tH2 5 -  

 

7.3 LCD Software Interface 

The character LCD has an initialization or configuration phase before the operational phase. One approach to 

software development for this project is to partition the software into six functions or modules, as shown in Fig. 

7.10. Detailed control flow diagrams for the LCD Write and the LCD Read functions are provided by Fig. 7.12 and 
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Fig. 7.13. The control flow diagrams only apply for code that uses bit-banging techniques for implementing the LCD 

interface, as discussed in detail below. These LCD read and write functions control the hardware interface and 

must be specifically written to match the I/O pin connections from the microprocessor to the LCD unit. The 

remaining four LCD functional blocks depicted in Fig. 7.10 are not dependent on hardware connections.  

 

Figure 7.10. Data flow diagram for the LCD control. 

The LCD configuration sequence is a series of commands written to the LCD after a power-up or CPU reset. The 

values that are written to the LCD, shown in Fig. 7.11, set up the LCD for an 8-bit data interface with a blinking 

cursor. The cursor address is reset to zero, placing the cursor at the start of the first line. The cursor address 

automatically increments as new DDRAM data is written to the LCD. The cursor address is the memory address of 

the DDRAM where the cursor is seen and the location where the next character written to the DDRAM will be 

displayed. Note that the Busy Flag is not polled during the initialization because it may not be valid until the 

sequence is completed. 
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Figure 7.11. Control flow diagram for the LCD initialization. 

Due to the high execution speed of the PIC32 processor, the “Wait” tasks shown in Fig. 7.12 and Fig. 7.13 are 

required to be implemented as software delays. The LCD Write and LCD Read software flow diagrams represent 

the transfer of data from the PIC32 to one of two internal LCD registers. The internal operations of the LCD operate 

at a much slower speed, as shown in Table 7.3. It should be noted that the busy flag will be read immediately 

following the writing of an instruction. The next instruction, whether it is a control command or display data, can 

be written to the LCD as soon as the busy flag is read as zero. The execution times shown in Table 7.3 are worst 

case times and are affected by operating temperature and supply voltage. 
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The LCD has an additional set of buffer registers labeled the IR and DR. The PIC32 can write to these two registers 

following the timing requirements shown in Table 7.2, or following the control flow diagrams shown in Fig. 7.12 

and Fig. 7.13; however, the LCD has a much slower clock speed and requires more time to implement the 

instructions written to the buffer. The actual LCD minimum implementation times are shown in Table 7.3. One 

method of incorporating the various implementation times is to add time delay after the instruction has been 

written. Doing so requires that the additional delay be over specified to ensure proper LCD operation. 

Table 7.3. LCD control instruction tables. 

Instructio
n 

Instruction Code 

Description 
Execution 
time (fosc 
= 270 kHz) 

R
S 

R
/
W 

DB
7 

DB
6 

DB
5 

DB
4 

DB
3 

DB
2 

DB
1 

DB0 

Clear 
Display 

0 0 0 0 0 0 0 0 0 1 

Write “20H” to 
DDRAM and set 
DDRAM address to 
“00H” from AC. 

1.53 ms 

Return 
Home 

0 0 0 0 0 0 0 0 1 - 

Set DDRAM 
address to "00H" 
from AC and return 
cursor to its 
original position if 
shifted. The 
contents of DDRAM 
are not changed. 

1.53 ms 

 
Figure 7.12. Control flow diagram for LCD Write operation using bit-

banging. 

 
Figure 7.13. Control flow diagram for LCD Read operation using bit-

banging. 
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Entry 
Mode Set 

0 0 0 0 0 0 0 1 I/D SH 

Assign cursor 
moving direction 
and enable the 
shift of entire 
display. 

39 μs 

Display 
ON/OFF 
Control 

0 0 0 0 0 0 1 D C B 

Set display (D), 
cursor (C), and 
blinking of cursor 
(B) on/off control 
bit. 

39 μs 

Cursor or 
Display 
Shift 

0 0 0 0 0 1 S/C R/L - - 

Set cursor moving 
and display shift 
control bit, and the 
direction, without 
changing of 
DDRAM data. 

39 μs 

Function 
Set 

0 0 0 0 1 DL N F - - 

Set interface data 
length (DL: 8-bit/4-
bit), numbers of 
display line (N: 2-
line/1-line), and 
display font type (F: 
5x11 dots/5x8 
dots). 

39 μs 

Set 
CGRAM 
Address 

0 0 0 1 
AC
5 

AC
4 

AC
3 

AC
2 

AC
1 

AC0 
Set CGRAM address 
in address counter. 

39 μs 

Set 
DDRAM 
Address 

0 0 1 
AC
6 

AC
5 

AC
4 

AC
3 

AC
2 

AC
1 

AC
0 

Set DDRAM address 
in address counter. 

39 μs 

Read Busy 
Flag and 
Address 

0 1 BF 
AC
6 

AC
5 

AC
4 

AC
3 

AC
2 

AC
1 

AC
0 

Whether during 
internal operation 
or not can be 
known by reading 
BF. The contents of 
address counter can 
also be read. 

0 μs 

Write 
Data to 
RAM 

1 0 D7 D6 D5 D4 D3 D2 D1 D0 
Write data into 
internal RAM 
(DDRAM/CGRAM). 

43 μs 

Read Data 
from RAM 

1 1 D7 D6 D5 D4 D3 D2 D1 D0 
Read data from 
internal RAM 
(DDRAM/CGRAM). 

43 μs 

 

As described above, the LCD controller has two sets of memory registers: one for configuring the LCD operations 

and one for holding the data that generates the LCD display characters. The register select (RS) signal controls 

which set of memory registers are accessed for both read and write operations. The display memory is further 
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divided into memory for the display of a fixed set of symbols and characters and memory that can be used to 

generate user defined characters. The display data Ram (DDRAM) is used for displaying the predefined text 

characters. By default, all data is written to and read from the DDRAM when the RS signal is high. 

The character generator RAM (CGRAM) is used to generate special symbols that can be programmed by the 

controlling processor. Accessing the CGRAM and generating special LCD symbols and characters is beyond the 

scope of this project. See Appendix C for information regarding configuring the LCD for this mode of operation.  

Other than the LCD initialization function, the LCD Write and Read functions depicted in Fig. 7.12 and Fig. 7.13 are 

the only functions that directly interface to the LCD hardware. The same LCD byte write function is used whenever 

sending a byte to either the data RAM or to the control registers. This is possible because the value that RS is to be 

set to is passed to the LCD read and LCD write functions. The advantage of implementing the LCD control in this 

manner is that it limits the hardware specific code to these two functions. This maximizes the portability of user 

code to different applications, and results in better memory resource utilization.  

After initializing, display characters can be written to the LCD. Each LCD character position is assigned a DDRAM 

address. DDRAM addresses of the first line of the LCD display are from 0 to 0x0F. The addresses of the second 

display line are from 0x40 to 0x4F. The DDRAM addresses from 0x10 to 0x3F are not used. If a character is written 

to DDRAM address 0x0F, the LCD will properly display the character in the rightmost position of the first line and 

increment the cursor address to the value 0x10. If additional characters are to be displayed beginning on the 

second line, the cursor address must be first reset to 0x40. The process of repositioning the cursor position is 

described below. 

Figure 7.14 shows the control flow diagram (CFD) for displaying a single character on the LCD. Initially, the status of 

the Busy Flag is read until the LCD reports that it has been set low. This is accomplished by repeatedly reading the 

LCD with the RS signal set low and the RW signal set high, as is demonstrated in Fig. B.2 and B.3 in Appendix B. The 

most significant bit (D7) of the data byte read from the LCD represents the busy flag - if this bit is set to a one, the 

LCD is busy. The seven least significant bits in the byte read from the LCD contain the DDRAM address of the cursor 

position: 0x00 through 0x0F for the first line and 0X40 through 0X4F for the second line.   

http://mil.ufl.edu/4744/docs/lcdmanual/characterset.html
http://mil.ufl.edu/4744/docs/lcdmanual/characterset.html
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Figure 7.14. LCD display character control flow diagram. 

After reading the cursor address and busy flag, the next step shown in Fig. 7.14 requires testing the binary value of 

the character passed to this function to determine if it is an ASCII control character. For instance, when either the 

carriage return (CR) or the new line (NL) ASCII control characters are sent to this function, the code must send the 

Return Home or the Clear Display instruction codes to the LCD by passing one of the values 0x02 or 0x01, 

respectively, with both the RS and RW signals set low.  

If writing a string of ASCII text to the LCD, the cursor address is automatically incremented to point to the next 

character position. No characters will be displayed if the cursor address is between 0x10 and 0x3F, hence the 

cursor does not automatically increment from the end of the first line to the beginning of the second line. It 

requires additional code to reposition the cursor from the end of the first line to beginning of the second. This is 

accomplished by writing the new cursor address, 0x40, added to the write DDRAM control bit, 0x80, resulting in a 

value of 0xC0 that is written to the LCD with the RS and RW signals set low. At this point, the program must wait 

until the busy flag is set to zero before continuing on with the process of writing the next character to the LCD. The 

busy flag represents a blocking semaphore, or signal, because the processor is held up waiting for the busy flag to 

clear. Once the LCD busy flag is read as zero, the RS signal must be set high and the RW signal set low. This is in 

addition to setting the PIC32 PORT E I/O pins zero through seven as outputs so the ASCII value of the character to 

be displayed can be written to the LCD DDRAM. The control flow diagram shown in Fig. 7.14 can be modified to 

implement additional ASCII control characters. 

http://en.wikipedia.org/wiki/Carriage_return
http://en.wikipedia.org/wiki/Newline
http://en.wikipedia.org/wiki/Semaphore_(programming)
http://en.wikipedia.org/wiki/ASCII
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Most LCD modules require multiple microseconds to complete the CLEAR DISPLAY and RETURN HOME commands. 

According to the Samsung KS006U data sheet, operations other than READ BUSY FLAG and ADDRESS, CLEAR 

DISPLAY, and RETURN HOME operations can require up to 43 μs to complete. The CLEAR DISPLAY and RETURN 

HOME operations can require up to 1.53 ms to complete. The READ BUSY FLAG and ADDRESS operation can be 

completed as quickly as the LCD timing permits. This allows LCD BUSY FLAG to be polled at the maximum rate 

provided by the minimum Enable cycle time shown in Fig. 7.8 and Fig. 7.9. The time to complete any write 

operation varies from one LCD manufacturer to another, so the particular device data sheet must be examined 

closely. The Enable cycle time parameter, tC, shown in Fig. 7.8 and Fig. 7.9, in conjunction with Table 7.2, clearly 

shows that there is a maximum rate of 1 MHz at which the LCD Busy Flag can be read.  

 7.3 Bit-banging LCD Interface 

Any microprocessor can interface to a character LCD using the technique called “bit-banging.” Bit-banging refers to 

the process of explicitly setting specific output pins either high or low as required by the handshaking protocol. 

This is accomplished using software instructions, such as LATxSET and LATxCLR, to control the state of the RS, RW, 

and E signals. The interface shown in Fig. A.1 provides the PIC32 port and pin specifications to allow the LCD 

control using this method. The code developer needs only to write the software code to set the control direction 

of the pins used for data, and the values of the pins used for control, in the sequence described by the control flow 

diagrams shown in Fig. 7.12 and Fig. 7.13. For example, Listing 7.1 is the C code you can use to implement the 

LCD_read function shown in Fig. 7.13 using the bit-banging technique. The code in Listing 7.1 is written under the 

assumption that the setup and hold requirements are met and no time delays are required to meet setup and hold 

times. When using a high-speed processor, such as the PIC32 running at 80 MHz, additional delays may be needed 

to meet the minimum timing requirements. 

Listing 7.1. Example Bit-banging Code for the LCD_read Function  

#include <plib.h>  // Defines BIT constants 
#define LCD_DATA (BIT_0|BIT_1|BIT_2|BIT_3|BIT_4|BIT_5|BIT_6| BIT_7) // Port E 
#define LCD_EN BIT_5  // Port D 
#define LCD_RS BIT_15  // Port B 
#define LCD_RW BIT_4  // Port D 
 
int LCD_read(int RS) 
{ 

int status; 
   PORTSetPinsDigitalIn(IOPORT_E, LCD_DATA); //Set as input to read 
   mPORTDSetBits(LCD_RW);   //LCD_RW set high to read LCD 
   if(RS) 

mPORTBsetBits(LCD_RS);  //LCD_RS set high 
 else 

mPORTBClearBits(LCD_RS); // LCD_RS low 
/* If the RS and RW setup time must be extended – a delay must be added here */ 
   mPORTDSetBits(LCD_EN);   //Enable set high 
/* If the enable time must be extended – a delay must be added here */ 
 status = mPORTERead();   //Read BF and ADDR from LCD 
   mPORTDClearBits(LCD_EN);  //Enable set low 
   return (status); 
}  
 

7.5 Parallel Master Port LCD Interface 

The PIC32 family of processors is enabled with an addressable parallel port called the Parallel Master Port, or PMP. 

The Basys MX3 trainer board was designed to take advantage of this resource when interfacing with the onboard 

parallel interface LCD. Using the PMP interface to the LCD is an alternative method to the bit-banging approach 

http://pdf1.alldatasheet.com/datasheet-pdf/view/37317/SAMSUNG/KS0066U.html
http://en.wikipedia.org/wiki/Bit_banging
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described above. It is beyond the scope of this project to explain all of the various ways the PMP can be 

configured. In general, the PMP consists of an 8- or 16-bit bidirectional parallel I/O data bus, a dedicated or 

multiplexed address bus, and control signals to allow read, write, and address latch enable operations.  

The purpose of the PMP is to facilitate a single parallel data bus interface with multiple devices. The general 

architecture of a parallel data bus is shown in Fig. 7.15. Figure 7.16 illustrates the connection between the PIC32 

PMP signals and the LCD. Note that Fig. 7.16 conforms to the same general I/O pin configuration that is shown in 

Fig. 7.4.  

The address bus is configured as a 1-bit signal representing address signal A0 connected to the LCD RS input. The 

PIC32 strobe output pin is connected to the LCD E input and the PIC32 read/write output control pin to the LCD 

R/W input. The PIC32 pins assigned to the PMP functions are fixed in hardware. The Basys MX3 interface with the 

LCD uses the PMP pin assignment shown in Fig. 7.16.  

 

Figure 7.15. Architecture of a parallel data bus. 

 

Figure 7.16. PIC32 PMP interface with LCD. 

Since the some of the pins used for the LCD interface with the PIC32MX370 processor are either analog inputs or 

digital I/O, it is necessary to first declare all LCD interface pins as digital by either using the PLIB function 

PORTSetPinsDigitalIn(…); or ANSELxxx = 0 as shown in Listing 7.2. Using the functions provided by the PIC32 

Peripheral library (Section 17), the PMP is configured with the four parameters in the four configuring declarations 

and the PMPOpen statements, shown below in Listing 7.2. 

Listing 7.2. PMP Initialization Code for LCD Interface 

int cfg1 = PMP_ON|PMP_READ_WRITE_EN|PMP_READ_POL_HI|PMP_WRITE_POL_HI; 
int cfg2 = PMP_DATA_BUS_8 | PMP_MODE_MASTER1 | 
          PMP_WAIT_BEG_1 | PMP_WAIT_MID_2 | PMP_WAIT_END_1; 
int cfg3 = PMP_PEN_0;        // only PMA0 enabled 
int cfg4 = PMP_INT_OFF;      // no interrupts used 
 
PORTSetPinsDigitalIn(IOPORT_E, LCD_DATAbits); // RE0:7 
PORTSetPinsDigitalOut(IOPORT_D, ENpin);  // RD4 
PORTSetPinsDigitalOut(IOPORT_D, RWpin);  // RD5 
PORTSetPinsDigitalOut(IOPORT_B, RSpin);  // RB15 
 
mPMPOpen(cfg1, cfg2, cfg3, cfg4); 
 
// End of Listing 

The first bit parameter in the variable cfg1 enables the PMP peripheral. The second bit parameter enables both of 

the PMP read and write operations. The PMP_READ_POL_HI bit with the PMP_WRITE_POL_HI bit results in setting 

the last two significant bits of the PMCON register, and it indicates that the PMP read/write control is to be high 

when reading and low when writing. The interpretation of these two bits is conditional on the 

http://ww1.microchip.com/downloads/en/DeviceDoc/32bitPeripheralLibraryGuide.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/32bitPeripheralLibraryGuide.pdf
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PMP_MODE_MASTER1 control bits of the PMMODE register and implementation is done via the handshaking 

operation illustrated back in Fig. 7.4. The variable cfg2 is written to the PMMODE register. The PMP_DATA_BUS_ 

8-bit control specifies that the data bus is 8 bits. The three PMP_WAIT controls are discussed in detail below.  

The cfg3 variable is set for PMP_PEN_0, indicating that only PMP address bit 0 is enabled and is written to the 

parallel port address register, PMADDR.   

The last parameter disables PMP interrupts. If the PMP interrupt is enabled, with the PMP configured for the 

master mode, an interrupt will be generated on every completed read and write operation. With the PMP 

interrupt disabled, the PMFLAG will need to be polled to determine when the PMP read and write cycles are 

completed. 

The WAIT controls in the PMP mode register control the timing of the assertion of the RD/WR select signal in 

relation to the LCD Enable strobe. Each vertical dashed line in Fig. 7.17 represents intervals of the peripheral bus 

clock period, marked TPB, where the period of TPB is the inverse of the peripheral bus clock frequency. The number 

of TPB periods for the “B” period is specified by PMP_WAIT_BEG_b (1 ≤ b ≤ 4), specified in the PMMODE 

configuration setting in Listing 7.2. Likewise, the M indicates the number of TPB periods that the LCD E signal will be 

active, as specified by PMP_WAIT_MID_m (0 ≤ m ≤ 15). The minimum strobe period is one TPB. Hence, the total 

strobe period is PMP_WAIT_MID_x plus one. The ending interval marked “E” in Fig. 7.17 indicates the number of 

TPB periods that the RD/WR signal will retain its value, PMP_WAIT_END_e (1 ≤ e ≤ 4). For the case shown in Fig. 

7.17, the three parameters would be: PMP_WAIT_BEG_4, PMP_WAIT_MID_6, and PMP_WAIT_END_2. 

 

Figure 7.17. The PMP timing diagram for the beginning, middle, and end wait periods. 

The minimum settings for the three PMP WAIT intervals can be determined by dividing the value for tSU on the LCD 

datasheet by TPB. For example, assume that the peripheral bus clock is configured for 10 MHz. The tSU specified in 

the KU0066U data sheet is 60 ns, resulting in interval B being equal to 0.6 TPB periods. Of course, this should be 

rounded up, so a proper setting is PMP_WAIT_BEG_1. The value for the interval M is computed using the value 

specified for tW. In this case, M+1 is equal to 2.5, and after rounding up and subtracting one, M equals 2. Thus, 

PMP_WAIT_MID_2 can be used. The value for interval E is 0.1, resulting in PMP_WAIT_END_1. Since [(B+[M+1]+E) 

* TPB ] represents the minimum time to complete an LCD read or write operation, this minimum time must be 

greater than the LCD enable cycle time, tC, which is specified as 450 ns. For the configuration described above, 

[(B+[M+1]+E) * TPB] = [(5) * 100 ns] = 500 ns, thereby satisfying the LCD timing specifications. If the cycle time is 

too short, wait periods can be added to any segment within the allowable ranges. 

Since the PMP is clocked from the peripheral bus clock, it is likely that the PMP cycle is slower than the core CPU, 

which means that the PMP also has a busy flag that must be polled before writing or reading the next byte. With 

the PMP interrupt disabled, the only way to determine if the PMP is ready for the next read or write cycle is to poll 

the PMP flag. The PMPMasterWrite function provided in the PIC32 Peripheral Library polls the PMP flag to ensure 

it has been cleared prior to writing. The code for writing to the LCD using the PMP is shown in Listing 7.3. 
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Listing 7.3. LCD Write Function Using the PMP 

void writeLCD( int addr, char c)     
{ 
   while( busyLCD()); // Wait for LCD to be ready 
   PMPSetAddress( addr);  // Set LCD RS control 
   PMPMasterWrite( c);    // initiate write sequence 
} // End of writeLCD 
 

Reading the PMP requires two successive read operations, as shown in Listing 7.4. Figure 7.17 shows that the 

PIC32 reads the Busy Flag 14 times before the Busy Flag resets. Since the readLCD function calls 

mPMPMasterReadByte(); twice in a row before returning the value, the readLCD function is only called seven 

times before the Busy Flag is returned as zero. Regardless of how many times the Busy Flag is read, the LCD 

doesn’t return a Busy Flag value of zero until 33.6 μs after the LCD write operation. A capture of the timing for the 

PMP is shown in Appendix B. 

Listing 7.4. LCD Read Function Using the PMP 

char readLCD( int addr ) 
{ 
   PMPSetAddress( addr);       // Set LCD RS control 
   mPMPMasterReadByte();       // initiate dummy read sequence 
   return mPMPMasterReadByte();// read actual data 
} // End of readLCD 
 

For additional details concerning the PIC32 PMP, refer to Section 13 of the PIC32 Family Reference Manual. 

 

8 References 

1. Basys MX3 Data sheet 

2. PIC32MX330/350/370/430/450/470 Family Data Sheet  

3. 2 Line 16 Character LCD Data Sheet, http://www.lcd-modules.com.tw/upload/web/SC/SC1602B.pdf 

4. LCD Data sheet, https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf   

5. ASCII Table, http://www.asciitable.com/  

  

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://www.lcd-modules.com.tw/upload/web/SC/SC1602B.pdf
https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf
http://www.asciitable.com/
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Appendix A: Unit 3 Parts Configuration 

  

Figure A.1. LCD connection schematic diagram for Labs 3a and 3b. 
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Appendix B: LCD Custom Instrumentation 

As noted above in section 4.2, Figures B.2 through Figure B.4 show data from an Analog Discovery 2 connected 

directly to the LCD data pins and the three handshaking and control pins, RS, R/W, and EN. Figure B.1 shows a 

prototype of the Basys MX3 that was altered to include longer header pins on the LCD. This custom modification 

was made to enable testing during software development. It is not required to make this modification in order to 

complete Lab 3a and Lab 3b.  

Note the Analog Discovery 2 is not connected directly to the on-board 30-pin Analog Discovery 2 connector, J4, in 

this case because the LCD data pins are not broken out to the Analog Discovery Interface connector.  

 

Figure B.1. Equipment configuration used in Lab 3a and 3b for Unit 3. 

The alternate method to implementing fixed delays, as was discussed in the main body of this text, when writing 

control or display data bytes is to continuously read the LCD Busy Flag and wait for the Busy Flag to be reset before 
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completing any read or write operation. Therefore, there is no waiting to read the Busy Flag. Figure B.2 is a screen 

capture of this operation. The Busy Flag and DDRAM address is initially read as 0x4c, meaning that the cursor is 

located at the 12th character position on the second line and the Busy Flag is off. Following that, a new cursor 

position, 0x48, is written to the LCD. The value shown in Fig. B.2 is 0xC8 because the 8th bit is set to instruct the LCD 

to move the cursor to a new position using the “Set DDRAM Address” instruction. The Busy Flag and DDRAM 

address is read six consecutive times. The busy flag is set high the first five times. The sixth time the busy flag is set 

low (not busy) and the address shows 0x48, meaning the cursor position is now located for the eighth character 

position of the second row. The period the Busy Flag reads high for is 33.6 μs. This is consistent with the 39 μs 

listed in Table 7.3. Again, the execution times shown in Table 7.3 are worst case and dependent on operating 

temperature and supply voltage. 

 

Figure B.2. LCD timing diagram for a Set Cursor Position instruction using 1 μs setup and EN extension delays. 

Figure B.3 shows the timing for the Set Cursor Position instruction where the read cycle speed is increased by a 

factor of 10. Note that the period waiting for the instruction execution to complete is still 33.6 μs, thus showing 

the LCD processing time is independent of the processor to LCD interface speed.  

 

Figure B.3. LCD timing diagram for a Set Cursor Position instruction using 0.1 μs setup and EN extension delays. 

Figure B.4 shows the similar timing of the Set Cursor Position when the PMP interface to the LCD is used in place of 

the Bit-Banging type of parallel bus control. As one can readily see, the LCD response in Fig. B.3 is very similar to 

Fig. B.4; however, as discussed in Section 7.5, the PMP interface requires far fewer lines of instruction code. 
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Figure B.4. LCD timing diagram for a Set Cursor Position instruction using the PIC32 PMP interface. 
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Appendix C: LCD Custom Characters 

When you send the ASCII code for a character like "A" to an LCD module, the LCD controller looks up the 

appropriate 5x8-pixel pattern in ROM (read-only memory) and displays that pattern on the LCD. That character-

generator ROM contains 192 bit-mapped characters corresponding to the alphabet, numbers, punctuation, and a 

limited set of Japanese Kanji characters and Greek symbols.  

The ROM is part of the main LCD controller (e.g., HD44780, KS0066, etc.), is mask-programmed, and cannot be 

changed by the user. The manufacturers do offer alternative symbol sets in ROM for European and Asian 

languages, but most U.S. distributors stock only the standard character set shown in the LCD Serial Backpack 

manual.  

Alphanumeric LCD controllers do not allow you to turn individual pixels on or off – they just let you pick a 

particular pattern (corresponding to an ASCII code) and display it on the screen. If you can't change the ROM and 

you can't control pixels, how do you create graphics on these LCDs? It’s easy!  

There is a 64-byte block of RAM (random-access memory) that the LCD controller uses in the same way as it does 

the ROM-based character-generator. This is the CGRAM. When the controller receives an ASCII code in the range 

that's mapped to the CGRAM, it uses the bit patterns stored there to display a pattern on the LCD. The main 

difference is that you can write to CGRAM, thereby defining your own graphic symbols.  

A character LCD that uses the HD44780 or the KS0068 controller allows for eight programmable characters. The 

character patterns must initially be programmed into the CGRAM of the LCD. First, the CGRAM must be selected by 

setting the CGRAM address for the character that is to be programmed. Each eight consecutive addresses, starting 

at CGRAM address zero, are assigned to one programmable graphical character. Each bit of the data at each 

address sets the pixel on (1) or off (0). The pixels on a particular row at the right of the character display have the 

lowest binary value. The rows of pixels start at the top and move down the character as the addresses increase in 

value, as shown in Fig. C.1.  

 

Figure C.1. Example bitmap for a programmable graphical character. 

A web-based character calculator can be used to help determine the list of bytes that need to be written to the 

CGRAM. Be advised that the calculator in the second reference only generates seven bytes of data and does not 

specify data for the bottom row of pixels. Writing to CGRAM is a lot like moving the cursor to a particular position 

on the display and displaying characters at that new location. The steps are shown in Listing C.1.  
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Listing C.1. Steps to Program Graphical Characters 

 Reset RS and R/W pins of the LCD to prepare the LCD to accept instructions.  

 Set the CG RAM address by sending an instruction byte from 64 to 127 (locations 0-63 in CGRAM). 

 Switch to DATA MODE by changing the RS pin to one.  

 Send bytes with the bit patterns for your symbol(s). The LCD controller automatically increments CGRAM 

addresses, just as it does cursor positions on the display.  

 To leave CGRAM, switch to COMMAND MODE to set the address counter to a valid display address (e.g., 

128, 1st character of 1st line); the clear-screen instruction (byte 1); or the home instruction (byte 2). Now 

bytes are once again being written to the visible portion of the display. 

 To see the custom character(s) you have defined, print ASCII codes 0 through 7. 
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1 Objectives 

1. Identify the PIC32 processor pins used for the LCD interface. 

2. Implement LCD control using bit-banging I/O techniques. 

3. Understand handshaking requirements for interfacing two systems operating at differing clock speeds. 

 

2 Basic Knowledge 

1. How to interpret control flow and data flow diagrams. 

2. How to interpret a schematic diagram and electric circuits. 

3. How to write a computer program using the C language. 

4. How to launch a Microchip MPLAB X project. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Digilent Analog Discovery 2 

3.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 

 

https://en.wikipedia.org/wiki/Control_flow_diagram
https://en.wikipedia.org/wiki/Data_flow_diagram
http://www.learn-c.com/schemat.htm
http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/


Lab 3a: LCD Parallel Interface - Direct   
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 2 of 9 

 

4 Project Takeaways 

1. How to implement a bi-directional parallel I/O interface. 

2. How to use delays to control signal timing. 

3. How to manage ASCII text strings. 

 

5 Fundamental Concepts 

Microprocessors are the core element in an embedded system. Most embedded applications need resources or 

capability not available in the microprocessor. The additional capability can be provided by specialty electronic 

devices. Computer communications is necessary to exchange data between the microprocessor and these devices. 

The communications interface is provided using serial or parallel inputs and outputs. Parallel I/O implies 

multiple input/output operations at the same time whereas serial I/O implies single bit data exchanges. Whether 

the communications interface is serial or parallel, handshaking is required to coordinate the data exchange 

activity. 

 

6 Problem Statement 

Develop and test a collection functions that allow text to be placed at any position on a parallel I/O character LCD 

following the DFD and CFD models presented in Unit 3. The LCD_puts function is required to process the ASCII 

control characters, which are described in Table 8.1. 

 

7 Background Information 

Character Liquid Crystal Displays (LCD) are low-cost electronic devices that are capable of generating visual 

displays consisting of alphanumeric characters and graphical symbols commonly used for embedded system 

human machine interfaces (HMI). Many suppliers of LCD devices are based on the Hitachi HD44780 LCD controller, 

and hence have a common hardware and software interface. Some LCD devices have serial interfaces that use 

UART, I2C, and SPI communications1. These protocols are covered in Unit 4. Other LCD devices use interfaces 

consisting of four or eight data lines and three control lines2. Although the LCDs that use a serial interface require 

fewer processor I/O pins, the display controller IC is still based on the Hitachi HD44780, which uses 8 or 11 I/O 

pins. Hence, the serial LCD devices have an on-board microprocessor that translates the serial communications 

instructions to parallel I/O.  

The handshaking required to successfully communicate with the LCD on the Basys MX3 is representative of many 

common parallel interfaces.  

 

                                                                 

1 PmodCLS: Character LCD with Serial Interface, http://store.digilentinc.com/pmodcls-character-lcd-with-serial-
interface/ 
2 PmodCLP Character LCD with Parallel Interface, http://store.digilentinc.com/pmodclp-character-lcd-with-parallel-
interface/ 

https://en.wikipedia.org/wiki/Embedded_system
http://www.asciitable.com/
http://www.asciitable.com/
http://www.asciitable.com/
http://www.asciitable.com/
http://www.asciitable.com/
http://www.asciitable.com/
http://www.asciitable.com/
https://en.wikipedia.org/wiki/Liquid-crystal_display
https://en.wikipedia.org/wiki/Embedded_system
https://en.wikipedia.org/wiki/User_interface
https://en.wikipedia.org/wiki/Hitachi_HD44780_LCD_controller
http://store.digilentinc.com/pmodcls-character-lcd-with-serial-interface/
http://store.digilentinc.com/pmodcls-character-lcd-with-serial-interface/
http://store.digilentinc.com/pmodclp-character-lcd-with-parallel-interface/
http://store.digilentinc.com/pmodclp-character-lcd-with-parallel-interface/
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8 Lab 3a 

8.1 Requirements 

1. All LCD interface pin control will use LATx, LATxSET, or LATxCLR instructions for outputs and PORTxBITS for 

inputs. 

2. Write a library of functions to provide general capability to display strings of text, characters, and 

numbers at specified positions on the LCD display.  

3. All LCD control sequences must meet the strict timing requirements for the following operations: 

a. Initialize the LCD using the recommended sequence of instructions shown in the control flow 

diagram Fig. B.2. to write specific codes to the LCD at specified intervals. 

b. Position the cursor in the display space (Line 1 or Line 2) where the next character is to be 

displayed. 

c. Write function(s) that write ASCII control and display data to the Display Data Ram (DDRAM).  

d. Translate the ASCII control characters into one or more C instructions for the LCD, as detailed in 

Table 8.1. 

Table 8.1.  LCD controls. 

ASCII 
Character 

Hex 
Code 

LCD 
Code 

Action 

LF 0x0A 0x01 
Line Feed: Clears the line where the cursor is positioned and places the 
cursor at left position on that line 

CR 0x0F 0x02 
Return: Places the cursor at left position on the line where the cursor is 
positioned without clearing display 

TAB 0x09  
Moves cursor position 4 places to the right. If this action places the cursor 
beyond the end of Line 1, the cursor will be placed at the start of Line 2. 

FF 0x0C 0x01 Form Feed: Clears display and places the cursor at left position on top line 

 

e. Write functions that write ASCII character data to the Display Data Ram (DDRAM). 

i. Write a function that will write a single ASCII encoded character to the display. 

ii. Write a function that will write a string (array) of ASCII encoded characters to the 

display. 

4. Using the following program, develop a test project that will verify that the function LCD_puts(byte *str); 

correctly displays an array of ASCII text and control characters. 

char test_str[] = “ User generated test string”; 
int main(void) 
{ 
 hardware_setup(void);  // Initialize the LCD IO pins 
 LCD_init();   // Initialize LCD 
 while(1) 
 { 
  LCD_puts(test_str); // Display the text string 
  DelayMs(1000);  // Delay 1 second 
  LCDWrite(0x01); // Clear LCD  
 } 

} 
 

5. Write an application program for the Basys MX3 processor board that achieves the following: 

a. Initializes a loop counter to a value of zero. 
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b. Displays your name on the first line. 

c. Repositions the cursor to the beginning of the second line and displays the text “LAB 3.” 

d. Repositions the cursor to the eighth character position of the second line. 

e. Displays the value of the loop counter. 

f. Increments the loop counter. 

g. Delays one second before repeating steps d through g. 

8.2 Design Phase 

1. Generate a project in MPLAB X. 

2. Copy the config.bits file to the project directory.  

3. Open three new C files: main.c, lcd.c, and swdelay.c. 

4. Open two new header files: lcd.h and swdelay.h. 

5. Generate the contents of the main.c file for the initialization code and the infinite loop. 

6. In swdelay.c, generate a function prototype for the msDelay(unsigned int dly);  function. 

a. Copy the software delay function from Unit 2, Listing 3 to swdelay.c. 

7. In lcd.h, generate function prototypes for the five LCD functions shown in Fig. B.1. 

8. Generate the code for the five LCD functions in lcd.c.  

8.3 Construction Phase 

1. Write a problem statement that lists the requirements. 

2. Determine what elements of the Basys MX3 board will be used. 

3. List the processor hardware resources that you will be using in this design. 

4. Generate a data flow diagram that identifies tasks (functions) and the information that needs to be 

passed between these tasks. 

5. Using the DFD and the multiple CFDs shown in Appendix B, develop and test the functions that will 

initialize the LCD and display single characters and a string of characters. You should use the software 

delay function used in Lab 1b. 

8.4 Testing 

1. Demonstrate that the test program developed for requirement 4 executes correctly using the test string 

“\0141234\0115678\0119ABC\r”. 

2. Demonstrate that the test program developed for requirement 5 executes correctly. 

 

9 Questions 

1. How would the LCD display be affected if the application described above is combined with an application 

that uses interrupts?  

2. How can the blocking semaphore represented by the Busy Flag be eliminated? 

3. What is the maximum rate at which characters can be written to the LCD? 

 

10 References 

1. Basys MX3 Data sheet. 
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2. PIC32MX330/350/370/430/450/470 Family Data Sheet.  

3. 2 Line 16 Character LCD Data Sheet, http://www.lcd-modules.com.tw/upload/web/SC/SC1602B.pdf. 

4. LCD Data sheet, https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf.   

5. ASCII Table, http://www.asciitable.com/. 

  

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://www.lcd-modules.com.tw/upload/web/SC/SC1602B.pdf
https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf
http://www.asciitable.com/
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Appendix A: Basys MX3 Schematic Drawings 

 

Figure A.1. LCD connection schematic diagram for Labs 3a and 3b. 
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Appendix B: LCD Code Concept Maps 

 

Figure B.1. Data flow diagram for the LCD control. 

 

Figure B.2. Control flow diagram for the LCD initialization. 
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Figure B.3. Control flow diagram for LCD Write operation using bit-

banging. 

 

 

Figure B.4. Control flow diagram for LCD Read operation using bit-

banging. 
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Figure B.5. LCD display character control flow diagram. 
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1 Objectives 

1. Identify the PIC32 processor pins used for the LCD interface. 

2. Implement LCD control using the PIC32 Parallel Master Port (PMP).  

3. Understand handshaking requirements for interfacing two systems operating at differing clock speeds. 

 

2 Basic Knowledge 

1. How to interpret control flow and data flow diagrams. 

2. How to interpret a schematic diagram and electric circuits. 

3. How to write a computer program using the C language. 

4. How to launch a Microchip MPLAB X project. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Micro USB cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Digilent Analog Discovery 2 

3.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 

 

https://en.wikipedia.org/wiki/Control_flow_diagram
https://en.wikipedia.org/wiki/Data_flow_diagram
http://www.learn-c.com/schemat.htm
http://www.tutorialspoint.com/cprogramming/index.htm
http://microchip.wikidot.com/tls0101:design-environment
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
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4 Project Takeaways 

1. How to implement a bi-directional parallel I/O interface. 

2. How to use delays to control signal timing. 

3. How to manage ASCII text strings. 

 

5 Fundamental Concepts 

Microprocessors are the core element in an embedded system. Most embedded applications need resources or 

capability not available in the microprocessor. The additional capability can be provided by specialty electronic 

devices. Computer communications is necessary to exchange data between the microprocessor with these devices. 

The communications interface is provided using serial or parallel inputs and outputs. Parallel I/O implies 

multiple input/output operations at the same time whereas serial I/O implies single bit data exchanges. Whether 

the communications interface is serial or parallel, handshaking is required to coordinate the data exchange 

activity. 

 

6 Problem Statement 

Develop and test a collection of functions that allow text to be placed at any position on a parallel I/O character 

LCD following the DFD and CFD models presented in Unit 3. The LCD_puts function is required to process the ASCII 

control characters, which are described in Table 8.1. 

 

7 Background Information 

Character Liquid Crystal Displays (LCD) are low-cost electronic devices that are capable of generating visual 

displays consisting of alphanumeric characters and graphical symbols commonly used for embedded system 

human machine interfaces (HMI). Many suppliers of LCD devices are based on the Hitachi HD44780 LCD controller, 

and hence have a common hardware and software interface. Some LCD devices have serial interfaces that use 

UART, I2C, and SPI communications1. These protocols are covered in Unit 4. Other LCD devices use interfaces 

consisting of four or eight data lines and three control lines2. Although the LCDs that use a serial interface require 

fewer processor I/O pins, the display controller IC is still based on the Hitachi HD44780, which uses 8 or 11 I/O 

pins. Hence, the serial LCD devices have an on-board microprocessor that translates the serial communications 

instructions to parallel I/O.  

The handshaking required to successfully communicate with the LCD on the Basys MX3 is representative of many 

common parallel interfaces.  

 

                                                                 

1 PmodCLS: Character LCD with Serial Interface, http://store.digilentinc.com/pmodcls-character-lcd-with-serial-
interface/ 
2 PmodCLP Character LCD with Parallel Interface, http://store.digilentinc.com/pmodclp-character-lcd-with-parallel-
interface/ 

https://en.wikipedia.org/wiki/Embedded_system
http://www.asciitable.com/
http://www.asciitable.com/
https://en.wikipedia.org/wiki/Liquid-crystal_display
https://en.wikipedia.org/wiki/Embedded_system
https://en.wikipedia.org/wiki/User_interface
https://en.wikipedia.org/wiki/Hitachi_HD44780_LCD_controller
http://store.digilentinc.com/pmodcls-character-lcd-with-serial-interface/
http://store.digilentinc.com/pmodcls-character-lcd-with-serial-interface/
http://store.digilentinc.com/pmodclp-character-lcd-with-parallel-interface/
http://store.digilentinc.com/pmodclp-character-lcd-with-parallel-interface/
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8 Lab 3b 

8.1 Requirements 

1. All LCD interface pin control will use the PMP interface as described in the Unit 3 text. 

2. Write a library of functions to provide general capability to display strings of text, characters, and 

numbers at specified positions on the LCD display.  

3. All LCD control sequences must meet the strict timing requirements for the following operations: 

a. Initialize the LCD using the recommended sequence of instructions to write specific codes to the 

LCD at specified intervals, shown in the control flow diagram of Fig. B.2. 

b. Position the cursor in the display space (Line 1 or Line 2) where the next character is to be 

displayed. 

c. Write function(s) that write ASCII control and display data to the Display Data Ram (DDRAM). 

d. Translate the ASCII control characters into one or more C instructions for the LCD as detailed in 

Table 8.1. 

e. Write functions that write ASCII character data to the Display Data Ram (DDRAM). 

i. Write a function that will write a single ASCII encoded character to the display. 

ii. Write a function that will write a string (array) of ASCII encoded characters to the 

display. 

4. Using the following program, develop a test project that will verify that the function LCD_puts(byte *str); 

correctly displays an array of ASCII text and control characters. 

char test_str[] = “ User generated test string”; 
int main(void) 
{ 
 hardware_setup(void); // Initialize the LCD IO pins 
 LCD_init();   // Initialize LCD 
 while(1) 
 { 
  LCD_puts(test_str); // Display the text string 
  DelayMs(1000); // Delay 1 second 
  LCDWrite(0x01); // Clear LCD  
 } 
} 

5. Write an application program for the Basys MX3 processor board that achieves the following: 

a. Initializes a loop counter to a value of zero. 

b. Displays your name on the first line. 

c. Repositions the cursor to the beginning of the second line and displays the text “LAB 3.” 

d. Repositions the cursor to the eighth character position of the second line. 

e. Displays the value of the loop counter. 

f. Increments the loop counter. 

g. Delays one second before repeating steps d through g. 

Table 8.1.  LCD controls. 

ASCII 
Character 

Hex 
Code 

LCD 
Code 

Action 

LF 0x0A 0x01 
Line Feed: Clears the line where the cursor is positioned and places the 
cursor at left position on that line 

CR 0x0F 0x02 
Return: Places the cursor at left position on the line where the cursor is 
positioned without clearing display 
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TAB 0x09  
Moves cursor position 4 places to the right. If this action places the cursor 
beyond the end of Line 1, the cursor will be placed at the start of Line 2. 

FF 0x0C 0x01 Form Feed: Clears display and places the cursor at left position on top line 

 

8.2 Design Phase 

1. Generate a project in MPLAB X. 

2. Copy the config.bits file to the project directory. 

3. Open three new C files: main.c, lcd.c, and swdelay.c. 

4. Open two new header files: lcd.h and swdelay.h. 

5. Generate the contents of the main.c file for the initialization code and the infinite loop. 

6. In swdelay.c, generate a function prototype for the msDelay(unsigned int dly); function. 

a. Copy the software delay function from Unit 2, Listing 7.3 to swdelay.c. 

7. In lcd.h, generate function prototypes for the five LCD functions shown in Fig. B.1. 

8. Generate the code for the five LCD functions in lcd.c. 

8.3 Construction Phase 

1. Write a problem statement that lists the requirements. 

2. Determine what elements of the Basys MX3 board will be used. 

3. List the processor hardware resources that you will be using in this design. 

4. Generate a data flow diagram that identifies tasks (functions) and the information that needs to be 

passed between these tasks. 

5. Using the DFD and the multiple CFDs shown in Appendix B, develop and test the functions that will 

initialize the LCD and display single characters and a string of characters. You should use the software 

delay function used in Lab 1b. 

8.4 Testing 

1. Demonstrate that the test program developed for requirement 4 executes correctly using the test string 

“\0141234\0115678\0119ABC\r”. 

2. Demonstrate that the test program developed for requirement 5 executes correctly. 

 

9 Questions 

1. What are the advantages of using the PMP interface over the bit-banging interface? 

2. What are the advantages of using the bit-banging interface over the PMP interface? 

3. How would the LCD display be affected if the application described above is combined with an application 

that uses interrupts?  

4. What is the maximum rate at which characters can be written to the LCD? 

 

10 References 

1. Basys MX3 Data sheet. 

2. PIC32MX330/350/370/430/450/470 Family Data Sheet.  

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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3. 2 Line 16 Character LCD Data Sheet, http://www.lcd-modules.com.tw/upload/web/SC/SC1602B.pdf. 

4. LCD Data sheet, https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf.   

5. ASCII Table, http://www.asciitable.com/. 

  

http://www.lcd-modules.com.tw/upload/web/SC/SC1602B.pdf
https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf
http://www.asciitable.com/
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Appendix A: Basys MX3 Schematic Drawings 

 

Figure A.1. LCD connection schematic diagram for Labs 3a and 3b. 
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Appendix B: LCD Code Concept Maps 

 

Figure B.1. Data flow diagram for the LCD control. 

 

Figure B.2. Control flow diagram for the LCD initialization. 
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Figure B.3. Control flow diagram for LCD Write operation using bit-

banging. 

 

 

Figure B.4. Control flow diagram for LCD Read operation using bit-

banging. 
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Figure B.5. LCD display character control flow diagram. 
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1 Introduction 

“Telecommunication is the transmission of signs, signals, writings, images and sounds or intelligence of any nature 

by wire, radio, optical, or other electromagnetic systems, as defined by the International Telecommunication 

Union (ITU). Telecommunication occurs when the exchange of information between communication participants 

includes the use of technology. It is transmitted either electrically over physical media, such as cables, or via 

electromagnetic radiation. Such transmission paths are often divided into communication channels which afford 

the advantages of multiplexing. The term is often used in its plural form, telecommunications, because it involves 

many different technologies.”1 

Telecommunications can be divided into two basic types: digital communications and analog communications. 

Common residential telephone systems as well as AM and FM radio are forms of analog communications. The 

focus of this unit is digital communication where the information is communicated as encoded discrete level 

signals. The digital signals can represent computer generated values or be the result of digitization of analog 

signals. 

Serial communications involves sending data one bit at a time. This is opposed to parallel communications where 

multiple bits of data are sent simultaneously, such as the interface with the character LCD that was the focus of 

Unit 3. One of the biggest motivations for implementing serial communications is to minimize the number of 

processor pins and wires needed to pass data between two points. The longer the physical distance between these 

two points (the endpoints), the more expensive the communications media becomes, whether that is wireless or 

wired based. 

Unit 4 consists two parts and four labs. Unit 4 Part 1 contains the following overview that addresses different high 

level views of digital communications. Unit 4 Part 2 addresses asynchronous communications protocols, 

specifically the Universal Asynchronous Receiver Transmitter (UART) protocol, and applies specifically to Lab 4a 

and Lab 4b. Lab 4a focuses on full-duplex text communications and Lab 4b uses the communications for control of 

a real-time operating system. Lab 4c and Lab 4d look at two commonly used synchronous data communications 

protocols. Lab 4c targets the Serial Peripheral Interface (SPI) protocol while Lab 4d focuses on the Inter-Integrated 

Circuit (I2C) protocol.    

  

                                                                 

1 Telecommunication, https://en.wikipedia.org/wiki/Telecommunication 

https://en.wikipedia.org/wiki/Transmission_(telecommunications)
https://en.wikipedia.org/wiki/Wire
https://en.wikipedia.org/wiki/Radio
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/International_Telecommunication_Union
https://en.wikipedia.org/wiki/International_Telecommunication_Union
https://en.wikipedia.org/wiki/Information
https://en.wikipedia.org/wiki/Communication_channel
https://en.wikipedia.org/wiki/Cable
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Communication_channel
https://en.wikipedia.org/wiki/Multiplexing
https://en.wikipedia.org/wiki/FM_broadcasting
https://en.wikipedia.org/wiki/AM_broadcasting
https://en.wikipedia.org/wiki/FM_broadcasting
https://www.quora.com/What-is-the-difference-between-a-discrete-and-digital-signal
https://en.wikipedia.org/wiki/Telecommunication
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2 Objectives 

1. To understand how communications networks are modeled to partition the various operations and 

responsibilities.  

2. To understand two fundamental data flow management schemes.    

3. To understand the common methods of implementing basic sender-receiver handshaking. 

 

3 Basic Knowledge 

1. How to map PIC32MX370 I/O pins to special function registers. 

2. How to initialize special function using the PLIB functions. 

3. How to generate ASCII character strings. 

4. How to parse text fields from an ASCII string. 

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

2. 2 Micro USB cables 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

4. 4-wire stepper motor (Lab 4b only) 

5. 5V, 4A DC power supply (Lab 4b only) 

In addition, we suggest the following instruments: 

6. Digilent Analog Discovery 2 

4.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 

5. PuTTY Terminal Emulator 

 

5 Project Takeaways 

1. Understanding of the basics of telecommunications. 

2. Understanding of requirements and implementations of asynchronous and synchronous communications. 

3. How to recognize the handshaking methods used in a communications protocol. 

4. How to set up the Analog Discovery 2 to display communication signal waveforms. 

http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/stepper-motor/
http://store.digilentinc.com/5v-4a-switching-power-supply/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
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6 Fundamental Concepts 

6.1 Digital Communications 

Serial protocols fall into one of two categories: either asynchronous or synchronous. Asynchronous protocols do 

not transmit a synchronizing signal with the data, whereas a synchronous protocol transmits a signal that indicates 

to the receiver when the data signal should be sampled. In some protocols, the transmitter and receiver are 

synchronized by a completely separate signal while other synchronous protocols (such as CAN) embed the clock 

signal in the data stream.   

A partial list of existing serial protocols is shown in Appendix B. You may ask, “why so many serial protocols?” The 

simple answer is that the protocols are optimized for data rates, physical media, physical distance, and 

connectivity. Some protocols are strictly for point to point communications such as the asynchronous serial 

communications. Other protocols are for multi drop applications where many senders can be connected to many 

receivers – a network is an example. In contrast, point-to-point communications is limited to be exclusively 

between two endpoints, or nodes, and is not an example of a network.  

In the four labs associated with Unit 4, we will look at the most common serial protocols used in the world of 

computer communications. These include the Universal Asynchronous Receiver Transmitter (UART or USART), the 

Inter-Integrated Circuit (I2C), and the Serial Peripheral Interface (SPI) protocol. 

As we saw in Unit 3, the communications between the PIC32 processor and the character LCD device required an 

application of a set of rules that resulted in handshaking. These rules are referred to as the communications 

protocol, whether the data being exchanged is 8 bits at a time as with the LCD or a single bit at a time as with the 

serial protocols that will be discussed throughout Unit 4. The basic rules of handshaking apply in either case.  

6.2 Network Communications 

Fundamentally, a communications network is the connection of multiple devices to exchange information. A 

network system can consist of one device talking to many listeners (one-to-many) or many devices talking to one 

listener (many-to-one). A many-to-one system is characteristic of master-slave operations. A one-to-many is 

characteristic of a broadcast based network. Peer-to-peer networks have many devices talking and listening, 

making a many-to-many network system.   

Networks are characterized by multiple devices connected to a shared data communication resource. Network 

communications can use the radio frequency (RF) spectrum, fiber optics (FO), electrical wires, and acoustic media 

such as air, water, or solid materials. Most often, network systems share a common resource – the media over 

which they communicate. If more than one sender exists on a network, there must be a mechanism to detect and 

arbitrate conflicts when two devices attempt to transmit at the same time. Master-slave networks with a single 

master do not require any form of arbitration. 

It is common practice to model the processing of information as layers of software, each layer adding information 

or modifying the presentation of the information. Various network models have evolved over the years. The 

partitioning and activities represented by the seven layer Open Systems Interconnection (OSI) model are shown in 

Table 6.1. Network communications does not always require all seven layers of processing. Typically, embedded 

systems applications use layer 7 that represents a specific application, layer 3 that manages the device addressing, 

layer 2 that is used for error correction, and layer 1 that is responsible for controlling the electronics that modulate 

the communications media. 

 

https://en.wikipedia.org/wiki/CAN_bus
http://en.wikipedia.org/wiki/Point-to-point_(telecommunications)
https://en.wikipedia.org/wiki/Universal_asynchronous_receiver/transmitter
http://en.wikipedia.org/wiki/I%C2%B2C
https://en.wikipedia.org/wiki/Serial_Peripheral_Interface_Bus
http://www.webopedia.com/TERM/R/RF.html
http://en.wikipedia.org/wiki/Fiber-optic_communication
http://en.wikipedia.org/wiki/OSI_model
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Table 6.1.  Seven layer OSI model 

OSI Model 
 Data unit Layer Function 

Host 
layers 

Data  

7.Application Network process to application 

6.Presentation 
Data representation, encryption and decryption, convert 
machine dependent data to machine independent data 

5. Session 
Inter-host communication, managing sessions between 
applications 

Segments  4. Transport Reliable delivery of packets between points on a network. 

Media 
layers 

Packet/Datagram 3. Network 
Addressing, routing and (not necessarily reliable) delivery of 
datagrams between points on a network. 

Bit/Frame 2. Data link A reliable direct point-to-point data connection. 

Bit 1. Physical 
A (not necessarily reliable) direct point-to-point data 
connection. 

 

Looking more closely at layer 2 of the OSI model, there are two kinds of data link layer operating modes for multi-

drop, or network, configurations; master – slave and peer-to-peer. The master-slave mode of operation is 

characterized by one processor, acting as the master, which controls when slave devices are permitted to transmit 

information. Although multiple processors can be connected to a network, only one microprocessor is designated 

as the master at any given time. The master processor dictates the data direction and the timing of the data 

exchange between the master and slave nodes.  

In contrast to master-slave mode, Peer-to-peer communications allows data exchange at any time and between 

any two communications devices, or nodes. Further, communications can be initiated by any node at any time. An 

example of peer-to-peer is the PIC processor communicating with a PC running a terminal emulation application 

using full duplex UART communications. 

The Master-slave operation is similar to the microprocessor-LCD communication considered in Unit 3. The 

microprocessor is the master and it dictates the data direction and the timing of the data exchange between the 

master and slave units. SPI and I2C are examples of master-slave networks supported directly by hardware in many 

microprocessors. I2C is a half-duplex scheme where the slave devices are enabled, or selected, by encoding data in 

a message sent by the master. SPI uses master controlled dedicated device select signals along with separate data 

send and receive signals to enable simultaneous communications (full-duplex) between the master and a specific 

slave device. 

Layer 1 has the responsibility in the OSI model of controlling the timing of the communications in both master-

slave and peer-to-peer systems. Depending on the communications electronics hardware, both master-slave and 

peer-to-peer configurations can be implemented using half or full duplex connections. The distinction between the 

two duplex operations is that for half duplex, nodes can both send and receive but not simultaneously, whereas 

full duplex allows simultaneous sending and receiving.  

 

7 Background Information 

The theory behind asynchronous and synchronous communication is essentially the same: Point B needs to know 

when a transmission from Point A begins, when it ends, and if it was processed correctly. However, the difference 

lies in how the transmission is broken down. Think of the difference in terms of a friendly chat. With asynchronous 

communication you would need to stop after every word to make sure the listener understood your meaning, and 

http://en.wikipedia.org/wiki/Data_(computing)
http://en.wikipedia.org/wiki/Application_layer
http://en.wikipedia.org/wiki/Presentation_layer
http://en.wikipedia.org/wiki/Session_layer
http://en.wikipedia.org/wiki/Packet_segmentation
http://en.wikipedia.org/wiki/Transport_layer
http://en.wikipedia.org/wiki/Network_packet
http://en.wikipedia.org/wiki/Datagram
http://en.wikipedia.org/wiki/Network_layer
http://en.wikipedia.org/wiki/Bit
http://en.wikipedia.org/wiki/Frame_(networking)
http://en.wikipedia.org/wiki/Data_link_layer
http://en.wikipedia.org/wiki/Physical_layer
http://en.wikipedia.org/wiki/Peer-to-peer
http://en.wikipedia.org/wiki/Master/slave_(technology)
https://en.wikipedia.org/wiki/Duplex_(telecommunications)
http://en.wikipedia.org/wiki/Duplex_(telecommunications)
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knew that you were about to speak the next word. With synchronous communication, you would establish with 

your listener that you were speaking English, that you will be speaking words at measured intervals, and that you 

would utter a complete sentence, or paragraph, or extended soliloquy, before pausing to confirm understanding. 

Further, you would establish with your listener beforehand that any extraneous noises you make during the 

speech or between speeches (coughing, burping, and hiccupping) should be ignored. Clearly the second approach 

is much faster, even though initializing communication may take slightly longer. In fact, by replacing the start, stop, 

and parity bits around individual words with start, stop, and control (processing instructions and error checking) 

sequences around large continuous data blocks, synchronous communication is about 30% faster than 

asynchronous communication, before any other factors are considered. 

Synchronous vs. asynchronous communications pertain to the individual symbol or bit timing and is controlled at 

layer 1 in the OSI model. Synchronous serial communication describes a serial communication protocol in which 

"data is sent in a continuous stream at a constant rate.”2  

Synchronous communication requires that the clocks in the transmitting and receiving devices are synchronized – 

running at the same rate – so the receiver can sample the signal at the same time intervals used by the 

transmitter. No start or stop bits are required. For this reason, "synchronous communication permits more 

information to be passed over a circuit per unit time"  than asynchronous serial communication. Over time the 

transmitting and receiving clocks will tend to drift apart. 

7.1 Asynchronous Digital Communications 

In telecommunications, asynchronous communication is transmission of data, generally without the use of an 

external clock signal, where data can be transmitted intermittently rather than in a steady stream. Any timing 

required to recover data from the communication symbols is encoded within the symbols. One characteristic of 

asynchronous communications is that data is formed in units of transmission with well-defined size (number of 

bits) and symbol rate. Since over time the transmitting and receiving clocks will tend to drift apart 

resynchronization is required. The resynchronization is accomplished using a “START” symbol while the units of 

transmission are framed between a START and STOP symbol. The timing between units of transmission is arbitrary 

depending on the application requirements. Unit 4 Part 2 along with Lab 4a and Lab 4b explore asynchronous 

communication concepts and applications further.  

7.2 Synchronous Digital Communications 

Synchronous serial communication describes a serial communication protocol in which "data is sent in a 

continuous stream at a constant rate." Synchronous communication requires that the clocks in the transmitting 

and receiving devices are synchronized – running at the same rate – so the receiver can sample the signal at the 

same time intervals used by the transmitter. No START or STOP bits are required. The message framing is 

accomplished using a separate handshaking device select signal. The processor manages the data stream in units 

of transmission based on a pre-assigned number of bits. All PIC32 processors can be configured for 8, 16, or 32-bit 

transmission units. The net result is that synchronous communication permits more information to be passed over 

a circuit per unit time than asynchronous serial communication.  

The synchronous communications circuit uses a separate clock signal or embeds the clock signal inside the data bit 

waveform. In either case, the clock implements handshaking and indicates when the receiving device should 

sample the input to determine the symbol value. As such, each symbol can have differing and arbitrary periods.  As 

                                                                 

2 https://en.wikipedia.org/wiki/Synchronous_serial_communication#cite_note-1 

https://en.wikipedia.org/wiki/Symbol_rate
https://en.wikipedia.org/wiki/Serial_communication
https://en.wikipedia.org/wiki/Communications_protocol
https://en.wikipedia.org/wiki/Clock_signal
https://en.wikipedia.org/wiki/Asynchronous_serial_communication
https://en.wikipedia.org/wiki/Symbol_rate
https://en.wikipedia.org/wiki/Serial_communication
https://en.wikipedia.org/wiki/Communications_protocol
https://en.wikipedia.org/wiki/Clock_signal
https://en.wikipedia.org/wiki/Asynchronous_serial_communication
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you will see in Lab 4d, the I2C protocol uses a 9-bit partition for each data byte (8 bits of information). The example 

explored in Lab 4c uses the SPI protocol, which segments the data stream into 8-bit data bytes.  
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Appendix A: Unit 4 Parts Configuration 

 

Figure A.1. Unit 4 hardware and instrumentation configuration. 
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Appendix B: Partial List of Popular Serial Protocols 

 Morse code telegraphy  

 RS-232, RS-422, RS-423, RS-485 Asynchronous communications (Project 7) 

 CAN Controller Area Network 

 LIN Local Interconnect Network 

 I²C  Inter-Integrated Circuit 

 SPI Serial Peripheral Interface 

 SDLC/HDLC High Level Data Link Control (Traffic Control) 

 1-wire  i-Button 

 ARINC 818 Avionics Digital Video Bus 

 USB Universal Serial Bus (moderate-speed, for connecting peripherals to computers) 

 FireWire IEEE 1394 

 Ethernet IEEE 802.3 

 Fiber Channel (high-speed, for connecting computers to mass storage devices) 

 InfiniBand (very high speed, broadly comparable in scope to PCI) 

 MIDI control of electronic musical instruments 

 DMX512 control of theatrical lighting 

 SDI-12 industrial sensor protocol 

 SpaceWire Spacecraft communication network 

http://en.wikipedia.org/wiki/Morse_code
http://en.wikipedia.org/wiki/Telegraphy
http://en.wikipedia.org/wiki/RS-232
http://en.wikipedia.org/wiki/RS-422
http://www.arcelect.com/RS423.htm
http://www.idc-online.com/technical_references/pdfs/data_communications/tutorial_2.pdf
http://www.computer-solutions.co.uk/info/Embedded_tutorials/can_tutorial.htm
http://en.wikipedia.org/wiki/CAN_bus
https://en.wikipedia.org/wiki/Local_Interconnect_Network
http://www.best-microcontroller-projects.com/i2c-tutorial.html
http://en.wikipedia.org/wiki/I%C2%B2C
http://en.wikipedia.org/wiki/Serial_Peripheral_Interface_Bus
http://en.wikipedia.org/wiki/Serial_Peripheral_Interface_Bus
http://en.wikipedia.org/wiki/High-Level_Data_Link_Control
http://www.ite.org/standards/atc/its_cabinet_v01.02.17a.doc
http://www.maxim-ic.com/products/1-wire/flash/overview/index.cfm
https://en.wikipedia.org/wiki/1-Wire
http://en.wikipedia.org/wiki/ARINC_818
http://www.microchip.com/stellent/idcplg?IdcService=SS_GET_PAGE&nodeId=2680&dDocName=en537044
http://en.wikipedia.org/wiki/Universal_Serial_Bus
http://en.wikipedia.org/wiki/FireWire
http://en.wikipedia.org/wiki/Ethernet
http://en.wikipedia.org/wiki/Fibre_Channel
http://en.wikipedia.org/wiki/InfiniBand
http://en.wikipedia.org/wiki/Peripheral_Component_Interconnect
http://en.wikipedia.org/wiki/MIDI
http://en.wikipedia.org/wiki/DMX512
http://en.wikipedia.org/wiki/SDI-12
http://en.wikipedia.org/wiki/SpaceWire
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1 Introduction 

Asynchronous communication is the transmission of data between two devices that are not synchronized with one 

another via a clocking mechanism or other technique. Data is exchanged in blocks of a fixed number of bits that 

are bracketed by a START and STOP bit. The term asynchronous implies the sender can initiate data transmission at 

any time, and the receiver must be ready to accept information when it arrives. The two devices must be operating 

at or nearly equal to the same frequency.  

 

2 Objectives 

1. Program the PIC32MX370 to use the Universal Asynchronous Receiver Transmitter (UART) serial 

communications to display data on a computer using a terminal emulation program. 

2. Control the stepper motor speed and direction of rotation using commands entered from a terminal 

emulation program. 

3. Display serial communications on the LCD and PC terminal. 

 

3 Basic Knowledge 

1. How to map PIC32MX370 I/O pins to special function registers. 

2. How to initialize special functions using the PLIB functions.  

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

2. 2 Micro USB cables 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

4. 4-wire stepper motor (Lab 4b only) 

5. 5V, 4A DC power supply (Lab 4b only) 

In addition, we suggest the following instruments: 

6. Digilent Analog Discovery 2 

https://en.wikipedia.org/wiki/Universal_asynchronous_receiver/transmitter
https://en.wikipedia.org/wiki/Terminal_emulator
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/stepper-motor/
http://store.digilentinc.com/5v-4000ma-switching-power-supply/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
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4.2 Software 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 

5. PuTTy Terminal Emulator 

 

5 Project Takeaways 

1. Understanding of the basics of telecommunications. 

2. Understanding of requirements and implementations of asynchronous communications.  

3. Application of asynchronous communications 

a. Knowledge of a PC terminal emulation program. 

b. How to develop a library of PIC32 software to provide bi-directional communications of single 

characters and strings of characters.  

c. How to use the UART for diagnostics and as a human-machine interface (HMI). 

4. How to recognize the handshaking methods used in a communications protocol. 

5. How to setup the Analog Discovery 2 to display UART waveforms. 

 

6 Fundamental Concepts 

6.1 Asynchronous Communications 

Serial communications is the process of sending data one bit at a time, sequentially, over a communication channel 

or computer bus. This is in contrast to parallel communication where several bits are sent as a whole on a link with 

several parallel channels. Both parallel and serial communications have handshaking requirements to synchronize 

data transfers. Although parallel communications generally has a speed advantage over serial communications, the 

primary advantage for serial communications is the reduced number of processor I/O pins and connecting wires or 

conductors.  

Although some references claim that asynchronous communications take place outside of real-time, this does not 

mean that timing is not critical to the transmission of data. Each data symbol is uniform in period and has critical 

timing requirements. In digital communications, symbol rate (also known as baud or modulation rate) is the 

number of symbol changes (waveform changes or signaling events) made to the transmission medium per second 

using a digitally modulated signal or a line code. The symbol rate is measured in baud or symbols/second. Each 

symbol can represent or convey one or several bits of data. The symbol rate is related to, but should not be 

confused with, the gross bit rate expressed in bits/second. (See Symbol Rate.) 

A user unfamiliar with asynchronous communications and UART operations should refer to Reference 3 in section 

8 of this document. Asynchronous communications is a serial data protocol that has been in use for many years. 

Normally, eight bits of data are transmitted at a time. There are other less commonly used modes that can send 5, 

6, or 7 bits of data. Each byte of data is framed by a start bit and a stop bit. A symbol is defined as a start, data, 

parity, or stop bit. It is common to define communications speed as bits per second. The bit rate is defined as the 

inverse of the period of a unit symbol. Although the common standard bit rates are 50, 75, 110, 134, 150, 200, 300, 

600, 1200, 1800, 2400, 4800, 9600, 19200, 38400, 57600, and 115200, communications is possible at any rate 

http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
https://www.techopedia.com/definition/12829/human-machine-interface-hmi
http://en.wikipedia.org/wiki/Digital_communications
http://en.wikipedia.org/wiki/Modulation
http://en.wikipedia.org/wiki/Line_code
http://en.wikipedia.org/wiki/Bit
http://en.wikipedia.org/wiki/Gross_bitrate
http://en.wikipedia.org/wiki/Symbol_rate
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provided that the sender and receiver use the same rate. For most asynchronous communications, the term 

“baud” is commonly used interchangeably with the term “bit rate.” 

Figure 6.1 shows a typical asynchronous transmission of two 8-bit data bytes. We see that the idle state of the 

transmit signal is a logic one, or a high voltage level. A START bit is signified by a high to low transition and remains 

low for one symbol time. The START bit is followed by eight data bits with the least significant bit being sent first. A 

logic zero is sent when the signal is a low voltage level for one symbol time. Similarly, a logic one is sent when the 

signal is a high voltage level for one symbol time. After the transmitting of the data there may be an optional parity 

bit. The parity bit is used for error detection and can be set for even parity or odd parity. For even parity, the parity 

bit is set high if the number of ones in the preceding eight data bits are odd, thus making the total number of 1’s in 

the data plus parity bit even. Conversely, for odd parity, the parity bit is set high if the number of ones in the 8 data 

is even. The data byte is terminated with one or more successive stop bits. Stop bits are always a logic 1 or high 

voltage level. If the signal remains high for longer than one symbol period, the stop bit can be thought of as the 

stop or idle period and the communications signal may remain in the idle condition an arbitrarily long period of 

time.   

 

Figure 6.1. Example of 115 kB asynchronous serial data stream with odd parity. 

The receiving device unit must use the same bit rate as the sending unit. In the process of receiving serial 

communications, a processor may generate up to three error flags. A parity error is generated if the parity bit is 

the incorrect voltage level. The second type of error is a framing error that is generated if a low voltage level is 

received in the stop bit position. Thirdly, an overrun error is generated if a software instruction does not read the 

data byte from the receive buffer before the next byte of data is completely received, resulting in the new data 

byte overwriting the previous data byte.    

Each new start bit synchronizes the sampling of the receiving unit. Generally, the receiver recovers the 

transmission using a clock that is an even multiple of the bit rate. When the receiving unit detects the falling edge 

of the START bit, it waits one half the symbol period and samples the receive data line. This is illustrated by the 

http://www.cse.wustl.edu/~jain/cis677-96/ftp/e_6com2.pdf
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processor sample points in Fig. 6.1. If the logic state of the line is zero, then it is recognized as a valid start 

condition. The receiver then waits full periods to sample the receive data line until all data bits, plus any parity bit, 

plus the stop bit have been received. If a stop bit is not received, a framing error is generated.  

Just like with parallel communications, there are three modes of serial communications: full-duplex, half-duplex, 

and simplex. Full-duplex describes the operation when a device can simultaneously send and receive data. Half-

duplex operation allows both sending and receiving, but not simultaneously. Simplex operations are where the 

device can only send or receive data. 

The actual data rate is defined as the number of data bits per unit time. Data efficiency is defined as the number of 

data bits divided by the total number of bits. The efficiency of asynchronous serial communications is at best 80% 

because there are always two extra data bits (start and stop bit) sent for each 8 data bits. If parity is used, the 

efficiency drops to 73% because 11 bits are needed to communicate 8 bits of data. 

6.2 UART and FTDI-232 

The PIC32 processors, as do most microprocessors, have a UART hardware embedded inside. “A universal 

asynchronous receiver/transmitter, abbreviated UART /ˈjuːɑːrt/, is a computer hardware device that translates 

data between characters (usually bytes) in a computer and an asynchronous serial communication format that 

encapsulates those characters between start bits and stop bits. UARTs are commonly used in conjunction with 

communication standards such as TIA (formerly EIA) RS-232, RS-422 or RS-485. The universal designation indicates 

that the data format and transmission speeds are configurable. The electric signaling levels and methods (such as 

differential signaling, etc.) are handled by a driver circuit external to the UART.”1 (Refer to Appendix C for 

commonly used definitions.) 

6.3 UART Hardware 

The Basys MX3 processor board uses an FTDI USB to serial adaptor that interfaces directly with the PIC32MX370 

UART pins, as shown in Fig. A.1, with the physical location of the UART USB connector shown in Fig. A.2. The 

UART_RX and UART_TX connect to the PIC32MX370 processor I/O pins RF12R and RF13R respectively. The result of 

this wiring will be discussed below in the UART Software section. When the USB cable is connected to both the PC 

and J10 of the Basys MX3 processor board, the PC software will automatically enumerate the connection to a 

COMM port. To determine which COMM port is enumerated, you will need to click on the Windows Start icon in 

the lower left corner followed by clicking on “Device Manager” and then on “Ports (COM & LPT).” You will then see 

a listing as “USB Serial Port (COM##)” where “##” is the COMM number used when you open the terminal 

emulation application. 

6.4 UART Software 

As stated above, the UART_TX and UART_RX connect to the PIC32MX370 processor I/O pins RF12R and RF13R 

respectively. Table 6.1 shows that port F, pin 13 is mapped to U4RX using the C program statement “U4RXR = 

0x09;”. Similarly, Table 6.2 shows that port F, pin 12 is mapped to U4TX using the C program statement “RPF12R = 

0x02;”. After the PPS pin mapping shown in Listing B.1, all serial communications will use UART 4. The complete 

function to initialize UART 4 is shown in Listing B.1. 

  

                                                                 

1 Universal asynchronous receiver/transmitter, 
https://en.wikipedia.org/wiki/Universal_asynchronous_receiver/transmitter 

https://en.wikipedia.org/wiki/Universal_asynchronous_receiver/transmitter
https://en.wikipedia.org/wiki/Help:IPA_for_English
https://en.wikipedia.org/wiki/Computer_hardware
https://en.wikipedia.org/wiki/Asynchronous_serial_communication
https://en.wikipedia.org/wiki/Telecommunications_Industry_Association
https://en.wikipedia.org/wiki/Electronic_Industries_Alliance
https://en.wikipedia.org/wiki/RS-232
https://en.wikipedia.org/wiki/RS-422
https://en.wikipedia.org/wiki/RS-485
https://en.wikipedia.org/wiki/Differential_signaling
https://en.wikipedia.org/wiki/Universal_asynchronous_receiver/transmitter
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Table 6.1. PPS mapping of PIC32 port F pin 13 to UART 4 receive adapted from 

PIC32MX330/350/370/430/450/470 Family Data Sheet, Table 12-1. 

Peripheral Pin [pin name]R SFR [pin name]R bits 
[pin name]R Value to 
RPn Pin Selection 

INT1 INT1R INTR<3:0> 
0000 = RPD1 
0001 = RPG9 
0010 = RPB14 
0011 = RPD0 
0100 = RPD8 
0101 = RPB6 
0110 = RPD5 
0111 = RPB2 
1000 = RPF3(4) 
1001 = RPF13(3) 
1010 = Reserved 
1011 = RPF2(1) 
1100 = RPC2(3) 
1101 = RPE8(3) 
1110 = Reserved 
1111 = Reserved 

T3CK T3CKR T3CKR<3:0> 

IC1 IC1R IC1R<3:0> 

U3CTS̅̅ ̅̅ ̅̅ ̅̅ ̅ U3CTSR U3CTSR<3:0> 

U4RX U4RXR U4RXR<3:0> 

U5RX U5RXR U5RXR<3:0> 

SS2̅̅ ̅̅ ̅ SS2R SS2R<3:0> 

OCFA OCFAR OCFAR<3:0> 

 

Table 6.2. PPS mapping of PIC32 port F pin 12 to UART 4 transmit adapted from 

PIC32MX330/350/370/430/450/470 Family Data Sheet, Table 12-2.  

RPn Port Pin RPnR SFR RPnR bits 
RPnR Value to 
Peripheral Selection 

RPD9 RPD9R RPD9R<3:0> 

0000 = No Connect 

0001 = U3RTS̅̅ ̅̅ ̅̅ ̅̅ ̅ 
0010 = U4TX 
0011 = REFCLKO 
0100 = U5TX 
0101 = Reserved 
0110 = Reserved 

0111 = SS1̅̅ ̅̅ ̅ 
1000 = SDO1 
1001 = Reserved 
1010 = Reserved 
1011 = OC5 
1100 = Reserved 
1101 = C1OUT 
1110 = Reserved 
1111 = Reserved 

RPG6 RPG6R RPG6R<3:0> 

RPB8 RPB8R RPB8R<3:0> 

RPB15 RPB15R RPB15R<3:0> 

RPD4 RPD4R RPD4R<3:0> 

RPB0 RPB0R RPB0R<3:0> 

RPE3 RPE3R RPE3R<3:0> 

RPB7 RPB7R RPB7R<3:0> 

RPB2 RPB2R RPB2R<3:0> 

RPF12(4) RPF12R RPF12R<3:0> 

RPD12(4) RPD12R RPD12R<3:0> 

RPF8(4) RPF8R RPF8R<3:0> 

RPC3(4) RPC3R RPC3R<3:0> 

RPE9(4) RPE9R RPE9R<3:0> 

1. This selection is not available on 64-pin USB devices.         

2. This selection is only available on 100-pin General Purpose devices.       

3. This selection is not available on 64-pin General Purpose devices.        

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
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4. This selection is not available when USBID functionality is used.        

The C language “printf” function will output text to UART 4 if the “mon_putc(char c)” function, as shown in Listing 

B.2, is added to the project. 

Listing B.3 and B.4 show the code for sending and receiving a single character. These functions are non-blocking, 

unlike the “_mon_putc” function in Listing B.2. Hence, the calling function is responsible for verifying that the 

“putcU4” and “getcU4” functions have completed the requested action by returning a logical TRUE (non-zero 

value). Non-blocking communications allow the microprocessor to service other tasks that may have more critical 

timing requirements. In both the non-blocking and blocking functions, the completion of the task depends on the 

completion of some of the action. When sending data, the processor must wait until the UART has shifted out all 

the bits of the data byte. When receiving data, the processor must wait on the sending device. Both the “putcU4” 

and the “getcU4” can be implemented in a blocking fashion by simply calling the function in a while loop, such as 

while(!putchU4(ch));. 

The primitive functions provided by the code in Listing B.1 through Listing B.4 provide the building blocks of 

asynchronous communications and will be used to complete the application assignment for Labs 4a and 4b. 

 

7 Background Information 

See the general discussion concerning computer communications discussed in Unit 4 Part 1. 

 

8 References 

1. PIC32MX330/350/370/430/450/470 Family Data Sheet  

2. “Using the USART in Asynchronous Mode”, 

http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf 

3. “Asynchronous Communications with the PICmicro® USART”, 

http://ww1.microchip.com/downloads/en/AppNotes/00774a.pdf  

4. RS-232, RS-422, RS-423, RS-485 Asynchronous communications 

5. Embedded Computing and Mechatronics with the PIC32 Microcontroller, 1st Edition, by Kevin 

Lynch (Author), Nicholas Marchuk (Author), Matthew Elwin (Author), 

https://www.amazon.com/Embedded-Computing-Mechatronics-PIC32-Microcontroller/dp/0124201652  

6. “PIC32MX330/350/370/430/4450/470 32 Bit Microcontroller Datasheet (60001185E)”, 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf  

7. “Using the USART in Asynchronous Mode”, 

http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf   

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf
http://ww1.microchip.com/downloads/en/AppNotes/00774a.pdf
http://en.wikipedia.org/wiki/RS-232
http://en.wikipedia.org/wiki/RS-422
http://www.arcelect.com/RS423.htm
http://www.idc-online.com/technical_references/pdfs/data_communications/tutorial_2.pdf
https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&text=Kevin+Lynch&search-alias=books&field-author=Kevin+Lynch&sort=relevancerank
https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&text=Kevin+Lynch&search-alias=books&field-author=Kevin+Lynch&sort=relevancerank
https://www.amazon.com/s/ref=dp_byline_sr_book_2?ie=UTF8&text=Nicholas+Marchuk&search-alias=books&field-author=Nicholas+Marchuk&sort=relevancerank
https://www.amazon.com/s/ref=dp_byline_sr_book_3?ie=UTF8&text=Matthew+Elwin&search-alias=books&field-author=Matthew+Elwin&sort=relevancerank
https://www.amazon.com/Embedded-Computing-Mechatronics-PIC32-Microcontroller/dp/0124201652
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf
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Appendix A: Unit 4 Part 2 Parts Configuration 

 

Figure A.1. PIC32 to FT232RQR IC schematic diagram. 

 

Figure A.2. Unit 4 hardware and instrumentation configuration. 
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Appendix B: Lab 4a and 4b UART Functions 

Listing B.1. C Function that Initializes PF12 and PF13 to UART 4 

void uart_init(unsigned int baud, int parity) 
{ 
// The next two statements map the PPS IO pins to the UART 4 Tx and Rx 
   RPF12R = 0x02;  // Mapping U4TX to RPF12; 
   U4RXR = 0x09;   // Mapping U4RX to RPF13 
 

   UARTConfigure(UART4, UART_ENABLE_PINS_TX_RX_ONLY ); 
   UARTSetDataRate(UART4, GetPeripheralClock(), baud); // Set UART data rate 
// Note the need to specify the UART number twice in the following statement 
   UARTEnable(UART4, UART_ENABLE_FLAGS(UART_ENABLE | UART4 | UART_RX | UART_TX));   
   switch(parity) 
   { 
       case NO_PARITY: 
           UARTSetLineControl(UART4, UART_DATA_SIZE_8_BITS | UART_PARITY_NONE |\ 
                              UART_STOP_BITS_1); 
           break; 
       case ODD_PARITY: 
           UARTSetLineControl(UART4, UART_DATA_SIZE_8_BITS | UART_PARITY_ODD |\   
                              UART_STOP_BITS_1); 
           break; 
       case EVEN_PARITY: 
           UARTSetLineControl(UART4, UART_DATA_SIZE_8_BITS | UART_PARITY_EVEN |\ 
                              UART_STOP_BITS_1); 
           break; 
   } 
   printf("\n\rUART Serial Port 4 ready\n\n\r"); 

 

Listing B.2. C code to allow the “printf” output to be redirected to UART 4 

void _mon_putc(char c) 
{ 
   while(!UARTTransmitterIsReady(UART4)); 
   UARTSendDataByte(UART4, c); 
} /* End of _mon_putc */ 
 

Listing B.3. C Code for Sending a Single Character to UART 4 

BOOL putcU4( int ch) 
{ 
UART_DATA c; 
BOOL done = FALSE; 
   c.data8bit = (char) ch; 
   if(UARTTransmitterIsReady(UART4)) 
   { 
    UARTSendDataByte(UART4, c.data8bit); 
 done = TRUE; 
   } 
  return done; 
} /* End of putU4 */ 
 

Listing B.4. C Code for Receiving a Single Character from UART 4 

BOOL getcU4( char *ch) 
{ 
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UART_DATA c; 
BOOL done = FALSE; 
   if(UARTReceivedDataIsAvailable(UART4)) /* wait for new char to arrive */ 
   { 
       c = UARTGetData(UART4); /* read the char from receive buffer */ 
       *ch = (c.data8bit); 
       done = TRUE;  /* Return new data available flag */ 
   } 
   return done;           /* Return new data not available flag */ 
}/* End of getU4 */ 
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Appendix C: Common Definitions 

1. UART: A Universal Asynchronous Receiver/Transmitter, abbreviated UART, is a type of “asynchronous 

receiver/transmitter,” a piece of computer hardware that translates data between parallel and serial 

forms. UARTs are commonly used in conjunction with communications standards such as EIA, RS-232, RS-

422, or RS-485 that describe physical layers.  

2. Communications Speed: BAUD is a unit used to measure the speed of signaling or data transfer, equal to 

the number of pulses or bits per second, or baud rate. 

3. Data Rate: Typical data rates are multiples of 120 BAUD to 115.2 KB. 

4. Stop Bits: Only one is necessary for the receiving device. The sending device has the option of sending one 

or two minimum stop bits. 

5. Bus Idle: This is the nominal state of the data signal when no data is being transmitted. The idle condition 

is a logic level 1 (or high condition). The bus idle condition is an extension of stop bits; however, the 

period bus idle condition may be any time duration. 

6. Parity: Used for single bit error detection. 

a. None – no error checking 

b. Even parity refers to a parity checking mode in asynchronous communication systems in which 

an extra bit, called a parity bit, is set to one if there is an odd number of one bits in a one-byte 

data item. 

c. Odd parity refers to a parity checking mode in asynchronous communication systems in which an 

extra bit, called a parity bit, is set to one if there is an even number of one bits in a one-byte data 

item. 

7. Information direction: 

a. Simplex – communications is one direction only 

b. Full-duplex – bi-directional simultaneous asynchronous communications 

c. Half-duplex – bi-directional exclusive communications. Devices can send and receive, but not 

simultaneously. 

http://en.wikipedia.org/wiki/Electronic_Industries_Alliance
http://en.wikipedia.org/wiki/RS-232
http://en.wikipedia.org/wiki/RS-422
http://en.wikipedia.org/wiki/RS-422
http://en.wikipedia.org/wiki/RS-485
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1 Objectives 

1. Setup a terminal monitor on a PC or Linux workstation. 

2. Use the PIC32MX370 to send an ASCII encoded text string and display the characters on the workstation 

monitor. 

3. Receive an ASCII encoded text string from the workstation monitor and display it on the Basys MX3 LCD. 

 

2 Basic Knowledge 

1. ASCII code. 

2. I/O configuration for PPS Processors. 

3. How to initialize special function using the PLIB functions. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

In addition, we suggest the following instruments: 

4. Analog Discovery 2  

3.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015  

5. PuTTY Terminal Emulation 

 

https://en.wikipedia.org/wiki/ASCII
http://ww1.microchip.com/downloads/en/DeviceDoc/39711b.pdf
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
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4 Project Takeaways 

1. Knowledge of a PC terminal emulation program. 

2. How to develop a library of PIC32 software to provide bi-directional communications of single characters 

and strings of characters. 

3. How to create a character LCD with a UART serial interface. 

 

5 Fundamental Concepts 

The Universal Asynchronous Receiver/Transmitter (UART) is an electronic device that converts parallel data to a 

serial data stream. Early microprocessors used independent integrated circuits to perform the conversion and 

frame the data stream with a start and stop bit. Currently, a vast majority of microprocessors have internal UART 

functionality, resulting in reduced system cost and complexity. The UART is capable of full-duplex operation, 

meaning simultaneously receiving and transmitting data. UARTs are generally constrained to a single peer-to-peer 

paired devices commonly called point-to-point communications. 

Asynchronous communication is the transmission of data between two devices that are not synchronized with one 

another via a clocking mechanism or other technique. The term asynchronous implies the sender can initiate data 

transmission at any time, and the receiver must be ready to accept information when it arrives. The two devices 

must be operating at, or nearly equal to, the same clock frequency and are resynchronized by a START bit sent 

along with the data. 

 

6 Problem Statement 

Text messages will be sent to the UART serial port whenever a change in switch settings is detected and the action 

will be reported to a computer terminal. Whenever a text string is entered on the computer terminal, it will be 

displayed on the Basys MX3 LCD.  

 

7 Background Information 

Asynchronous communications is a serial data protocol that has been in use for many years. Normally eight bits of 

data are transmitted between handshaking characters to allow the clocks of transmitting and receiving devices to 

be synchronized. There are other less commonly used modes that can send 5, 6, or 7 bits of data. Each byte of data 

is framed by a start bit and a stop bit. A symbol is defined as a start, data, parity, or stop bit. It is common to define 

common to define communications speed as bits per second. The bit rate is defined as the inverse of the period of 

a unit symbol. Although the common standard bit rates are 50, 75, 110, 134, 150, 200, 300, 600, 1200, 1800, 2400, 

4800, 9600, 19200, 38400, 57600, and 115200, communications is possible at any rate provided that the sender 

and receiver use the same rate. For most asynchronous communications, the term “baud” is commonly used 

interchangeably with the term “bit rate.” 

 

 

https://en.wikipedia.org/wiki/Universal_asynchronous_receiver/transmitter
https://en.wikipedia.org/wiki/Peer-to-peer
https://en.wikipedia.org/wiki/Point-to-point_(telecommunications)
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8 Lab 4a 

8.1 Requirements 

1. Communications will use the PC terminal emulation program for a bit rate of 19200, odd parity, 8 data 

bits, and one stop bit.  

2. After receiving the line of text from the UART, you will clear the LCD before echoing the received string 

from the UART, starting at the leftmost character position on line 1 of the LCD. 

3. Write a C program and call it lab4a.c. This program will contain the function main and process the serial 

text. Put the following tasks inside the while(1) loop: 

4. Wait for line of text using the “getstr” function 

5. Clear the LCD display and home cursor 

6. Echo the string entered on the computer terminal to the LCD 

7. Sense the state for the eight slide switches and convert the switch settings to a value, where SW7 is the 

most significant bit. Whenever any of the switches changes state, a text message is generated using the 

following format: 
a. “b b b b b b b b  0xhh ddd\n\r” where: 

b. “b” is 1 or zero representing the state of SW0 through SW7 with the SW7 bit leftmost. 

c. “hh” is the hexadecimal value of the binary encoded switches. 

d. “ddd” is the decimal equivalent of the hexadecimal number generated for part b. 

e. “\n” is the ASCII NEW LINE control character. 

8. “\r” is the ASCII RETURN control character. 

9. Send the text string composed in requirement 5 to the UART so it will be displayed on the terminal 

monitor as a single line of text. 

8.2 Design Phase 

1. Develop a data flow diagram for the software components needed for the requirements of Lab 4a. 

2. Schematic diagrams: Provide a block diagram of the equipment used for Lab 4a. 

3. Flow diagrams: Provide a complete software control flow diagram for Lab 4a. 

8.3 Construction Phase 

1. Connect the Basys MX3 UART USB port to one of the work station’s USB ports. 

2. If the workstation is running a Windows OS, open the “Control Panel” followed by opening the “Device 

Manager” window. If you do not have administrator privileges, you will see the window shown in Fig. 8.1. 

Click on the OK box to continue. Administrative privileges are not required to view the settings. 

 

Figure 8.1. The device manager window showing you do not have administrator privileges. 
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3. Expand the tab called Ports (COM & LPT) as shown in Fig. 8.2. 

 

Figure 8.2. PC device manager window. 

4. Note the USB Serial Port COM assignment. 

5. Open the terminal emulation program on your workstation. Configure the terminal program for 19200 

BAUD and ODD parity. The screen shown in Fig. A.4 of Appendix 1 is for the PuTTY terminal emulation 

program. 

6. Launch a new Microchip MPLAB X project called LAB4b. Add the config_bits.h file to the project. 

7. Develop the following UART interface functions: Note that the numeral “4” in the function names indicate 

that the Basys MX3 uses the PIC32MX370 UART 4. All receive functions are to be non-blocking. 

a. uart4Init();    // 19200 Baud, ODD parity 

b. (int) ch = uart4Getc();   // ch = -1 if no data has been received 

c. (int) len = uart4Gets(char *str);   // len = -1 if no data has been received 

d. uart4Puc(char ch); 

e. uart4Puts(char *str);   

8. Develop the PIC32 application that meets the requirements in section 8.1. 
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8.4 Testing 

1. After completing the development, run the application project to verify that the LCD is initialized 

correctly. I generally display an initial message on the LCD for one second that declares the LCD is 

functional.   

2. Toggle the slide switches to verify that the terminal screen displays text similar to Figure A.3. 

3. Enter a series of text strings that verify the following operations: 

a. A text string containing between 1 and 16 characters displays only on the first LCD line. 

b. A text string containing between 17 and 32 characters displays on both the first and second LCD 

lines as shown in Fig. A.2.  

c. A text string containing between 17 and 32 characters displays on both the first and second as 

well as wrapping back around to the first LCD line. 

4. Connect the Analog Discovery 2 to the Basys MX3 board.  

a. Configure the Logic window to display signals DIO 8 which is the UART RX pin. Measure the time 

from the beginning of the start character to the beginning of the stop character.  

b. Configure the Logic window to display signals DIO 0 through DIO 3. Label the signals as follows: 

i. DIO 0   DB0 

ii. DIO 1  EN 

iii. DIO 2  RW 

iv. DIO 3  RS 

c. Capture a single character display as shown in Fig. 8.3. 

 

Figure 8.3. Handshaking pins and data bit zero for single character write to the LCD. 

d. Measure the time the LCD reported being busy. 

e. Measure the time required to output a single character. 

f. Measure the time required to display a string of 20 characters. 

 

9 Questions 

1. What is the effective data rate of the UART? (Remember to include the period of the stop signal that 

cannot be measured in testing step 4a.) 

2. Based on the data collected in step 4 parts d and e of the testing procedure, what is the effective 

character display rate in characters per second? 
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3. Based on the data collected in step 4, part f, how much does moving the cursor from line 1 to line 2 slow 

down the LCD character display rate? Justify your answer. 

 

 

10 References 

1. PIC32MX330/350/370/430/450/470 Family Data Sheet  

2. “Using the USART in Asynchronous Mode”, 

http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf 

3. “Asynchronous Communications with the PICmicro® USART”, 

http://ww1.microchip.com/downloads/en/AppNotes/00774a.pdf  

4. RS-232, RS-422, RS-423, RS-485 Asynchronous communications 

5. HD44780U LCD data sheet, https://www.sparkfun.com/datasheets/LCD/HD44780.pdf   

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf
http://ww1.microchip.com/downloads/en/AppNotes/00774a.pdf
http://en.wikipedia.org/wiki/RS-232
http://en.wikipedia.org/wiki/RS-422
http://www.arcelect.com/RS423.htm
http://www.idc-online.com/technical_references/pdfs/data_communications/tutorial_2.pdf
https://www.sparkfun.com/datasheets/LCD/HD44780.pdf
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Appendix A: Basys MX3 Schematic Drawings 

 

Figure A.1. PIC32MX370 to FT232RQR IC schematic diagram. 

 

Figure A.2. UART USB connector on the Basys MX3. 
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Figure A.3. PuTTy screen shot generating LCD display. 

 

Figure A.4. PuTTY screen shot of serial configuration for 19200 BAUD and ODD parity. 
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Appendix B: Allocating a Heap in MPLAB X 

If when compiling your project you see an error like "ld.exe Error: A heap is required, but has not been specified," 

this is because you need to specify a heap size by setting “Run” ->“Set Project Configuration” -> “Customize…”. Go 

to the “xc32-ld” category (under “XC32 (Global Options)”) -> “Heap size (bytes)” to “0” The configuration window 

should look like Fig. B.1. Click on the “Apply” button followed by clicking on the “OK” button. See 

http://microchip.wikidot.com/mplabx:creating-a-heap.  

 

Figure B.1. Allocating Heap size. 

 

 

 

http://microchip.wikidot.com/mplabx:creating-a-heap
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1 Objectives 

1. To control and monitor the operations of a stepper motor using serial communications between a PIC32 

microprocessor and a computer terminal. 

2. To implement real-time control using a preemptive foreground-background task scheduling scheme. 

3. Simulate an environment that provides both local and remote control of a real-time system. 

 

2 Basic Knowledge 

1. Elements of ASCII text encoding. 

2. I/O configuration for PPS Processors. 

3. How to initialize special function using the PLIB functions. 

4. How to program the PIC32 processor to both generate and receive and decode serial text data. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

4. 4-wire stepper motor 

5. 5V, 4A DC power supply 

In addition, we suggest the following instruments: 

6. Digilent Analog Discovery 2 

3.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

https://en.wikipedia.org/wiki/ASCII
http://ww1.microchip.com/downloads/en/DeviceDoc/39711b.pdf
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/stepper-motor/
http://store.digilentinc.com/5v-4000ma-switching-power-supply/
http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
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4. WaveForms 2015 (if using the Analog Discovery 2) 

5. PuTTY Terminal Emulation. 

 

4 Project Takeaways 

1. Knowledge of a PC terminal emulation program. 

2. How to develop a library of PIC32 software to provide bi-directional communications of single characters 

and strings of characters. 

3. How to generate and decode ASCII text strings. 

4. How to implement a human-machine interface (HMI) using point-to-point serial communications. 

 

5 Fundamental Concepts 

Serial communication is the process of sending data one bit at a time, sequentially, over a communication channel 

or computer bus. This is in contrast to parallel communication, where several bits are sent as a whole on a link 

with several parallel channels. Both parallel and serial communications have handshaking requirements to 

synchronize data transfers. Although parallel communications generally have a speed advantage over serial 

communications, the primary advantage for serial communications is the reduced number of processor I/O pins 

and connecting wires or conductors.  

 

6 Problem Statement 

It requires all of the elements of software code developed and hardware used in previous labs, as well as 

additional hardware and software to support the serial communications with the PC. This project will require you 

to input text data from the serial port that will set the direction, mode, and speed of the stepper motor. This 

interface will be in addition to all of the controls provided in Lab 2b. The text from the serial port will be echoed to 

the LCD. It will be good for you to review the documentation on how the following text manipulating functions are 

implemented: printf, sprintf, scanf, and strcmp. 

 

7 Background Information 

Lab 4a introduced the basic concepts of UARTs and asynchronous serial communications. Lab 4b extends that 

knowledge by specifying a system that is capable of two independent control and monitoring locations which is 

common to many industrial applications, such as gantry cranes and processing plants. In this lab, the switches and 

push buttons on the Basys MX3, as used in lab 2b, will perform the local control functions. The Basys MX3 LCD will 

be used as the local display. The UART serial connection will provide the basic control and display functionality 

using a workstation terminal emulator program.  

  

http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
https://www.techopedia.com/definition/12829/human-machine-interface-hmi
https://en.wikipedia.org/wiki/Point-to-point_(telecommunications)
https://www.tutorialspoint.com/c_standard_library/c_function_printf.htm
https://www.tutorialspoint.com/c_standard_library/c_function_sprintf.htm
https://www.tutorialspoint.com/c_standard_library/c_function_scanf.htm
https://www.tutorialspoint.com/c_standard_library/c_function_strcmp.htm
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8 Lab 4b 

8.1 Requirements 

1. Communications will use the PC terminal emulation program for a bit rate of 38400, even parity, 8 data 

bits, and one stop bit. 

2. Local Control Specifications of Stepper Motor 

a. Direction and Mode control 

i. BTNR controls the direction of rotor rotation of the stepper motor. 

ii. BTND controls the stepper motor step mode. 

iii. The speed of rotation must be the same regardless of stepper mode operation. 

b. The speed of rotation is set by the hexadecimal value set on the eight slide switches. SW7 is the 

most significant bit and SW0 is the least significant bit. 

c. The speed of the motor is to be displayed on the 4-digit 7-segment LED display in RPM.  

d. The four digits of the Basys MX3 7-segment display are continually updated with a 1 ms 

persistence (each digit must be turned on for 1 ms). The four digits will be lit in a round-robin 

fashion in a foreground operation managed by Timer 1 ISR. 

e. Stepper motor outputs are changed in the Timer 1 ISR using the period as determined by the 

slide switch settings. The period is determined by converting RPM to ms delay between steps.  

f. The BTNC push button controls the ON/OFF state of the LED0 in a push-on/push-off manner.  

i. When LED0 is changed to “ON,” print “Stepper motor under local control” on the serial 

monitor. Then read switches and push buttons to set the stepper motor operations and 

report the status of the remote serial monitor via UART 4. 

ii. When LED0 is changed to “OFF,” print “Stepper motor under remote control.” Followed 

by the message “Enter data [DIR] [MODE] [###] for [DIR] = CW or CCW, [MODE] = FULL 

or HALF, and [###] = stepper motor speed in RPM” to the remote serial monitor via 

UART 4. 

3. Remote Control Specifications 

a. Any change of the stepper motor operations made by local controls must be reported to the 

serial terminal using the format “[DIR] [MODE] [###]” for [DIR] = “CW” or “CCW”, [MODE] = 

“FULL” or “HALF”, and “[###]: = stepper motor speed in RPM.” 

b. When the system is under remote control operation, stepper motor control is implemented 

using a command string in the following format: [DIR] [MODE] [###][RETURN] where the text 

fields are described in 2.f.ii. above. The [RETURN] character is generated when the monitor 

“Enter” key is pressed. All command fields must contain valid text or range of numbers, 

otherwise the entire command is ignored and an error message is sent back to the monitor using 

the text “Bad entry\n\r.” 

8.2 Design Phase 

1. Develop a data flow diagram for the software components needed for the requirements of Lab 4b.  

2. Schematic diagrams: Provide a block diagram of the equipment used for Lab 4b. 

3. Flow diagrams: Provide a complete software control flow diagram for Lab 4b.  

4. Develop a test plan that lists each requirement stated in section 8.1, including a column for PASS/FAIL. 

8.3 Construction Phase 

1. Launch a new Microchip MPLAB X project called Lab4b. Add the config_bits.h file to the project.  
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2. Add lab4b.c file to project Lab4b. The initialization segment of the main function should configure all I/O 

pins, initialize UART 4, initialize the Timer 2 interrupts, set LED0 on (indicating local operating mode), and 

set all global variables.  

3. Add all stepper motor files used in Lab 2b to the project.  

4. Add the UART functions developed for Lab 4a.  

5. This program will contain the function main and process the serial text. Put the following tasks inside the 

while(1) loop: 

a. Check for BTNC being pressed. 

b. Check if a command line of text has been entered. 

c. The direction and mode string variables can be decoded using the string compare function 

“strcmp.” An example of using this function would be: 

x = strcmp(mode_txt,”FULL”); 

d. Only if the string of data in mode_txt is exactly equal to FULL will the value of “x” equal zero. You 

must include <string.h> to be able to use this function. 

e. After decoding the string data, set the global variables that control direction, mode, and step 

delay (computed from RPM setting). 

8.4 Testing 

1. Run the project. Complete the test plan that was developed above. 

 

9 Questions 

1. Why is it appropriate that the UART getstrU4 function be a background process? 

2. What are the advantages of using serial communications to link to processors? 

3. What are the disadvantages of using serial communications to link to processors? 

 

10 References 

1. PIC32MX330/350/370/430/450/470 Family Data Sheet  

2. “Using the USART in Asynchronous Mode”, 

http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf 

3. “Asynchronous Communications with the PICmicro® USART”, 

http://ww1.microchip.com/downloads/en/AppNotes/00774a.pdf 

4. RS-232, RS-422, RS-423, RS-485 Asynchronous communications. 

  

https://www.tutorialspoint.com/c_standard_library/c_function_strcmp.htm
http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/usart.pdf
http://ww1.microchip.com/downloads/en/AppNotes/00774a.pdf
http://en.wikipedia.org/wiki/RS-232
http://en.wikipedia.org/wiki/RS-422
http://www.arcelect.com/RS423.htm
http://www.idc-online.com/technical_references/pdfs/data_communications/tutorial_2.pdf
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Appendix A: Basys MX3 Schematic Drawings 

 

Figure A.1. PIC32MX370 to FT232RQR IC schematic diagram. 

 

Figure A.2. LCD and switches on the Basys MX3 that controls the stepper motor speed. 
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Figure A.3. PuTTY screenshot generating LCD display. 

 

Figure A.4. PuTTY screenshot of serial configuration for 19200 BAUD and ODD parity. 
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Appendix B: Allocating a Heap in MPLAB X 

If when compiling your project you see an error like: "ld.exe Error: A heap is required, but has not been specified," 

this is because you need to specify a heap size by setting “Run” ->“Set Project Configuration” -> “Customize…”. Go 

to the “xc32-ld” category (under “XC32 (Global Options)”) -> “Heap size (bytes)” to “0” The configuration window 

should look like Fig. B.1.  Click on the “Apply” button followed by clicking on the “OK” button. See 

http://microchip.wikidot.com/mplabx:creating-a-heap.  

 

Figure B.1. Allocating Heap size. 

 

 

 

http://microchip.wikidot.com/mplabx:creating-a-heap
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1 Objectives 

1. Learn how to configure an SPI channel on the PIC32MX370 processor. 

2. Learn the difference between software and hardware handshaking. 

3. Learn how to communicate with an SPI FLASH memory device. 

 

2 Basic Knowledge 

1. How to configure I/O pins on a Microchip PIC32 PPS microprocessor. 

2. How to configure the Analog Discovery 2 to display logic traces. 

3. How to implement code reuse that integrates previously developed processor code into new application 

projects. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

In addition, we suggest the following instruments: 

4. Analog Discovery 2  

3.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2)  

5. PuTTY Terminal Emulation 

 

http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
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4 Project Takeaways 

1. Understanding of requirements and implementations of synchronous communications. 

2. Understanding of the SPI protocol. 

3. How to generate instruction sets for controlling SPI devices. 

 

5 Fundamental Concepts 

Serial Peripheral Interface (SPI) is a master-slave interface bus commonly used to send data between 

microcontrollers and small peripherals such as analog-to-digital converters, instrumentation sensors, and solid 

state memory devices. It uses a separate clock, send and receive data lines, and a device select signal. The 

PIC32MX370 has built-in hardware circuits to support two SPI channels. Since SPI and I2C have been used in similar 

applications, there is frequently a comparison of the two protocols, such as presented in Reference 4. 

5.1 Software Handshaking 

We can see the application of hardware handshaking for synchronizing data transfers for both the asynchronous 

UART that used start and stop bits, and synchronous I2C communications that uses the ACK bit. Software 

handshaking involves exchanging data that indicates the status of slave devices. An example of software 

handshaking with parallel I/O is polling the LCD busy flag. When using the UART, there is the XON/XOFF 

handshaking that is used for information flow control. 

We will see that the flash memory device used on the Basys MX3 board requires command strings to place the 

device in different operating modes and to read device internal registers for determining status. Since SPI is a 

synchronous communications protocol, the clock signal manages the hardware element of the device 

synchronization.  

5.2 SPI Communications 

The SPI serial protocol is capable of higher data rates than I2C because it can generally operate at higher clock 

rates, and is not limited to 8-bits per word. Although I2C requires only two wires (thus conserving processor pins), 

rather than four wires required by SPI, I2C has bandwidth overhead due to the time required for device selection 

by sending the ID as a serial byte. Unlike I2C, SPI has no device acknowledge capability.  

SPI is a full-duplex synchronous serial communications bus protocol developed by Motorola and has become a de 

facto standard that has not been adopted by any national or international standards organizations. As with the I2C 

protocol, the SPI bus implements a master-slave communications scheme where the master device alone controls 

the data exchange with slave devices. The master device has exclusive control of the serial clock (SCK) signal that is 

used to clock the data to and from a slave device. 

SPI requires four wires for full-duplex operation and supports only one master but multiple slave devices. The 

master writes data to the slave using the Master Out Slave In (MOSI) line. The slave devices are able to send data 

to the master over the Master In Slave Out (MISO) line. Other than the clock signal, all handshaking is handled by 

an explicit slave select (SS) or chip select (CS) signal. 

Figures 5.1 and 5.2 illustrate the two common SPI bus connection configurations. Figure 5.1 shows that the 

multiple slave devices share SCK, MOSI, and MISO signals. For this connection configuration, the slave devices are 

https://en.wikipedia.org/wiki/Software_flow_control
http://en.wikipedia.org/wiki/Serial_Peripheral_Interface_Bus
http://en.wikipedia.org/wiki/I%C2%B2C
http://en.wikipedia.org/wiki/Bandwidth_(computing)
http://en.wikipedia.org/wiki/Duplex_(telecommunications)
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explicitly selected by multiple dedicated SS microprocessor outputs. This is the more common SPI connection 

configuration.  

Figure 5.2 shows a daisy-chain configuration where slave devices share both the SCK and SS signals, and the MOSI 

and MISO signals are routed through a series of slave devices. Using this configuration, data intended for the last 

device in the chain must be clocked through the preceding slave devices. Data that is to be read from the first slave 

device in the chain must also be clocked through the slave devices that follow it in the chain. This additional data 

transfer time is the cost of conserving processor I/O pins used for enabling slave devices. Due to the excessive data 

transfer time for systems with many slave devices, this configuration is seldom used. 

 

Figure 5.1. Parallel multiple slave SPI bus configuration with 

individual device select signals. 

 

Figure 5.2. Daisy chain multiple slave SPI bus configuration with a 

common device select signal. 

When the microprocessor is connected to a slave device that has both input and output capability using SPI, as 

data is clocked out of the master, data is also clocked in from the slave device. This results in efficient data 

transfers for some slave devices. The loosely defined SPI interface requires careful consideration of the slave clock-

data timing, as well as using a microprocessor that can be configured to support various timing requirements. 

Figure 5.3 shows the clock-data timing for the four SPI operating modes. The clock polarity (CPOL) controls the idle 

level of the SCK output from the master. If CPOL is high, then the idle level of SCK is high. The clock phase (CPHA) 

specifies when the data is to be changed or written to MOSI by the master and to MISO by the slave device. For 

example, when CPHA is low, the data signal (MISO for master and MOSI for the slave) is sampled by the receiving 

device when SCK makes a transition from the idle level to the active level.  

 

Figure 5.3. SPI timing modes. 
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Figure 5.4 shows the PIC32 settings for clock edge (CKE) and clock polarity (CKP). Table 5.1 provides the correlation 

between the conventional definitions of SPI mode CPHA and CPOL to those CKE and CKP settings. (Note: There is 

an apparent error in the Microchip table shown in Fig. 5.4. Both CKE and CKP should be equal to 1 for the fourth 

case of the SCK timing diagrams.) It is important to match the master processor operation to what the slave device 

is expecting. For some designs, it is possible for different slave devices to expect the master to operate in modes 

that are not the same. The PIC32 operating modes can be changed during program execution, but the modes 

should not be changed when the processor is actively clocking data on the SPI bus. 

Table 5.1. SPI SCK operational modes. 

SPI Mode Active Level 
Sample 
Transition 

CPOL CPHA PIC32 CKP PIC32 CKE 

0 (or 0,0) High Idle to Active 0 0 0 1 

1 (or 0,1) High Active to Idle 0 1 0 0 

2 (or 1,0)  Low Idle to Active 1 0 1 1 

3 (or 1,1) Low Active to Idle 1 1 1 0 
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Figure 5.4. PIC32 SPI control setting to specify the sample timing (Reproduced from Microchip PIC32 Family Reference Guide Section 23, Fig. 23-

7). 

SPI master-slave communications can be operated in either simplex or full-duplex modes. Simplex communications 

occur when the slave device can only send or receive data. Regardless of which device, master or slave, is sending 

the data, the master always provides the SCK signal. Although the phase and sample timing can differ between 

devices using SPI, the data is always active high (a high level represents a logical 1.)  
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Data is sent and received by transferring the most significant bit (MSB) on the first clock pulse. We will define a 

transfer transaction as the exchange of data while the SS signal is continuously asserted in the active state (usually 

a low level.) For a specific transaction, if multiple bytes are to be transferred, the byte counter in the slave device is 

reset when the SS signal is asserted. There is no start and stop sequence or byte acknowledge like that used with 

I2C. Data can be transferred as 8-, 16-, or 32-bit words. There is no limit to how much data can be transferred in a 

single transaction.  

A data bit is shifted into the receiving device at the same time as the data bit is shifted out. Hence, once a word of 

data has been sent, the device has also received the next word. The SPI uses SCK clock edges to implement each 

bit transfer. At one SCK edge, each data sends a bit of data on the send line. The opposite clock edge a half of SCK 

clock cycle later, a data bit on the receive line is clocked into the receiving device. The specific clock edges are 

specified by the SPI mode of operation. The SCK signal can be asymmetrical as long as the period of the high or low 

state is greater than the inverse of two times the maximum data rate.  

 

6 Problem Statement 

You are to develop a software system that allows the PIC32MX370 to write an arbitrary number of 8-bit bytes to 

an arbitrary address location in the SPI flash memory device. You must be able to read back this stored data and 

determine if the data read matches the data written. 

 

7 Background Information 

7.1 PIC32MX370 SPI I/O 

Figure 7.1 shows the signal connections to the S25FL132K flash memory IC. Table 7.1 lists the PIC32MX370 

processor pins that these signals are connected to. The PIC32 processor pin for the SPI_CE signal is configured as a 

digital output pin, as shown in Listing B.1. To implement the wiring configuration shown in Fig. 7.1, processor I/O 

pins PORT F:2 and PORTF:7 are mapped to SPI1T and SPI1R respectively using the first two statements in Listing B.2 

in Appendix B. The PIC32MX370 PORTF:6 has a fixed assignment to SCK1. 

 

Figure 7.1. SPI flash memory IC schematic diagram. 
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Table 7.1. SPI Flash Memory to PIC32MX370 connection table. 

Function Flash Memory Pin PIC32MX370 Pin 

Chip Enable SPI_CE – 1 PORT F Pin 8 

Serial Clock SPI_SCK – 6 PORT F Pin 6 – SCK1 

Flash Serial Input SPI_SI – 5 PORT F Pin 2 – SPI1R (MISO) 

Flash Serial Output SPI_SO – 2 PORT F Pin 7 – SPI1T (MOSI) 

 

7.2 Interface with SPI Flash Memory 

Using the SPI initialization shown in Listing B.2, the PIC32 processor is configured for SPI Mode 0 operation. Figure 

7.2 shows that the bit output is held constant when the clock pulse makes a positive transition. Figure 7.2 also 

shows that the bit rate is 1 MHz. 

 

Figure 7.2. SPI Bit timing for Mode 0 configuration. 

As Fig. A.2 shows, the same SPIxSR serial shift buffer is used for input and output, thus requiring the common SCKx 

clock signal. Hence, when a byte of data is shifted out of the SDOx pin, data is also being shifted into the SPIxSR 

from the SDIx pin. In other words, to receive SPI serial data, you must send SPI serial data.  

Listing B.3 shows the function that can be used to send, receive, or exchange a byte of data using SPI 

communications. In most cases, when the SPI master is sending header data to the slave, the master SPI ignores 

the data received on the SDIx pin. Similarly, as the master continues to send non-consequential data during a SPI 

slave read operation, the slave SPI discards the data sent to it. The SPI master clock must be generated for both 

sending and receiving. 

7.2.1 SPI Flash Memory Software 

We will use the S25FL132K SPI FLASH 132 MB memory device that is populated on the Basys MX3 processor board 

to demonstrate SPI device communications. The characteristics of this FLASH device are not representative of all 

control protocol used by SPI silicon devices. The FLASH memory device has command and status/configuration 

registers that can be accessed independently of the memory data. 

Each device transaction is started with a command from the PIC32 processor. The command set of the S25FL132K 

Flash Memory is fully controlled through the SPI bus. Commands are initiated with the falling edge of Chip Select 

(CS#). The first byte of data clocked into the SI input provides the instruction code. Data on the SI input is sampled 

on the rising edge of clock with most significant bit (MSB) first. 

Commands vary in length from a single byte to several bytes. Each command begins with an instruction code and 

may be followed by address bytes, a mode byte, read latency (dummy/don’t care) cycles, or data bytes. 
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Commands are completed with the rising edge of edge CS#. Clock relative sequence diagrams for each command 

are included in the command descriptions. All read commands can be completed after any data bit. However, all 

commands that Write, Program, or Erase must complete on a byte boundary (CS# driven high after a full 8 bits 

have been clocked) otherwise the command will be ignored. This feature further protects the device from 

inadvertent writes. Additionally, while the memory is being programmed or erased, all commands except for Read 

Status Register and Suspend commands will be ignored until the program or erase cycle has completed. When the 

Status Register is being written, all commands except for Read Status Register will be ignored until the Status 

Register write operation has completed. 

Since the data sheet for this Flash memory device is quite daunting, excerpts from that manufacturers data sheets 

are shown in Table 7.2 through 7.5 with the commands highlighted that can be used to implement basic FLASH 

memory management. 

The highlighted commands in Table 7.2 allow for reading basic device identification parameters. Each command is 

sent to the device followed by zero to five read bytes. It is recommended that the “Release Power down/Device 

ID” command be sent as part of a Flash initialization process. Figure 7.3 shows the screen capture for the SPI 

transaction of this command. For the S25FL132K Flash part, the device ID is 21 or 0x15 as demonstrated in Fig. 7.3. 

Table 7.2. Command Set (ID and Security Commands)1 

Command Name 
BYTE 1 
(Instruction) 

BYTE 2 BYTE 3 BYTE 4 BYTE 5 BYTE 6 

Deep Power-down B9h      

Release Power 
Down / Device ID 

ABh Dummy  Dummy Dummy Device ID (1)  

Manufacturer / 
Device ID (2) 

90h Dummy Dummy 00h Manufacturer Device ID 

JEDEC ID 9Fh Manufacturer 
Memory 
Type 

Capacity   

Read SFDP Register 
/ Read Unique ID 
Number 

5Ah 00h 00h A7-A0 Dummy (D7-D0, …) 

Read Security 
Registers (3) 

48h A23-A16 A15-A8 A7-A0 Dummy (D7-D0, …) 

Erase Security 
Registers (3) 

44h A23-A16 A15-A8 A7-A0   

Program Security 
Registers (3) 

42h A23-A16 A15-A8 A7-A0 D7-D0, …  

 

                                                                 

1 S25FL132K and S25FL164K Data Sheet, http://www.mouser.com/ds/2/380/S25FL132K_164K_00-268210.pdf 

http://www.mouser.com/ds/2/380/S25FL132K_164K_00-268210.pdf
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Figure 7.3. Release Power Down/Read Device ID SPI transaction. 

The flash memory status register, SR0, has two volatile bits, bits 0 and 1, that indicate the current operational 

status of the memory chip. When WEL (bit 1) is set high, the device can be written to erase or program. The Page 

Program command (0x02) allows from one byte to 256 bytes (a page) of data to be programmed at previously 

erased (0xFF) memory locations. A Write Enable command must be executed before the device will accept the 

Page Program Command (Status Register bit WEL= 1). The command is initiated by driving the CS# pin low then 

shifting the instruction code “02h,” followed by a 24-bit address (A23-A0) and at least one data byte, into the SI 

pin. The CS# pin must be held low for the entire length of the command while data is being sent to the device. 

Refer to section 8 of the Flash Memory data sheet (Reference 5) for additional information. 

Table 7.3. Command set (Configuration, Status, Erase, Program Commands)2 

Command 
Name 

BYTE 1 
(Instruction) 

BYTE 2 BYTE 3 BYTE 4 BYTE 5 BYTE 6 

Read Status 
Register - 1 

05h SR1[7:0] (2)(4)     

Read Status 
Register - 2 

35h SR2[7:0] (2)(4)     

Read Status 
Register - 3 

33h SR3[7:0] (2)     

Write Enable 06h      

Write 
Disable 

04h      

Write Status 
Registers 

01h SR1[7:0] SR2[7:0] SR3[7:0]   

Set Burst 
with Wrap 

77h Xxh Xxh Xxh SR3[7:0] (3)  

Set Block / 
Pointer 
Protection 
(S25FL132K / 
S25FL164K) 

39h A23-A16 
A15-A10, x, 
x 

xxh   

Page 
Program 

02h A23-A16 A15-A8 A7-A0 D7-D0  

                                                                 

2 S25FL116K, S25FL132K, S25FL164K, http://www.cypress.com/file/196886/download 

http://www.cypress.com/file/196886/download
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Sector Erase 
(4 kB) 

20h A23-A16 A15-A8 A7-A0   

Block Erase 
(64 kB) 

D8h A23-A16 A15-A8 A7-A0   

Chip Erase C7h / 60h      

Erase / 
Program 
Suspend 

75h      

Erase / 
Program 
Resume 

7Ah      

 

Table 7.4. Status Register 0 bit definitions. 

Bits 
Field 
Name 

Function Type 
Default 
State 

Description 

7 SRP0 
Status 
Register 
Protect 0 

Non-volatile 
and Volatile 
versions 

0 

0 = WP# input has no effect of Power 
Supply Lock Down mode 
1 = WP# input can protect the Status 
Register or OTP Lock Down. 

6 SEC 
Sector / Block 
Protect 

0 
0 = BP2-BP0 protect 64 kB blocks 
1 = BP2-BP0 protect 4 kB sectors 

5 TB 
Top / Bottom 
Protect 

0 
0 = BP2-BP0 protect from the Top down 
1 = BP2-BP0 protect from the Bottom up 

4 BP2 
Block Protect 
Bits 

0 

000b = No protection 3 BP1 0 

2 BP0 0 

1 WEL 
Write Enable 
Latch 

Volatile, Read 
only 

0 

0 = Not Write Enabled, no embedded 
operation can start 
1= Write Enabled, embedded operation 
can start 

0 BUST 
Embedded 
Operation 
Status 

Volatile, Read 
only 

0 
0 = Not Bust, no embedded operation in 
progress 
1 = Busy, embedded operation in progress 

 

Any number of bytes can be read from the flash device starting at any address. As Table 7.5 illustrates, a read 

command (0x03) initializes the starting address. The read operation is terminated whenever the CS# pin is asserted 

high.  

Table 7.5. Command Set (Read Commands). 

Command 
Name 

BYTE 1 
(Instruction) 

BYTE 2 BYTE 3 BYTE 4 BYTE 5 BYTE 6 

Read Data 03h A23-A16 A15-A8 A7-A0 
(D7-D0, 
…) 

 

Fast Read 0Bh A23-A16 A15-A8 A7-A0 Dummy (D7-D0, …) 

Fast Read Dual 
Output 

3Bh A23-A16 A15-A8 A7-A0 Dummy 
(D7-D0, …) 
(1) 

Fast Read Quad 
Output 

6Bh A23-A16 A15-A8 A7-A0 Dummy 
(D7-D0, …) 
(3) 
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Fast Read Dual 
I/O 

BBh A23-A8 (2) 
A7-A0, M7-
M0 (2) 

(D7-D0, …) 
(1) 

  

Fast Read Quad 
I/O 

EBh 
A23-A0, M7-
M0 (4) 

(x, x, x, x, 
D7-D0, …) (5) 

(D7-D0, …) 
(3) 

  

Continuous Read 
Mode Reset (6) 

FFh FFh     

 

 

Figure 7.4. SPI Flash Read Byte command and three-byte address followed by reading data 'A', 'B', 'C', etc. 

 

8 Lab 4c 

8.1 Requirements 

1. The PIC32MX370 UART channel 4 must operate at 38400 BAUD with no parity. 

2. Two buffers must be created of size 1024 bytes. 

3. Generate a 550-byte data set using the following code: 

#define nBytes 550 

for(i=0; i<nBytes; i++)             // Initialize array for FLASH write 
{ 
  wrBuffer[i] = (BYTE) ('A' + i); 
} 

4. Whenever the push button, BTNR, is pressed, 550 bytes of data must be written to the flash starting at 

address 100 (0x64). The following sequence must be executed: 

a. 4K bytes of flash memory must be erased starting at address 0. 

b. You must verify that the memory space that will be programmed has been erased (data value set 

to 0xFF). 

c. The preset data stream must be programmed into the flash memory at the starting address. 

d. A message is sent to the workstation terminal stating that the programming has completed. 

5. All bytes in a receive buffer must be initialized to 0. 

6. 550 bytes of flash memory starting at address 100 must be read and each byte compared to the original 

data set. 

7. If all the bytes compare, the message “No memory error!” is sent to the terminal. 
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8. If any byte does not compare, the message “Error at address ###:  ## written - ## read” where ‘’###” 

refers to the specific values. 

9. Steps 4 through 8 must be repeated once each second. 

8.2 Design Phase 

1. Develop a data flow diagram for the software components needed for the requirements of Lab 4c. 

2. Schematic diagrams: Provide a block diagram of the equipment used for Lab 4c. 

3. Flow diagrams: Provide a complete software control flow diagram for lab 4c. 

8.3 Construction Phase 

1. Create a new project named Lab4c. 

2. Add C program files for configuring the processor and initializing the I/O for the switches and LEDs on 

Basys MX3 board. 

3. And C program files developed for previous labs that provide an interface to the UART. 

4. Develop a file containing the all SPI functions listed Appendix B. 

5. Using the primitive control function listed Appendix B, complete the requirements for Lab4c using the call 

graphs provided in Fig. 8.1 and Fig. 8.2. 

 

Figure 8.1. Call map for SPI FLash Write Page. 

 

Figure 8.2. Call map for SPI Flash Erase. 

6. Download the completed functional project to the PIC32MX370 processor and test by running the project. 
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8.4 Testing 

1. Executing the program must result in the message “No memory error!” being sent to the terminal once 

each second. 

8.5 SPI Design Challenge 

Replace the code in Listing B.7 for the function “SPIFLASH_WritePage” that uses software-intensive “for” loops 

with one that uses DMA. 

 

9 Questions 

1. Why does SPI normally have higher data transfer rates? 

2. Is it necessary for the SPI SCK signal to have a 50% duty cycle? 

3. Can text data be sent using SPI communications? 

4. Can SPI master be configured for only receiving data without transmitting data? 

5. How many slave devices can be connected to the SPI bus? 

6. What will happen to the SPI communications is an interrupt occurs in the middle of a transmission? 
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1. Embedded Computing and Mechatronics with the PIC32 Microcontroller, 1st Edition, by Kevin 
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2. “PIC32MX330/350/370/430/4450/470 32 Bit Microcontroller Datasheet (60001185E)”, 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf 

3. “Overview and Use of the PICmicro Serial Peripheral Interface”, 

http://ww1.microchip.com/downloads/en/devicedoc/spi.pdf 

4. Introduction to I²C and SPI protocols, http://www.byteparadigm.com/applications/introduction-to-i2c-

and-spi-protocols/ 

5. 16 Mbit (2 Mbyte), 32 Mbit (4 Mbyte), 64 Mbit (8 Mbyte) 3.0 V NVM, 

http://www.cypress.com/file/196886/download  

6. S25FL132K and S25FL164K Data Sheet, http://www.mouser.com/ds/2/380/S25FL132K_164K_00-

268210.pdf 

7. Implementing File I/O Functions Using Microchip’s Memory Disk Drive File System Library, 

http://ww1.microchip.com/downloads/en/AppNotes/01045b.pdf  
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http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/devicedoc/spi.pdf
http://www.byteparadigm.com/applications/introduction-to-i2c-and-spi-protocols/
http://www.byteparadigm.com/applications/introduction-to-i2c-and-spi-protocols/
http://www.cypress.com/file/196886/download
http://www.mouser.com/ds/2/380/S25FL132K_164K_00-268210.pdf
http://www.mouser.com/ds/2/380/S25FL132K_164K_00-268210.pdf
http://ww1.microchip.com/downloads/en/AppNotes/01045b.pdf
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Appendix A: Lab 4 Parts Configuration 

 

Figure A.1. Unit 4 hardware and instrumentation configuration. 
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Figure A.2. SPI block diagram from the Microchip PIC32MX370 data sheet. 
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Appendix B: Allocating a Heap in MPLAB X 

Listing B.1. Flash Memory SPI Initialization 

#define SPIFLASH_SEL              LATFbits.LATF8       

#define SPIFLASH_CS_TRIS          TRISFbits.TRISF8     

unsigned int flash_mem_init(void)  

{ 

unsigned int bitrate; 

 

    bitrate = init_SPI1(); 

    SPIFLASH_CS_TRIS = 0;       // Set FLASH select as output 

    SPIFLASH_SEL = 1;           // Reset FLASH chip select  

    return bitrate;             // Has no meaning at this time 

} 

 

Listing B.2. SPI Channel 1 initialization for Master Mode 

#define MAX_SPI_CLK_FREQ          1000000 
#define GetPeripheralClock()  (GetSystemClock()/8) 
unsigned int init_SPI1(void) 
{ 
unsigned int pbFreq; 
unsigned int SPI_Clk_Freq; 
unsigned int berg_val; 
 
// Map PPS pins to SDI1 
   SDI1R = 0x0F;       // Map SDI1 to RF7 - Input (MISO)) 
   RPF2R = 0x08;       // MAP SDO1 to RF2 - Output (MOSI)) 
//  SCK1 has fixed assignment to RF6 
 
// Initialize the direction of the SPI interface signals.  The device SS 
// is not assigned in this initialization since the pin assignment can be 
// hardware dependent. 
   SDI1_TRIS = 1;      // FLASH SO  
   SDO1_TRIS = 0;      // FLASH SI 
   SCK1_TRIS = 0;      // FLASH SCK 
   SPI1_SDO = 0; 
   SPI1_SCK = 0; 
    
// Peripheral Bus Frequency = System Clock / PB Divider  
// PB Frequency can be maximum 40 MHz * 
   pbFreq = GetPeripheralClock(); 
// Compute proper BERG value for specified SPI bit rate 
   berg_val = SpiBrgVal(pbFreq, MAX_SPI_CLK_FREQ); 
// Compute actual SPI bit rate 
   SPI_Clk_Freq = pbFreq / ( 2 * (berg_val+1) ); 
    
// Enable SPI1, Set to Master Mode & Set CKE bit 1 for SPI MODE 0 
// Serial output data changes on transition from Active clock state to Idle  
// clock state. Idle clock state is low. 
   SPI1BRG = berg_val;         // Set SPI bit rate 
   SPI1CONbits.MSTEN = 1;      // SPI Master enable 
   SPI1CONbits.CKE = 1;        // Set for SPI Mode 0 
   SPI1CONbits.ON = 1;         // Enable SPI1 
   return SPI_Clk_Freq; 
}  
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Listing B.3. SPI Channel 1 Byte Transaction. 

BYTE spiXfer(BYTE data_out) 
{ 
   SpiChnPutC(1, data_out); 
   DelayUs(1);   // Not required – testing only 
   return SpiChnGetC(1); 
} 
 

Listing B.4. FLASH Transfer Bytes 

void SPIFLASH_TrasferBytes(int nBytes, unsigned char *pbRdData,  
                          unsigned char *pbWrData) 
{ 
   int i; 
   SPIFLASH_SEL = 0;    // Activate CS 
   for(i = 0; i< nBytes; i++) 
   { 
       SPIFLASH_SendByte(pbWrData[i]); // Write byte to SPI FLash  
       pbRdData[i] = SPI1BUF; 
   } 
   SPIFLASH_SEL = 1; // Deactivate CS 
} 
 

Listing B.5. FLASH Release Power Down and read Device ID 

void SPIFLASH_ReleasePowerDownGetDeviceID(BYTE *rd) 
{ 
BYTE wr[5] = {0}; 
  
   spi_wr[0] = SPIFLASH_CMD_PWRDWN_DEVID; 
   spi_wr[1] = 0; 
   spi_wr[2] = 0; 
   spi_wr[3] = 0; 
   spi_wr[4] = 0; 
   SPIFLASH_TrasferBytes(5, rd, wr); 
} 
 

Listing B.6. SPI Write data to Flash 

int SPIFLASH_WriteData(int nBytes, BYTE *pbWrData, unsigned int flashAddr) 
{ 
int error = 0; 
unsigned int pageAddrS;     // Page start programming address 
unsigned int pageAddrE;     // Page end programming address 
unsigned int pageAddrL;     // Last Page end programming address 
unsigned int pageBytes;     // Bytes to program in current page 
unsigned int nPages; 
BYTE *dataPtr;              // Updated data array pointer 
 
   dataPtr = pbWrData;    
   pageAddrS = flashAddr; 
   pageAddrL = pageAddrS + nBytes; 
 
// Write data one page at a time until error or write is complete.     
   while((pageAddrS < pageAddrL) && !error) 
   { 
       pageAddrE = (pageAddrS & 0xFFFFFF00) + SPIFLASH_PAGE_SIZE; 
       if(pageAddrE >= pageAddrL) 
       { 
           pageAddrE = pageAddrL;  
       } 
       pageBytes = pageAddrE - pageAddrS; 
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// Program one full page (256 bytes) or partial page within page boundaries 
       error |= SPIFLASH_WritePage(pageBytes, dataPtr, pageAddrS); 
       pageAddrS = pageAddrE; 
       dataPtr += pageBytes; 
   } 
    
   return error; 
} 
 

Listing B.7. SPI Write Page data to Flash 

static int SPIFLASH_WritePage(int nBytes, unsigned char *pbWrData,  
                             unsigned int data_addr) 
{ 
BYTE wr_hdr[5] = {0}; // Used for command and address 
BYTE rd_hdr[5] = {0}; 
BYTE tmpBuffer1[256]; // Read buffer for checking page erased 
unsigned int pageAddr; // Start write address 
int error = 0;  // Process error 
BYTE chk_flag = 0xFF; // Check erased flag 
int i;    // General index 
BYTE FLASHStatus;  // Flash memory busy flag 
 
// Test page constraint 
   if(((data_addr & 0x000000FF) + nBytes) > 256) 
   { 
       error = 1;  // Write beyond page boundary 
   }       
   else 
   { 
 
// Read existing page contents 
       SPIFLASH_ReadData(nBytes, tmpBuffer1, data_addr); 
 
// Check for memory erased 
       chk_flag = 0xFF; 
       for(i=0; i<nBytes; i++)     
       { 
           chk_flag &= tmpBuffer1[i]; 
       } 
       if(chk_flag != 0xFF) 
       { 
           error = 1; 
           return error; 
       } 
              
       wr_hdr[0] = SPIFLASH_CMD_WREN;  // Unlock FLASH for writing 
       SPIFLASH_TrasferBytes(1, rd_hdr, wr_hdr); 
      
// Poll Status Register 1 until WEL bit is set and BUSY flag is reset. 
       do { 
           FLASHStatus = SPIFLASHReadStatus(); 
       } while(FLASHStatus != SPIFLASH_WEL_STATUS_BIT); 
 
// Setup write header 
       wr_hdr[0] = SPIFLASH_CMD_WRITE; 
       wr_hdr[1] = (BYTE) (data_addr >> 16); 
       wr_hdr[2] = (BYTE) (data_addr >> 8); 
       wr_hdr[3] = (BYTE) (data_addr); 
       wr_hdr[4] = 0; 
    
       SPIFLASH_SEL = 0;                   // Activate CS 
       for(i=0; i<4; i++)                  // SPI Write command and address 
       { 
           SPIFLASH_SendByte(wr_hdr[i]); 
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           rd_hdr[0] = SPI1BUF;            // Ignore returned bytes 
       } 
       for(i=0; i<nBytes; i++)             // Write data 
       { 
           SPIFLASH_SendByte(*pbWrData++); 
           rd_hdr[0] = SPI1BUF;            // Ignore returned bytes 
       } 
       SPIFLASH_SEL = 1;                   // deactivate CS 
 
       wr_hdr[0] = SPIFLASH_CMD_WRDI;      // Disable SPI FLash write 
        
       SPIFLASH_TrasferBytes(1, rd_hdr, wr_hdr); 
       do { 
           FLASHStatus = SPIFLASHReadStatus(); 
       } while(FLASHStatus != 0);  // Wait until write is complete 
 
   } 
   return error; 
} 
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1 Objectives 

1. Develop a library of functions that manage the functionality and retrieve data from a three-axis 

accelerometer using I²C communications. 

2. Display the accelerometer data on the Basys MX3 LCD. 

3. Display the accelerometer data on the workstation monitor using UART asynchronous communications. 

 

2 Basic Knowledge 

1. How to exchange serial data with a computer terminal using the PIC32MX370 UART 

2. How to use the PIC32MX3270 processor to display text on a character LCD 

3. How to implement code reuse that integrates previously developed processor code into new application 

projects.  

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

In addition, we suggest the following instruments: 

4. Analog Discovery 2  

3.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2)  

5. PuTTY Terminal Emulation 

http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
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4 Project Takeaways 

1. Understanding of requirements and implementations of synchronous communications. 

2. Understanding of the I²C Protocol. 

3. Understand the advantages and disadvantages of I2C compared to UART and SPI. 

 

5 Fundamental Concepts 

I2C (Inter-integrated Circuit), pronounced I-squared-C, is a multi-master, multi-slave, single-ended, serial computer 

bus invented by Philips Semiconductor (now NXP Semiconductors). It is typically used for attaching lower-speed 

peripheral ICs to processors and microcontrollers in short-distance, intra-board communication. I2C (sometimes 

written as I2C) is an example of a synchronous master-slave network supported directly by hardware circuits in 

many microprocessors. TWI stands for Two Wire interface and, for the most part, this bus is identical to I2C. The 

name TWI (Two Wire serial Interface) was introduced by Atmel and other companies to avoid conflicts with 

trademark issues related to I2C. A description of the capabilities of TWI interfaces can be found in the data sheets 

of corresponding devices. Expect TWI devices to be compatible with the I2C protocol devices, except for some 

particularities like general broadcast or 10-bit addressing. 

I2C will be used in this lab to interface the PIC32MX370 processor with the MMA8652FC 3-Axis Accelerometer. 

The I²C protocol uses an open-drain/open-collector with an input buffer on the same line. This allows a single data 

line to be used for bidirectional data flow. The I²C is a half-duplex scheme where the slave devices are enabled or 

selected by encoding data in a message sent by the master. 

The I²C protocol was developed in the early 1980's by Philips Semiconductors. Its original purpose was to provide 

an easy way to connect a CPU to peripheral ICs in a TV-set. The original specification supported data rates up to 

100 kbits/s. Conventional hardware now supports up to 400 kbits/s. 

At any one time, the network consists of only one active master and one or more slave devices. Although slave 

devices can assert a degree of control over the clock signal, the master is designated as the device that asserts the 

clock signal indicating when the data signal line should be read by all slave devices, or when a slave device should 

assert control over the data signal line. Each slave device has a unique device 7-bit identification number. The data 

is always sent as 8-bit unsigned characters. An I²C message is always initiated with a start signal and terminated 

with a stop signal that the master controls. The I²C message can be an arbitrarily long stream of data bytes. Each 

byte of data exchanged between the master and slave device is acknowledged by the receiving master or slave. 

Figure 5.1 shows the general format of an I²C message. There are two signals used in the I²C protocol: the serial 

clock signal (SCL) and the serial data signal (SDA). Other than the start and stop sequences, the SDA is not allowed 

to change states while the SCL signal is high. When the I²C communications is in an idle state, both the SCL and the 

SDA signals are in the high state. 

Figure 5.1.  Waveform showing the clock and data timing for an I²C message. 

https://en.wikipedia.org/wiki/Master/slave_(technology)
https://en.wikipedia.org/wiki/Master/slave_(technology)
https://en.wikipedia.org/wiki/Single-ended_signaling
https://en.wikipedia.org/wiki/Serial_communications
https://en.wikipedia.org/wiki/Computer_bus
https://en.wikipedia.org/wiki/Computer_bus
https://en.wikipedia.org/wiki/Philips
https://en.wikipedia.org/wiki/NXP_Semiconductors
https://en.wikipedia.org/wiki/Integrated_circuit
https://en.wikipedia.org/wiki/Microcontroller
http://cache.freescale.com/files/sensors/doc/data_sheet/MMA8652FC.pdf
https://en.wikipedia.org/wiki/Duplex_(telecommunications)
http://ics.nxp.com/support/documents/interface/pdf/an10216.pdf
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The Master always initiates communications with all slave devices that share the SDA and SCL signals by generating 

a start sequence. The master causes the SDA signal to make a high to low transition while the SCL signal is high. 

The master must assert the SCL signal low before the process of sending data begins. Data bits are sent by 

asserting the SDA signal high or low followed by asserting the SCL signal high for a specified interval of time. The 

most significant data bit is sent first.  

The master always sends the first 8 data bits that consists of a 7-bit slave device address, identified as A7 through 

A1 in Fig. 5.1, and a control bit, R/!W, that specifies the direction of data flow for successive communications. The 

R/!W bit is low if subsequent data is to be written from the master to the slave device. If the R/!W bit is high, then 

subsequent bits of data are read from the slave.  

Each slave device has, within the device’s hardware, a unique identification number. The device that has the 

identification number that matches the device address field sent from the master will acknowledge the first byte in 

the I²C message with an ACK bit. The microprocessor serving as the I²C master will terminate communications if no 

acknowledge is generated after any 8-bit data transfer from the master to the slave. The communications message 

is terminated by generating a stop sequence. A stop sequence occurs when the SDA signal is set to the high state, 

followed by setting the SCL signal to a high state. Normally both the SDA and SCL are left in the high state during 

idle periods.  

5.1 I2C PHYSICAL Layer 

I²C networks consist of a data signal (SDA) and a clock signal (SCL) that have a common reference – usually digital 

ground. A pull-up resistor to VDD is required to be connected to each signal line. Both clock and data signals are 

connected in a wired-AND configuration that require open collector (also called open drain for CMOS transistors) 

outputs from both master and slave devices. The output of both devices must be in the open collector state for the 

signal line to be in the high state (also called the recessive state). The SDA or SCL line is low if the output transistor 

of either the master or any slave device pulls the signal low. The low state is also referred to as the dominant state. 

As shown in Fig. 5.2, both slave and master devices can always determine the state of the SCL or SDA lines by 

reading the value of the output pin.   

 

Figure 5.2. Circuit diagram of I²C device pins. 

http://en.wikipedia.org/wiki/Pull-up_resistor
http://en.wikipedia.org/wiki/Wired_logic_connection
http://en.wikipedia.org/wiki/Open_collector
http://www.weedtech.com/an100.pdf
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As stated above, the SDA should not change levels while the SCL is high except to implement the START and STOP 

sequences. As illustrated in Fig. 5.3, a start sequence is generated when the SDA line makes a recessive to 

dominant transition when the SCL line is in the recessive state. Figure 5.4 shows that a STOP sequence is generated 

when the SDA signal transitions from the dominant state to the recessive state while the SCL line is in the recessive 

state. Figure 5.5 shows that data is either written to the slave or read from the slave during the period identified as 

2 to 3. The master or slave (depending on whether it is a write or read operation) is allowed to change the state of 

the SDA line while the SCL line is in the dominant state, identified as 1 and 4 in Fig. 5.5. Figure 5.6 shows an 

acknowledge sequence that is generated by the slave after the master writes a byte of data, or is generated by the 

master after the master reads a byte of data from the slave. 

 
Figure 5.3. I²C START condition. 

 
Figure 5.4. I²C STOP condition. 

 

 
Figure 5.5. I²C data read/write sequence. 

 
Figure 5.6. I²C acknowledge sequence. 

The acknowledge (ACK) bit is generated by the SDA being in the dominant state when the SCL is asserted to the 

recessive state during the ninth clock cycle. The ACK always follows the 8 data bits. The slave device must always 

ACK the first byte in an I²C message which contains both the device identification and the R/W bit. The master 

device must assert the ACK signal when receiving data from the slave device indicating the data has been received 

to the slave device. 

No ACK is generated if the SDA line is not pulled to the dominant state by either the master or the slave during the 

ninth clock pulse. There are two uses of a no ACK condition. When a master intends to terminate read sequence, it 

will not generate an ACK. This is called a NACK condition and does not constitute an error condition. The second 

use of a NO ACK is when the slave fails to pull the SDA to the dominant state during the ninth SCL pulse. This is an 

error condition and is detectable by the master. Possible reasons for a NO ACK condition are: the slave is not 

connected to the I²C lines, the incorrect device address was sent by the master, or that the slave device is not 

functional. 

5.2 Master-Slave I2C Network Architecture 

Figure 5.7 shows a conventional I²C network connection between the master and one or more slave devices. The 

architecture is classified as a bus network because all devices on the network share the same physical 

communications medium.  

http://en.wikipedia.org/wiki/Bus_network
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Figure 5.7. Single master I²C network architecture. 

Slower slave devices can synchronize high speed masters by asserting control over the SCL signal using clock-

stretching. The master generates its own clock on the SCL line to transfer messages on the I²C bus. Data is only 

valid during the HIGH period of the clock. A well-defined clock is therefore needed for the bit-by-bit arbitration 

procedure to take place. 

I²C clock synchronization by clock-stretching, as shown in Fig. 5.8, is performed using the wired-AND connection of 

I²C interfaces to the SCL line. As soon as the master asserts the SCL line in the recessive state, a slave device that 

wants to slow the master down simply holds the SCL line in the dominant state until the slave determines when to 

release the SCL line to the recessive state. Meanwhile, the master always reads the SCL IO pin and doesn’t start the 

I²C clock cycle until it detects the SCL line in the recessive state. Thus the slowest device on the I²C network is able 

to dictate the maximum data transfer rate. The one caution concerning the use of clock-stretching by the slave I²C 

device is that this can constitute software blocking unless some form of timeout is implemented by the I²C bus 

master.  

 

Figure 5.8. Waveforms of SDA and SCL demonstrating clock-stretching. 

5.2 Multi Master I2C Network 

I²C technology allows for multiple masters to operate on a single I²C network as shown in Fig. 5.9. As stated 

previously, the controlling master asserts the state of the SCL line. Hence, the master that is not controlling the SCL 

line must behave like a slave device. Each master must be able to implement an arbitration scheme that dictates 

https://en.wikipedia.org/wiki/I%C2%B2C
https://en.wikipedia.org/wiki/I%C2%B2C
https://en.wikipedia.org/wiki/I%C2%B2C
http://en.wikipedia.org/wiki/I%C2%B2C


Lab 4d: Communications – I2C Serial Protocols  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 6 of 16 

 

that if two devices start to communicate at the same time, the one writing more zeros (dominant bits) to the bus 

wins the arbitration and the other master device immediately discontinues any operation on the bus. 

The second requirement is that each master device must be able to detect when the network is in use by another 

master. Each potential device must detect an ongoing bus communication and must not interfere with it. This is 

achieved by recognizing traffic and waiting for a stop condition to appear before starting to transmit on the bus. 

Fig. 5.10 shows a timing diagram where two master devices attempt to simultaneously access the same slave 

device. The SCL signals will be automatically synchronized according to the process described above for slow slave 

devices. A bus conflict will be detected by the master device that attempts to send a recessive bit but detects the 

SDA line in the dominant state, as shown for CPU2. At this point, CPU2 places its SCL and SDA outputs in the 

recessive state and continues to monitor the SCL line. After there has been no activity on the SCL line for a 

predetermined length of time, CPU2 will attempt to assume control of the I²C bus once again. 

 

Figure 5.9. Multiple master I²C network architecture. 

 

Figure 5.10. Clock arbitration for dual master I²C operation. 

5.4 I2C on the PIC32MX370 Processor 

The PIC32MX370 processor can simultaneously support two independent I²C channels at data rates up to 1 

MBaud. The SCL and SDA pins for I²C channel 1 are permanently assigned to pins 2 and 3 of IO port G. The SDA and 

SCL pins of I²C channel 1 are connected to the on-board MMA8652FA accelerometer along with the necessary pull-

up resistors. The SCL and SDA signals are also routed to J7 to allow external devices to be connected to the I²C bus. 

Though the PIC32MX processor can implement 7-bit addressing as described above, or 10-bit addressing, the 7-bit 

addressing mode is most common. (The waveform shown in Fig. 5.10 actually represents a 10-bit address.) Since 

the device address 0x78 through 0x7B are reserved for the 10-bit addressing mode, only 123 unique device 

addresses are possible. If the occasion arises that two I²C slave devices have the same device address, it is possible 

to use both of the I²C channels with one device assigned to one channel and the other to the second channel. 

5.5 PIC32 I2C Hardware 

Figure A.2 shown in Appendix A is a block diagram of the I²C hardware in the PIC32MX processor. The PIC32MX 

microprocessor can be used as an I²C Master or an I²C Slave. Obviously the microprocessor internal hardware to 

implement the I²C protocol is complex, and as will be shown below, software to manage all aspects of an I²C port is 

involved. The I²C hardware and protocol is primarily intended for short distances like one would see on a printed 

http://www.i2c-bus.org/addressing/10-bit-addressing/
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circuit board. The maximum data rate is dependent on a number of physical characteristics of the cabling between 

master and slaves. In order to have extended length I²C busses, one must operate at reduced clock speeds. Since 

I²C uses a synchronizing clock, there is no problem operating I²C slaves at reduced clock speeds. References 4 and 5 

provide an in depth treatment on this subject.  

5.6 PIC32 I2C Software 

It is suggested that the reader open the MPLAB X Help window and open the XC32 -> XC32 Peripheral Library –> I²C 

option. 

Before the I²C channel can be used, it must be initialized. The I²C_init function shown in Listing B.1 of Appendix B 

can be used for either I2C1 or I2C2 channels and at a specified bit rate. If the actual I²C clock frequency is not 

within 10% of the specified I²C clock frequency, the error is reported as a text message to the UART. Otherwise, 

the I²C port is enabled. 

The I²C master read and write operations can be managed by four primitive functions consisting of Start Transfer, 

Write One Byte, Read One Byte, and Stop Transfer. Listing B.2 through Listing B.5 in Appendix B provide the C 

language code for these four functions. 

 

6 Problem Statement 

The PIC32MX370 processor will periodically read the physical orientation data from a 3-Axis accelerometer and 

display the information on a character LCD and send a text stream to a computer terminal.   

 

7 Background Information 

The following discussion is not intended to be a complete software guide to the operations and uses for the 

MMA8652FC accelerometer. It is intended to demonstrate an application of the I²C communications protocol. 

Reference 3 and 4 listed at the end of this document provide more complete user information. The legend on the 

processor board as shown in Fig. 7.1 provides a reference for the orientation of the accelerator IC. The schematic 

diagram in Fig. 7.2 shows that the SDA and SCL have 2.2k ohm pull-up resistors installed. Hence, there is no need 

for external pull-up resistors if an external I²C device is attached to the processor board. 

 

Figure 7.1. Picture of the MMA8652FC Accelerometer mounted on the Basys MX3 processor board. 
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Figure 7.2. Schematic diagram of MMA8652FC accelerator on the Basys MX3 processor board. 

7.1 The MMA8652FC 3-AXIS Accelerometer Software 

The communications with the accelerometer requires two global functions that are made up of calls to the four 

hardware interface functions shown in Listings B.6 through B.9. The control flow diagrams for writing and reading a 

succession of accelerometer registers are shown in Fig. 7.3 and Fig. 7.4.  These two functions can only be called 

after the accelerometer has been initialized using the code in Listing B.5. The shaded blocks in Fig. 7.3 and Fig. 7.4 

refer to coded functions provided in Listings B.2 through B.6. With the aid of the control flow diagrams shown in 

Fig. 7.3 and Fig. 7.4, the user is expected to develop their one i2cWriteBlk and i2cReradBlk functions. 
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Figure 7.3. Control Flow Diagram for writing a block of data to the MMA8652FC Accelerometer. 
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Figure 7.4. Control Flow Diagram for reading a block of data from the MMA8652FC Accelerometer. 

Initialization of the MMA8652FC accelerometer, as shown in Reference 3, consists of placing the device in standby 

mode, setting the operating modes, and placing the device in Active mode. Since a block of data can be any 

number of bytes (zero to N), the I²C_Read_Blk and I²C_Write_Blk functions are all that are needed to interface 

with the accelerometer. 

 

8 Lab 4d 

8.1 Requirements 

1. The PIC32MX370 UART channel 4 must operate at 38400 BAUD with no parity. 

2. Initialize the MMA8652FC 3-Axis Accelerometer as follows: 
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a. Set to standby so device can be configured 

b. Set to 2G Full scale mode 

c. Set F-Mode to 0 

d. Set back to Active mode 

3. Read the X, Y and Z-axis data once each second. 

4. Display data from all three axis on the LCD using the format for the first line “X:#### Y:####” and for the 

second line “Z:####” once each second. 

5. Display data from all three axis on the LCD using the format “X:#### Y:#### Z:####” once each second. 

8.2 Design Phase 

1. Develop a data flow diagram for the software components needed for the requirements of Lab 4d. 

2. Schematic diagrams: Provide a block diagram of the equipment used for Lab 4d. 

3. Flow diagrams: Provide a complete software control flow diagram for lab 4d. 

8.3 Construction Phase 

1. Create a new project named Lab4d. 

2. Add C program files for configuring the processor and initializing the IO for the switches and LEDs on Basys 

MX3 board. 

3. Add the C program files developed for previous labs that provide interfaces for the LCD and UART. 

4. Develop a file containing the I2C functions listed Appendix B. 

5. Add the functions for i2cWriteBlk and i2cReadBlock following the control flow diagrams shown in Fig. 7.3 

and Fig. 7.4. 

6. Download the completed functional project to the PIC32MX370 processor. 

7. Unplug the Analog Discovery 2 during testing to make it easier to position the Basys MX3 board.  

8.4 Testing 

1. Connect the Basys MX3 UART to the workstation and launch the workstation’s terminal emulation 

program.  

2. Place the Basys MX3 board in a position that maximizes the X-axis value and minimizes the Y and Z-axis 

values. Note the edge of the Basys MX3 board is in the horizontal position. 

3. Place the Basys MX3 board in a position that maximizes the Y-axis value and minimizes the X and Z axis 

values. Note the edge of the Basys MX3 board is in the horizontal position. 

4. Place the Basys MX3 board in a position that maximizes the Z-axis value and minimizes the X and Y-axis 

values. Note the edge of the Basys MX3 board is in the horizontal position. 

5. Using the Analog Discovery 2, capture a screen that shows the I2C SCL and SDA signals when the PIC32 is 

reading data from all three axes. 

 

9 Questions 

1. Using the waveform captured in step 5 of the testing section, identify all portions of the I2C SDA and SCL 

signals starting with the START sequence and ending with the STOP sequence. 

2. Compute the effective data rate in bits per second.  

3. What effect, if any, would a change in the pull up resistors value for the SDA and SCL have on the I²C bus?  

4. Should there be current (e.g., maximum amperage) specifications associated with these protocols? 
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5. Identify as many things about the circuitry that will limit the maximum rate at which data can be reliably 

transmitted, and explain why (e.g., what effect might the length of the wires have?). 

6. What effect might capacitance between data transmission and ground have? Is it possible that the power 

supply could have an effect, and if so, what?  

7. Explain why you may use I²C, a serial protocol over SPI, another serial protocol. 

8. What are the strong points of I²C and RS232 protocols compared with each other? 

9. Describe the Basys MX3 board orientation noted in the three testing assignments. 
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Appendix A: Unit 4 Parts Configuration 

 

Figure A.1. Unit 4 hardware and instrumentation configuration. 
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Figure A.2. PIC32MX I²C hardware block diagram. 
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Appendix B: Allocating a Heap in MPLAB X 

Listing B.1. I²C Master Initialization Function 

BOOL i2cInit(I2C_MODULE i2cPort, unsigned int i2cClk) 
{ 
unsigned int actualClock; 
BOOL success; 
/* Set Desired Operation Frequency */ 
   actualClock = I2CSetFrequency(i2CPcort,GetPeripheralClock(),i2cClk); 
   if ( abs(actualClock-bitrate) > bitrate/10 ) 
   { 
       printf("  Clock frequency (%d) error exceeds 10\%\r\n",  
               (unsigned) actualClock); 
       success = FALSE; 
   } 
   else 
   { 
       printf(" I2C%d clock frequency = %ld Hz\n", i2cPort+1, 
               (unsigned int) actualClock); 
       success = TRUE; 
   } 
    
   I2CEnable(i2cPort, TRUE); 
   return success; 
} /* End of i2cInit */ 
 

Listing B.2. I²C Master Start Transfer Function 

static BOOL i2cStartTransfer( I2C_MODULE i2cPort, BOOL restart ) 
{ 
I2C_STATUS  status; 
 

/* Send the Start (or Restart) sequence */ 
   if(restart) 
   { 
       I2CRepeatStart(i2cPort); 
   } 
   else 
   { 
/* Wait for the bus to be idle, then start the transfer */ 
       while( !I2CBusIsIdle(i2cPort) ); 
 

       if(I2CStart(i2cPort) != I2C_SUCCESS) 
       { 
           printf("Error: Bus collision during transfer Start\n"); 
           return FALSE; 
       } 
   } 
 

/* Wait for the START or REPEATED START to complete */ 
   do 
   { 
       status = I2CGetStatus(i2cPort); 
   } while ( !(status & I2C_START) ); 
   return TRUE; 
} /* End of i2cStartTransfer */ 
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Listing B.3. I²C Master Start Transfer Function 

static  void i2cStopTransfer( I2C_MODULE i2cPort ) 
{ 
I2C_STATUS  i2cStatus; 
 

/* Send the STOP sequence */ 
   I2CStop(i2cPort); 
 

/* Wait for the STOP sequence to complete */ 
   do 
   { 
       i2cStatus = I2CGetStatus(i2cPort); 
 

   } while ( !( i2cStatus & I2C_STOP) ); 
} /* End of i2cStopTransfer */ 
 

Listing B.5. I²C Master Transmit One Byte Function 

static BOOL i2cTransmitOneByte( I2C_MODULE i2cPort, BYTE data ) 
{ 
/* Wait for the transmitter to be ready */ 
   while(!I2CTransmitterIsReady(i2cPort)); 
/* Transmit the byte */ 
   if(I2CSendByte(i2cPort, data) == I2C_MASTER_BUS_COLLISION) 
   { 
       printf("Error: I2C Master Bus Collision\n"); 
       return FALSE; 
   } 
/* Wait for the transmission to finish */ 
   while(!I2CTransmissionHasCompleted(i2cPort)); 
   return TRUE; 
} /* End of i2cTransmitOneByte */ 
 

Listing B.6. I²C Master Transmit One Byte Function 

static I2C_RESULT i2cReceiveOneByte( I2C_MODULE i2cPort, BYTE *data, BOOL ack ) 
{ 
I2C_RESULT i2cOps = I2C_SUCCESS; 
 

   if(I2CReceiverEnable(i2cPort, TRUE) == I2C_RECEIVE_OVERFLOW) 
   { 
       printf("Error: I²C Receive Overflow\n"); 
       i2cOps =  I2C_RECEIVE_OVERFLOW; 
   } 
   else 
   { 
       while(!I2CReceivedDataIsAvailable(i2cPort)); 
/* The "ack" parameter determines if the slave READ is acknowledged */ 
       I2CAcknowledgeByte(i2cPort, ack); 
       while(!I2CAcknowledgeHasCompleted(i2cPort)); 
/* Read the received data byte */ 
       *data = I2CGetByte(i2cPort); 
   } 
   return i2cOps; 
} /* End of i2cReceiveOneByte */ 
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1 Introduction 

This unit demonstrates how to use interrupts and the core timer to decode two IrDA protocols, in an effort to 

teach approaches for decoding different IrDA protocols used for remote device control. The IrDA is an 

implementation of wireless serial communications capable of simplex as well as half-duplex operation. 

I have encountered no fewer than 100 IrDA encoding protocols using pulse modulated infrared beams of light. Of 

the four IR remote control units I have found around my home, no two use the same encoding scheme. With so 

many existing IrDA protocols used for remote control devices, I present a method for decoding and encoding the 

NEC protocol that can be used on different schemes. I have verified this methodology for decoding the Pulse 

Length (also called Pulse Distance Modulated) protocol. Lab 5 will challenge you to follow the methodology 

presented to develop an interface for an IrDA remote control device of your own choosing.  

Some silicon devices will decode NED encoded IrDA to 9600 Baud UART outputs, such as the ST3679. Other silicon 

devices will alleviate the burden of pulse encoding and decoding, such as the Microchip MCP2122, which allows 

direct interface with the processor UART. The above two IrDA hardware devices are designed to implement 

wireless line-of-sight asynchronous communications and do not interface with NEC IR remote control devices.  

 

2 Objectives 

1. Identify the IrDA protocol by capturing the bit stream on the IR_RX pin using the Analog Discovery 2. 

2. Develop a C function that executes an algorithm to decode the IrDA bit stream. 

3. Display the received codes on the LCD and send to the UART communications port. 

 

3 Basic Knowledge 

1. How to configure I/O pins on a Microchip® PIC32 PPS microprocessor.  

2. How to configure the Analog Discovery 2 to display logic traces. 

3. How to implement the design process for embedded processor based systems. 

  

http://www.sunrom.com/p/st3679-infrared-remote-control-decoder-nec-format
http://www.sunrom.com/p/st3679-infrared-remote-control-decoder-nec-format
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4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

2. Standard USB A to micro-B cable 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

In addition, we suggest the following instruments: 

4. Analog Discovery 2 Logic Analyzer 

4.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 

5. PuTTY Terminal Emulator 

 

5 Takeaways 

1. Understanding of the basics of IrDA protocols. 

2. Using instrumentation to characterize data streams. 

3. Use processor external interrupts to decode signal timing patterns. 

4. Approaches to using state machines to process data. 

 

6 Fundamental Concepts 

6.1 IrDA Concepts 

It is reported that 99% of all consumer electronics use IrDA remote controllers.1 These remote control devices use 

low-cost, near infrared LEDs and photo-sensitive transistors to transmit and receive intensity modulated light 

beams. The fact that these semiconductor devices have a narrow, unobstructed field of view is seen either as a 

security advantage or a communications limitation, depending on your point of view. This is in comparison to RF 

communications, such as Bluetooth. 

IrDA communications has two major applications: high speed data and remote control. Remote control 

applications use small data packets at low data rates, whereas high speed data applications require a 

communications stack to manage the re-assemblage of data packets. Table 6.1 compares the key features of IrDA 

and Bluetooth. 

                                                                 

1 “What is infrared?” http://irdajp.info/what.html 

http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
https://en.wikipedia.org/wiki/Bluetooth
https://en.wikipedia.org/wiki/Protocol_stack
http://irdajp.info/what.html
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Table 6.1. IrDA vs. Bluetooth features comparison.2 

 IrDA-Data Bluetooth 

Physical Media Infrared RF (2.4 GHz) 

Communications Range Up to at least 1m 10cm to 100m 

Connection Type, 
Direction 

Point-to-Point, Narrow Angle (30 
degrees) 

Multipoint, Omni-directional 

Maximum Data Rate 4Mbps (16Mbps on the way) 1Mbps (aggregate) 

Security 
Physical limitations offer some built-in 
protection 

Authentication, encryption, spread 
spectrum 

Approximate Cost under $2 under $5 

 

7 Background Information 

7.1 IrDA Physical Layer 

The Basys MX3 platform is equipped with a Rohm RPM973-H11 infrared communications module that provides the 

digital interface, as shown in Fig. 7.1. The three microprocessor control pins shown in Fig. 7.2 are the IR_TX, IR_RX, 

and the IR_PDOWN. The Rohm RPM973-H11 is in a low power mode whenever the IR_PDOWN control signal is in 

the high state. The IR_PDOWN must be in a low state to transmit or receive infrared signals. Both IR_TX and IR_RX 

are active low signals. 

 

Figure 7.1. RPM973-H11 block diagram. 

                                                                 

2 http://www.barrgroup.com/Embedded-Systems/How-To/Wireless-Bluetooth-IrDA 

https://en.wikipedia.org/wiki/Logic_level
http://www.barrgroup.com/Embedded-Systems/How-To/Wireless-Bluetooth-IrDA


Unit 5: IrDA Communications Protocols  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 4 of 10 

 

 

Figure 7.2. Schematic diagram of PIC32 connection to the RPM841-H11 Infrared Module. 

Reference 3 lists 21 modulation protocols used for remote control devices. This reference also lists standard carrier 

frequencies used by these devices. In addition to different kinds of coding and different carrier frequencies, there 

are further variations in the data formats: with and without pre-burst, with different numbers of bits in a 

command, and with different bit lengths. As one soon realizes, one must match the IrDA protocol before two IrDA 

devices can communicate. The IrDA support reported in the PIC32MX370 data sheet (see Section 20 of Reference 

6) requires an external IrDA Encoder/Decoder, such as the MC2120 suggested in the Microchip Analog Design Note 

ADN006. The Basys MX3 processor platform DOES NOT contain any hardware IrDA encoder/decoder. The Rohm 

RPM973-H11 simply asserts the IR_RX signal low whenever an IR signal of sufficient intensity is detected. Likewise, 

the IR LED is turned on whenever the IR_TX signal is asserted high. When using the Rohm RPM973-H11 on the 

Basys MX3 processor platform, all encoding and decoding of the IR pulses must be implemented by the PIC32 

processor. 

7.2 Characterization of the NEC IrDA Protocol 

The NEC protocol will be characterized to illustrate the methodology of discovering the protocol used by an IrDA 

remote controller. The general procedure is to capture logic analyzer traces and match the data profile to an 

existing IrDA protocol. This is commonly referred to as reverse engineering. 

Figure 7.3 shows that the IR LED modulation for a 38 kHz carrier is determined as the inverse of the period 

between LED pulses. The LED is only on for about 2.4 μs out of the 26.3 μs carrier frequency period. The duty cycle 

of the LED is less than 10% resulting in lower power consumption. 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/21618b.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/adn006.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/adn006.pdf


Unit 5: IrDA Communications Protocols  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 5 of 10 

 

 

Figure 7.3. IrDA 38 kHz carrier signal. 

Figure 7.4 shows a complete IrDA message using the NEC protocol. The signal is low whenever an infrared light is 

detected. The NEC protocol message contains 32 bits organized in eight bit bytes sent with LSB first. After a 9 ms 

leader and a 4.5 ms gap, a 560 μs bit marker signals the start of the LSB of the first data byte, as shown in Fig. 7.5.    

 

Figure 7.4. Screen capture of a NEC IrDA control message. 

Figures 7.5 and 7.6 show expanded views of portions of the NEC IrDA protocol, showing the sync followed by three 

of the 24 data bits. Note that the differentiation between a ONE bit and a ZERO bit is the length of the gap 

following each 560 μs period of 38 kHz modulated infrared pulses. The last byte contains 9 pulse bursts to allow 

the last bit to be framed correctly. 

 

Figure 7.5. Details of the message leader and first three data bits. 
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Figure 7.6. 38 kHz pulse burst timing representing two ZERO bits and a ONE bit. 

Figures in Reference 4 are reproduced below to illustrate the timing of the NEC protocol. The encoding of an NEC 

protocol message in Fig. 7.7 shows that the entire packet consists of two bytes of data: the address byte and the 

command byte. Each byte is followed by its one’s complement. The consequence of this encoding is that although 

the time to transmit a ONE bit is twice that of transmitting a ZERO bit, the time to send any NEC encoded message 

is constant regardless of the value of the address and control bytes. 

 

Figure 7.7. NEC encoded IrDA message. 

If the key on the remote control unit is held depressed for longer than 110 ms, a repeat code is continuously sent 

that contains no address or command data, as illustrated in Fig. 7.8. 

 

Figure 7.8. Timing diagram of a repeated NEC encoded IrDA message. 

7.3 Decoding the NEC IrDA Protocol with the PIC32MX370 

Processor 

From the previous discussion, it is obvious that the PIC32 UART is not suitable for implementing the IrDA NEC 

remote control protocol. My investigation of internet documents has not produced any meaningful information as 

to how to implement this design. From my 30 years of microprocessor design experience, I have concluded that 

there are two possible approaches: application of digital signal processing concepts, namely Fast Fourier 

Transforms (FFT), or edge timing using PIC32 Input Compare capability or external interrupts. Interestingly, both 

methods involve frequency domain concepts.  

https://en.wikipedia.org/wiki/Ones%27_complement
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The modulation and demodulation of the IrDA signal involves binary coding of the 38 kHz carrier signal. As shown 

above, the bit value information for the NEC protocol is contained in the period length between the 38 kHz IR 

beam oscillations. 

My approach is to first map the PPS input of the IR_RX signal on Port B pin 6 to the external interrupt INT1 as 

shown in Table 7.1 below. The INT1 is configured to generate an interrupt on the falling (negative) edge of the 

IR_RX signal using the initialization code shown in Listing 7.1. 

Listing 7.1. Initialization of INT1 

// Set up IrDA RX interface 
   INT1R = 0b00000101;     // Mapping IrDA Rx to RPB6 --> INT1 
// Set up INT1 for negative edge triggering 
   IEC0bits.INT1IE = 0;    // Disable INT1 
   IPC1bits.INT1IP = 2;    // Set Interrupt 1 for priority level 2 
   IPC1bits.INT1IS = 0;    // Set Interrupt 1 for sub-priority level 0 
   INTCONbits.INT1EP = 0;  // Set for falling edge 
   IFS0bits.INT1IF = 0;    // Clear the INT1 interrupt flag 
   IEC0bits.INT1IE = 1;    // Enable INT1  
 

Table 7.1. Table 12-1 from the PIC32MX370 datasheet for the PPS Input Pin Selection for the PIC32MX370 

Processor. 

Peripheral Pin [pin name]R SFR [pin name]R bits 
[pin name]R Value to RPn Pin 
Selection 

INT1 INT1R INT1R<3:0> 0000 = RPD1 
0001 = RPG9 
0010 = RPB14 
0011 = RPD0 
0100 = RPD8 
0101 = RPB6 
0110 = RPD5 
0111 = RPB2 
1000 = RPF3(4) 

1001 = RPF13(3) 

1010 = Reserved 
1011 = RPF2(1) 
1100 = RPC2(3) 
1101 = RPE8(3) 
1110 = Reserved 
1111 = Reserved 

T3CK T3CKR T3CKR<3:0> 

IC1 IC1R IC1R<3:0> 

U3CTS̅̅ ̅̅ ̅̅ ̅̅ ̅ U3CTSR U3CTSR<3:0> 

U4RX U4RXR U4RXR<3:0> 

U5RX U5RXR U5RXR<3:0> 

SS2̅̅ ̅̅ ̅ SS2R SS2R<3:0> 

OCFA OCFAR OCFAR<3:0> 

1. This selection is not available on 64-pin USB devices. 

2. This selection is only available on 100-pin General Purpose devices. 

3. This selection is not available on 64-pin USB and General Purpose devices. 

4. This selection is not available when USBID functionality is used. 

When the interrupt occurs, the value of the core timer operating at 40 MHz is captured. The previous core timer 

value is subtracted from the present core timer value to determine the period between interrupts. If this period is 

approximately 560 μs, a 38 kHz signal is present. The actual IR pulse length is of little concern provided it is 

sufficiently long to generate a processor interrupt. For our characterization case, the actual measured IR beam 

pulse width is 2.377 μs. 

Listing 7.2 shows the C code implementing the INT1 ISR. The time between interrupts contains the needed 

information, hence variable “t1_2” must be declared as static. The static variable, “start_timing” remembers that 
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the variable “t1_2” has been initialized after a system reset. The only information needed by the NEC decoding 

algorithm is the time since the last interrupt. 

Listing 7.2. INT1 ISR 

void __ISR(_EXTERNAL_1_VECTOR, IPL2SOFT) ext_int1_isr(void) 
{ 
unsigned long t1_1;           // Current time of interrupt 
static unsigned long t2_1;    // Time of previous interrupt 
unsigned long dt_1;           // Time interval between edges 
unsigned int bitCount = 0;    // Number of decoded bits 
static int start_timing = 0;  // Time capture buffer has been initialized. 
 

   t1_1 = ReadCoreTimer(); 
   if(!start_timing)         // Check for first interrupt after reset 
   { 
       t2_1 = t1_1;          // Initialize previous time on reset. 
       start_timing = 1; 
   } 
   else 
   { 
       dt_1 = t1_1 - t2_1;      // Compute time interval 
       bitCount = irda_nec(dt_1);  // Call decoding function 
       t2_1 = t1_1;             // Update time of last interrupt 
   } 
   IFS0bits.INT1IF = 0;      // Clear the interrupt flag 
} 
 

The core timer increments at the rate of a count for each 1/40,000,000 seconds or 0.0025 μs per count. Referring 

back to the NEC characterization figures, we find that the sync period should be reported 0.0045 seconds 

multiplied by 40,000,000 counts per second, or approximately 180000 core timer counts. When a ONE bit is 

encoded, the number of core timer counts since the last interrupt is (0.0025 – 0.00056) seconds multiplied by 

40,000,000 counts per second, or approximately 67000 core timer counts. When a ZERO bit is encoded, the 

number of core timer counts since the last interrupt is (0.00112 – 0.00056) seconds multiplied by 40,000,000 

counts per second, or approximately 22400 core timer counts. Since the accuracy of the crystals used to generate 

the IR pulses is unknown, 2% accuracy can be assumed and still allow for adequate discrimination between 

symbols. Table 7.2 lists the core timer count range for the NEC protocol symbols. 

Table 7.2. Core Timer Count ranges. 

Symbol Minimum Core Timer Count Maximum Core Timer Count 

Sync 176400 183600 

ONE bit 65660 68340 

Zero bit 21952 22848 

 

7.4 Encoding the NEC IrDA Protocol with the PIC32MX370 

Processor 

In order to encode an IrDA for the NEC protocol, the 38 kHz modulated bit stream must be generated. I chose to 

generate the 38 kHz pulsed signal using the PWM output of the PIC32 processor. Table 7.3 is a copy from the 

PIC32MX370 data sheet showing the PPS mapping of OC5 to Port B bit 7, which is connected to the IR_TX signal 

line. Listing 7.3 is the code for the IrDA initialization. 
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Table 7.3. PIC32MX370 PPS output mapping for bit 7 of Port B. 

RPn Port Pin RPnR SFR RPnR bits RPnR Value to Peripheral Selection 

RPD9 RPD9R RPD9R<3:0> 

0000 = No Connect 

0001 = U3RTS̅̅ ̅̅ ̅̅ ̅̅ ̅ 
0010 = U4TX 
0011 = REFCLKO 
0100 = U5TX 
0101 = Reserved 
0110 = Reserved 

0111 = SS1̅̅ ̅̅ ̅ 
1000 = SDO1 

1001 = Reserved 

1010 = Reserved 
1011 = OC5 
1100 = Reserved 
1101 = C1OUT 
1110 = Reserved 
1111 = Reserved 

RPG6 RPG6R RPG6R<3:0> 

RPB8 RPB8R RPB8R<3:0> 

RPB15 RPB15R RPB15R<3:0> 

RPD4 RPD4R RPD4R<3:0> 

RPB0 RPB0R RPB0R<3:0> 

RPE3 RPE3R RPE3R<3:0> 

RPB7 RPB7R RPB7R<3:0> 

RPB2 RPB2R RPB2R<3:0> 

RPF12(4) RPF12R RPF12R<3:0> 

RPD12(4) RPD12R RPD12R<3:0> 

RPF8(4) RPF8R RPF8R<3:0> 

RPC3(4) RPC3R RPC3R<3:0> 

RPE9(4) RPE9R RPE9R<3:0> 

 

The 38 kHz carrier signal is generated by setting the Timer 2 counter register equal to the PBCLOCK divided by 

38000. The PWM output is turned off by setting the OC5 reset time greater than the Timer 2 period. The 9% duty 

cycle 38 kHz signal is turned on by setting the OC5 reset time to the product of 0.09 times the Timer 2 period. 

Generating the NEC sync signal and encoding the one’s and zero’s is just a matter of turning the PWM on and off 

for the specific duration, as specified by Reference 3. 

Listing 7.3. IrDA initialization 

#define IRDA_38K_IDLE        264 
#define IRDA_38K_ON          23 
#define IRDA_38KHZ_PD        262 
void irda_init(void) 
{ 
int i; 
// IrDA Power Down Control 
   TRISGCLR = BIT_1;       // Set IR_pdown as output(); 
   LATGCLR =  BIT_1;       // Set IR_pdown(0); 
   
// Set up IrDA TX interface 
   PORTSetPinsDigitalOut(IOPORT_B, BIT_7); // IR_TX 
   RPB7R = 0b00001011;     // Mapping OC5 to RPB7 
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// Enable OC5 for PWM operation    
   OpenTimer2((T2_ON | T2_SOURCE_INT | T2_PS_1_1), IRDA_38KHZ_PD);    
   OpenOC5((OC_ON|OC_TIMER_MODE16|OC_TIMER2_SRC|OC_PWM_FAULT_PIN_DISABLE),  
           IRDA_38K_IDLE, IRDA_38K_IDLE); 
   
// Set up IrDA RX interface 
   INT1R = 0b00000101;     // Mapping IrDA Rx to RPB6 --> INT1 
   PORTSetPinsDigitalIn(IOPORT_B, BIT_6); // IR_RX 
// Set up INT1 for negative edge triggering 
   IEC0bits.INT1IE = 0;    // Disable INT1 
   IPC1bits.INT1IP = 2;    // Set Interrupt 1 for priority level 2 
   IPC1bits.INT1IS = 0;    // Set Interrupt 1 for sub-priority level 0 
   INTCONbits.INT1EP = 0;  // Set for falling edge 
   IFS0bits.INT1IF = 0;    // Clear the INT1 interrupt flag 
   IEC0bits.INT1IE = 1;    // Enable INT1 
} 

 

8 References 

1. Remote Control, https://en.wikipedia.org/wiki/Remote_control  

2. Consumer IR, https://en.wikipedia.org/wiki/Consumer_IR  

3. Data Formats for IR Remote Control, http://www.vishay.com/docs/80071/dataform.pdf  

4. AN #157 Implementation of IR NEC Protocol, 

http://www.mcselec.com/index.php?option=com_content&task=view&id=223  

5. Remote Control with IrDA® Transceivers, http://datasheet.octopart.com/TFBS4710-TT1-Vishay-datasheet-

12514678.pdf 

6. SB –Projects NEC Protocol, http://www.sbprojects.com/knowledge/ir/nec.php  

7. PIC32MX330/350/370/430/450/470 Data Sheet, 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf  

8. Understanding Sony IR remote codes, LIRC files, and the Arduino library, 
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1 Introduction 

The format of this lab differs from the rest in this series in that the hardware is not entirely specified. The student 

is intended to use an IR remote control device of his or her own choosing. For this reason, all background 

information is kept to the Unit 5 text. This lab is also the only lab that requires the use of the Analog Discovery 2. 

 

2 Problem Statement 

This lab requires the student to analyze the IrDA signal from an arbitrary device remote control unit and generate 

an application that can exchange IrDA messages with that device. 

 

3 Lab 5 

3.1 Requirements 

1. Using the Analog Discovery 2, capture the IrDA signal sent from the remote control device and analyze the 

IrDA protocol. 

2. Develop a PIC32 project that can decode the IrDA signal. 

3. Display the decoded IrDA messages on the LCD and send to the workstation terminal. 

4. Send a fixed IrDA message corresponding to keys “1” through “8”. 

3.2 Design 

1. Analyze the IrDA remote control protocol. 

a. Determine the carrier frequency as shown in Fig. 7.3 of Unit 5. 

b. Determine the synchronization timing from a capture as shown in Fig. 7.5 of Unit 5. 

c. Determine the bit timing for a logic 1 and logic 0 from a capture as shown in Fig. 7.6 of Unit 5. 

d. Identify the encoding method by comparing to waveforms shown in Reference 3. 

2. Generate a data flow diagram representing the tasks that you will use to decode an IrDA message and 

generate such a message. 

3. Generate a control flow diagram that represents the control flow of decoding and encoding an IrDA 

message for your particular remote control device. 
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3.3 Construction Phase 

1. Select a remote control device. Record the manufacturer’s name, model number, and serial number along 

with the device the remote was made to control (if known). 

2. Generate an MPLAB X project that includes files to configure the PIC32MX370 bits, the UART 4 at 19200 

Baud (no parity), and the LCD. 

3. Configure the Analog Discovery 2 to display the IR_TX (DIO 10) and IR_RX (DIO 11) signals and trigger on 

the negative edge of the IR_RX signal.  

4. Copy the code from Listing 7.3 of the Unit 5 text into a new project file name irda.c. 

5. Develop the necessary functions to capture and decode the IrDA input bit stream. 

6. Develop a function that will send the IrDA code for keys “1” through “8.”  The key value is to be set using 

the Basys MX3 slide switches and the IrDA transmission initiated whenever BTNR is pressed. 

3.4 Testing 

1. Develop a table of IrDA key and control codes for all the keys on your IrDA remote control device. 

2. Demonstrate that IrDA codes generated register on the device controlled by the IrDA remote. 

 

4 Questions 

1. What IrDA protocol does your IrDA control device use? 

2. What is the carrier frequency? 

3. How many different control bytes does your IrDA device generate? 

4. What type of error checking does your device use? 

5. What code is generated if a key on the remote control device is held depressed for 10 seconds? 

 

5 References 

1. Remote Control, https://en.wikipedia.org/wiki/Remote_control  

2. Consumer IR, https://en.wikipedia.org/wiki/Consumer_IR  

3. Data Formats for IR Remote Control, http://www.vishay.com/docs/80071/dataform.pdf  

4. AN #157 Implementation of IR NEC Protocol, 

http://www.mcselec.com/index.php?option=com_content&task=view&id=223  

5. Remote Control with IrDA® Transceivers, http://datasheet.octopart.com/TFBS4710-TT1-Vishay-datasheet-

12514678.pdf 

6. SB –Projects NEC Protocol, http://www.sbprojects.com/knowledge/ir/nec.php  

7. PIC32MX330/350/370/430/450/470 Data Sheet, 

http://ww1.microchip.com/downloads/en/DeviceDoc/60001185E.pdf  

8. Understanding Sony IR remote codes, LIRC files, and the Arduino library, 

http://www.righto.com/2010/03/understanding-sony-ir-remote-codes-lirc.html 
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1 Introduction 

The purpose of this laboratory exercise is to investigate applications of embedded controllers to real time control 

algorithms that employ analog inputs and analog outputs. You will use a computer algorithm to implement a 

closed-loop process for motor speed control. You will see how feedback can be used to linearize an inherently 

nonlinear process and result in zero steady state control error. 

 

2 Objectives 

1. Generate PWM outputs to implement variable motor supply voltage. 

2. Implement a tachometer operation using PIC32 Timers. 

3. Develop MPLAB X projects that implement open-loop and closed-loop motor control. 

4. Develop the C program code to implement a PI controller and a moving average digital filter. 

5. Manage multiple background tasks in an interrupt driven system. 

6. To monitor and display data from a process running in real-time.  

 

3 Basic Knowledge 

1. Suggested reading: Embedded Computing and Mechatronics with the PIC32 Microcontroller 

a. Basic circuit theory 

b. Fundamentals of programming with C 

2. How to configure I/O pins on a Microchip® PIC32 PPS microprocessor  

3. How to implement a real-time system using preemptive foreground – background task control 

4. How to generate a PWM output with the PIC32 processor 

5. How to configure the Analog Discovery to display logic traces 

6. How to implement the design process for embedded processor based systems 

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

https://www.elsevier.com/books/embedded-computing-and-mechatronics-with-the-pic32-microcontroller/lynch/978-0-12-420165-1
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
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3. 2 Standard USB A to micro-B cables 

4. 5 V DC motor with tachometer 

In addition, we suggest the following instruments: 

5. Analog Discovery 2 

4.2 Software 

The following programs must be installed on your development workstation: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2) 

5. PuTTY Terminal Emulator 

6. Spreadsheet application (such as Microsoft Excel) 

 

5 Project Takeaways 

1. How to read analog voltage with a PIC32 processor. 

2. How to use the PIC32 Output Compare to implement a PWM analog output. 

3. How to use the PIC32 Input Capture period measurement to implement a tachometer. 

4. The advantages of using period measurements as opposed to frequency measurements and vice versa. 

5. Fundamental digital filtering concepts for data smoothing. 

6. Open-loop and closed-loop process control. 

 

6 Fundamental Concepts 

This unit introduces the concepts of process control of electro-mechanical systems that employ analog and digital 

I/O. Reference 1 is the suggested companion reference and certain sections will be noted throughout this unit as 

well as labs 6a and 6b. Be advised that this reference is based on the PIC32MX750 processor and not the 

PIC32MX370 processor used on the Basys MX3 trainer board. This reference also uses a different hardware 

platform for the software examples. The significant differences between these two processors are discussed in 

Appendix C of this suggested reference book. 

6.1 Process Control 

Automated process control is an engineering discipline that deals with architectures, mechanisms and algorithms 

for maintaining the output of a specific process within a desired range. In general, automation is the control of 

equipment and systems that require minimum human interaction. Figure 6.1 is a block diagram representing the 

main elements in microprocessor based automated system that could be used to implement an automobile speed 

control. Although there are various forms of control theory, Reference 2 describes two forms of control: open-loop 

and closed-loop.  

The block diagram of Fig. 6.1 has partitioned the automated process into elements of hardware and software that 

will be described in detail below. The elements shown inside the shaded blue box are implemented using software 

http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/motor-gearbox-1-19-gear-ratio-custom-12v-motor-designed-for-digilent-robot-kits/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
https://en.wikipedia.org/wiki/Electromechanics
https://en.wikipedia.org/wiki/Automation
https://en.wikipedia.org/wiki/Control_theory
https://en.wikipedia.org/wiki/Open-loop_controller
http://www.electronics-tutorials.ws/systems/closed-loop-system.html
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within the microprocessor. The elements shown inside the shaded green boxes are parts needed for open loop 

control processing. The elements shown inside the shaded orange boxes are parts that are not required for open 

loop but provide instrumentation to monitor the performance of the open loop system. The shaded yellow box 

element is added to the open loop control and instrumentation elements to form a completed closed loop system. 

The input signals that are continuous in nature must be converted from analog to digital by using an analog-to-

digital converter (ADC). Output signals that are used to control mechanical and thermal devices such as motors, 

heaters, and air conditioners require the digital variable to be converted to an analog signal using a digital-to-

analog converter (DAC). Both the ADC and DAC will be discussed in detail to follow.  

 

Figure 6.1. Automated process control block diagram. 

6.1.1 Open Loop Control 

Open-loop control of a system results when there is no feedback from the system output back into the control 

algorithm. In other words, an open-loop controller does not determine if the processor is generating the desired 

output, given the system inputs, because the system does not observe the output of the processes that it is 

controlling. Consequently, a true open-loop system cannot correct any errors or compensate for disturbances to 

the system.1 The signal path from input to output is called feed forward, as the output is some closed form 

function of the input signal or signals. For example, using the open loop automobile speed control, the gas flow to 

the engine is controlled by the position of the accelerator but the vehicle ground speed is not necessarily directly 

related to the accelerator position. The driver must manually adjust the gas flow so the vehicle travels at the 

desired speed. If the inclination of the road changes up or down, the driver must make adjustments in the 

accelerator position to maintain a constant speed, in part by watching the speedometer. 

6.1.2 Closed Loop Control 

Closed-loop control requires information relating the actual operation of the device under control back to the 

process algorithm.2 A classic example is the automobile cruise control. As the vehicle’s speed changes due to 

changes in road inclination, the position of the accelerator is automatically adjusted to maintain the set speed. 

Later model automobiles also have adaptive speed control to maintain speed when going down hills and 

                                                                 

1 Open-loop controller, https://en.wikipedia.org/wiki/Open-loop_controller 
2 Closed-loop Systems, http://www.electronics-tutorials.ws/systems/closed-loop-system.html 

https://en.wikipedia.org/wiki/Open-loop_controller
https://en.wikipedia.org/wiki/Feedback
https://en.wikipedia.org/wiki/Feed_forward_(control)
https://en.wikipedia.org/wiki/Closed-form_expression
http://www.electronics-tutorials.ws/systems/closed-loop-system.html
https://en.wikipedia.org/wiki/Autonomous_cruise_control_system
https://en.wikipedia.org/wiki/Open-loop_controller
http://www.electronics-tutorials.ws/systems/closed-loop-system.html
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approaching slower moving vehicles. It will be shown that the speed control of the DC electric motor is modeled by 

the block diagram shown Fig. 6.1. 

6.2 Signal Processing 

Signal processing is an enabling technology that encompasses the fundamental theory, applications, algorithms, 

and implementations of processing or transferring information contained in many different physical, symbolic, or 

abstract formats, broadly designated as signals. In this unit, we will employ both analog and digital signal 

processing. Analog signal processing will be used to implement frequency filters for both microprocessor inputs 

and outputs. The analog filters are an electronic circuit operating on continuous-time analog signals. Digital filters 

use computers and microprocessors to perform mathematical operations on sampled, discrete-time signals to 

reduce or enhance certain aspects of that signal. We will look at how both analog and digital filters are used in 

digital open and closed-loop control. It will become apparent in Lab 6b that the timing for sampling the inputs and 

generating the output must occur at fixed intervals. 

6.2.1 Analog Signal Processing 

Analog signal processing is any type of signal processing conducted on continuous analog signals by some analog 

means, usually involving electronic circuits consisting of resistors, capacitors, inductors, and high gain differential 

amplifiers. The term “analog” refers to signals or information that is continuously variable. Mathematically, this 

implies that the signal can be differentiated an infinite number of times. 

Electronic analog computers are able to process analog signals using electronic operational amplifiers that 

implement the basic mathematical operations such as add, subtract, multiply, and divide transcendental functions 

such a logarithms and exponentials, as well as integral and differential calculus. Programming analog computers is 

tantamount to wiring electronic circuits, making them difficult to construct and modify. Although microprocessors 

have replaced most of the analog computers, they are still frequently used to implement electronic filters for 

signal conditioning of digital computer inputs and outputs. Analog filters do have the advantage of being able to 

operate at higher power levels and frequencies. 

6.2.2 Digital Signal Processing 

Digital signal processing (DSP) is the use of digital computers to implement digital processing to perform a wide 

variety of signal processing operations. The signals processed in this manner are a sequence of numbers that 

represent samples of a continuous variable in a domain such as time, space, or frequency.  

Digital computers, particularly in the form of microprocessors, have replaced the computing effort that was 

formerly allocated to many analog computers. Digital computers cannot directly process analog input signals 

without first converting the signal into representations of the signal as discretely varying levels using an analog-to-

digital converter (ADC). Digital computers can generate discretely varying output using a digital-to-analog 

converter (DAC), but to get truly continuous output, the DAC output must be further filtered using an analog filter. 

In the course of this Unit, you will discover there are different approaches to implementing an ADC and DAC. 

  

https://en.wikipedia.org/wiki/Signal_processing
https://en.wikipedia.org/wiki/Filter_(signal_processing)
https://en.wikipedia.org/wiki/Analog_filter
https://en.wikipedia.org/wiki/Electronic_circuit
https://en.wikipedia.org/wiki/Continuous-time
https://en.wikipedia.org/wiki/Analog_signal
https://en.wikipedia.org/wiki/Sampling_(signal_processing)
https://en.wikipedia.org/wiki/Discrete-time
https://en.wikipedia.org/wiki/Continuous_function
https://en.wikipedia.org/wiki/Differential_amplifier
https://en.wikipedia.org/wiki/Differential_amplifier
https://en.wikipedia.org/wiki/Analog_computer
https://en.wikipedia.org/wiki/Operational_amplifier
https://en.wikipedia.org/wiki/Differential_calculus
https://en.wikipedia.org/wiki/Calculus
https://en.wikipedia.org/wiki/Electronic_filter
https://en.wikipedia.org/wiki/Signal_conditioning
https://en.wikipedia.org/wiki/Digital_processing
https://en.wikipedia.org/wiki/Signal_processing
https://en.wikipedia.org/wiki/Sampling_(signal_processing)
https://en.wikipedia.org/wiki/Continuous_variable
https://en.wikipedia.org/wiki/Analog-to-digital_converter
https://en.wikipedia.org/wiki/Analog-to-digital_converter
https://en.wikipedia.org/wiki/Digital-to-analog_converter
https://en.wikipedia.org/wiki/Digital-to-analog_converter
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7 Background Information 

7.1 Motor Controls and Feedback 

The details of the elements of the control system illustrated in Fig. 6.1 will be presented in the following sections, 

starting with those outside the microprocessor, namely reference inputs and feedback from the motor. Then the 

analog output from the processor into the motor will be addressed. Finally, the role of the microprocessor used for 

open-loop and closed-loop control will be presented. 

Figure 6.1 shows that there are two analog-to-digital converters (ADC) in the closed loop system that we will be 

implementing. One is used to read a variable reference that sets the motor speed. A second is used to read the 

motor speed tachometer. When working with time varying signals we will need to resolve the conflict between the 

measurement of frequency and the frequency of measurement, and the effects of noise on the quality of the 

measurements. We will look at different ways of implementing ADCs to measure an AC tachometer signal. 

7.2 Variable Speed Control 

The Analog Control Input on the Basys MX3 processor board will be used as the variable input control. Figure 7.1 

shows that the potentiometer is connected to PORT B pin 2 of the PIC32MX370. To use the PIC32 analog input 

connected to the potentiometer, we will need to assign RB2 as an analog input and then read the analog channel 

on a periodic basis. Analog channel 2 (AN2) is assigned to read the analog input on RB2. The ADC value of AN2 will 

vary from 0 to 1023 when the potentiometer output is varied from 0 to 3.3VDC. Initializing the ADC10 is not a 

trivial matter and following examples is the best approach rather than starting by attempting to unravel the data 

sheets.3 The ADC10 example in the Microchip PIC32 Peripheral Library of the MPLAB X Help can be used as a 

reference for developing the code to read one or more ADC channels. 

 

Figure 7.1. Analog Input Control schematic diagram. 

Considering that the PIC32 ADC is connected to a potentiometer under manual control, the speed at which the 

analog voltage can change is relatively low. In Lab 6a and 6b we will run the PIC32 ADC at a high rate of speed so 

                                                                 

3 Analog to Digital Conversion”, http://umassamherstm5.org/tech-tutorials/pic32-tutorials/pic32mx220-
tutorials/adc 

http://umassamherstm5.org/tech-tutorials/pic32-tutorials/pic32mx220-tutorials/adc
http://umassamherstm5.org/tech-tutorials/pic32-tutorials/pic32mx220-tutorials/adc
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that the most recent ADC conversion will accurately reflect the current potentiometer setting. As Fig. 7.2 

illustrates, the process of completing a single conversion consists of two phases: the sample phase and the 

conversion phase. The parameter TAD is the period on the ADC clock that can be an internal RC oscillator or the 

peripheral bus clock. From Fig. 7.1, we see that the input resistance is 10K ohms. According to the PIC32MX370 

data sheet, the minimum TAD is 65 ns when the input resistance is 500 ohms. We will compensate for the elevated 

input resistance by extending the conversion time. Using a peripheral bus clock of 10 MHz, TAD is 100 ns and 

requires the minimum sample interval of 2 TAD. Longer sample intervals result in more accurate conversions. If we 

set the sample rate to 250 KHz, then the conversion time, TC, will be 4 µs, or 40 TAD clock cycles. TC is the sum of the 

conversion time and sample time as expressed by Eq. 7.1. 

𝑇𝐶 = 𝑇𝐶𝑂𝑁𝑉 + 𝑇𝑆𝐴𝑀𝑃 = 4µ𝑠 = 40 · 𝑇𝐴𝐷        Eq. 7.1 

Since the conversion time always requires 12 TAD clock cycles, the sample time is 2.8 µs, or 28 clock cycles, as 

expressed by Eq. 7.2. 

𝑇𝑆𝐴𝑀𝑃 = 𝑇𝐶 − 𝑇𝐶𝑂𝑁𝑉 = 2.8µ𝑠 = 28 · 𝑇𝐴𝐷       Eq. 7.2 

Configuring the PIC32 ADC to start a new conversion as soon as the last one is completed gives us the 250 kHz 

sample rate. In Lab 6a, the required conversion rate is 4 Hz, which is dictated by the background loop rate. The 

conversion rate for Lab 6b is 1 kHz. Since both of these rates are far less than the rate at which the ADC is 

converting the analog inputs to digital values, we can simply read the ADC whenever a new result is needed.   

 

Figure 7.2. ADC10 conversion timing. 

7.2.1 Feedback: Digital Tachometers 

Tachometers indicate the speed of rotating machinery such as generators and motors. There are two basic types of 

tachometer sensors: digital and analog. Digital tachometers are usually based on either optical or magnetic sensors 

that require either a reflective surface or a magnetic element to be mounted on the motor shaft. The output of 

digital tachometers is a signal whose frequency is linearly dependent on the motor shaft speed of rotation. Analog 

tachometers are essentially an alternator (or AC generator) that is mechanically link to the motor shaft. Both the 

amplitude and frequency of the alternator output is linearly dependent. 

The DC motor shown in Fig. 7.3 will be used for Lab 6a and 6b and uses a motor that has a magnet attached to the 

motor shaft. There are two Hall-effect sensors positioned orthogonally on the circuit board at one end of the 

motor. Each time magnetism of the magnet attached to the rotor changes poles, the resistance of the Hall-effect 

sensor changes from low to high. Hence when the motor is running, each Hall-effect sensor generates a square 

wave offset by a quarter of a wave. Hall-effect sensors require a pull-up resistor to generate electric signals. This 

pull-up resistor will be provided by a resistor that is internal to the PIC32 processor.   

https://en.wikipedia.org/wiki/Tachometer
http://www.instructables.com/id/Measure-RPM-DIY-Portable-Digital-Tachometer/
http://eblogbd.com/types-of-speed-sensor-and-their-comparison/
https://en.wikipedia.org/wiki/Hall_effect_sensor
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Figure 7.3. DC Motor with gearhead and bi-phase tachometer. 

Figure 7.4 is a plot of the frequency produced by one of the Hall-effect sensors as a function of the percent duty 

cycle of a pulse-width modulated (PWM) signal. It can be readily seen that the motor speed as measured by the 

tachometer frequency is not a linear function of the motor control voltage produced by the PWM output. We will 

see in Lab 6B how to linearize the motor speed with respect to the analog control voltage.   

 

Figure 7.4. Tachometer Frequency vs %PWM for Open Loop control. 

The primary question to be answered is, what is the maximum rate that frequency can be measured? In theory, it 

is twice the inverse of the period of the signal. The advantages and disadvantages to the common frequency 

measurement techniques are considered next. 

  

https://en.wikipedia.org/wiki/Pulse-width_modulation
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7.2.1.1    Cycle Counting 

There are two methods of measuring the frequency of the digital tachometer. The number of pulses can be 

counted per unit time or the inverse computed of the period between two successive transitions. Measuring 

frequency by counting cycles or pulses over short intervals is more accurate for signals when the frequency of the 

signal being measured is much greater than the frequency of measurements. The results should be many hundreds 

or even thousands of cycles being measured during the measurement period, thus providing a high resolution with 

a fixed measurement period. 

One of the methods to mitigate the low number of cycles per fixed interval for low frequency signals is to employ 

frequency multiplication. Most modern microcontrollers and microprocessors use frequency multiplication so that 

the core speed of the processor is many times the processor crystal frequency using phased locked loop (PLL) 

circuits. The PIC32 processor family uses a multiplier set in the config_bits.h file.4 PLL circuits, being second order 

low pass filters, have slow dynamic responses that will delay accurate frequency measurements. 

7.2.1.2    Period Measurement 

Using timer counts to measure a signal period is generally more accurate for relatively low frequency signals and is 

the method that will be implemented in Lab 6a and 6b. The speed of the motor rotor shaft can be measured by 

computing the period between two successive pulses of the motor tachometer by capturing the time for each 

transition. In order to achieve the measurement with relatively good accuracy, the period must be measured with 

a high resolution. This requires that the timer must be counting at a much higher rate than the period of the of the 

tachometer signal. The accuracy of the frequency is preserved by inverting the period using floating point 

variables.  

Measurement resolution is provided by the number of timer counts between input signal transitions. The 

measurement period depends on the frequency of the input signal and, for very low frequency signals, may result 

in excessively long delays between measurement updates. Note that the range of speed is from zero to 300 

revolutions per second (RPS). Since the Hall-effect sensor creates a pulse every revolution, the period of revolution 

is from infinity at zero RPS to 3.33 ms at 300 RPS. Obviously, zero RPS presents a problem for the microprocessor, 

hence one must consider means of assigning a maximum limit to the tachometer period. 

The task is to select the timer input clock rate that will provide adequate period accuracy across the range of 

possible tachometer frequencies. From the derivation shown in Appendix B, for a given measurement period, the 

granularity of any input frequency can be determined using Eq. 7.3. 

∆𝐹 =
𝑇3𝐶𝐿𝐾_𝑃𝐷

𝑇𝑆𝐼𝐺𝑁𝐴𝐿
· 𝐹𝑆𝐼𝐺𝑁𝐴𝐿 = 𝑇3𝐶𝐿𝐾_𝑃𝐷𝐹𝑆𝐼𝐺𝑁𝐴𝐿2       Eq. 7.3 

where FSIGNAL = 1/TSIGNAL and T3PD = T3PRESCALE/PBCLK 

Eq. 7.3 demonstrates that granularity, ΔF, increases as the square of the input frequency and has dimensions of Hz. 

For example, a peripheral bus clock (PBCLK) rate of 10 MHz and a timer pre-scale value of 16 will result in a 0.064 

Hz/timer count granularity if the tachometer frequency is 200 Hz. Since the maximum period is 65536 timer 

counts, the minimum measurable frequency is 4.768 Hz. As Fig. 7.5 demonstrates, a higher input frequency results 

in a higher granularity of the measurement for a given period of measurement. Better resolution (lower 

granularity) can be achieved by extending the measurement period, T3PD, which is the same result as a lower input 

frequency. 

                                                                 

4 See http://www.sentex.ca/~mec1995/gadgets/pll/pll.html for description of a PLL circuit. 

https://dqydj.com/how-to-multiply-the-frequency-of-digital-logic-clocks-using-a-pll/
https://en.wikipedia.org/wiki/Phase-locked_loop
http://tera.yonsei.ac.kr/class/2009_1/lecture/Lect%2023%20PLL%20Dynamics.pdf
http://tera.yonsei.ac.kr/class/2009_1/lecture/Lect%2023%20PLL%20Dynamics.pdf
http://www.sentex.ca/~mec1995/gadgets/pll/pll.html
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Figure 7.5. Plot of frequency measurement resolution. 

7.2.1.3    Tachometer Interface 

The DC motor plus encoder shown in Fig. 7.3 has a 6 pin connector, shown in Fig. 7.5 below. The hardware 

configuration with the Basys MX3 board is shown in Fig. A.1. The wires in Fig. 7.6 attach to the DC motor assembly 

with pin assignments as shown in Table 7.1. The brown, green and blue wires interface a processor input pin to the 

Hall Sensor A output, as shown in Fig. 7.7. Hall Sensor B is not used for Lab 6a or 6b. 

Table 7.1. DC Motor connector pin assignment. 

Pin Number Wire color Function Basys MX3 

1 Black Motor - J5 – A1 

2 Red Motor + J5 – A2 

3 Brown Hall Sensor VCC (3.3V) JA – 11 

4 Green Hall Sensor GND JA – 12 

5 Blue Hall Sensor Output A JA – 10 

6 Purple Hall Sensor Output B No Connection 

 

The Hall Sensor outputs have an open collector configuration, thus requiring a pull-up resistor. Since only some of 

the PIC32MX370 pins have pull-up resistors, our task is to select an I/O pin that can be configured as an input 

capture and can be configured to have a pull-up resistor enabled. RG8 and RG9 that connect to JA9 and JA10 

respectively meet these requirements. Listing 7.1 shows the C code required to configure Port G pin 9 for input 

capture. 

Listing 7.1. Configuring I/O pin RG9 for input capture. 

   ANSELGbits.ANSG9 = 0;           // Set pin as digital IO 
   TRISGbits.TRISG9 = 1;           // Set pin as input 
   ConfigCNGPullups(CNG9_PULLUP_ENABLE);   // Enable pull-up resistor 
   IC1R = 0b00000001;              // RG9 to Input Capture 1 
   OpenTimer3( T3_ON | T3_PS_1_16, T3_TICK-1); //Set Timer 3 clock rate 
   OpenCapture1( IC_EVERY_RISE_EDGE | IC_INT_1CAPTURE | IC_TIMER3_SRC |\ 
                 IC_FEDGE_RISE | IC_ON );   
   ConfigIntCapture1(IC_INT_ON | IC_INT_PRIOR_2 | IC_INT_SUB_PRIOR_0); 
 

https://en.wikipedia.org/wiki/Open_collector
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Figure 7.6. Motor Connector wiring. 

 

 

 
Figure 7.7. Pmod JA connector wiring. 

7.2.2 Analog Output: Pulse-width Modulation 

In Lab 5, we used pulse-width modulation to generate a communications signal of a constant frequency pulse train 

where the carrier frequency was turned on by setting the PWM output ratio to 9%, and off by setting the output 

PWM ratio to 100%. The information used to modulate the IR beam is contained in the amplitude modulation of 

the PWM carrier signal. In Labs 6a and 6b, the information is contained in the duty cycle of the PWM signal, which 

is a form of frequency modulation. This signal will be demodulated with low pass filtering to generate an analog 

control signal.   

Lab 5 discussed the details of how to set up a PWM output using the output compare special function of the PIC32 

processor. However, Lab 6a and 6b will require that we set up two PWM outputs that all use a common timer if 

the motor is to be capable of reversing direction. After initializing the timer to be used with the output compare 

and initializing the two output-compare channels, the PWM duty cycle of each individual channel is easily changed 

using the instruction SetDCOCxPWM(DC); where x denotes the PWM channel and DC is the compare setting. DC is 

computed by multiplying timer period register by the percent PWM. Provided that the two instructions used to 

modify the PWM duty cycle are completed within the PWM period, both outputs will simultaneously change their 

duty cycle at the end of the next PWM period.    

Demodulation of PWM requires a low-pass filter that can be implemented with a simple RC (resistor-capacitor) 

filter as shown in Fig. 7.8. Fig. 7.9 shows the input – output relationship of filtering a PWM signal with 60% duty 

cycle. One observes from Fig. 7.9 that not all of the high frequency carrier signal is removed by the low-pass filter, 

but the amount of the carrier frequency that remains may be sufficiently reduced, depending on the application. 

Higher order filters and/or a higher carrier frequency will result in further reduction of the carrier signal from the 

demodulated signal. The cost of using a higher carrier frequency is the reduction of demodulated signal resolution. 

The cost of a higher order analog filter is the increased component count and expense. 

 

Figure 7.8. Analog RC Low-pass filter. 

https://en.wikipedia.org/wiki/Pulse-width_modulation
https://en.wikipedia.org/wiki/Duty_cycle
https://en.wikipedia.org/wiki/Duty_cycle
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Figure 7.9. PWM Signal with 60% duty cycle and RC filter output. 

For Lab 6a and Lab 6b, the rotor inertia of the DC motor itself provides all the needed low-pass filtering, provided 

the carrier frequency is sufficiently high. 

7.2.3 Motor Speed Control 

Figure 7.10 shows the electric model of a permanent magnet brushed DC motor, such as the one shown in Fig. 7.3. 

The torque of the motor is proportional to the armature current labeled Ia. The armature winding resistance, Ra, 

and winding inductance, La, are fixed. The back electromotive force (EMF) is proportional to the speed of the 

motor.  

 

Figure 7.10. Electric model of a brushed DC motor. 

When the motor voltage, Vm, is initially applied, the motor speed will increase until the back EMF plus the voltage 

drop across Ra due to the armature current, Ia, equals the applied voltage, Vm. The most common method of 

controlling the speed of a permanent magnet brushed DC motor is to vary the motor supply voltage, Vm. For a 
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fixed Vm, if a mechanical load is applied to the shaft of the motor, the speed of the motor and the back EMF will 

decrease, resulting in increased armature current to generate the needed motor torque. If the speed is to remain 

constant for varying applied mechanical loads, the motor applied voltage, Vm, must change accordingly. We will 

vary the applied motor voltage by changing the PWM duty cycle as discussed below. 

7.2.3.1    Motor Output Interface 

The motor driver IC on the Basys MX3 processor platform is shown in Fig. 7.11. The motor wires used for power 

input and tachometer output are identified in Fig. 7.12. A 5.0 V external power supply is required to be connected 

to J11, marked as VBAR on the Basys MX3 processor board. A jumper must be used on JP1 to connect the 5V 

power, VBAR, to the motor supply, VM. 

 

Figure 7.11. Basys MX3 Motor driver circuit. 

 

Figure 7.12. Basys MX3 connection to motor power wiring. 

For Labs 6a and 6b, only outputs A1 and A2 are connected to the leads of the DC motor (RED and BLACK). 

Switching the A1 and A2 connections to the motor causes the motor to rotate in the opposite direction.   
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Table 7.2. Motor driver IC7 connection to PIC32 processor 

Function IC7 Pin PIC32 Port Pin Function 

AIN1 10 RB3 Motor Supply + 

BIN1 8 RE9 Not Used - Set to zero 

AIN2 9 RE8 Motor Supply - 

BIN2 7 RB5 Not used – Set to zero 

MODE 11 RF1 Set to 0 

 

7.2.3.2    DC Motor Speed Control 

The percent PWM update rate should minimally match the input sample rate. Maximally, the percent PWM update 

rate should be less than or equal to the PWM carrier frequency. Attempting to update percent PWM any faster 

than the PWM carrier frequency will result in some updates being simply overwritten before being transferred to 

the primary timer compare register. Since two PWM outputs are used to synchronize the two outputs to the motor 

driver IC, both PWM channels must be updated in rapid succession. The code to do this is included with Lab 6a.  
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http://www.dspguide.com/
http://ww1.microchip.com/downloads/en/AppNotes/00937a.pdf
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Appendix A: DC Motor Connection to Basys MX3 

 

Figure A.1. Motor and tachometer wiring. 
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Appendix B: Frequency Measurement Resolution 

Definition: The granularity of a sensor measurement is the smallest change it can detect in the quantity that it is 

measuring. Resolution, which is the inverse of granularity, is related to the precision with which the measurement is 

made in Units - Hz/Count. 

Assume that Timer 3 count is recorded on each positive transition. Then for two frequencies, F1 and F2, the Timer 

3 counts are computed by: 

𝐹𝑇𝑀𝑅3 =
𝑃𝐵𝐶𝐿𝐾

𝑇3𝑃𝑆
=

107

1
          Eq. B.1 

𝑇3𝐶𝑂𝑈𝑁𝑇1 =
𝐹𝑇𝑀𝑅3

𝐹1
          Eq. B.2 

𝑇3𝐶𝑂𝑈𝑁𝑇2 =
𝐹𝑇𝑀𝑅3

𝐹2
=

107

1
         Eq. B.3 

To compute the resolution in Hz per count, assume that the count difference is unity which results in Eq. B.4 or Eq. 

B.5, whichever expresses the desired units. 

|𝑇3𝐶𝑂𝑈𝑁𝑇1 − 𝑇3𝐶𝑂𝑈𝑁𝑇2| = 𝐺𝑟𝑎𝑛𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = (𝐹𝑇𝑀𝑅3) ∙ |(
1

𝐹2
−

1

𝐹1
)|𝐶𝑂𝑈𝑁𝑇𝑆/𝐻𝑧   Eq. B.4 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = (
1

𝐹𝑇𝑀𝑅3
) ∙ (

1

|
1

𝐹1
−

1

𝐹2
|
) = (

1

𝐹𝑇𝑀𝑅3
) ∙ (

𝐹1∙𝐹2

|𝐹2−𝐹1|
)𝐻𝑧/𝐶𝑂𝑈𝑁𝑇    Eq. B.5 

|𝐹2 − 𝐹1| = 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = (
𝐹1∙𝐹2

𝐹𝑇𝑀𝑅3
)𝐻𝑧/𝐶𝑂𝑈𝑁𝑇      Eq. B.6 

If F1 approximately equals F2 at 1 Hz, the resolution is 0.0008 Hz/Count. At 200 Hz, the resolution is 1.28 Hz/count. 

  

http://en.wikipedia.org/wiki/Accuracy_and_precision
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Appendix C: Classical Control Theory 

According to Reference 10, PID (proportional – integral - derivative) algorithms, as modeled in Fig. C.1, have been 

used in feedback control since 1940. Except for the fact that the mathematical model for Fig. C.1 is in the 

continuous domain, one can readily see that it is a simplified version of Fig. 6.1. The dynamics of the system are 

represented in the Laplace domain by the controller, C(s), the plant or machine, P(s), and the feedback, F(s). Each 

of the dynamic elements can be expressed as polynomials in the form of Eq. C.1. 

𝐺(𝑠) =
𝑏0+𝑏1∙𝑠+𝑏2∙𝑠

2+𝑏3∙𝑠
3+⋯+𝑏𝑀∙𝑠

𝑀

𝑎0+𝑎1∙𝑠+𝑎2∙𝑠
2+𝑎3∙𝑠

3+⋯+𝑎𝑁∙𝑠
𝑁        Eq. C.1 

R(s) is the input reference variable, Y(s) is the output variable, E(s) is the error variable computed as the difference 

between the reference, R(s), and the feedback variable, F(s). F(s) is the feedback variable that is the transformed 

output representing the dynamics of the instrumentation. 

 

Figure C.1. Simplified block diagram of closed-loop control system. 

𝑌(𝑠) = 𝑃(𝑠) ∙ 𝑈(𝑠)          Eq. C.2 

𝑈(𝑠) = 𝐶(𝑠) ∙ 𝐸(𝑠)          Eq. C.3 

𝐸(𝑠) = 𝑅(𝑠) − 𝑌(𝑠)          Eq. C.4 

𝑌(𝑠)

𝑅(𝑠)
=

𝑃(𝑠)∙𝐶(𝑠)

1+𝐹(𝑠)∙𝑃(𝑠)∙𝐶(𝑠)
= 𝐻(𝑠)         Eq. C.5 

Although PID controllers give optimal control in regards to response time, minimum overshoot, and steady state 

error, the parameters that govern the controller behavior can be difficult to determine. If proportional gain is used 

exclusively, the gain would need to be infinite to result in zero control error. The instability of a PID control system 

is most often attributed to the derivative gain, hence Kd is often set to zero, resulting in PI control. Using 

proportional and integral (PI) control will result in zero steady state error using realizable gains. It turns out that 

many industrial plant process controllers use PI control. 

https://en.wikipedia.org/wiki/PID_controller
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Figure C.2. Block diagram of a PID controller.5 

In the system shown in Fig. C.2, the term plant generally refers to a dynamic system that we are attempting to 

control in some specified manner, which for the case of Lab 6a and 6b is the speed of a DC motor. The voltage 

applied to the motor can be adjusted as needed in order to drive the difference between the desired speed (the 

reference inputs r(t) and the speed measured using the tachometer, y(t)) to approach zero. The motor cannot 

instantaneously change because of the laws of physics and electricity that govern the speed of the motor.   

When using open loop control, we never really know how fast the motor is turning without monitoring. External 

influences such as fluctuations in the power, voltage, load, or friction losses will affect the motor speed. Imagine 

using an open loop control for speed control on your car (equating the speed of the motor with the car wheels). It 

would work as long as the car is subject to that same road and environmental conditions. But put a hill in the road 

and watch what happens. First, the car will slow to until the energy set by the position of the accelerator equals 

the energy needed to climb the hill at a reduced speed. 

If the accelerator is controlled by the difference between the desired (or set) speed and the actual speed, we then 

have a proportional closed-loop system. This is called proportional control and mathematically the control 

algorithm is expressed as shown in Eq. C.6 where e(t) is the error signal and C(t) is the control output. 

𝑐(𝑡) = 𝐾𝑝(𝑉𝑆𝐸𝑇 − 𝑉𝑇𝐴𝐶𝐻) = 𝐾𝑝 ∙ 𝑒(𝑡)        Eq. C.6 

Eq. C.6 works well as long as there is sufficient error and gain (KP) to the control supplying gas to the motor. But as 

the car approaches the setpoint velocity, the error gets smaller until there is insufficient error such that, when 

multiplied by the gain, the system will achieve some kind of equilibrium. There will always be a finite error with 

strictly proportional control. Even though the error can be made smaller by increasing the gain, the error will never 

go to zero. 

PI control to the rescue! When we add integration of the error signal to the control algorithm, then we can get 

zero steady state response errors for step inputs. Such a control algorithm is written using Laplace operators in Eq. 

C.7. 

𝐶(𝑠) = (𝐾𝑝 +
𝐾𝑖

𝑠
) (𝑉𝑆𝐸𝑇 − 𝑉𝑇𝐴𝐶𝐻) = (𝐾𝑝 +

𝐾𝑖

𝑠
) ∙ 𝐸(𝑠)      Eq. C.7 

Thus, the control signal is proportional to the integral of the error signal, and in part, directly to the magnitude of 

the error signal itself. Because of this, this approach to control is referred to as PI (proportional-integral) control. A 

                                                                 

5 https://en.wikipedia.org/wiki/PID_controller 

https://en.wikipedia.org/wiki/PID_controller
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distinct advantage of PI control is that using it results in zero steady state error for a first order plant (G1(s) = k/s). 

Now computers can’t solve equations in the continuous domain, therefore we must transform to a discrete 

domain that allows us to use samples of continuous signals. Eq. C.8 is the transformation from continuous to 

discrete time domain that is based upon rectangular integration. Ts is the interval between samples of the input. 

𝑠 = (
1−𝑧−1

𝑇𝑠
)           Eq. C.8 

Completing the appropriate computations after substituting Eq. C.8 into Eq. C.7, we end up with a discrete time 

equation shown in Eq. C.9. 

𝐶(𝑧) = (𝐾𝑝 + 𝐾𝑖 ∙ (1 − 𝑧−1) ∙ 𝐸(𝑧)        Eq. C.9 

A more popular conversion is based upon the trapezoidal rule integration and is called the bilinear transformation 

and is expressed in Eq. C.10. This transformation is actually a better approximation of the exact transformation s = 

e-jwTs than is Eq. C.8. Substituting Eq. C.10 into Eq. C.7, we get the result shown in Eq. C.11. After some simplification 

we arrive at Eq. C.12. 

𝑠 = (
2

𝑇𝑠
) (

1−𝑧−1

1+𝑧−1
)          Eq. C.10 

𝐶(𝑧) = (𝐸(𝑧)) [𝐾𝑝 +
𝑇𝑠𝐾𝑖

2
(
1+𝑧−1

1−𝑧−1
)] = (

𝐸(𝑧)

1−𝑧−1
) ∙ [(

𝑇𝑠𝐾𝑖

2
+ 𝐾𝑝) + (

𝑇𝑠𝐾𝑖

2
−𝐾𝑝) ∙ 𝑧

−1]  Eq. C.11 

Or 

𝐶(𝑧) ∙ (1 − 𝑧−1) = [(
𝑇𝑠𝐾𝑖

2
+ 𝐾𝑝)] ∙ 𝐸(𝑧) + (

𝑇𝑠𝐾𝑖

2
− 𝐾𝑝) ∙ 𝐸(𝑧)𝑧

−1    Eq. C.12 

So the question that is begged to be answered is what is z-1?  Well for our purposes, it is the delay operator and any 

variable multiplied by the delay operator is simply that variable at the previous time interval. So Eq. C.12 can now 

be written as Eq. C.13, which is a difference equation that can be solved by any computer, microprocessor, or 

microcontroller. The code to implement the pseudocode shown in Listing C.1 becomes the computer algorithm 

block shown back in Fig. 6.1. It is executed at the rate that the control loop operates. 

𝑐𝑛 = (
𝑇𝑠𝐾𝑖

2
+ 𝐾𝑝) ∙ 𝑒𝑛 + (

𝑇𝑠𝐾𝑖

2
− 𝐾𝑝) ∙ 𝑒𝑛−1 + 𝑐𝑛−1      Eq. C.13 

Listing C.1. Pseudo code for Digital PI controller 

#define GetPeripheralClock() 10000000   // PBCLK set in config_bits.h 
#define PWM_MAX (GetPeripheralClock()/10000)  // Set output range 
#define PWM_MIN 0  
     
static int ERROR = 0;     // Initial value for en-1 
static int CTRL = 0;     // Initial value for cnn-1 

 
TACH = Read motor speed (Hz);    // Global variable set by InputCapture ISR 
// The SET_SPEED reference input is scales using a first order polynomial in the form y = ax + b to set the slope, a, with 
//  units rps/ADC bit and ”b” being the minimum speed when the ADC input is zero 
SET_SPEED = Scaled potentiometer setting                  // Determine speed set point from ADC 

 
ERROR_LAST = ERROR;                   // Save previous error and control values  
CTRL_LAST = CTRL; 
ERROR = SET_SPEED - TACH;                 // Compute new error value 
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CTRL = (KP + KI)*ERROR - (KP - KI)*ERROR_LAST + CTRL_LAST; // Compute new control output value 
 

if(CTRL > PWM_MAX) then PWM_CONTROL = PWM_MAX; else // Limit output range to prevent windup 
{ 

If (CTRL < PWM_MIN)  then PWM_CONTROL = PWM_MIN;  else 
PWM_CONTROL = CTRL;    // Output PWM value 

} 
 
In the above code listing, the integral gain KI is equal to (T/2)Ki. An alternative approach for controlling motor 

speed can be found in any control theory text book that includes derivative control, but is not required for this 

assignment. Other approaches may be found in various control theory text books.  
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1 Objectives 

1. Generate PWM outputs to implement analog motor supply voltage. 

2. Implement a tachometer operation using PIC32 Timers. 

3. Develop MPLAB X projects that implement open-loop and closed-loop motor control. 

4. Develop C program code to implement a PI controller and a moving averaging digital filter. 

5. Manage multiple background tasks in an interrupt driven system. 

6. Send real time data monitoring devices. 

 

2 Basic Knowledge 

1. How to configure pins on a Microchip® PIC32 PPS microprocessor.  

2. How to implement a real-time system using preemptive foreground – background task control. 

3. How to generate a PWM output with the PIC32 processor. 

4. How to configure the Analog Discovery 2 to display logic traces. 

5. How to implement the design process for embedded processor based systems. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

4. 5 V DC motor with tachometer 

5. 5 V, 4A power supply 

In addition, we suggest the following instruments: 

6. Analog Discovery 2  

7. Digital Multimeter 

3.2 Software 

The following programs must be installed on your development workstation: 

http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/motor-gearbox-1-19-gear-ratio-custom-12v-motor-designed-for-digilent-robot-kits/
http://store.digilentinc.com/5v-4000ma-switching-power-supply/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://store.digilentinc.com/autorange-digital-multimeter-ms8217/
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1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2) 

5. PuTTY Terminal Emulation 

6. Spreadsheet application (such as Microsoft Excel) 

 

4 Project Takeaways 

1. How to read analog voltage with a PIC32 processor. 

2. How to use the PIC32 Output Compare to implement a PWM analog output. 

3. How to use the PIC32 Timer and Input Capture to implement a tachometer. 

4. Fundamental analog and filtering concepts for data smoothing and open-loop control. 

 

5 Fundamental Concepts 

Open-loop control involves one or more inputs, some type of conversion or means of combining the values of the 

inputs, and one or more outputs represented by the block diagram in Fig. 5.1. As was demonstrated in Unit 2, 

stepper motors are often used for open-loop control of position. A stepper motor rotates to one of a number of 

fixed positions, according to its internal construction. Sending a stream of electrical pulses to it causes it to rotate 

by exactly that many steps, hence the name. Such motors are often used, together with a simple initial datum 

sensor (a switch that is activated at the machine's home position), for the control of simple robotic machines such 

as the commonplace inkjet printer head. The drawback of open-loop control of steppers is that if the machine load 

is too high, or if the motor attempts to move too quickly, then steps may be skipped. The controller has no means 

of detecting this and so the machine continues to run slightly out of adjustment, until reset. For this reason, more 

complex robots and machine tools instead use servomotors rather than stepper motors, which 

incorporate position encoders and closed-loop controllers.1 

 

Figure 5.1. Open-loop motor control block diagram. 

                                                                 

1 Open-Loop Controller, https://en.wikipedia.org/wiki/Open-loop_controller 

http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
https://en.wikipedia.org/wiki/Open-loop_controller
https://en.wikipedia.org/wiki/Stepper_motor
https://en.wikipedia.org/wiki/Inkjet_printer
https://en.wikipedia.org/wiki/Servomotor
https://en.wikipedia.org/wiki/Rotary_encoder
https://en.wikipedia.org/wiki/Closed-loop_controller
https://en.wikipedia.org/wiki/Open-loop_controller
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6 Problem Statement 

As illustrated in Fig. 5.1, open-loop control does not use feedback to the control processing that indicates how the 

output is actually working. The open-loop portion of this lab will use the potentiometer labeled Analog Control 

Input identified as R134 on the Basys MX3 schematic, as shown in Fig. 7.1. It will be used to set the percent PWM 

to operate the speed of the motor from 0 rpm to the maximum the motor can achieve given the motor 

performance and the supply voltage. Monitoring of specific signals will validate the control of the PWM output by 

the Analog Input Control potentiometer using the Analog Discovery 2 and a digital multimeter. 

 

7 Background Information 

7.1 Analog Speed Control 

The potentiometer labeled the Analog Input Control (R134) on the Basys MX3 trainer board, as shown in Fig. 7.1, 

will be used as the input for controlling the motor speed. The potentiometer wiper terminal is connected to the 

PIC32MX370 processor Port B pin 2. Using the PIC32 analog-to-digital converter (ADC) is rather straightforward 

with the aid of the example code provided by the MPLAB X Help for the XC32 Peripheral Libraries. Listing B.1 in 

Appendix B shows how to initialize an ADC channel to continuously sample and convert analog data. Listing B.2 is 

example code to read the most recent ADC conversion and call functions to set the motor direction of rotation and 

speed. The motor control is discussed in section 7.4 below.   

 

Figure 7.1. Analog Input Control schematic diagram. 

7.2 Motor Speed Indication 

Section 7.2.1 of the Unit 6 tutorial describes the details of measuring the period of the pulse output of a digital 

tachometer. Listing B.3 and B.4 of this text present the code for initializing the input capture to generate an 

interrupt on every positive transition and the interrupt service routine that computes the period between 

successive captures. Since the period measurement is instantaneous, it is very sensitive to input noise. One means 

of reducing the effects of noise on a measurement is to implement a low-pass filter using a moving average (MA) 

algorithm. This common smoothing algorithm is expressed in Eq. 7.1. The smooth output, y[i], requires the N-1 

past inputs to be summed and that sum to be divided by the value of N. The filter expressed in Eq. 7.1 is a non-

http://www.analog.com/media/en/technical-documentation/dsp-book/dsp_book_Ch15.pdf
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recursive implementation that only uses past inputs to generate the newest output average. It requires N addition 

operations and one division as well as N-1 memory locations. 

𝑦[𝑖] =
1

𝑁
∑ 𝑥𝑁−1

𝑗 [𝑖 + 𝑗]          Eq. 7.1 

Eq. 7.2 is a recursive implementation of the same moving average. The newest average is a function of only two 

inputs, the present input and the input captured N samples back, and the last computed moving average, y[n-1]. 

The advantage of Eq. 7.2 is that only two additions (one add and one subtract) and one division is needed 

regardless of the size of N, while requiring N+1 memory locations.  

𝑦[𝑛] =
(𝑥[𝑛]−𝑥[𝑛−𝑁])

𝑁
+ 𝑦[𝑛 − 1]         Eq. 7.2 

Software timing tests reveal that 24 μs is required for an 8-point MA filter μs using Eq. 7.1, while only 8 μs is 

required for Eq. 7.2. The advantage of Eq. 7.2 is even greater when one realizes that the execution time of Eq. 7.2 

does not depend on the value of N. 

7.3 DC Motor Power Control 

In this lab we will be using a permanent magnet brushed DC motor, as shown in Fig. 7.2, where the speed of a DC 

motor is proportional to the applied DC voltage. References 3 and 4 provide insight on the speed control 

characteristics of this type of electric motor. The characteristic of interest to us is that the speed of the motor is 

roughly proportional to the applied DC voltage. The challenge for Lab 6a is how best to generate a variable DC 

motor supply using the PIC32 processor. 

 

Figure 7.2. DC Motor with digital tachometer. 

The motor driver IC on the Basys MX3 processor platform is shown in Fig. 7.3. The DC motor with a Hall sensor 

tachometer that will be used for this lab is shown in Fig. 7.2. The motor wires used for power input and 

tachometer output are identified in Fig. 7.3. A 5.0 V external power supply is required to be connected to J11, 

marked as VBAR on the Basys MX3 processor board. A jumper must be used on JP1 to connect the 5V power, 

VBAR, to the motor supply, VM. 

https://en.wikipedia.org/wiki/Brushed_DC_electric_motor
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Figure 7.3. Basys MX3 Motor driver circuit. 

Table 7.1. Motor driver IC7 connection to PIC32 processor. 

Function IC7 Pin PIC32 Port Pin Function Motor Connector 

AIN1 10 RB3 Motor Supply + Red 

BIN1 8 RE9 Not Used - Set to zero  

AIN2 9 RE8 Motor Supply - Black 

BIN2 7 RB5 Not used – Set to zero  

MODE 11 RF1 Set to 0  

 Pmod JA    

Vdd JA-12  +3.3V Brown 

Gnd JA-11  Gnd Green 

SA JA-10 RG9 Hall Sensor A Blue 

SB N/C  Hall Sensor B Purple 

 

For the motor to turn clockwise, the A1 output must be held low and the A2 output must be PWM modulated. The 

opposite is true of turning the motor in the counterclockwise direction. A PWM output can be held at zero level 

simply by setting the output compare value to zero. Similarly, a PWM value can be held high by setting the output 

compare to a value equal to or greater than the timer period. Example code for configuring and implementing a 

bidirectional variable speed control of a DC motor is shown in Listing B.6 through B.8.  

7.4 DC Motor Speed Control 

PWM output from a PIC32 requires the Output Compare and a reference timer. The OCMP example provided in 

the MPLAB XC32 Peripheral Library documentation provides an example of setting up a PWM output using Output 

Compare channel 1. For Lab 6a, we need only a 16-bit timer, hence we will use only Timer 2. If we want the PWM 

carrier frequency to be 1 kHz, we must set the PWM period to 1 ms.   

The Output Compare channel that implements the PWM uses Timer 2 to set the period and duty cycle. To allow 

the motor to rotate in a given direction, PWM output for signal AIN1 will be set to the desired duty cycle while the 

duty cycle for AIN2 will be set to zero. To reverse the direction of rotation, AIN1 will be set to zero and AIN2 will be 

set to the desired duty cycle using the macro instructions shown in Listing B.6 as SetDCOC2PWM(a); where the 

variable “a” equals PWM_PERIOD * duty_cycle/100 and %duty cycle ranges in value from 0 to 100. Since the 
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analog input varies between 0 and 1023 while the motor control varies between zero and 100%, the duty cycle 

variable is computed from the following equation. 

% 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 = (
𝐴𝑁2∗100

1023
)         Eq. 7.3 

Note that since we are using integer math, truncation errors will be minimized if multiplication is completed prior 

to the division operation, which is the C inherent precedence unless forced to do otherwise, provided that the 

multiplication does not exceed the maximum value for an unsigned integer. Listings B.6 through B.8 show the code 

needed to setup and control the two PWM channels.  

 

8 Lab 6b 

8.1 Requirements 

1. Phase 1: Background Tasks 

a. All background tasks will be executed once each 250 ms, which includes reading the following 

actions: Reading the Analog Input Control voltage, reading the states of slide switches SW5 

through SW7, and changing the PWM secondary compare registers.   

b. Using the slide switches on the Basys MX3 board, control the motor operations as listed in Table 

8.1.  

Table 8.1. Motor control modes. 

Slide Switch LOW HIGH 

SW5 
Run the motor according to the direction set by 
SW7 

Coast operation 

SW6 
Run the motor according to the direction set by 
SW7 

Brake (STOP)  

SW7 Rotate CCW at speed set by analog input control 
Rotate CW at speed set by analog input 
control 

 

2. Phase 2: Foreground Tasks 

a. The PWM period is set for 1 ms using Timer 2. 

b. The Timer2 ISR is to complete the following: 

i. The “Analog Input Control” on the Basys MX3 is to adjust the percent PWM from zero to 

100 %. 

ii. The percent PWM must be converted to motor speed based on the percent of the PWM 

period. 

3. Phase 3: Background Tasks 

a. The tachometer speed in revolutions per second (RPS) is to be displayed on the Character LCD. 

The first line displays “PWM = ##%”. The second LCD line displays “RPM=####”. (The motor 

speed in RPS is equal to the tachometer frequency in Hz.) 

b. The same data that is displayed on the LCD is to be sent to the UART channel as a single line of 

text at 38200 BAUD with no Parity. 

4. Phase 4: Foreground Tasks 

a. The motor speed is adjusted by writing to the PWM output control register each time the Timer 2 

interrupt occurs. 

b. Basys MX3 JA-10 (PIC32MX370 Port G pin 9) is to be used for the Input Capture channel 1. 
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c. The tachometer frequency is to be updated each positive transition of the tachometer input 

signal.  

d. Timer 3 is to be used as the time reference for input capture.  

e. An interrupt is to be generated on each positive transition of the tachometer signal. 

f. The input capture ISR is to compute the motor speed in RPS and toggle Port F pin 6. (This pin is 

assigned to be the SPI CLK pin but since we are not using SPI communications in this lab, we will 

use it as an indication of a tachometer transition.) 

8.2 Design Phase 

This design will be completed in two phases. The first phase results in the open loop motor control using the 

Digilent Analog Discovery 2 as the instrumentation to verify correct motor control. The second phase adds the 

tachometer to the design to allow the PIC32 to display the motor performance on the LCD.  

1. Phase 1 

a. Create a data flow diagram that partitions this assignment into task functions as follows: 

i. A system hardware and resource initialization. 

ii. Motor operation control using switches SW5 through SW7. 

iii. PWM duty cycle control using the Analog Input Control potentiometer.  

b. Create the control flow diagrams that describe the process to implement the design 

requirements for Phase 1. 

2. Phase 2  

a. Create a data flow diagram that modifies the one created for Phase 1 but adds the following 

tasks: 

i. Tachometer period measurement 

ii. LCD display 

iii. UART output 

b. Create the control flow diagrams that describe the process to implement the design 

requirements for Phase 2. 

8.3 Construction Phase 

1. Phase 1 Construction 

a. Monitor the PIC32 PWM outputs using the Analog Discovery 2 set to display digital channels 12 

and 13 that are connected to AIN1 and AIN2. 

b. Develop code for Phase 1 of the project design.  

i. Initialize the ADC10, Input Capture, and the Output Compare as per Listings B.1, B.3, B.6, 

and B.7.  

ii. Configure the ADC10 for continuous sample and conversion as per Listing B.1. 

iii. Configure the output compare to generate PWM signals for AIN1 and AIN2 that is 

updated each PWM cycle. (See Listings B.6 and B.7.) 

iv. Configure the Input Capture Channel 1 to trigger an interrupt on every positive 

transition of tachometer signal connected to JA-10 (Port G pin 9) as per Listing B.3. 

Note: Pin 6 of Port F is to be toggled each timer capture interrupt. This pin is assigned to 

the Analog Discovery 2 DIO 4 and is not used for the SPI clock. The pin is configured in 

Listing B.3 and toggled in Listing B.4. 

v. Complete the Timer2 ISR to read the Analog Input Control and set the PWM output as 

per Listing B.2. 
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vi. Complete the background coding that has an infinite 250 ms loop with no other 

functionality operations (at this point).  

c. Proceed to Phase 1 testing. 

2. Phase 2 Construction 

a. Attach the workstation monitor and launch the terminal emulator application. 

b. Port in the LCD code from Lab 3a or 3b into this project and display the motor Analog Control 

Input value, the percentage PWM and the motor speed in RPM. 

c. Port the UART code from Lab 4a into this project and initialize for 38000 BAUD with no parity. 

d. Modify the background task to update the LCD and UART once each 250 ms.  

8.4 Testing 

1. Phase 1 

a. Set SW5, SW6 and SW7 low. 

b. Connect a digital voltmeter from the AIC terminal to the GND terminal. 

c. Adjust the Analog Input Control for a digital voltmeter reading of approximately 1.7 V for 60% 

PWM. 

d. With the project running, set the Analog Discovery 2 to capture the waveforms for AIN1 and 

AIN2. The display should be similar to Fig. 8.1 when SW7 is off (low) and similar to Fig. 8.2 when 

SW7 is on (high). 

 

Figure 8.1. H-Bridge inputs for CW motor rotation for 60% PWM. 

 

Figure 8.2. H-Bridge inputs for CCW motor rotation for 60% PWM. 

e. Capture a waveform as shown in Fig. 8.1 or Fig. 8.2 to determine the PWM period and duty cycle. 

Record the PWM period and duty cycle values. 
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e. Observing the signal traces on the Analog Discovery 2 Logic Analyzer, verify that the AIN1 and 

AIN2 outputs conform to the four operational modes listed in Table 8.1 above. 

f. Repeat Testing Steps 1.a, 1.c, 1.e above for the Analog Control Voltage set for 1.0 V and 3.0 V. 

2. Phase 2. 

a. Vary the percentage PWM from 0% to 100% in 11 steps using the Analog Input Control 

potentiometer on the Basys MX3 board and record the displayed Analog Control Voltage, the 

percentage PWM, and the motor speed in RPM. 

b. Enter the 11 measurements made in part a into a spreadsheet program, such as Microsoft Excel. 

c. Plot the motor speed vs. percent PWM as demonstrated in Fig. 8.3. All motors have different 

power-speed characteristics. 

 

Figure 8.3. Example plot of motor speed vs. %PWM. 

 

9 Questions 

1. After plotting the data in Phase 2 testing part c, describe the resulting curve. 

2. Explain whether Input Capture, Timer 2, or Timer 3 should be set to the higher interrupt level. 

3. If Input Capture, Timer 2, and Timer 3 are set at the same priority level, explain which interrupt should be 

set to the higher sub interrupt level. 

4. Explain the difference in interrupt operation between question 2 and question 3. 

5. Consider the case when the motor draws more current than can be supplied by a single H-Bridge driver 

and the outputs from A1 must be in parallel with B1 and A2 in parallel with B2. What effect on motor 

operations does changing the primary output compare registers (OCxR) instead of the secondary output 

compare registers (OCxRS)? 
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https://www.precisionmicrodrives.com/application-notes/ab-022-pwm-frequency-for-linear-motion-control
http://ww1.microchip.com/downloads/en/AppNotes/01353A.pdf
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Appendix A: Lab 6a Motor Configuration 

 

Figure A.1. DC Motor connection to the Basys MX3 processor board. 
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Appendix B: Lab 6a Code Listings 

Listing B.1. Initialize ADC10 to Read Analog Channel 2 

void ADC10Init() 
{ 
// define setup parameters for OpenADC10 
               // Turn module on | output integer  | trigger mode auto | enable auto sample 
#define ADC_PARAM1  ADC_MODULE_ON | ADC_FORMAT_INTG | ADC_CLK_AUTO | ADC_AUTO_SAMPLING_ON 
 
// define setup parameters for OpenADC10 
                    // ADC ref external | disable offset test | disable scan mode | 
                    //perform 2 samples | use dual buffers | use alternate mode 
#define ADC_PARAM2  ADC_VREF_AVDD_AVSS | ADC_OFFSET_CAL_DISABLE | ADC_SCAN_OFF | \\ 
                   ADC_SAMPLES_PER_INT_2 | ADC_ALT_BUF_ON | ADC_ALT_INPUT_ON 
 
// define setup parameters for OpenADC10 
                  // use ADC internal clock | set sample time 
#define ADC_PARAM3  ADC_CONV_CLK_INTERNAL_RC | ADC_SAMPLE_TIME_15 
 
// define setup parameters for OpenADC10 
                  // do not assign channels to scan 
#define ADC_PARAM4    SKIP_SCAN_ALL 
// define setup parameters for OpenADC10 
                  // set AN2 as analog inputs 
#define ADC_PARAM5    ENABLE_AN2_ANA Motor driver output pin assignments 
 
// wait for the first conversion to complete so there will be valid data  
// in ADC result registers 
   while ( !AD1CON1bits.DONE ); 
 
// Start Timer 2 interrupts 
   OpenTimer2((T2_ON | T2_SOURCE_INT | T2_PS_1_4), PWM_PERIOD-1); 
   ConfigIntTimer2(T2_INT_ON | T2_INT_PRIOR_1); 
 
   INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR); 
   INTEnableInterrupts(); 
 
} 
 

Listing B.2. Timer 2 ISR to Read ADC10 Channel 2 and set PWM 

int speed; // variable is required to be declared global 

void __ISR(_TIMER_2_VECTOR, IPL1SOFT) Timer2Handler(void) 
{ 
unsigned int offset; 
unsigned int channel2; 
int  
// Determine buffer offset 
   offset = 8 * ((~ReadActiveBufferADC10() & 0x01));   
 
// Read the result of channel 2 conversion from the idle buffer 
   channel2 = ReadADC10(offset);      // Read the analog buffer 
   speed = (channel2 * 100) / ADCMAX; // Convert to PWM in % 
 
// User supplied code to determine required motor control mode as per 
// Requirements and “MOTOR_CTRL” declaration in Listing 6 below. 
 
   motor(motor_control_mode, speed);  // Set motor rotation direction and speed  
 
   mT2ClearIntFlag();   // Clear Timer 2 interrupt flag 
} 
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Listing B.3. Input Capture and Timer 3 Initialization 

#define T3_TICK          0    // Maximum Timer 3 period 
#define TACHout  BIT_6  // RF6 is for tachometer instrumentation 
tachInit(void) 
{ 
   PORTSetPinsDigitalOut(IOPORT_F, TACHout);   // Instrumentation only 
    
// Enable Input Capture Module 1 
   // - Capture every rising edge 
   // - Enable capture interrupts 
   // - Use Timer 3 source 
   // - Capture rising edge first 
   ANSELGbits.ANSG9 = 0;             // Set RG9 as digital IO 
   TRISGbits.TRISG9 = 1;             // Set RG9 as input 
   ConfigCNGPullups(CNG9_PULLUP_ENABLE);    // Enable pull-up resistor 
   IC1R = 0b00000001;                // Map RG9 to Input Capture 1 
   OpenCapture1( IC_EVERY_RISE_EDGE | IC_INT_1CAPTURE | IC_TIMER3_SRC |\ 
                 IC_FEDGE_RISE | IC_ON );   
   ConfigIntCapture1(IC_INT_ON | IC_INT_PRIOR_3 | IC_INT_SUB_PRIOR_0); 
 
// Timer 3 initialization 
   mIC1ClearIntFlag(); 
   ConfigIntTimer3(T3_INT_ON | T3_INT_PRIOR_2 | T3_INT_SUB_PRIOR_0); 
   OpenTimer3( T3_ON | T3_PS_1_16, T3_TICK-1);  
   mT3IntEnable(1);                  //  EnableIntT3 – ISR for Timer 3 is required 
 
} 
 

Listing B.4. Input Capture ISR 

void __ISR( _INPUT_CAPTURE_1_VECTOR, IPL3SOFT) Capture1(void) 
{ 
   ReadCapture1(con_buf);          // Read captures into buffer 
   PORTToggleBits(IOPORT_F, TACHout); // For tachometer instrumentation  
 
// User supplied code to determine the period between two successive interrupts 
 
   mIC1ClearIntFlag(); 
} 
 

Listing B.5. Timer 3 ISR 

void __ISR(_TIMER_3_VECTOR, IPL2SOFT) Timer3Handler(void) 
{ 
// User supplied code to blink LED 3 once each second for indication only 
   mT3ClearIntFlag(); 
} 
 

Listing B.6. PWM Constants and Macros Definitions  

// Motor driver output pin assignments 
#define AIN1bit         BIT_3    // RB3 
#define AIN2bit         BIT_8       // RE8 
#define ENAbit          AIN2bit     // RE8 
#define MODEbit         BIT_1       // RF1 
 
// Motor drive pin control macros 
#define setPHASEA1(a);  {if(a) LATBSET = AIN1bit; else LATBCLR = AIN1bit;} 
#define setPHASEA2(a);  {if(a) LATBSET = AIN2bit; else LATBCLR = AIN2bit;} 
#define setENA(a);      {if(a) LATESET = ENAbit; else LATECLR = ENAbit;} 
 
// IO pin mapping constants 
#define PPS_RE8_OC2 0b00001011     // Map RE8 to OC2 for PWM      
#define PPS_RB3_OC4 0b00001011     // Map RB3 to OC4 for PWM      
 
// PWM period constants 
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#define PWM_PERIOD      (GetPeripheralClock()/1000)-1  // One ms PWM period 
#define PWM100          PWM_PERIOD          // 100% PWM duty cycle  
 
// Motor control macros – the parameter “a” is the PWM percentage multiplied by the 
// PWM period and divided by 100. 
#define MOTOR_MODE(a)   { if(a) {LATFSET = MODEbit; else LATBCLR = MODEbit;} 
#define MOTOR_COAST();  { SetDCOC2PWM(0); SetDCOC4PWM(0) } 
#define MOTOR_CW(a);    { SetDCOC4PWM(a); SetDCOC2PWM(0) }  
#define MOTOR_CCW(a);   { SetDCOC4PWM(0); SetDCOC2PWM(a) }   
#define MOTOR_STOP();   { SetDCOC2PWM(PWM100); SetDCOC4PWM(PWM100); } 
enum  MOTOR_CTRL {COAST=0, CW, CCW, BRAKE} ; 

Listing B.7. PWM Initialization 

void motor_init(void)  
{ 
// Set all motor driver outputs zero 
   setPHASEA1(0); 
   setPHASEA2(0); 
    
// Make motor driver pins outputs 
   PORTSetPinsDigitalOut(IOPORT_B, AIN1bit );  //RB3 
   PORTSetPinsDigitalOut(IOPORT_E, AIN2bit );  //RE8 
 
// Map Port pins to output compare channels 
   RPB3R = PPS_RB3_OC4;            // Map RB3 to OC4 for PWM      
   RPE8R = PPS_RE8_OC2;            // Map RE8 to OC2 for PWM      
    
// Set motor driver IC for parallel outputs 
   setMOTOR_MODE(0); 
 
// Initialize two PWM channels     
   OpenTimer2((T2_ON | T2_SOURCE_INT | T2_PS_1_1), PWM_PERIOD); 
   ConfigIntTimer2(T2_INT_ON | T2_INT_PRIOR_1); 
   OpenOC2((OC_ON|OC_TIMER_MODE16|OC_TIMER2_SRC|OC_PWM_FAULT_PIN_DISABLE),  
           0, 0); 
   OpenOC4((OC_ON|OC_TIMER_MODE16|OC_TIMER2_SRC|OC_PWM_FAULT_PIN_DISABLE),  
           0, 0); 
 
// Enable all interrupts 
   INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR); 
   INTEnableInterrupts(); 
} 

Listing B.8. Code Listing Motor Direction and Speed Control  

void motor(enum MOTOR_CTRL mc, unsigned int speed) 
{ 
unsigned int pwm; 
   pwm = ((speed * PWM_PD)/100) - 1;    // Compute PWM setting values for Lab 6a only 
/* Insert code that implements the specifications for Lab 6b here */ 
   switch (mc)                 //  Determine direction of rotation 
   { 
       case COAST: 
           MOTOR_COAST();      // Set all outputs off 
           break; 
       case CW: 
           MOTOR_CW(pwm);      // Set CW speed 
           break; 
       case CCW: 
           MOTOR_CCW(pwm);     // Set CCW speed 
           break; 
       case BRAKE: 
           MOTOR_BRAKE();      // Set all outputs on to short motor inputs 
           break; 
   } 
} 
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1 Objectives 

1. Generate PWM outputs to implement analog motor supply voltage. 

2. Implement a tachometer operation using PIC32 Timers. 

3. Develop MPLAB X projects that implement closed-loop motor control. 

4. Develop the C program code to implement a PI controller and a moving averaging digital filter. 

5. Manage multiple background tasks in an interrupt driven system. 

6. Send real-time data to monitoring devices. 

 

2 Basic Knowledge 

1. Fundamental knowledge of linear systems.  

2. How to configure IO pins on a Microchip® PIC32 PPS microprocessor.  

3. How to implement a real-time system using preemptive foreground-background task control. 

4. How to generate a PWM output with the PIC32 processor. 

5. How to configure the Analog Discovery 2 to display logic traces. 

6. How to implement the design process for embedded processor based systems. 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

4. 5 V DC motor with tachometer 

5. 5 V, 4A power supply 

In addition, we suggest the following instruments: 

6. Analog Discovery 2  

3.2 Software 

The following programs must be installed on your development work station: 

http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/motor-gearbox-1-19-gear-ratio-custom-12v-motor-designed-for-digilent-robot-kits/
http://store.digilentinc.com/5v-4000ma-switching-power-supply/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
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1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2) 

5. PuTTY Terminal Emulation 

6. Spreadsheet application (Microsoft Excel) 

 

4 Project Takeaways 

1. How to read an analog voltage with a PIC32 processor. 

2. How to use the PIC32 Output Compare to implement a PWM analog output. 

3. How to use the PIC32 Timer external input to measure frequency to implement a tachometer. 

4. How to use the PIC32 Input Capture period measurement to implement a tachometer. 

5. Fundamental analog and filtering concepts for data smoothing and closed-loop control. 

 

5 Fundamental Concepts 

The purpose of this laboratory exercise is to implement a closed-loop control system to control the speed on a DC 

electric motor. The processing involves two different types of analog inputs and generating an analog output using 

pulse-width modulation. We will see how both analog and digital signal conditioning can reduce measurement 

noise that can degrade system performance. This lab requires that an electronic circuit be constructed to provide 

an interface between the Basys MX3 board and the DC motor tachometer.  

5.1 Feedback Control 

Feedback control is a common and powerful tool when designing a control system that can compensate for load 

variations and perturbations. A feedback loop as portrayed in Fig. 5.1, taking the system output into consideration. 

This enables the system to adjust its performance to meet a desired output response in spite of variations in motor 

characteristics, noise, and disturbances that may be introduced anywhere in the system.  

The controller action and feedback compensation is implemented using digital filtering and digital control theory. 

Digital filtering involves discrete time and discrete amplitude signals that are generated when continuous signals 

are sampled with an analog-to-digital converter at fixed time intervals.1 The primary objective of the control 

system is to achieve zero error, designated as “en” in Fig. 5.1. The error signal is the difference between the sum of 

the control inputs, rn, and the feedback signal, yn. The variable cn is the output from the control algorithm used to 

drive the system machine or process. The subscript “n” on these variable denotes the fact that they are generated 

at discrete times.  

                                                                 

1 Signal Processing for Communications, Chapter 1.3, http://www.sp4comm.org/webversion/livre.html#x1-
100001.3   

http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://www.putty.org/
https://en.wikipedia.org/wiki/Discrete-time_signal
https://en.wikipedia.org/wiki/Continuous_signal
http://www.sp4comm.org/webversion/livre.html#x1-100001.3
http://www.sp4comm.org/webversion/livre.html#x1-100001.3


Lab 6b: Closed-loop Process Control  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 3 of 15 

 

 

Figure 5.1. Closed-loop motor control block diagram. 

Besides changes in mechanical loads on the motor, the major sources of noise or disturbances into the control 

loop is from the output amplifier, the process converting electrical energy to mechanical energy, and the 

tachometer used to measure the mechanical output. Noise can also be introduced on both the analog and discrete 

inputs. In our system we will consider only disturbed signals at the output of the tachometer and the output of the 

signal conditioning comparator. 

5.2 Closed-loop Motor Control 

Negative feedback generally promotes faster settling to an equilibrium condition and reduces the effects of 

perturbations, as opposed to positive feedback. Systems employing negative feedback loops, in which just the right 

amount of correction is applied with optimum timing, can be very stable, accurate, and responsive. 

Considering the problem of controlling the speed of a DC motor, we will use negative feedback to cause the motor 

speed to be linearly dependent on the Analog Input Control voltage. Since the speed of the motor is roughly 

proportional to the applied voltage, it would seem that one would simply need to construct an equation that 

describes speed as that particular function of voltage, and then set the motor voltage based on the desired speed. 

This was the approach we took in Lab 6a. However, the motor speed is also a function of the load applied to the 

motor and dynamic effects such as friction and inertia. Closed-loop controllers are used to compensate for those 

issues that affect the motor speed and provide a linear response to linear inputs. 

The issue now becomes choosing the algorithm that the microprocessor must implement to provide the desired 

speed control under varying load conditions. As described in Appendix C of Unit 6, classical controls uses 

proportional plus integral plus derivative (PID) control, which works well for controlling many dynamic systems. 

Other types of controllers use fuzzy logic and artificial neural networks (ANN) and are most suited for controlling 

extremely nonlinear systems.  

Because of the difficulty of “tuning” PID controllers to avoid instability, this lab will use just proportional plus 

integral (PI) control. Classical control designs use mathematical equations to describe continuous systems and 

define the controller action, specifically differential equations and Laplace transforms. For digital computers to 

implement the controller action, the continuous equations must be transformed into a form that can be converted 

to digital code, as discussed in Unit 6. 

 

https://en.wikipedia.org/wiki/Classical_control_theory
https://en.wikipedia.org/wiki/PID_controller
https://en.wikipedia.org/wiki/Fuzzy_logic
https://en.wikipedia.org/wiki/Artificial_neural_network
https://en.wikipedia.org/wiki/PID_controller
https://en.wikipedia.org/wiki/PID_controller
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6 Problem Statement 

As illustrated in Fig. 5.1, closed-loop control incorporates a feedback signal along with the analog and discrete 

inputs to the control process. The tachometer frequency will be measured by using the Input Capture of the PIC32 

to determine the signal period which is then inverted to yield the frequency. The tachometer period 

measurements are filtered with a moving averaging low pass digital filter as described in Lab 6a.  

This lab is to use a digital implementation of proportional plus integral (PI) control in the control loop. The speed of 

the motor will be linearly dependent on the voltage controlled by the Analog Input Control potentiometer. This is 

described by Eq. 6.1 which results in linear motor speed control that will vary between 30% and 90% of maximum 

motor speed. 

𝑀𝑜𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑 = [(
𝐴𝑛𝑎𝑙𝑜𝑔 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ∗0.6

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝑛𝑎𝑙𝑜𝑔 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
) + 0.3] ∙ 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑚𝑜𝑡𝑜𝑟 𝑠𝑝𝑒𝑒𝑑    Eq. 6.1 

The range of 30% to 90% is selected on the characteristics of the DC motor we are using for Lab 6a and 6b. By 

experimentation, it was determined that when the motor supply is set to 5.0 V, the %PWM must be set above 25% 

to 28% or the motor will not turn as shown in Fig. 8.3 of Lab 6a. If the motor is not turning, then there are no input 

capture interrupts to set the RPS variable in the control algorithm. 

 

7 Background Information 

7.1 Closing the Control Loop 

Because of ease of implementation and stability, we will implement proportional plus integral (PI) control in this 

lab. The control algorithm for the PI control is implemented by the pseudo code of Listing 7.1. This code is 

executed at the frequency established by the PWM PERIOD. Any update to the PWM duty cycle is made when 

Timer 2 resets.  

The software shown in Listing B.6 of Lab 6a specifies where to add the PI control code for the pseudo code in 

Listing 7.1 below. (This code is reproduced from Listing C.1 of the Unit 6 tutorial.) Using the motor specified in the 

Equipment List, the constant (KP+KI) is set to 60/1024 and (KP-KI) to 60/1024. These constants were selected by 

experimentation solely for demonstration purposes and may need to be adjusted for other types of motors.  

Listing 7.1. Pseudo Code for Digital PI Controller 

#define GetPeripheralClock() 10000000   // PBCLK set in config_bits.h 
#define PWM_MAX (GetPeripheralClock()/10000)  // Set output range 
#define PWM_MIN 0  
     
static int ERROR = 0;     // Initial value for en-1 
static int CTRL = 0;     // Initial value for cnn-1 

 
TACH = Read motor speed (Hz);    // Global variable set by InputCapture ISR 
// The SET_SPEED reference input is scales using a first order polynomial in the form y = ax + b to set the slope, a, with 
//  units rps/ADC bit and ”b” being the minimum speed when the ADC input is zero 
SET_SPEED = Scaled potentiometer setting                  // Determine speed set point from ADC 

 
ERROR_LAST = ERROR;                   // Save previous error and control values  
CTRL_LAST = CTRL; 
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ERROR = SET_SPEED - TACH;                 // Compute new error value 
 

CTRL = (KP + KI)*ERROR - (KP - KI)*ERROR_LAST + CTRL_LAST; // Compute new control output value 
 

if(CTRL > PWM_MAX) then PWM_CONTROL = PWM_MAX; else // Limit output range to prevent windup 
{ 

If (CTRL < PWM_MIN)  then PWM_CONTROL = PWM_MIN;  else 
PWM_CONTROL = CTRL;    // Output PWM value 

} 
 
Figure 7.1 was generated by monitoring the motor tachometer using the SPI_CK DIO 4 pin on the Analog Discovery 

2 connector that is toggled in the input capture ISR, as shown in Listing B.4 of Lab 6a. Examining the plot for the 

tachometer in Fig. 7.1, we see than the PI algorithm requires about 150 ms to achieve steady state. 

 

Figure 7.1. Motor speed response for a step input from CW to CCW at 30% PWM for PI closed-loop control. 

 

8 Lab 6b 

The DC motor used in Lab 6a and 6b has a 19 to one reduction gear on the output shaft. The Hall Effect sensor 

used for the tachometer is mounted to the motor shaft and hence will be rotating 19 times faster than the output 

shaft. All motor speed measurements are based on the tachometer. 

This lab will be divided into two phases. The first phase uses open-loop control with proportional control that 

includes the tachometer input to the processor. The tachometer input will be filtered with a moving average digital 

filter before being displayed on the LCD and sent to the UART. 

Phase two incorporates proportional plus integral control of the motor speed control. The reference input, rn, will 

be derived from the Analog Control Input using the relationship previously described in Eq. 6.1. 

8.1 Requirements 

1. Phase 1: Background Tasks 

a. Same as background tasks for Lab 6a. 

b. Set peripheral bus clock for 10 MHz in config_bits.h. 

c. Timer 2 is to be used for the PWM generation 

i. Set the Timer 2 input clock for 10 MHZ 

ii. Set the Timer 2 period for 10000 counts 

d. Timer 3 is to be used as the time reference for input capture.  

i. Set the Timer 3 input clock for 625000. 
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ii. Set the Timer 3 period for maximum counts (65536). 

2. Phase 1: Foreground Tasks 

a. Same as foreground tasks for Lab 6a. 

b. Basys MX3 JA-10 (PIC32MX370 Port G pin 9) is to be used for the Input Capture channel 1. 

c. Input Capture ISR 

i. An interrupt is to be generated on each positive transition of the tachometer signal. 

ii. Read the captured Timer 3 value. 

iii. Compute the period of the tachometer signal as the difference between two successive 

Timer 3 captures. 

iv. Implement a fourth order Moving Averaging low-pass filter to reduce noise on the 

period measurement. 

v. Compute the motor speed in RPS to be used in the PI control loop and the background 

display tasks, assuming that the motor speed in revolutions per second (rps) is the same 

as the tachometer frequency. 

d. Timer 2 ISR 

i. Read the ADC 

ii. Compute the set speed using Eq. 6.1 above 

iii. Compute the actual motor speed as a percentage of maximum speed when PWM is set 

to 100%. 

iv. Implement the control algorithm following the pseudo code shown in Listing 7.1 and 

using the control constants provided in Unit 6 background text. 

3. Phase 2: Background Tasks 

a. All background tasks are to be serviced every 250 ms. 

b. The motor speed setting (spd), the tachometer measurement (rps), PWM control output (cn), 

and the control error (en) is to be displayed on the Basys MX3 LCD as shown in Fig. 8.1. 

 
 

Figure 8.1. LCD display for closed loop operation. 

c. In addition to the data displayed on the LCD in Fig. 8.1, display the measured Analog Input 

Control voltage on your workstation terminal as shown in Fig. 8.2. 
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Figure 8.2. Terminal screen for closed loop motor control. 

d. Using the slide switches on the Basys MX3 board, control the motor operations as listed in Table 

8.1. 

Table 8.1. Motor control modes 

Slide 
Switch 

LOW HIGH 

SW5 
Run the motor according to the direction set by 
SW7 

Coast operation 

SW6 
Run the motor according to the direction set by 
SW7 

Brake (STOP)  

SW7 Rotate CCW at speed set by analog input control 
Rotate CW at speed set by analog input 
control 

 

4. Phase 2: Foreground Tasks 

a. Input Capture ISR 

i. Compute the difference in Timer 3 ticks between two successive positive transitions of 

the tachometer. 

ii. Implement a 4th order moving average on the tachometer period. 

iii. Compute the motor speed in RPS. 

b. The Timer 2 will serve the following functions: 

i. The PIC32 ADC will read the digitized value of the “Analog Input Control” voltage. 

ii. Scale the analog control voltage as described by Eq. 6.1. 

iii. Compute the PWM output from the proportional plus integral (PI) algorithm. 

iv. Write to the output compare secondary registers (OCxRS) that generate the PWM 

output. 

8.2 Design Phase 

This design will be completed in two phases.   

1. Phase 1 

a. Complete the design for Phase 1 and 2 of Lab 6a. 

b. Modify the Input Capture function that measures the tachometer period to implement the 

moving average low pass filter specified by the Requirement 4.ii.   
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c. Create the control flow diagrams that describe the process to implement the design 

requirements for Phase 1. 

2. Phase 2  

a. Create a data flow diagram that modifies the one created for Phase 1 but adds the following 

tasks. 

i. LCD display as specified in the requirements 

ii. UART output as specified in the requirements 

iii. Add the PI control and motor PWM control to the Timer 2 ISR  

b. Create the control flow diagrams that describe the process to implement the design 

requirements for Phase 2. 

8.3 Construction Phase 

1. Since the motor must be turning before the tachometer will generate the pulses needed to cause an input 

capture, I recommend that the motor operate in open-loop mode for a few hundred milliseconds so a 

valid motor speed reading can be used in the closed-loop algorithm. 

2. Phase 1 

a. Complete Phase 1 and 2 of Lab 6a. 

i. Develop background and foreground functions. 

b. Proceed to Phase 1 testing 

3. Phase 2 

a. Attach the workstation monitor and launch the terminal emulator application. 

b. Port the LCD code from Lab 3a or 3b into this project and display the motor Analog Control Input 

value, the %PWM and the motor speed in RPM. 

c. Port the UART code from Lab 4a into this project and initialize for 38000 BAUD with no parity. 

d. Add the code necessary to initialize the input capture channel 1 (IC1) that uses Timer 3. 

e. Modify the background and foreground functions developed in Construction Phase 1 to report 

the motor operations. 

8.4 Testing 

1. Phase 1 

a. Set the Analog Input Control potentiometer for approximately 1 V. 

b. Run the project to make the DC motor spin. 

c. Measure the tachometer frequency using the oscilloscope measurements as shown in Fig. 8.3.  

 

Figure 8.3. Tachometer timing for 106 Hz Display on LCD. 
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d. Verify that the frequency measurement on the LCD and that reported to the UART terminal 

match. 

2. Phase 2. 

a. Maintain the oscilloscope connections as Phase 1 testing step c. 

b. Set the oscilloscope time base for 0.05 seconds per division 

c. Using the oscilloscope single trace, capture the tachometer transition just when the motor 

rotation direction is reversed using SW7, as shown in Fig. 8.4. 

 

Figure 8.4. PWM output timing. 

d. Determine the time for the motor to reach steady state rps in the new direction, marked by a 

uniform tachometer frequency. 

e. Adjust the Analog Input Control potentiometer for an ADC value of 0 to 1024 in steps of 100. 

Complete Table 8.2, recording the specified entries. 

Table 8.2. Closed loop motor speed performance. 

Analog Input ADC % PWM Motor Speed - RPS 

0   

100   

200   

300   

400   

500   

600   

700   

800   

900   

1000   

 
f. Using a spreadsheet program, plot the results for both the open loop control measured in Lab 6a 

and for the closed-loop control measured above. This plot should look similar to Fig. 8.5. 
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Figure 8.5. Motor speed vs Analog Input Control ADC value for open-loop (OL RPS) and closed-loop (CL RPS) control schemes.  

 

9 Questions 

1. What do you conclude from the plots in Fig. 8.5?  

2. Why does Fig. 7.1 show that the motor decelerates more quickly than accelerate? 

3. What affect does the order of tachometer moving averaging low pass filter have on the motor response 

time? 

4. What effect does the execution time for updating the LCD and sending the UART message have on the 

tachometer period measurements using the PIC32 capture and compare feature? 

5. What effect does the execution time for updating the LCD and sending the UART message have on the PI 

control algorithm? 
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Appendix A: Lab 6a Motor Configuration 

 

Figure A.1. DC Motor connection to the Basys MX3 processor board. 
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Appendix B: Lab 6a Code Listings 

Listing B.1. Initialize ADC10 to Read Analog Channel 2 

void ADC10Init() 
{ 
// define setup parameters for OpenADC10 
               // Turn module on | output integer  | trigger mode auto | enable auto sample 
#define ADC_PARAM1  ADC_MODULE_ON | ADC_FORMAT_INTG | ADC_CLK_AUTO | ADC_AUTO_SAMPLING_ON 
 
// define setup parameters for OpenADC10 
                    // ADC ref external | disable offset test | disable scan mode | 
                    //perform 2 samples | use dual buffers | use alternate mode 
#define ADC_PARAM2  ADC_VREF_AVDD_AVSS | ADC_OFFSET_CAL_DISABLE | ADC_SCAN_OFF | \\ 
                   ADC_SAMPLES_PER_INT_2 | ADC_ALT_BUF_ON | ADC_ALT_INPUT_ON 
 
// define setup parameters for OpenADC10 
                  // use ADC internal clock | set sample time 
#define ADC_PARAM3  ADC_CONV_CLK_INTERNAL_RC | ADC_SAMPLE_TIME_15 
 
// define setup parameters for OpenADC10 
                  // do not assign channels to scan 
#define ADC_PARAM4    SKIP_SCAN_ALL 
// define setup parameters for OpenADC10 
                  // set AN2 as analog inputs 
#define ADC_PARAM5    ENABLE_AN2_ANA Motor driver output pin assignments 
 
// wait for the first conversion to complete so there will be valid data  
// in ADC result registers 
   while ( !AD1CON1bits.DONE ); 
 
// Start Timer 2 interrupts 
   OpenTimer2((T2_ON | T2_SOURCE_INT | T2_PS_1_4), PWM_PERIOD-1); 
   ConfigIntTimer2(T2_INT_ON | T2_INT_PRIOR_1); 
 
   INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR); 
   INTEnableInterrupts(); 
 
} 
 

Listing B.2. Timer 2 ISR to Read ADC10 Channel 2 and Set PWM 

int speed; // variable is required to be declared global 

void __ISR(_TIMER_2_VECTOR, IPL1SOFT) Timer2Handler(void) 
{ 
unsigned int offset; 
unsigned int channel2; 
int  
// Determine buffer offset 
   offset = 8 * ((~ReadActiveBufferADC10() & 0x01));   
 
// Read the result of channel 2 conversion from the idle buffer 
   channel2 = ReadADC10(offset);      // Read the analog buffer 
   speed = (channel2 * 100) / ADCMAX; // Convert to PWM in % 
 
// User supplied code to determine required motor control mode as per 
// Requirements and “MOTOR_CTRL” declaration in Listing 6 below. 
 
   motor(motor_control_mode, speed);  // Set motor rotation direction and speed  
 
   mT2ClearIntFlag();   // Clear Timer 2 interrupt flag 
} 
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Listing B.3. Input Capture and Timer 3 Initialization 

#define T3_TICK          0    // Maximum Timer 3 period 
#define TACHout  BIT_6  // RF6 is for tachometer instrumentation 
tachInit(void) 
{ 
   PORTSetPinsDigitalOut(IOPORT_F, TACHout);   // Instrumentation only 
    
// Enable Input Capture Module 1 
   // - Capture every rising edge 
   // - Enable capture interrupts 
   // - Use Timer 3 source 
   // - Capture rising edge first 
   ANSELGbits.ANSG9 = 0;             // Set RG9 as digital IO 
   TRISGbits.TRISG9 = 1;             // Set RG9 as input 
   ConfigCNGPullups(CNG9_PULLUP_ENABLE);    // Enable pull-up resistor 
   IC1R = 0b00000001;                // Map RG9 to Input Capture 1 
   OpenCapture1( IC_EVERY_RISE_EDGE | IC_INT_1CAPTURE | IC_TIMER3_SRC |\ 
                 IC_FEDGE_RISE | IC_ON );   
   ConfigIntCapture1(IC_INT_ON | IC_INT_PRIOR_3 | IC_INT_SUB_PRIOR_0); 
 
// Timer 3 initialization 
   mIC1ClearIntFlag(); 
   ConfigIntTimer3(T3_INT_ON | T3_INT_PRIOR_2 | T3_INT_SUB_PRIOR_0); 
   OpenTimer3( T3_ON | T3_PS_1_16, T3_TICK-1);  
   mT3IntEnable(1);                  //  EnableIntT3 – ISR for Timer 3 is required 
 
} 
 

Listing B.4. Input Capture ISR 

void __ISR( _INPUT_CAPTURE_1_VECTOR, IPL3SOFT) Capture1(void) 
{ 
   ReadCapture1(con_buf);          // Read captures into buffer 
   PORTToggleBits(IOPORT_F, TACHout); // For tachometer instrumentation  
 
// User supplied code to determine the period between two successive interrupts 
 
   mIC1ClearIntFlag(); 
} 
 

Listing B.5. Timer 3 ISR 

void __ISR(_TIMER_3_VECTOR, IPL2SOFT) Timer3Handler(void) 
{ 
// User supplied code to blink LED 3 once each second for indication only 
   mT3ClearIntFlag(); 
} 
 

Listing B.6. PWM Constants and Macros Definitions  

// Motor driver output pin assignments 
#define AIN1bit         BIT_3    // RB3 
#define AIN2bit         BIT_8       // RE8 
#define ENAbit          AIN2bit     // RE8 
#define MODEbit         BIT_1       // RF1 
 
// Motor drive pin control macros 
#define setPHASEA1(a);  {if(a) LATBSET = AIN1bit; else LATBCLR = AIN1bit;} 
#define setPHASEA2(a);  {if(a) LATBSET = AIN2bit; else LATBCLR = AIN2bit;} 
#define setENA(a);      {if(a) LATESET = ENAbit; else LATECLR = ENAbit;} 
 
// IO pin mapping constants 
#define PPS_RE8_OC2 0b00001011     // Map RE8 to OC2 for PWM      
#define PPS_RB3_OC4 0b00001011     // Map RB3 to OC4 for PWM      
 
// PWM period constants 



Lab 6b: Closed-loop Process Control  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 15 of 15 

 

#define PWM_PERIOD      (GetPeripheralClock()/1000)-1  // One ms PWM period 
#define PWM100          PWM_PERIOD          // 100% PWM duty cycle  
 
// Motor control macros – the parameter “a” is the PWM percentage multiplied by the 
// PWM period and divided by 100. 
#define MOTOR_MODE(a)   { if(a) {LATFSET = MODEbit; else LATBCLR = MODEbit;} 
#define MOTOR_COAST();  { SetDCOC2PWM(0); SetDCOC4PWM(0) } 
#define MOTOR_CW(a);    { SetDCOC4PWM(a); SetDCOC2PWM(0) }  
#define MOTOR_CCW(a);   { SetDCOC4PWM(0); SetDCOC2PWM(a) }   
#define MOTOR_STOP();   { SetDCOC2PWM(PWM100); SetDCOC4PWM(PWM100); } 
enum  MOTOR_CTRL {COAST=0, CW, CCW, BRAKE} ; 

Listing B.7. PWM Initialization 

void motor_init(void)  
{ 
// Set all motor driver outputs zero 
   setPHASEA1(0); 
   setPHASEA2(0); 
    
// Make motor driver pins outputs 
   PORTSetPinsDigitalOut(IOPORT_B, AIN1bit );  //RB3 
   PORTSetPinsDigitalOut(IOPORT_E, AIN2bit );  //RE8 
 
// Map Port pins to output compare channels 
   RPB3R = PPS_RB3_OC4;            // Map RB3 to OC4 for PWM      
   RPE8R = PPS_RE8_OC2;            // Map RE8 to OC2 for PWM      
    
// Set motor driver IC for parallel outputs 
   setMOTOR_MODE(0); 
 
// Initialize two PWM channels     
   OpenTimer2((T2_ON | T2_SOURCE_INT | T2_PS_1_1), PWM_PERIOD); 
   ConfigIntTimer2(T2_INT_ON | T2_INT_PRIOR_1); 
   OpenOC2((OC_ON|OC_TIMER_MODE16|OC_TIMER2_SRC|OC_PWM_FAULT_PIN_DISABLE),  
           0, 0); 
   OpenOC4((OC_ON|OC_TIMER_MODE16|OC_TIMER2_SRC|OC_PWM_FAULT_PIN_DISABLE),  
           0, 0); 
 
// Enable all interrupts 
   INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR); 
   INTEnableInterrupts(); 
} 

Listing B.8. Code Listing Motor Direction and Speed Control  

void motor(enum MOTOR_CTRL mc, unsigned int speed) 
{ 
unsigned int pwm; 
   pwm = ((speed * PWM_PD)/100) - 1;    // Compute PWM setting values for Lab 6a only 
/* Insert code that implements the specifications for Lab 6b here */ 
   switch (mc)                 //  Determine direction of rotation 
   { 
       case COAST: 
           MOTOR_COAST();      // Set all outputs off 
           break; 
       case CW: 
           MOTOR_CW(pwm);      // Set CW speed 
           break; 
       case CCW: 
           MOTOR_CCW(pwm);     // Set CCW speed 
           break; 
       case BRAKE: 
           MOTOR_BRAKE();      // Set all outputs on to short motor inputs 
           break; 
   } 
} 
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1 Introduction 

This unit focuses on processing signals in the audio frequency range using digital signal processing (DSP) concepts 

with the PIC32MX370 microprocessor. Lab 7a investigates a method of generating multiple frequency signals 

without using transcendental functions or lookup tables. Lab 7b uses Discrete Fourier Transforms (DFT) to detect 

the presence of signals. It is not the purpose of this unit to teach the theory of digital filtering, but rather to teach 

how to implement digital filtering using a conventional microprocessor in lieu of specialized digital signal 

processors.  

 

2 Objectives 

1. Extend the applications of digital signal processing introduced in Unit 6. 

2. Use a DSP algorithm to synthesize sine waves. 

3. Use a DSP algorithm to analyze a periodic signal using Discrete Fourier Transforms.  

4. How to implement DSP algorithms on the PIC32 processor using C. 

5. How to use the PIC32 MIPS DSP library to increase the DSP algorithm execution speed. 

 

3 Basic Knowledge 

1. Knowledge of C or C++ programming 

2. Working knowledge of MPLAB® X IDE 

3. Interfacing with an LCD 

4. Understanding of Finite Impulse Response Digital Filters  

5. Understanding of Fourier Transforms 

 

4 Equipment List 

4.1 Hardware 

1. Basys MX3 trainer board 

2. 2 Standard USB A to micro-B cables 

3. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

https://en.wikipedia.org/wiki/Digital_signal_processing
https://en.wikipedia.org/wiki/Discrete_Fourier_transform
https://en.wikipedia.org/wiki/Digital_signal_processor
https://en.wikipedia.org/wiki/Digital_signal_processor
http://en.wikibooks.org/wiki/C_Programming/Compiling
http://ww1.microchip.com/downloads/en/DeviceDoc/52027B.pdf
http://en.wikipedia.org/wiki/Finite_impulse_response
https://en.wikipedia.org/wiki/Fast_Fourier_transform
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
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In addition, we suggest the following instruments: 

4. Digilent Analog Discovery 2 

4.2  Software 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. Waveforms 2015 (if using the Analog Discovery 2) 

5. Iowa Hills Software for IIR and FIR Filters (used for illustrative purposes and is not required) 

 

5 Project Takeaways 

1. How to implement digital filters in C using a PIC32 microprocessor. 

2. How to create analog output using pulse-width modulation. 

3. How to sample an analog input at a specified rate. 

4. How to use the PIC32 processor to make a signal generator. 

5. How to use the PIC32 processor to make a real-time frequency spectrum analyzer. 

 

6 Fundamental Concepts 

6.1 Signal Processing 

As introduced in Unit 6, signal processing is an enabling technology that encompasses the fundamental theory, 

applications, algorithms, and implementations of processing and transferring information. This information is 

contained in many different physical, symbolic, or abstract formats broadly designated as signals. In this unit, we 

will employ both analog and digital signal processing. Analog signal processing will be used to implement 

frequency filters for both microprocessor inputs and outputs. The analog filters are electronic circuits operating 

on continuous-time analog signals. Digital filters use computers and microprocessors to perform mathematical 

operations on sampled, discrete-time signals to reduce or enhance certain aspects of that signal. We looked at 

how both analog and digital filters are used in open and closed-loop digital control in Labs 6a and 6b. It became 

apparent that the timing for sampling the inputs and generating the output must occur at fixed intervals.  

6.2  Analog Signal Processing 

Analog signal processing is any type of signal processing conducted on continuous analog signals by some analog 

means. This usually involves electronic circuits consisting of resistors, capacitors, inductors, and high gain 

differential amplifiers. The term “analog” refers to signals or information that is continuously variable. 

Mathematically, this implies that the signal can be differentiated an infinite number of times. 

Electronic analog computers are able to process analog signals using electronic operational amplifiers to 

implement the basic mathematical operations such as add, subtract, multiply, and divide transcendental functions 

such a logarithms and exponentials, as well as integral and differential calculus. Programming analog computers is 

tantamount to wiring electronic circuits, making them difficult to construct and modify. Although analog 

computers have been replaced by microprocessors, they are frequently used to implement electronic filters for 

http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,1018&Prod=ANALOG-DISCOVERY
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://iowahills.com/
https://en.wikipedia.org/wiki/Signal_processing
https://en.wikipedia.org/wiki/Filter_(signal_processing)
https://en.wikipedia.org/wiki/Analog_filter
https://en.wikipedia.org/wiki/Electronic_circuit
https://en.wikipedia.org/wiki/Continuous-time
https://en.wikipedia.org/wiki/Analog_signal
https://en.wikipedia.org/wiki/Digital_filter
https://en.wikipedia.org/wiki/Sampling_(signal_processing)
https://en.wikipedia.org/wiki/Discrete-time_signal
https://en.wikipedia.org/wiki/Signal_processing
https://en.wikipedia.org/wiki/Continuous_function
https://en.wikipedia.org/wiki/Analog_signal
https://en.wikipedia.org/wiki/Differential_amplifier
https://en.wikipedia.org/wiki/Analog_computer
https://en.wikipedia.org/wiki/Operational_amplifier
https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/Differential_calculus
https://en.wikipedia.org/wiki/Calculus
https://en.wikipedia.org/wiki/Electronic_filter
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signal conditioning of digital computer inputs and outputs. Analog filters have the advantage of being able to 

operate at higher power levels and frequencies. 

6.3 Digital Signal Processing 

Digital signal processing (DSP) is the use of digital computers to implement digital processing to perform a wide 

variety of signal processing operations. The signals processed in this manner are a sequence of numbers that 

represent samples of a continuous variable in a domain such as time, space, or frequency.  

Digital computers, particularly in the form of microprocessors, have replaced the computing effort that was 

formerly allocated to many analog computers. Digital computers cannot directly process analog input signals 

without first converting the signal into representations of the signal as discretely varying levels using an analog-to-

digital converter (ADC). Digital computers can generate discretely varying output using a digital-to-analog 

converter (DAC), but to get truly continuous output, the DAC output must be further filtered using an analog filter. 

The following discussions provide an outline of the process of designing digital filters. The reader who is interested 

in an extensive discussion of the field of digital signal processing is directed to Reference 6 that is a PDF book by 

Steven Smith.   

6.3.1 Digital Filters 

A digital filter is a system that performs mathematical operations on a sampled, discrete-time signal to reduce or 

enhance certain aspects of that signal. Unit 6, along with Lab 6b, introduces DSP as applies to digital control. In 

Unit 7, we will apply digital filters to generate and analyze analog signals as modeled in the block diagram in Fig. 

6.1.  

 

Figure 6.1. Block diagram of a digital filter implemented using a microprocessor. 

The DSP algorithm repeatedly processes inputs and generates new outputs at a constant rate. This requires 

sampling and converting the filtered analog input signal at this same rate or a multiple of it. Although the 

maximum rate that the final DAC analog output can be generated at is the processing rate, outputs can be delayed 

or generated at lower rates. Unless specifically required, most digital filtering systems sample inputs, process data, 

and generate output at the same rate. Any variation of the processing rate results in generating incorrect outputs.  

Many digital filters are based on design processes utilizing parameters that specify frequency responses in the 

continuous domain, as expressed with rational polynomials as a function of the Laplace operator “s”. The general 

form of this polynomial is shown in Eq. 6.1. The study of digital filtering covers the methodologies for determining 

the specific values for the filter constants bj and ai based on the filter criteria.   

𝑌(𝑠)

𝑋(𝑠)
= 𝐻(𝑠) =

∑ 𝑏𝑗∙𝑠𝑗𝑀−1
𝑗=0

∑ 𝑎𝑖∙𝑠𝑖𝑁−1
𝑖=0

          Eq. 6.1 

Where Y(s) is the system output and X(s) is the system input.  

https://en.wikipedia.org/wiki/Signal_conditioning
https://en.wikipedia.org/wiki/Digital_processing
https://en.wikipedia.org/wiki/Signal_processing
https://en.wikipedia.org/wiki/Sampling_(signal_processing)
https://en.wikipedia.org/wiki/Continuous_variable
https://en.wikipedia.org/wiki/Analog-to-digital_converter
https://en.wikipedia.org/wiki/Analog-to-digital_converter
https://en.wikipedia.org/wiki/Digital-to-analog_converter
https://en.wikipedia.org/wiki/Digital-to-analog_converter
https://en.wikipedia.org/wiki/Digital_filter
https://en.wikipedia.org/wiki/Sampling_(signal_processing)
https://en.wikipedia.org/wiki/Discrete-time_signal
https://en.wikipedia.org/wiki/Signal_(electrical_engineering)
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Once the transfer function has been determined that meets the required filter frequency response, the continuous 

domain transfer function must be approximated by a digital domain transfer function that digital computers can 

implement as algorithms using programming code. One of the popular approximations is called the bilinear 

transformation and is expressed by Eq. 6.2. 

𝑠 =
2

𝑇𝑠

1−𝑧−1

1+𝑧−1           Eq. 6.2 

Where Ts is the sampling period. 

The result of the substitution of Eq. 6.2 into Eq. 6.1 is also a rational polynomial, as shown in Eq. 6.3, that relates 

the output, Y(z), to the input, X(z). The polynomial coefficients dj and ci are not the same values as bj and ai used in 

Eq. 6.1. 

𝐻(𝑧) =
𝑦(𝑧)

𝑋(𝑧)
=

𝐹𝐼𝐿𝑇𝐸𝑅𝐺𝐴𝐼𝑁∙∑ 𝑑𝑗∙𝑧−𝑗𝑀−1
𝑗−0

1+∑ 𝑐𝑖∙𝑧−𝑖𝑁−1
𝑖=1

=
𝐹𝐼𝐿𝑇𝐸𝑅𝐺𝐴𝐼𝑁∙∑ 𝑑𝑗∙𝑋(𝑧)𝑀−1

𝑗=0 ∙𝑧−𝑗

1+∑ 𝑐𝑖∙𝑌(𝑧)∙𝑧−𝑖𝑁−1
𝑖=1

    Eq. 6.3 

Solving Eq. 6.3 for the output, Y(z), as a function of the input, X(z), results in Eq. 6.4 

𝑌(𝑧) ∙ [1 + ∑ 𝑐𝑖 ∙ 𝑧−𝑖] = 𝐹𝐼𝐿𝑇𝐸𝑅𝐺𝐴𝐼𝑁 ∙ 𝑋(𝑧) ∙ [∑ 𝑑𝑗 ∙ 𝑧−𝑗] 𝑀−1
𝑗=0  𝑁−1

𝑖=1     Eq. 6.4 

Using the relationship that the inverse z operator is a delay of one sample, X(z)· z-i becomes x(n-i). Hence, Eq. 6.5 is 

the inverse z transform of Eq. 6.3.  

𝑦(𝑛) + ∑ 𝑐𝑖 ∙ 𝑦(𝑛 − 𝑖) = 𝐹𝐼𝐿𝑇𝐸𝑅𝐺𝐴𝐼𝑁 ∙ ∑ 𝑑𝑗 ∙ 𝑥(𝑛 − 𝑗) 𝑀−1
𝑗=0  𝑁−1

𝑖=1     Eq. 6.5 

Here the nth term is the present input or most recent sample. The (n-i)th and (n-j)th terms are past outputs and 

inputs, respectively. Eq. 6.6 represents an equation that can be solved on a computer. This form of a digital filter is 

called an infinite impulse response filter because it involves past outputs in the computation. Listing A.3 in 

Appendix A is a C function that can implement a fourth order IIR filter. 

𝑦(𝑛) = 𝐹𝐼𝐿𝑇𝐸𝑅𝐺𝐴𝐼𝑁 ∙ [𝑏0 ∙ 𝑥(𝑛) + 𝑏1 ∙ 𝑥(𝑛 − 1) + 𝑏2 ∙ 𝑥(𝑛 − 2) + 𝑏3 ∙ 𝑥(𝑛 − 2)] − [𝑎1 ∙ 𝑦(𝑛 − 1) +
𝑎2 ∙ 𝑦(𝑛 − 2) + 𝑎3 ∙ 𝑦(𝑛 − 3) + 𝑎4 ∙ 𝑦(𝑛 − 4)]       Eq. 6.6 

As will be shown below, the implementation of a digital filter is not complicated. The real science of designing 

digital filters lies in the selection of the design parameters that eventually produce the polynomial coefficients bj 

and ai. While Reference 6 and 7 provide the theoretical basis for digital filter design, much of the technical 

background can be minimized by using filter design software programs such as the one provided by Reference 8. 

6.3.1 FIR C Program 

Finite impulse response (FIR) filters are a class of digital filters that only use present and past inputs. FIR filters can 

be expressed by Eq. 6.5 where all ci coefficients are zero, thus resulting in Eq. 6.7. FIR filters have a finite response 

to any input.  

𝑦(𝑛) = 𝐹𝐼𝐿𝑇𝐸𝑅𝐺𝐴𝐼𝑁 ∙ ∑ 𝑑𝑗 ∙ 𝑥(𝑛 − 𝑗)𝑀−1
𝑗=0        Eq. 6.7 

Since FIR filters do not use any feedback, any rounding errors are not compounded by summed iterations, resulting 

in the same relative error in each consecutive calculation. FIR filters are inherently stable since the output is the 

sum of a finite number of finite multiples of the input values. Therefore, the output can be no greater than times 

the largest value appearing in the input. FIR filters can be designed to have linear phase by making the coefficient 

sequence symmetric. This property is sometimes desired for phase-sensitive applications, e.g. data 

communications, seismology, and crossover filters. 

https://en.wikipedia.org/wiki/BIBO_stability
https://en.wikipedia.org/wiki/Linear_phase
https://en.wikipedia.org/wiki/Seismology
https://en.wikipedia.org/wiki/Audio_crossover
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The main disadvantage of FIR filters is that considerably more computation power in a general purpose processor 

is required compared to an IIR filter with similar sharpness or selectivity, especially when low frequency (relative to 

the sample rate) cutoffs are required. However, many digital signal processors provide specialized hardware 

features to make FIR filters approximately as efficient as IIR for many applications. 

Figure 6.2 is a screenshot of a FIR design for a low-pass filter with 2.0 kHz and 3db cutoff frequency. This was done 

using Iowa Hills Filter Design Software. A few comments are in order to explain the process of entering the filter 

specifications into the Iowa Hills filter designer. The entry box labeled OmegaC is the place where the filter 3db 

cutoff frequency is set. The filter specification for this example of a 16 tap FIR filter has a cutoff frequency of 2 kHz 

and a sampling frequency of 16 kHz. The normalized cutoff radian frequency, ωc, must first be converted to a ratio 

of the cutoff frequency, Fc, to the sampling frequency, Fs, as shown in Eq. 6.8. Eq. 6.9 pre-warps the cutoff 

frequency to compensate for frequency distortion generated by the bilinear transformation. Hence, the entry for 

OmegaC shown in Fig. 6.2 uses a cutoff frequency of 2111 Hz for the analog filter design algorithm so that the 

resulting digital filter will have a cutoff frequency of 2000 Hz.1 The coefficients shown on the right side of Fig. 6.2 

are for a 16 tap FIR filter using the raised cosine prototype. Applying window functions reduces the main lobe roll-

off rate but has the benefit of reducing the amplitude of the first side lobe. 

𝜔𝑐 = 2𝜋𝐹𝑐𝐹𝑠           Eq. 6.8 

𝑂𝑚𝑒𝑔𝑎𝐶 = 2𝜋 ∙ tan (
𝜔𝑐

2
)         Eq. 6.9 

 

Figure 6.2. 16 Tap FIR Filter response and design coefficients. 

                                                                 

1 Leland B. Jackson, Digital Filtering and Signal Processing, 3rd Ed. Kluwer Academic Publishers, ISBN 0-7923-9559-X, 
1995, pg. 266-268 

https://en.wikipedia.org/wiki/Selectivity_(electronic)
https://en.wikipedia.org/wiki/Raised-cosine_filter
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Listing A.2 is the C code for the FIR digital filter using Q1.15 fixed point math. The Q1.15 fixed math scaled filter 

coefficients are generated by multiplying the coefficients listed on the right-hand window of Fig. 6.2 by 215. The 

code shown for fir_C_filter initially saves past inputs before implementing the algorithm using Eq. 6.7. Listing A.1 

shows the code to implement the FIR filter using the MIPS DSP library function. The function setup_fir_filter is 

called during initialization while the function fir_MIPS_filter is called each time a new input data sample is 

processed. The fir_MIPS_filter function executes the FIR filter almost 7 times faster than the fir_C_filter function. 

6.3.2 IIR C Program  

Infinite impulse response (IIR) filters, or recursive filters, are a class of digital filters that only use present and past 

inputs and past outputs. Mathematically, the IIR filter algorithm is expressed by Eq. 6.4. They are called infinite 

impulse response because, in theory, an input - even an impulse - has infinite influence on the filter output.   

The main advantage digital IIR filters have over FIR filters is their efficiency of design specifications in terms of filter 

prototype, bandwidth, cutoff frequency, ripple, and/or roll-off. Such a set of specifications can be met with a lower 

order IIR filter than would be required for an FIR filter meeting the same requirements. When implemented in a 

signal processor, this implies a correspondingly fewer number of calculations per time step. The computational 

savings is often a rather large factor. 

IIR filters with linear phase (constant group delay vs frequency) are difficult to design. Digital IIR filters are 

susceptible to limit cycle behavior when idle, due to the feedback system in conjunction with quantization. 

Coefficient quantization can also result in an unstable filter. 

Figure 6.3 is a screenshot of an IIR design for a low pass filter with 2.0 kHz and 3db cutoff. The same consideration 

for the parameter OmegaC discussed in section 6.3.1 above apply here as well. The coefficients on the right are for 

different implementation algorithms. The Nth order coefficients are used for implementing the algorithm shown in 

Eq. 6.5 and Eq. 6.6. Note that the magnitudes of the denominator coefficients are greater than unity, hence there 

will be an overflow if we attempt to use the Q1.15 format. However, if both the numerator and denominator 

coefficients are divided by two after the Q1.15 scaling, all coefficients will be less than unity and the filter will 

retain the desired characteristics. Halving the filter coefficients after Q1.15 scaling is the same as scaling by Q2.14. 

The C code for the IIR filter using these coefficients is shown in Listing A.4. 

 

https://en.wikipedia.org/wiki/Q_(number_format)
https://en.wikipedia.org/wiki/Linear_phase
https://en.wikipedia.org/wiki/Group_delay
https://en.wikipedia.org/wiki/Limit_cycle
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Figure 6.3. 4th order IIR Butterworth filter response and design coefficients 

The second set of coefficients shown in Fig. 6.3 is used for a biquadratic implementation of an IIR filter. Each stage 

can be modeled as shown in Fig. 6.4. Multistage biquadratic filters are cascaded together to implement filters of 

order greater than two. As noted from Fig. 6.3, the denominator has coefficients with magnitudes greater than 

unity, hence we will use Q2.14 format. A fourth order IIR filter requires two second order biquadratic IIR filters. 

Listing A.3 is an example of using the MIPS library functions for implementing a IIR filter. The function, 

setup_iir_filter, is called in the system initialization. The function iir_filter is called to process each new data 

sample. 

 

Figure 6.4. Flow diagram of a single stage bi-quadratic IIR digital filter. 

Figure 6.5 is a diagram of a single stage biquadratic IIR filter used by the MIPS DSP library. This unconventional 

model shows that there is no implementation of the B0 or A0 terms. Section 2.1.1.1 of the application note cited by 

https://en.wikipedia.org/wiki/Digital_biquad_filter
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Reference 10 explains how to convert the biquadratic coefficients shown in Fig. 6.4 to the coefficients shown in 

Fig. 6.5. The conversion is outlined by Eq. 6.10 through 6.12.  

𝐴𝑖,𝑗 = −𝑎𝑖,𝑗 ∙ 213, 𝑖 𝑎𝑛𝑑 𝑗 = 1,2         Eq. 6.10 

𝐵𝑖 = (
𝑏𝑖,𝑗

𝑏0,𝑗
) ∙ 213, 𝑖 𝑎𝑛𝑑 𝑗 = 1,2         Eq. 6.11 

𝑠𝑐𝑎𝑙𝑒 = √max(𝑙𝑜𝑔2(𝑏10 ∙ 𝑏20))        Eq. 6.12 

Since the scale factor is always less than or equal to 2 raised the product of b10 and b20, the gain of the filter will be 

less than or equal to unity. The code shown in Listing A.3 shows that the compensating gain for the example IIR 

filter is 2.51. Performance tests show that the IIR filter implemented using the MIP DSP library function is almost 

15 times faster than using only C statements. 

 

Figure 6.5. Flow diagram of a single stage MIPS IIR Biquadratic filter. 

Figure 6.6 plots the response of the four filter algorithms for Listing A.1 through A.4. Only three plots are 

distinguishable because the results of the input X and the IIR1 corresponding to Listing A.1, as well as the FIR filter 

result for FIR1 are nearly identical. 

 

Figure 6.6. Plot of outputs of the four example filters to a 1 kHz input sine wave. 

 



Lab 7: Audio Signal Processing  
 

Copyright Digilent, Inc. All rights reserved. 
Other product and company names mentioned may be trademarks of their respective owners. Page 9 of 14 

 

7 Lab Exercises 

As modeled in Fig. 7.1, the blocks shaded blue represent analog circuits and components. The blocks shaded green 

represent the hardware resources within the microprocessor itself. The electromechanical transducers are the 

speaker in Fig. 7.1 and the microphone in Fig. 7.2.  

Figure 7.1 is the block diagram for Lab 7a that implements a sine wave generator using an IIR filter. The frequency 

of the synthesized sine wave is selected by setting one of the eight slide switches on the Basys MX3 board high. 

The frequencies synthesized range from 500 to 7500 Hz in steps of 1000 Hz. Refer to Lab 7a for details concerning 

the algorithms to synthesize a sine wave and project specifications. The Basys MX3 board LCD will display the 

selected frequency and the on-board amplifier-speaker circuit shown in Fig. B.1 of Appendix B. 

 

Figure 7.1. Block diagram of a digital signal generator (Lab 7a). 

Figure 7.2 is the block diagram for Lab 7b that implements a frequency spectrum analyzer using discrete Fourier 

transforms (DFT) implemented by an FIR type algorithm. One DFT algorithm will be programmed using 

conventional C statements while a second DFT algorithm will use a MIPS DSP library function. The Basys MX3 

board LCD will input the audio signal using the Basys MX3 microphone circuit, shown in Fig. B.2, and will display 

the frequency spectrum on the on-board LCD. 

 

Figure 7.2. Block diagram of a digital spectrum analyzer (Lab 7b). 
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Appendix A: Filter C Code  

Listing A.1. C Code to Implement a 16 tap FIR Digital Filter Using MIPS FIR Function 

#define K 16 
int16_t delayline[K] = {0}; 
int16_t coeffs2x[2*K] = {0}; 
 

void setup_fir_filter(void) 
{ 
int i; 
   for (i = 0; i < K; i++) 
        delayline[i] = 0; 
// lowpass2KHzFIRCoefs declared in Listing 3 
   mips_fir16_setup(coeffs2x, lowpass2KHzFIRCoefs, K); 
 

} 
 

int16_t fir_MIPS_filter(int16_t indata) 
{ 
int i; 
int15_t outdata;     
 

   mips_fir16(&outdata, &indata, coeffs2x, delayline, 1, K, 0); 
 

   return outdata; 
} 
 

Listing A.2. C Code to Implement a 16 tap FIR Digital Filter Using Fixed Point Math 

int16_t lowpass2KHzFIRCoefs[16]=  
{ 
   (int16_t) ( 0.022642707844628567 * Q15), 
   (int16_t) (-0.011786057779962828 * Q15), 
   (int16_t) (-0.050116510848049953 * Q15), 
   (int16_t) (-0.057537731307973683 * Q15), 
   (int16_t) (-0.008530151801383020 * Q15), 
   (int16_t) ( 0.092467681565975166 * Q15), 
   (int16_t) ( 0.207569427201626133 * Q15), 
   (int16_t) ( 0.283948226483300703 * Q15), 
   (int16_t) ( 0.283948226483300703 * Q15), 
   (int16_t) ( 0.207569427201626133 * Q15), 
   (int16_t) ( 0.092467681565975166 * Q15), 
   (int16_t) (-0.008530151801383020 * Q15), 
   (int16_t) (-0.057537731307973683 * Q15), 
   (int16_t) (-0.050116510848049953 * Q15), 
   (int16_t) (-0.011786057779962828 * Q15), 
   (int16_t) ( 0.022642707844628567 * Q15) 
}; 
 

int fir_C_filter(int indata) 
{ 
#define FIR_ORDER 16  // Filter order 
/*  
   Fixed point math uses Q1.15 format to scale coefficients 
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*/ 
static int x[FIR_ORDER] = {0}; // Input memory array initialized to zero 
static int y[FIR_ORDER] = {0}; // Output memory array initialized to zero 
int i,j; 
   for(j = FIR_ORDER; j > 0; j--) // Time shift past inputs and outputs 
   { 
       x[j] = x[j-1]; 
       y[j] = y[j-1]; 
   } 
   x[0] = indata; 
   y[0] = (x[0] * lowpass2KHzFIRCoefs[0]); 
   for(j = 1; j < FIR_ORDER; j++) 
   {    
       y[0] += (x[j] * lowpass2KHzFIRCoefs[j]); 
   } 
   y[0] /= Q15;   // Normalize the result 
   return y[0]; 
} 
 

Listing A.3. C Code to Implement a Fourth Order IIR Digital Filter Using MIPS IIR 

Function 

#define B 2 
 

biquad16 bq[B]; 
int16_t coeffs[4*B]; 
int16_t delayline[2*B]; 
 

void setup_iir_filter (void) 
{ 
int i; 
//initialize delayline iir filter with zero 
   for (i = 0; i < 2*B; i++) 
       delayline[i] = 0; 
 

   bq [0].a1 = 6590;   //a( 1,1)/2 
   bq [0].a2 = -1556;  //a( 1,2)/2 
   bq [0].b1 = 2048;   //b( 1,1)/2 
   bq [0].b2 = 1024;   //b( 1,2)/2 
 

   bq [1].a1 = 8640;   //a( 2,1)/2 
   bq [1].a2 = -4588;  //a( 2,2)/2 
   bq [1].b1 = 2048;   //b( 2,1)/2 
   bq [1].b2 = 1024;   //b( 2,2)/2 
 

   mips_iir16_setup(coeffs, bq, B); 
} 
 

int16_t iir_filter (int16_t indata) 
{ 
int i; 
int16_t outdata; 
int gain = 2.51; 
 

//calculate iir filter biquad 
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   outdata = mips_iir16(indata, coeffs, delayline, B, 1); 
   return outdata * gain; 
} 
 

Listing A.4. C Code to Implement a Fourth Order IIR Digital Filter Using Fixed Point 

Math 

int iir_filter(void) 
{ 
#define IIR_ORDER 4 // Filter order 
/*  

Constants b0 – b3 and a1 – a3 as well as FILTERGAIN are defined as Q1.13 scaled 

signed integer 16 data types. 
 

*/ 
#define Q14 1<<14   // Scale factor  
static int x[IIR_ORDER] = {0}; // Past input memory array initialized to zero 
static int y[IIR_ORDER] = {0};  // Past output memory array initialized to zero 
int i; 
 

// propagate past inputs and outputs 
   for(i = ORDER; i > 0; i--) 
   { 
       x[i] = x[i-1]; 
       y[i] = y[i-1]; 
   } 
   x[0] = sample;   // Save the newest input value 
   y[0] = x[0] * b0;  // Compute the first numerator term 
 

// Compute the remaining filter terms 
   for(i = 1; i < ORDER; i++) 
   { 
 

       y[0] += ((x[i] * b[i]) * FILTER_GAIN) - (y[i] * a[i]); 
   } 
   y[0] /= Q14;   // Normalize the result 
   return ( y[0] );   // Return the filter output */ 
} 
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Appendix B: Audio Amplifiers 

Figure B.1. Basys MX3 Trainer Board Audio Output Schematic Diagram. 

 

 

Figure B.2. Basys MX3 Microphone Schematic. 
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1 Objectives 

1. Use a programmable IIR filter to generate a single frequency sine wave. 

2. Use PWM to generate an audible output tone over the Basys MX3 speaker. 

3. Display the frequency of the synthesized sine wave on the LCD and 7-segment display. 

 

2 Basic Knowledge 

1. Knowledge of C or C++ programming 

2. Working knowledge of MPLAB® X IDE 

3. How to display text on a character LCD 

4. How to display numbers on the 4-digit 7-segment display 

5. Understanding of Finite Impulse Response Digital Filters 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux  

3. Standard USB A to micro-B cables 

In addition, we suggest the following instruments: 

4. Analog Discovery 2  

3.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2) 

5. Iowa Hills Software for IIR and FIR Filters 

http://en.wikibooks.org/wiki/C_Programming/Compiling
http://ww1.microchip.com/downloads/en/DeviceDoc/52027B.pdf
http://en.wikipedia.org/wiki/Finite_impulse_response
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
http://iowahills.com/
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4 Project Takeaways 

1. How to implement digital filters in C using a PIC32 microprocessor. 

2. How to use the PIC32 processor to make a signal generator. 

3. How to create analog output using pulse-width modulation. 

4. How to use change frequency of synthesized signals. 

 

5 Fundamental Concepts 

5.1 IIR Digital Filters 

As introduced in Unit 7, an infinite impulse response (IIR) digital filter can be mathematically expressed by Eq. 5.1 

below. Zeros of the transfer function, H(z), are the roots of the numerator polynomial. Poles of the transfer 

function are the roots of the denominator polynomial. We will use specific placement of the poles and zeros to 

cause the output to ring or oscillate indefinitely at specific frequencies.  

𝐻(𝑧) =
𝑌(𝑧)

𝑋(𝑧)
=

∑ 𝑏𝑖∙𝑧−𝑖𝑀−1
𝑖=0

∑ 𝑎𝑘∙𝑧−𝑘𝑁−1
𝑘=0

=
𝑏0+𝑏1∙𝑧−1 𝑏2∙𝑧−2+⋯𝑏𝑀−1∙𝑧−𝑀−1

𝑎0+𝑎1∙𝑧−1 𝑎∙𝑧−2+⋯𝑎𝑁−1∙𝑧−𝑁−1       Eq. 5.1 

From a table of Z transforms, the z transform of a sine wave is a second order IIR filter that is expressed by Eq. 5.2. 

It has two complex poles at 𝑒±j2πFo/Fs and two zeros at the origin. 

𝐻(𝑧) =
𝑠𝑖𝑛(2𝜋𝑓0/𝐹𝑠 )∙𝑧−1

1−2∙cos(
2𝜋𝑓0

𝐹𝑠
)∙𝑧−1+𝑧−2

=
𝑍1∙𝑧−1

(1−𝑝0∙𝑧−1)∙(1−𝑝1∙𝑧−1)
       Eq. 5.2 

5.2 The Z-plane Unit Circle 

The z plane is a unit circle that describes a surface of complex numbers using polar coordinates. Poles and zeros 

are the roots of the denominator and numerator polynomials, respectively expressed in Eq. 5.1 or Eq. 5.2. These 

roots can be represented in the frequency domain as a vector, as shown in Fig. 5.1 and expressed by Eq. 5.3. The 

variable r represents the magnitude of the vector and the angle Θ represents the frequency normalized by the 

sampling frequency, expressed in radians. 

𝑝0,1 = 𝑟𝑖 ∙ 𝑒±𝑗𝜃𝑖            Eq. 5.3 

http://lpsa.swarthmore.edu/LaplaceZTable/LaplaceZFuncTable.html
https://en.wikipedia.org/wiki/Unit_circle
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Figure 5.1. Complex poles plotted on the z-plane for the 7500 Hz sine wave oscillator. 

It is beneficial to understand how the pole-zero plots on the z-plane are representations of digital filters. To explain 

it in a single sentence, digital filters can be written as transfer functions in the form of Eq. 5.2, the poles and zeros 

of which can be expressed in the frequency domain as a vector. Figure 5.1 illustrates the set of complex poles for 

the transfer function of a sine function at 7500 Hz when the sampling frequency, Fs, is set to 160000 Hz. Since the 

digital filter design process generates a unique polynomial, the placement of the poles and zeros in the z-plane are 

equally unique. Zeros on the unit circle will cause the numerator of the transfer function to be zero, causing the 

filter to output a zero amplitude signal when excited at the frequency, ω, corresponding to the angle Θ. Zeros at 

the origin contribute nothing to the dynamics of the transfer function. 

In contrast, poles on the unit circle cause the denominator of the transfer function to equal zero, hence the output 

of the filter will be infinite and it will oscillate indefinitely when excited at the frequency, ω, corresponding to the 

angle Θ. Poles outside the unit circle indicate that the filter is unstable and the amplitude of the oscillations will 

increase toward infinity. Poles just inside the unit circle will cause the filter to oscillate; however, the amplitude is 

bounded (fixed maximum). We will take advantage of this characteristic to make the eight oscillators used in Lab 

7a.  

The poles in Fig. 5.1 are those represented by blue X’s and the zeros by red circles. Note that the poles and zeros 

that do not lie on the real axis exist in complex conjugate pairs. The z-plane frequency, ω, relates to the real-world 

signal frequency by noting that ω = π for f = the Nyquist rate, which is half of the sampling rate in samples per 

second. 

5.3 An IIR Digital Oscillator 

Although as References 6 and 7 prove the recursive filter signal generation using the fixed point math approach is 

not novel, it does offer significant memory and computational efficiency over the commonly used table look-up 

methods and algorithms based on trigonometry functions. The Timer2 ISR for the IIR approach to signal generation 

requires 1.6582 μs of the 6.25 μs PWM period, resulting in 26% CPU time loading. The gen_tones IIR function 

requires only 364 bytes of program memory and 24 bytes of data storage. Although the table look-up method 

requires minimal program memory, to achieve the same degree of resolution will require 160 K bytes of data 

storage memory. Table look-up methods can use fixed point mathematics. The look-up tables themselves use 

https://en.wikipedia.org/wiki/Pole%E2%80%93zero_plot
https://namoseley.wordpress.com/2015/07/26/sincos-generation-using-table-lookup-and-iterpolation/
https://namoseley.wordpress.com/2015/07/26/sincos-generation-using-table-lookup-and-iterpolation/
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floating point sine functions when generated during an initialization, but only to that extent. The function method 

uses the sine trigonometric function to generate the output in real time. Since the trigonometric function method 

uses floating point math throughout the signal synthesis process, it is confined to low frequency applications. 

However, this method does offer the highest degree of resolution. 

From the previous discussion, we can generate an oscillator of any frequency between zero and half the sampling 

frequency by using Eq. 5.2, or by placement of the poles in Eq. 5.3. In either case, the desired oscillator transfer 

function is computed using Eq. 5.4. Since the input to the digital filter is a unit impulse, it only exists for the 

computation of the y[1] output, which can be set as the digital filter initial condition without the need for an input 

signal at all. 

𝑦[𝑛] = −𝑎1 ∙ 𝑦[𝑛 − 1] − 𝑎2 ∙ 𝑦[𝑛 − 2], 𝑤𝑖𝑡ℎ 𝑎1 = − cos (
2𝜋𝐹0

𝐹𝑠
) , 𝑎2 = 1, 𝑦[1] = sin (

2𝜋𝐹0

𝐹𝑠
) , 𝑎𝑛𝑑 𝑦[0] = 0, 𝑓𝑜𝑟 𝑛 >

1            Eq. 5.4 

The C program functions shown in Appendix A provide code to create a sine wave at 5000 Hz. Listing A.1 defines 

the global constants and declares the public functions and variables. Listing A.2 initializes the audio output for the 

defined 5000 Hz oscillator and is called from the main function infinite loop. The filter coefficients for the default 

5000 Hz IIR filter are configured here for convenience. The variable tones_active is set in Listing A.3 and starts the 

oscillator and is reset in the main function loop to stop the oscillator. 

Listing A.3 provides for the capability to generate different frequencies using a common IIR filter algorithm shown 

in Listing A.4. Since the oscillator is started with an impulse input, the outputs are initialized to start with the pre-

computation of y[n-1], as shown in Eq. 5.4. The function in Listing A.3 is called to start the oscillator output. 

The function shown in Listing A.4 is called from the Timer 2 ISR shown in Listing A.5 at the PWM period rate if the 

tones_active variable is set TRUE. 

 

6 Problem Statement 

You are to create a digital sine wave generator capable of synthesizing eight constant amplitude signals at 

frequencies specified in Section 8.1. The frequency of the sine waves will be selected by setting one of the eight 

slide switches. The audible output will be enabled and the frequency displayed on the 4-digit 7-segment display for 

five seconds when BTND is pressed. The LCD will display the frequency of the selected sine wave. 

 

7 Background Information 

See the discussion of IIR filters in section 6.3.2 of the Unit 7 text. 

 

8 Lab 7a 

The objective for this lab is to create a programmable digital oscillator as modeled in Fig. 8.1. 

8.1 Requirements 

1. The peripheral bus clock is to use a divisor of 1 (set in config_bits.h). 
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2. The PWM period is to be set for 160000 Hz. (This PWM period was selected to take advantage of the 

analog low-pass filtering of the PWM output to produce a clean sine wave shown in Fig. 8.4.) 

3. The eight Basys MX3 slide switches are set to generate a single frequency tone as listed in Table 8.1.  

4. When BTND is not pressed, the LCD will display as shown in Fig. 8.2.  

5. When BTND is pressed, the LCD will display as shown in Fig. 8.3 and output the tone selected for 5 

seconds.  

6. The frequency of the 8 synthesized tones are to be measure using the Analog Discovery 2, as shown in Fig. 

8.4, and added to Table 8.1 as shown below. The analog signal trace shown in Fig. 8.4 was captured using 

the MIC analog input. No code is required because the MIC on the Basys MX3 board is picking up the 

speaker audio. The amplitude of the signals you capture may differ from Fig. 8.4 because of the MIC 

Volume and Speaker Volume potentiometer settings. 

7. Record amplitudes of the sine wave for the 8 tones without modifying the MIC Volume and Speaker 

Volume settings. 

8. Record the 8 sets of filter constants for the frequencies listed in Table 8.1. 

 

Figure 8.1. Block diagram for Lab 7a. 

Table 8.1. Frequency Select.  

On Switch 
Osc. 
Frequency 

IIR Filter Coefficients 
Peak 
Amplitude 

Measured 
Frequency 

Frequency Error 

  a0 a1 a2    

SW0 500Hz       

SW1 1500Hz       

SW2 2500Hz       

SW3 3500Hz       

SW4 4500Hz 0x05A0 0x7E01 0x4000 ± 1.0V 4496Hz 0.088 

SW5 5500Hz       

SW6 6500Hz       

SW7 7500Hz       
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Figure 8.2. Tone Generator display when not generating tone. 

 
 

Figure 8.3. Tone Generator display when generating tone. 

 

Figure 8.4. Audio signal capture for a 4500 Hz synthesized signal. 

The control flow diagrams shown in Fig. 8.5 and Fig. 8.6 give an overview of an approach to this design. The code 

provided in Listings A.1 through A.5 can be used for the sine wave generator portion of Fig. 8.1. The Analog 

Electronics portion of Fig. 8.1 is provided on the Basys MX3 circuit board as shown in Fig. B.1 of Appendix B. 
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Figure 8.5. Main function control flow diagram. 

 

 

 
 

Figure 8.6. Timer 2 ISR. 

 

8.2 Design, Construction, Testing 

In previous labs, steps were laid out to lead the student through effective design, construction, and testing 

procedures. This is now left up to the student to complete on their own, ensuring the design requirements listed in 

section 8.1 are met. 

 

9 Questions 

1. Since the computed poles for the digital oscillator lie exactly on the unit circle, what affect do you expect 

truncation and round off errors to have on the oscillator output? 

2. How does the statistical integer rounding code used in the gen_tones function shown in Listing A.4 help 

prevent signal fading? (Hint: See what happens when you comment out that portion of that code and run 

the program.) 

3. Why is it preferable to synthesize a sine function rather than a cosine function? 

4. What precautions are necessary if a signal of more than one frequency is generated by adding outputs? 

5. What conclusion do you draw from the data recorded in Table 8.1? 
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Appendix A: Sine Wave Generator Software 

Listing A.1. Definitions and Global Variable Declarations 

   #define PWM_CYCLE_RATE  160000                  // PWM frequency  
   #define PWM_ZERO_OFFSET ((int) (PWM_CYCLE_RATE >> 1))  // 50/50 PWM output 
   #define PWM_MAX         ((int) ( GetPeripheralClock() / PWM_CYCLE_RATE )) 
   #define Q14             (1 << 14)             // Filter scale factor 
   #define PIx2            ((float) (3.14159265359 *2)) 

#define TONE    5000     // Test frequency 
 
   struct coefficients  // IIR denominator coefficients 
   { 
       int a0; 
       int a1; 
       int a2; 
   } ; 
 
   typedef struct coefficients filter; 
 
// Public functions 
 void audio_init(void); 
 void start_tones(int tone); 
 
// Global variables 
static filter tone_filter;  // Current Filter coefficients 
static filter filt_f1;  // Computed filter coefficients 
int tones_active = FALSE;  // Generate output control 
static int y[3] = {0};  // Filter output array 
 

Listing A.2. Initialize Audio Output 

void audio_init(void) 
{ 
 // H(z) = z(sin(wo*T)) / (z^2 - 2*z*cos(wo*T) + 1) 
 
float w; 
   w = ((float) (TONE * pi2)) / PWM_CYCLE_RATE; 
   coeffs->a0 = (int) (sin(w) * Q14/2); // Limit initial impulse to 1/2 
   coeffs->a1 = (int) (2*cos(w) * Q14); 
   coeffs->a2 = Q14;  
 
   tones_active = FALSE;            // Disable Timer ISR oscillator 
 
 // Initialize PWM output following the procedure used for Lab 6a but use RB14 
 // for Output Compare Channel 1 
 // Set the PWM period for PWM_CYCLE_RATE 
 // Initialize PWM output for 50% duty cycle 
} 
 

Listing A.3. Initialize Tone Filter 

void start_tones(int tone) 
{ 
   tone_filter.a0 = filt_f1.a0;  // Initialize filter coefficients 
   tone_filter.a1 = filt_f1.a1; 
   tone_filter.a2 = filt_f1.a2; 
   y[0] = tone_filter.a0;          // Initialize oscillator with impulse 
   y[1] = 0; 
   y[2] = 0; 
   tones_active = TRUE;             // Enable Timer ISR oscillator 
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} 
 

Listing A.4. Tone Generating IIR Filter 

static void gen_tones(void) 
{ 
int pwm; 
 
// Oscillator IIR filter  
   y[2] = y[1];          // Shift outputs and compute new output  
   y[1] = y[0]; 
 
// Compute IIR result 
   y[0] = (tone_filter.a1 * y[1] - tone_filter.a2 * y[2]); 
 
// Provide rounding function to avoid truncations due to Fixed Point math because of 

// division by Q14 that causes oscillations to die out. 
   if(y[0] < 0) 
   { 
       y[0] = y[0] - Q14/2; 
   } 
   else 
   { 
       y[0] = y[0] + Q14/2;         
   } 
 
   y[0] = y[0] / Q14;    // Remove Q14 scaling for fixed point math 
 
// Compute new pwm output  
   pwm = (y[0] * PWM_MAX / Q14 ) + (PWM_MAX / 2); 
 
// Limit output range for 0 the maximum PWM 
   if(pwm < 0) 
   { 
       pwm = 0; 
   } 
   if(pwm > (PWM_MAX - 1) ) 
   { 
       pwm = PWM_MAX - 1 ; 
   } 
   SetDCOC1PWM(pwm);  // Set PWM duty period        
} 
 

Listing A.5. Tone Generating Output Control 

void __ISR(_TIMER_2_VECTOR, IPL2SOFT) Timer2Handler(void) 
{ 
   if(tones_active == TRUE)    // Call IIR filter only if turned on 
       gen_tones(); 
   INTClearFlag( INT_T2 );     // Clear the interrupt flag  
} // End of Timer2Handler ISR 
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Appendix B: Audio Output Hardware 

 

Figure B.1. Basys MX3 low-pass filter and audio amplifier. 
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1 Objectives 

1. Read analog data from the Basys MX3 microphone. 

2. Process a block of analog data with a Discrete Fourier Transform algorithm. 

3. Use the Basys MX3 Character LCD to display graphical data. 

 

2 Basic Knowledge 

1. Knowledge of C or C++ programming 

2. Working knowledge of MPLAB® X IDE 

3. How to display text on a character LCD 

4. Understanding of Discrete Fourier Transform principles 

 

3 Equipment List 

3.1 Hardware 

1. Basys MX3 trainer board 

2. Workstation computer running Windows 10 or higher, MAC OS, or Linux 

3. 2 Standard USB A to micro-B cables 

In addition, we suggest the following instruments: 

4. Analog Discovery 2  

3.2 Software 

The following programs must be installed on your development work station: 

1. Microchip MPLAB X® v3.35 or higher 

2. PLIB Peripheral Library 

3. XC32 Cross Compiler 

4. WaveForms 2015 (if using the Analog Discovery 2) 

 

http://en.wikibooks.org/wiki/C_Programming/Compiling
http://ww1.microchip.com/downloads/en/DeviceDoc/52027B.pdf
http://en.wikipedia.org/wiki/Finite_impulse_response
http://store.digilentinc.com/basys-mx3-pic32mx-trainer-board-recommended-for-embedded-systems-courses/
http://store.digilentinc.com/usb-a-to-micro-b-cable/
http://store.digilentinc.com/analog-discovery-2-100msps-usb-oscilloscope-logic-analyzer-and-variable-power-supply/
http://www.microchip.com/mplab/mplab-x-ide
http://www.microchip.com/SWLibraryWeb/product.aspx?product=PIC32%20Peripheral%20Library
http://www.microchip.com/xcdemo/xcpluspromo.aspx
http://store.digilentinc.com/waveforms-2015-download-only/
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4 Project Takeaways 

1. How to implement a fast Fourier transform in C using a PIC32MX microprocessor. 

2. How to use the PIC32 processor to analyze a signal in real time. 

3. How to display the spectral energy of a real-time signal. 

4. How to generate a graphical display on a character LCD. 

 

5 Fundamental Concepts 

This unit focuses on processing signals in the audio frequency range using digital signal processing (DSP) concepts 

with the PIC32MX370 microprocessor. This lab uses Discrete Fourier Transforms (DFT) to detect the presence of 

signals within specified frequency bands. The purpose is to teach how to implement fast Fourier transforms using 

the MIPS DSP library function for the PIC32MX microprocessor in lieu of specialized digital signal processors.  

5.1 Feedback Control 

The Fourier Transform is an essential mathematical tool for studying many natural phenomena and engineering 

problems. The Fourier Transform is used to decompose time domain signals, such as the one expressed by Eq. 5.1, 

into a combination of sine waves of varying amplitude and phase, as expressed by Eq. 5.2. Note that while Eq. 5.1 

expresses x as a function of time, Eq. 5.2 expresses x as a function of frequency, f. Since both x(t) and X(f) are 

continuous in nature, they represent expressions that cannot be operated on by a digital computer. Hence x(t) 

must first be sampled using an analog-to-digital converter (ADC) that has a constant sampling period, Ts. The 

sampling frequency, Fs, is the inverse of the sampling period Ts. This allows the approximation of Eq. 5.2, using a 

Discrete Fourier Transform (DFT) algorithm.  

𝑥(𝑡) = 𝐴𝑚sin(2𝜋𝑓0𝑡 + 𝜑)         Eq. 5.1 

𝑋(𝑓) = ∫ 𝑥(𝑡) ∙ 𝑒−𝑗2𝜋𝑡𝑓0𝑑𝑓
∞

𝑡=−∞
         Eq. 5.2 

5.2 Discrete Fourier Transform 

When the continuous time domain signal of Eq. 5.1 is sampled, we get a series of discrete data values as a function 

of the sample number, as shown in Eq. 5.3. Eq. 5.4 is the expression for converting the series of sampled inputs 

into a set of complex values representing the phase and magnitude of the original signal at discrete frequencies. 

Since x(n) represents samples of a continuous signal at discrete points in time, Xk represents the same signal as 

discrete frequencies, hence the Discrete Fourier Transform or DFT. 

There is a one to one correlation of the range of n to the range of k. This means that processing N samples of data 

will result in the magnitude and phase of N discrete frequency components, starting with the sampling frequency, 

zero and continuing to Fs/2 in steps of Fs/N. 

𝑥(𝑛) = 𝐴𝑚 sin(2𝜋𝑓𝑛𝑇 + 𝜑)         Eq. 5.3 

𝑋𝑘 = ∑ 𝑥𝑛
𝑁−1
𝑛=0 𝑒−𝑗2𝜋𝑘

𝑛

𝑁 = ∑ 𝑥𝑛 ∙ [cos (
2𝜋𝑘𝑛

𝑁
) − 𝑗𝑠𝑖𝑛 (

2𝜋𝑘𝑛

𝑁
)]𝑁−1

𝑛=0      Eq. 5.4 

While Eq. 5.4 is the analysis equation, Eq. 5.5 is the synthesis equation. Note that the only differences between Eq. 

5.4 and Eq. 5.5 are the (1/N) multiplier and the sign of the complex exponent of e. A complex signal can be 

https://en.wikipedia.org/wiki/Digital_signal_processing
https://en.wikipedia.org/wiki/Discrete_Fourier_transform
http://cdn.imgtec.com/mips-documentation/login-required/five_methods_of_utilizing_the_mips_dsp_ase.pdf
https://en.wikipedia.org/wiki/Digital_signal_processor
https://en.wikipedia.org/wiki/Fourier_transform
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represented in the form of the summation of a selected set of complex pairs, or magnitude-phase pairs, that can 

be used to reconstruct a very large original time domain signal, thus constituting a form of data compression. 

𝑥𝑛 =
1

𝑁
∑ 𝑋𝑘𝑒

𝑗2𝜋𝑘
𝑛

𝑁𝑁−1
𝑘=0           Eq. 5.5 

Listing A.1 of Appendix A is the C code for implementing the algorithm of Eq. 5.4 in the form of a non-recursive, or 

finite impulse response filter (FIR). FIR filters are discussed in some detail in the Unit 7 text. Although the code is 

straightforward, the algorithm applied to any large size data set will require extensive computer execution time to 

complete the computations. The computational complexity, (based upon the number of multiply and accumulate 

or MAC operations) is frequently expressed as the order of N squared, or O(N2), where N is the size of the DFT. 

Measurements show that 16.690 ms is required to compute a 32 point DFT when running on the PIC32MX370 

processor at 80 MHz. This leads us to the conclusion that it would require four times as long to compute a DFT 

twice the size. One can easily see that DFT processing of large data sets can overwhelm a microcontroller with 

limited capability. 

5.3 Fast Fourier Transform C Code 

A fast Fourier transform (FFT) is a discrete Fourier transform algorithm which reduces the number of computations 

needed for a size N DFT from 2N2 to 2log(N)2. The caveat is that N must be a power of 2. Although the theory 

behind the FFT algorithm is beyond the scope of this tutorial, its application to creating a spectrum analyzer is not. 

Using an FFT algorithm reduces the number of MAC instructions from 4096 to 320. Listing A.2 through A.4 are the 

functions to implement the Cooley-Tukey FFT algorithm using conventional C statements. The execution time for a 

32 point FFT using this algorithm is reduced to 252 μs, which is 66 times faster than the execution speed for the 

DFT algorithm shown in Listing A.1. (Wow!) 

As the famous infomercials shout, “Wait! That’s not all!” Using the MIPS DSP library mips_ff16 function we can 

reduce the execution time to 26 μs. This is almost 10 times faster than the C code in Listings A.2 through A.4 and is 

642 times faster than Listing A.1! Is the MIPS DSP library using magic? Not quite. The MIPS DSP library function 

shown in Listing A.6 is optimized in assembler language. That’s why it is called a fast Fourier transform. 

Listing A.5 declares the coefficient array in the statement, #define fftc   fft16c32, which declares an array of 32 16-

bit signed constants that are pre-defined FFT coefficients. In Listing A.6, the line of code mips_fft16( FOut, 

TIn, (int16c *)fftc, Scratch, LOG2FFTLEN); shows there are pointers to four arrays and an integer is 

passed as arguments. Fout, the result array, and Tin, the input data, are 2 by N 16-bit integer arrays for the real 

and imaginary parts of the variable. Although Tin is a complex variable array, the imaginary part is set to zero for 

real data sets. The array (int16c *)fftc is defined above. The Scratch array is used for temporary results 

that do not need to be remembered from one function call to the next. Finally, the integer, LOG2FFTLEN, is the log 

base 2 of the number of points in the FFT.  

Since all of the DFT algorithms described in Listing A.1 through return arrays that contain complex values, they 

must be converted to real values to be usable for graphical LCD display. Listing 6.7 provides the source code for 

converting a pair of complex integer values to a real integer. Tests have shown that the execution time of integer 

conversion is three time faster than using a floating point square root function. See Reference 6 for additional 

details regarding this algorithm. 

The DFT results cover the span of zero to 2π, corresponding to zero to the sampling frequency, Fs. Each output 

represents the signal frequency in steps of Fs/N (ΔN) where N is the number of samples being processed. The DFT 

output is only valid for the first n = 0 to N/2 –  1 frequencies, or from zero to (Fs/2 – ΔN). The outputs for the n = 

N/2 to N-1 frequencies are complex conjugates of the first and can be ignored for our purposes. 

https://en.wikipedia.org/wiki/Fast_Fourier_transform
http://mathworld.wolfram.com/DiscreteFourierTransform.html
http://mathworld.wolfram.com/Algorithm.html
https://en.wikipedia.org/wiki/Cooley%E2%80%93Tukey_FFT_algorithm
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6 Problem Statement 

The objective for this lab is to create a graphical spectrum analyzer as modeled in Fig. 8.1.  Figure 8.2 shows the 

LCD and 7- segment display for the result outputs. Figure 8.3 through 8.5 provide an approach to the software 

organization for this lab. Figure 8.4 shows the tasks to be completed for the system initialization. 

 

7 Background Information 

Since DFT algorithms are essentially FIR digital filters, refer to Unit 7 section 6.3.1 for background information.  

 

8 Lab 7b 

8.1 Requirements 

1. Set Time 2 to sample the microphone input at the rate of 16 kHz. 

2. Implement a double buffer for the sampled analog data such that the FFT is processing one buffer while 

the other is being filled.  

3. Compute the 16 FFT outputs using the code provided in Appendix A Listings A.5 through A.7.  

4. Using custom LCD characters, display the energy at the 15 frequencies corresponding to zero to 7500 Hz 

with 500 Hz intervals. (See Reference 7 and 8.) 

5. Display the maximum FFT frequency on the 7-segment display provided the detected energy level is 

above a minimum set point. 

6. Update the display every 50ms. 

7. Adjust the MIC Volume control for maxim display for a reasonable volume tone. (Suggestion: Program a 

second Basys MX3 with the code from Lab 6a to generate single frequency test inputs.) 

 

Figure 8.1. Block diagram of a digital spectrum analyzer. 

https://en.wikipedia.org/wiki/Multiple_buffering
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Figure 8.2. LCD and 7-segment display for spectrum analyzer. 
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Figure 8.3. Control flow diagram for LCD 

spectrum analyzer. 

 

 
 

Figure 8.4. Control flow diagram 

for LCD spectrum analyzer 

initialization. 

 
 

Figure 8.5. ADC complete ISR. 
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8.2 Design, Construction, Testing 

In previous labs, steps were laid out to lead the student through effective design, construction and testing 

procedures. This is now left up to the student to complete on their own, ensuring the design requirements listed in 

section 8.1 are met. 

 

9 Questions 

1. Theoretically, how much time is required to fill one data buffer? 

2. Theoretically, what is the maximum rate that the LCD and 7-Segment display can be updated? 

3. In reality, what is the maximum rate that the LCD and 7-Segment display can be updated? 

4. Why would one want to update the displays at a rate slower than the theoretical maximum speed? 

5. How many times will a buffer be filled during the time needed to display the results for computing the FFT 

of one block of data? What are the potential problems here?  

6. How can your answer to question 5 be resolved? 

 

10 References 

1. Basys MX3 Trainer Board Reference Manual. 

2. C Programming Reference. 

3. PIC32 Family Reference Manual, Timers Section 14: 

http://ww1.microchip.com/downloads/en/DeviceDoc/61105E.pdf. 

4. Steven W. Smith, The Scientist and Engineer’s Guide to Digital Signal Processing, 

http://www.dspguide.com/pdfbook.htm.  

5. Cooley-Tukey FFT for 16-bit Integer Numbers, Microchip Technology, 

http://www.embeddedcodesource.com/codesnippet/cooley-tukey-fft-for-16-bit-integer-numbers.  

6. Calculate an integer square root,  http://www.codecodex.com/wiki/Calculate_an_integer_square_root.  

7. Printing Custom Characters on a Character LCD, http://deanandara.com/robots/ApuLcd.html.  

8. Getting Graphic; Defining Custom LCD Characters, https://www.seetron.com/archive/pdf/lcd_an2.pdf.   

http://www.w3schools.in/c-programming-language/intro/
http://ww1.microchip.com/downloads/en/DeviceDoc/61105E.pdf
http://www.dspguide.com/pdfbook.htm
http://www.embeddedcodesource.com/codesnippet/cooley-tukey-fft-for-16-bit-integer-numbers
http://www.codecodex.com/wiki/Calculate_an_integer_square_root
http://deanandara.com/robots/ApuLcd.html
https://www.seetron.com/archive/pdf/lcd_an2.pdf
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Appendix A: Discrete Fourier Transform Software 

Listing A.1. Code to Implement a DFT Based on Eq. 5.4 

#define FFT_SIZE ###   // Any integer value 
void DFT(int16_t *x, int16_t *y_re, int16_t *y_im) 
{ 
int k,n;     
float w = PIx2/FFT_SIZE; 
 
   for(k=0; k<FFT_SIZE; k++) 
   { 
       y_re[k] = 0; 
       y_im[k] = 0; 
       for(n=0; n < SIZE; n++) 
       { 
           y_re[k] += x[n] * cos(w * n * k); 
           y_im[k] += x[n] * sin(w * n * k); 
       } 
   } 
 
} 
 

Listing A.2. Constant Declarations for Block Processing C for FFT Algorithm 

#define FFT_SIZE ###   // An integer of size equal to a power of 2 
const int16_t bitPermutationTable[FFT_SIZE] = 

{0,16,8,24,4,20,12,28,2,18,10,26,6,22,1 
4,30,1,17,9,25,5,21,13,29,3,19,11,27,7, 
23,15,31}; 

 

Listing A.3. Block Processing C for FFT Algorithm 

 
void FFT(int16_t* bufferRe, int16_t* bufferIm) 
{ 
   int16_t bl;                 // current butterfly size 
   int16_t p;                  // half current butterfly size 
   int16_t k;                  // current level number 
   int16_t m;                  // coefficient counter 
   int16_t i;   // first point offset  
   int16_t j;   // second point offset 
   int16_t wRe; // current twiddle coefficient (real) 
   int16_t wIm; // current twiddle coefficient (imaginary) 
   int16_t temp; 
 
   bl = FFT_SIZE;              // current butterfly size  
   p  = FFT_SIZE >> 1;          // current butterfly size divided by 2 
   k  = 0;                      // level number 
 
   while (p > 0) 
   { 
 for (m=0; m<p; m++)  
 { 
     j = m << k; // coefficient offset 
           wRe =  twiddleCoefficients[(j + FFT_SIZE / 4)]; 
     wIm = -twiddleCoefficients[j]; 
             
     for (i=m; i<FFT_SIZE; I += bl)         // cycle for all butterflies here 
     { 
         j = i + p;                         // i - offset for the first point 
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          // j - offset for the second point  
        FFT2(bufferRe+i, bufferIm+i, bufferRe+j, bufferIm+j, wRe, wIm); 

     } 
 } 
   
 k++; 
 p >>= 1; 
       bl >>= 1; 
   } 
 
   for(i=1; i<(FFT_SIZE - 1); i++) // Put results into regular order 
   { 
       j = bitPermutationTable[i]; 
 
       if(j <= i) 
       { 
           continue; 
       } 
 
       temp = bufferRe[i]; 
       bufferRe[i] = bufferRe[j]; 
       bufferRe[j] = temp; 
 
       temp = bufferIm[i]; 
       bufferIm[i] = bufferIm[j]; 
       bufferIm[j] = temp; 
   } 
} 
 

Listing A.4. Butterfly Computation for Block Processing for FFT Algorithm 

void FFT2(int16_t *ReA, int16_t *ImA, int16_t *ReB, int16_t *ImB,  
         int16_t Wr, int16_t Wi) 
{ 
int w0, w1, w2, w3, w6; 
 
// Scale for Q1.15 
   w0 = *ReA >> 1; 
   w1 = *ImA >> 1; 
   w2 = *ReB >> 1; 
   w3 = *ImB >> 1; 
 
// ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
//  PLUS PATH 
// ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
//  SAVE REAL RESULT  
//    w6 = w0 + w2;    
   *ReA = (int16_t) (w0 + w2); 
 
//  SAVE IMAGINARY RESULT 
//    w7 = w1 + w3; 
   *ImA = (int16_t) (w1 + w3); 
 
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
//    MINUS PATH 
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
    
   w0 = w0 - w2; 
   w1 = w1 - w3;     
    
//  multiply by coefficient 
   w2 = w0 * Wr; 
   w6 = w1 * Wi; 
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   w2 = (w2 - w6) >> 15; 
 
//  SAVE RESULT W3 HERE (REAL) 
//    w2 = w2 >> 15;    
   *ReB = (int16_t) w2 ; 
 
//  multiply by coefficient 
   w2 = w0 * Wi;     
   w6 = w1 * Wr;     
   w2 = (w2 + w6) >> 15;     
 
//  SAVE RESULT W3 HERE (IMAGINARY) 
   *ImB = (int16_t) w2;   
} 
 

Listing A.5. Global Declarations for MIPS DSP Library FFT Algorithm 

#include <stdint.h>    // Standard integer definitions 
#include <dsplib_dsp.h>   // MIPs DSP library 
#include <fftc.h> 
 
// Define FFT coefficients pre calculated in DSP lib 
#define fftc            fft16c32        // Defined in fftc.h, for N = 32 
 
#define LOG2FFTLEN      5   // Log base 2 of FFT length 
#define FFTLEN          32   // 32 point FFT 
 

Listing A.6. MIPS DSP Library FFT Algorithm 

void FFT(int16c *FOut, int16c *TIn) 
{ 
int16c Scratch[FFTLEN];   // Scratch pad memory 
   mips_fft16( FOut, TIn, (int16c *)fftc, Scratch, LOG2FFTLEN); 
}  
 

Listing A.7. Absolute Value of a Complex Variable 

/************************************************************************* 
A = SQRT(Re^2 + Im^2) 
http://www.codecodex.com/wiki/Calculate_an_integer_square_root#C  
*************************************************************************/ 
uint16_t FFTAmplitude(int16_t re, int16_t im) 
{ 
uint32_t _bit = ((uint32_t)1) << 30; 
uint32_t num; 
uint32_t res = 0; 
 
   num = ((uint32_t)re)*re + ((uint32_t)im)*im; 
 
// 32 bit integer square root calculation. 
   while (_bit > num) 
       _bit >>= 2; 
 
   while (_bit != 0)  
   { 
       if (num >= res + _bit)  
       { 
           num -= res + _bit; 
           res = (res >> 1) + _bit; 
       } 
       else 
           res >>= 1; 
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       _bit >>= 2; 
   } 
   return ((uint16_t)res); 
} 
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Appendix B: Audio Output Hardware 

 

Figure B.1. Basys MX3 Microphone Schematic. 
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