Experiment 4:
Interfacing to Input/Output Devices

This experiment further consolidates the programmer’s view of computer architecture. It
does this by showing you how microprocessors interface to the real world. This experiment
guides you through some of the details of programming for microcontroller-based systems
and interfacing to input/output devices on such systems.

Aims

This experiment aims to:

= show the support that the ARM instruction set architecture has for interfacing to input/
output devices,

= illustrate the ARM logical instructions and how they can be used for bit manipulation,

= demonstrate simple and more complex peripherals, as well as the use of timers,
counters and LCD display in microcontroller-based systems, and

= give you more examples of writing and debugging assembly language programs for the
ARM microprocessor.

Preparation

It is important that you prepare for each laboratory experiment, so that you can use your
time (and your partner’s time) most effectively. For this particular experiment, you should
do the following before coming in to the Laboratory:

= read through this experiment in detail, trying to understand what you will be doing,

= skim-read the sections on Programming Style in Experiments 1 and 2,

= read through An Introduction to Komodo, which you can find either in an Appendix or on
your CD-ROM,

= quickly read through the relevant material from your lecture notes for this course, and

= skim through the DSLMU Microcontroller Board Hardware Reference Manual. You can
find this document in an Appendix or on your CD-ROM.

If you are keen (and you should be!), you could also:

= browse through the Companion CD-ROM, if you haven't done so already, and
= type up or modify the necessary files in this experiment, to save time in class.

Getting Started

Once you arrive at the Laboratory, find a spare workbench and log into the Host PC. Next,
create a new directory for this experiment. Then, copy all of the files in the directory ~elec2041/
unsw/elec2041/labs-src/exp4 on the Laboratory computers into this new directory. You can
do all of this by opening a Unix command-line shell window and entering:

mkdir ~/exp4
cd ~/exp4d
cp ~elec2041/cdrom/unsw/elec2041/labs-src/expd/* .

Be careful to note the “.” at the end of the cp command!

If you are doing this experiment at home, you will not have a ~elec2041 directory, of course.
You should use the unsw/elec2041/labs-src/exp4 directory on your CD-ROM instead.
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The Hardware

Take the time to examine the DSLMU Microcontroller Board in front of you. As you saw in
Experiment 1, this board actually consists of two printed circuit boards, called the MU Board
and the Expansion Board. These boards have been designed to show you the typical devel-
opment environment used for embedded controllers in the early years of the 21st Century
(and it surely can’t get better than that!).

The basic system consists of a software-programmable processor (in this case, the ARM
microcontroller) and a number of peripheral input/output systems. The microcontroller
itself includes, among other things, some parallel input/output ports, serial interfaces, timer
units and a simple interrupt controller.

Much greater input/output capabilities are provided by the two Field Programmable Gate
Arrays (FPGAs) that are on the DSLMU Microcontroller Board. These FPGAs can be config-
ured at will, to suit a particular application. This means that both the software and the
hardware on the board are programmable and available for your use. By the way, the ability
to use FPGAs for customisable hardware has had considerable influence on the design of
embedded systems in the past decade. As FPGAs have increased in capacity, it has become
feasible to use them for quite significant tasks and systems.

On the DSLMU Microcontroller Board, the particular FPGA that you will most likely use is the
Xilinx Spartan-XL; this device has up to 10,000 system gates available. The board also con-
tains a Xilinx Virtex-E FPGA with up to 412,000 system gates; this device is large enough to
design a high-performance custom coprocessor.

The board in front of you has many peripherals available for your use; you can read about
them in the DSLMU Microcontroller Board Hardware Reference Manual. However, this
experiment will only use the eight Light Emitting Diodes (LEDs) in the top left-hand corner
of the MU Board.

The Software

This experiment will use the Komodo debugger, a low-level debugger specifically written for
the DSLMU Microcontroller Board. You have already used this debugger to download your
program in Experiment 1.

Please note that you will need to read through (and understand!) An Introduction to Komodo
before you can proceed any further! That Introduction will tell you how to start the Komodo
debugger, how to load a program onto the Board and how to debug it.

You will still be using the GNU Assembler and the GNU Linker to create your programs. You
can also use the make command, as before.

Address Space on the Board

The ARM microcontroller on the DSLMU Microcontroller Board communicates with its inter-
nal I/O ports, and with other peripheral devices, through what is known as a memory-
mapped input/output space. The address space (also called a memory map) on this Board
starts at address 0x00000000 and ends at address OXFFFFFFFF (the highest address that can
be accessed as a 32-bit word is OXFFFFFFFC). Most of this address space is empty (not used
and reserved for the future).

Read/write memory (RAM) occupies the space beginning at address 0x00000000 (ie, from
the bottom of the address space). The DSLMU Microcontroller Boards in the Laboratory
have at least 512 KB of RAM present, which means that the highest byte address of this RAM
is Ox0007FFFF, and the highest word address is 0x0O007FFFC. You should remember that the
ARM is a 32-bit processor that is byte-addressable; this means that words adjacent to each
other in memory differ by 4 in their address. In addition, all word accesses must be aligned
on a word boundary: the lowest two bits of the address must be zero for such accesses.
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Question: How does the ARM processor respond if you make word accesses that are not
aligned on a word boundary? You may want to refer to your lecture notes to find out, or see
page A2-26 of the ARM Architecture Reference Manual (page 58 of the PDF document); you
can find this document on your CD-ROM in the reference directory.

Figure 1 gives a diagrammatical representation of the address space on the DSLMU Micro-
controller Board. Please note that this figure is not to scale! You can consult Table 1 in the
Hardware Reference Manual if you would like more information.

OXFFFFFFFF

0x20000000 Xilinx Spartan-XL I/0O

0x10000000 Microcontroller 1/0

0x00080000

Read/Write Memory

0x00000000

Figure 1: Memory Map on the DSLMU Microcontroller Board

As you can see from Figure 1, the microcontroller’s own internal input/output space starts
at address 0x10000000. This internal I/O space ends at address Ox1FFFFFFF. However,
most of this space is “reserved for future use”. In addition, each port (location) in this I/0O
space is only 1 byte (8 bits) wide and only appears in the least significant byte of a word. In
other words, only addresses 0x10000000, 0x10000004, 0x10000008, etc, are valid, and
these can only be accessed in byte-sized quantities.

The Xilinx Spartan-XL FPGA has its own input/output address space starting at address
0x20000000 and ending at address 0x2000001F. Each byte in this space can be accessed
individually.

Table 1 shows the ports that are defined in the microcontroller’s internal I/O space; each
port is listed as an offset from address 0x10000000. You should consult the Hardware
Reference Manual for an in-depth discussion of each port.

Offset Mode | Port Name Function

0x00 R/W Port A Bidirectional data port to LEDs, LCD, etc.
0x04 R/W Port B Control port (some bits are read only)
0x08 R/W Timer 8-bit free-running 1 kHz timer

0x0C R/W Timer Compare | Allows timer interrupts to be generated
0x10 RO Serial RxD Read a byte from the serial port

0x10 WO Serial TxD Write a byte to the serial port

0x14 WO Serial Status Serial port status port

0x18 R/W IRQ Status Bitmap of currently-active interrupts
0x1C R/W IRQ Enable Controls which interrupts are enabled
0x20 WO Debug Stop Stops program execution when written to

Table 1: Microcontroller I/0 Space

This experiment only uses three ports in the Microcontroller I/O space: Port A, the Timer
port and the Timer Compare port. Port A is used to access the eight LEDs on the MU Board
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as well as the LCD module on the Expansion Board; this port is bidirectional: it can be used
for input and/or output. The Timer and Timer Compare ports access the free-running
timer; this timer is discussed later in this experiment.

Using Komodo and the Komodo ARM Environment

To start using the DSLMU Microcontroller Board, you need to do three things:

1. Make sure that the Boot Select switch (in the bottom right-hand corner of the MU Board)
is in the correct position, as shown in Figure 2,

2. Turn the power on using the On/Off Switch, and

3. Start the Komodo debugger on the Host PC.

Setting the Boot Select switch to the position shown in Figure 2 makes sure that the Komodo

ARM Environment is started every time the power is turned on to the board; you should

actually see the words “Komodo ARM Environment” on the LCD module. This Environment

consists of software that runs on the board itself; it is sometimes called the “back-end”. It
communicates with the Komodo debugger running on the Host PC through the serial cable.

1

Figure 2: Boot Select Switch

Now that you have read An Introduction to Komodo, you should know that kmd is the com-
mand to start the Komodo debugger. This debugger (also called the “front-end”) synchro-
nises itself with the Komodo ARM Environment running on the actual board.

When you start Komodo for the first time, you will notice that the system is in a state
known as “Reset”. You can also reach this state by pressing the Reset button in Komodo at
any time. When the ARM processor is reset, the PC register is set to 0x00000000 and the
Current Program Status Register CPSR is set to 0x000000D3. In an ordinary system, the
ARM processor would immediately begin executing instructions at address 0x00000000. On
this board, however, the Komodo ARM Environment halts the processor so that you can
observe its state.

Note: Almost every number that you type into Komodo must be entered in hexa-
decimal, not decimal. You can type in these numbers with or without the standard
“Ox” prefix, but you must remember that, “Ox” or no “0Ox”, the number is always
treated as if it is in hexadecimal.

In addition, almost every number is shown in hexadecimal as well, usually without
the “Ox” prefix.

You should already know, from previous experiments, that debuggers allow you to execute
your programs in a number of ways. You can, of course, just press the Run button to begin
normal execution. This is suitable for running programs that have no problems, but gives
very little help if there are bugs present. You can also use the Single-Step button to execute
a single instruction before halting the processor once more. This makes it possible to
observe exactly what each instruction does. You will want to display a disassembled listing
of your code when doing this.

Apart from these, you can also use the Multi-Step button to execute more than one instruc-
tion at one time. In addition, you can use the Walk button to execute your instructions one-
at-a-time in slow motion. You should read An Introduction to Komodo for further details.
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Input/Output Ports

To be at all useful, a computer system must have some capability for input and/or output to
the “real world”. The simplest form of I/0 is provided by a parallel port, which essentially
maps a memory location to some external hardware. In the case of an output port, this
means that the bits “stored” in this memory location are used to control that hardware,
such setting Light Emitting Diodes (LEDs) on or off. In the case of an input port, “reading”
the memory location actually checks the state of some real-world device. For example, the
state of one of the bits so read might actually come from a push button switch.

Real-world devices that are attached to the processor in this way, and which inhabit the
processor’s I/0 address space, are known as peripherals. The address of such peripherals in
the I/0 address space is often known as a port.

Some processors, such as the Intel Pentium, have a special I/O address space that is outside
of the “normal” memory map. Such processors have special instructions to access the
peripherals attached to this I/O address space.

However, most RISC processors (including the ARM) only have a single address space. Thus,
some memory locations must be sacrificed for input/output. This is (hopefully!) not a sig-
nificant problem with 4 GB of address space available.

Often, peripheral devices do not use the full 32-bit data bus: the most common devices have
only an 8-bit interface. This is reflected in the DSLMU Microcontroller Board, where almost
all of the peripherals will be accessed eight bits (or fewer) at a time. You should therefore
remember to use the byte-sized load and store instructions (1drb and strb, respectively)
when communicating with the I/0 ports in this experiment.

Bit Manipulation

Although some I/0 devices are byte-wide (or, occasionally, larger), many inputs and outputs
are smaller—often a single bit in size. For example, the position of a switch or a button can
be represented with a single bit. It is usual to cluster several (functionally connected) I/0
bits together into partial or full bytes to simplify hardware requirements. The LEDs used in
this experiment illustrate this concept quite nicely.

On most processors, the smallest quantity that can normally be addressed is a byte. This
means that accessing individual bits (ie, bit addressing) must be done in software. Bits are
normally addressed such that bit O is the least significant bit.

The ARM processor can alter a single byte in memory using the strb instruction. This
instruction does too much if all you need to change is a single bit: the other seven bits
would also be written (and thus possibly changed)! The solution is to use what is known as
a read-modify-write cycle.

A read-modify-write cycle consists of three steps:
1. Read the current value of the port,

2. Modify just the bits that need to be changed, and
3. Write the new value to the port.
You can often read the current (ie, original) value of a port by using the 1drb instruction;

you need to check the documentation for that port to see whether this is actually possible
or not (since some ports are write-only).

Once the current value of the port is in a register, you can change the bits that need to be
modified. You can do this using the ARM logical instructions and, orr, bic and eor. These
instructions perform the operations shown in Table 2:
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Instruction Action Comments

and r1, r2, ml ri=r2ANDml Can be used to clear bits
orr rl, r2, ml ri=r20Rml Can be used to set bits
bic r1, r2, ml rl=r2AND (NOT m1) | Can be used to clear bits
eor r1l, r2, ml ri=r2XORml Can be used to invert bits

Table 2: ARM Logical Instructions

In the case of a read-modify-write cycle, the registers r1 and r2 in Table 2 would be the
same: it would be the register containing the current value of the port. Value m1 would be
an appropriate bit mask: a value that has some bits set to 1 and other bits set to 0. This bit
mask m1 would appear either in some register or as an immediate operand.

It is a simple and worthwhile exercise to learn the basic bit masks by heart. Table 3 lists the
bit masks necessary to set, clear or invert a single bit:

Bit Mask for orr, bic, eor Mask for and
Hex Binary Hex Binary

7 0x80 0b10000000 O0x7F 0ObO1111111
6 0x40 0b01000000 OxBF 0Ob10111111
5 0x20 0b00100000 OxDF 0Ob11011111
4 0x10 0b00010000 OXEF Ob11101111
3 0x08 0b00001000 OxF7 Ob11110111
2 0x04 0b00000100 OxFB Ob11111011
1 0x02 0b00000010 OxFD Ob11111101
0 0x01 0b00000001 OXFE 0Ob11111110

Table 3: Bit masks for changing single bits

A few examples should illustrate how the logical instructions can be used to implement a
read-modify-write cycle:

1drb ro, [ port_address ] ; Read the current value of the port
orr ro, r0, #0x20 ; Set bit 5 (ie, set the bit to 1)
strb ro, [ port_address ] ; Write the new value to the port

ldrb r0, [ port_address ]
and ro, rO, #OxFB ; Clear bit 2 (ie, set the bit to 0)
strb r0, [ port_address ]

ldrb r0, [ port_address ]

bic ro, r0, #0x04 ; Clear bit 2 (ie, set the bit to 0)

strb ro, [ port_address ] ; (Same as previous example; uses "bic" vs. "and")
1drb ro, [ port_address ]

eor ro, rO, #0x80 ; Invert (toggle) bit 7

strb ro, [ port_address ]

The last example is particularly useful: the eor instruction allows you to invert (toggle) bits
without knowing their current state. In this example, the instruction inverts bit 7: if that bit
was a 0, it makes it a 1; if it was a 1, it makes it a 0.

Note that the bic instruction is very similar in purpose to and. However, the and instruc-
tion uses an inverted parameter when compared to bic.

Note: You need to remember that all memory addressing on the ARM processor must
be done relative to a register. In other words, the argument port_address for the
Tdrb and strb instructions must be a register or a register + offset.
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Task 1: Flashing Lights

Examine the program flash-v1.s. You should open this file using the kate editor; the listing
in Figure 3 has had most of its comments removed to save space:

.text ; Executable code follows

_start: .global _start ; "_start" 1is required by the linker
.global main ; "main" dis our main program
b main

.set portA, 0x10000000 ; Address of Port A in the I/0 space
.set valuel, 0b11111111 ; Value to turn the LEDs on
.set value2, 0b00000000 ; Value to turn the LEDs off

main: ; Entry to the function "main"
1dr rl, =portA ; Load address of Port A into register R1
main_loop: Infinite loop...

mov r0, #valuel ; Load valuel into RO (to turn the LEDs on)
strb ro, [r1] ; Write the byte to Port A

mov r0, #value2 ; Load value2 into RO (to turn the LEDs off)
strb ro, [rl] ; Write the byte to Port A

b main_loop ; Do this forever (or until stopped)

.end

Figure 3: Program flash-v1.s

Assemble and link this program in the usual way. Run the Komodo debugger and download
the program to the DSLMU Microcontroller Board. Start the program running; the necessary
instructions to do this are in An Introduction to Komodo.

The following commands assemble and link flash-v1.s into flash-v1.elf:

arm-elf-as -marm7tdmi --gdwarf2 -o flash-vl.o flash-vl.s
arm-elf-1d -o flash-vl.elf flash-vl.o

If you prefer, you can use the make command instead. The appropriate make-file is called
flash-vl.make, and can be used by typing:

make -f flash-vl.make

Once the program is running (you should see the eight LEDs in the top left-hand corner of
the MU Board turn on), connect the oscilloscope probe to test point TPO (in the top right-
hand corner of the board). Remember to connect the probe’s ground wire to the horizontal
bar (TP8-TP9)! Adjust the oscilloscope so that you can see the square wave pattern pro-
duced on the test point (note that TPO corresponds to bit O of Port A, TP1 to bit 1, and so on).

Once you can see the square wave pattern, count the number of instructions in the program
loop and calculate the number of instructions executed per second in units of MIPS (Millions
of Instructions Per Second). Report your findings to the Laboratory assessor.

What would be the loop frequency (the flash rate of the LEDs) if one additional instruction
were to be added to the loop? Would it make any difference where that one extra instruc-
tion was placed?

Checkpoint 1 ..o SIgnature: ......cccoceeeeeeseernenns

Task 2: Flashing Lights with Delay

The program flash-v2.s in Figure 4 is similar to flash-vl.s above. The major difference is
that two delay loops (calls to the function deTay) have been inserted into the main loop.
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These delay loops slow the rate of turning the LEDs on and off so that you can see this hap-
pening! If possible, please read the version of this file on your CD-ROM: it has many more
comments, and explains why setting up a stack is necessary. You should also look at the
file flash-v3.s on your CD-ROM for another version of the same program:

.text ; Executable code follows

.set portA, 0x10000000 ; Address of Port A in the I/0 space

.set valuel, 0b11111111 ; Value to turn the LEDs on
.set value2, 0b00000000 ; Value to turn the LEDs off
.set waitval, 10000 ; Number of Toops to wait

_start: .global _start ; "_start" is required by the Tinker
.global main ; "main" dis our main program
Tdr sp, =stack_top ; Initialise the stack pointer
b main ; and jump to the main program

; Function: void main (void)

main: ; Entry to the function "main"
Tdr rl, =portA ; Load address of Port A into register R1
main_loop: ; Infinite Toop...
mov r0, #valuel ; Load valuel into RO (to turn the LEDs on)
strb ro, [rl] ; Write RO to Port A
str rl, [sp, #-4]! ; Save R1 to the stack to conform to ATPCS
1dr ro, =waitval ; RO = number of loops to wait
bl delay ; Delay the program by doing nothing useful
Tdr rl, [spl, #4 ; Restore R1 from the stack
mov ro, #value2 ; Load value2 into RO (to turn the LEDs off)
strb ro, [rl] ; Write RO to Port A
str rl, [sp, #-4]! ; Save R1 to the stack (no need to save RO)
1dr ro, =waitval ; RO = number of loops to wait
bl delay ; Delay the program by doing nothing useful
1dr rl, [spl, #4 ; Restore R1 from the stack
b main_loop ; Do this forever (or until stopped)

; Function: void delay (int delaycount)

delay: ; Function: delay by wasting time in a Tloop

subs r0, rO, #1 ; Decrement the number of cycles to wait
bne delay ; Repeat the Toop if not finished
mov pc, Tr ; Finished: return to the caller
; Stack space
.bss ; Allocate uninitialised memory
.align ; Make sure it is word-aligned
.skip 2048 ; AlTow 2KB for the stack
stack_top: ; Top of stack pointer
.end

Figure 4: Program flash-v2.s

Assemble and link the program flash-v2.s in the usual way. Start the program running using
Komodo, then use the oscilloscope to measure and calculate the frequency of the flashing
LEDs (ie, the rate at which the LEDs flash).

Using Komodo, change the value of waitval until you get a frequency of 1 Hz for the
flashing LEDs, as measured on the oscilloscope. To do this first determine the number of
instructions within the loop in the function delay. Next using the results obtained from
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checkpoint 1 for the time required to execute one instruction, compute to the time for the
execution of one cycle of the loop. Finally, compute a value for waitval that that equates
to 1 second. You might have to fine tune from this initial computed estimate for waitval.
What value of waitval gives you this frequency? Report your findings to the Laboratory
assessor.

L 1T 011 s L 2O N Tea 0 F: 110D <

Timers and Counters

In the previous tasks, you observed that delays can be generated by calculating the time it
takes the ARM processor to execute a section of code. However, this is a very poor way of
producing a delay for the following reasons:

= A small change in your code can drastically alter its timing. For example, how would
you change the value of waitval to maintain the same flash frequency if a nop (“do
nothing”) instruction was added just after “subs r0, r0, #1” in Figure 4?

= The execution time of a block of code may vary in an unpredictable way due to cache
hits or misses. Why this is so is beyond the scope of this course.

= Hardware interrupts, the topic of Experiment 5, could insert additional “invisible” delays
into the code, also in an unpredictable way.

= If the program is running in a multi-tasking environment, it could be suspended for an
indefinite (and arbitrary) time by the operating system.

= The code could simply be ported to a system with a different clock frequency—this is
quite common in real life, by the way!

The only way for a program to accurately measure time and provide delays is by using an
external fixed-frequency time reference that is not affected by any activity in the system.
Such a time reference is usually provided by a timer counter. This particular hardware
peripheral provides three closely-related functions:

= a counter, a hardware circuit that increments or decrements a value based on an external
stimulus,

= a timer, a counter circuit that counts the pulses of a regular clock signal, and

= a prescaler, a divider (also called a modulo-n counter) that is used to reduce the fre-
quency of pulses coming in to the timer counter. This has the effect of reducing the
number of counts a timer counter needs to make.

Figure 5 shows a typical timer counter; in fact, the peripheral shown contains both a counter
and a timer. You can think of a timer as a peripheral that counts a known (but usually pro-
grammable) number of clock pulses generated by an oscillator; counting these pulses allows
you to know when a particular interval of time has elapsed. Since oscillators (clocks) in
computer systems are usually much faster than what is required, you have the option of
using a prescaler to slow the clock down to an acceptable rate.
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Figure 5: A typical timer counter circuit

Since the hardware required to implement a timer counter is relatively simple, most micro-
controllers have one or more of them as part of the physical integrated circuit.

There are actually a number of possible implementations of timer counters. These include
free-running timers, one-shot timers and reloadable timers.

Free-running Timers

Free-running timers have an integer value that is incremented or decremented on each clock
pulse. This value has a fixed word length, usually 8 or 16 bits in size, and will cycle modulo
its word length raised to the power of two. (In other words, the value will roll around from its
highest possible value to its lowest, or vice versa). The value is software-readable, and thus
can be used to calculate a time interval by comparing the current reading with a previous one.

Note that there will always be some uncertainty when reading values from free-running tim-
ers due to clock resolution: the value may just be about to change when it is read, meaning
that the value so read may be up to one clock tick out. Such errors are not cumulative as
the timer continues to run.

Free-running timers sometimes allow the counter to be written to by the processor; doing so
may introduce cumulative timing errors. In addition, many free-running timers have one or
more comparison registers. Such registers can be set up so that when the timer reaches the
value so programmed, it generates an output requesting attention (usually in the form of an
interrupt).

The DSLMU Microcontroller Board provides a free-running timer peripheral that you can
access using ports 0x10000008 and 0x1000000C. These ports are explained in greater
detail on pages 8 and 9 of the Hardware Reference Manual.

One-shot Timers

A one-shot timer is a somewhat more sophisticated timer that counts to a predetermined
number of clock pulses, then signals the fact and stops. The predetermined number of
clock pulses (the count) is user-definable. Typically, this type of timer will count down and
stop at zero, and is usually able to provide an interrupt signal. This sort of timer is useful
when you know the length of time needed, but do not know exactly when that length of time
should start.

Figure 6 compares a free-running timer with a one-shot timer used continuously. Every time
the one-shot timer reaches zero, it requests attention from the processor and must wait
until the processor responds (this may take more time than the timing interval m, or it may
take less). Note that while the free-running timer is able to maintain precise timing, the one-
shot timer looses it during the time it waits for the processor.
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Figure 6: Free-running and one-shot timers compared

Reloadable Timers

Reloadable timers are similar in function to one-shot timers, except that they do not stop at
zero. Instead, these timers reload their counters with a value stored in a separate register
and start counting again. This means that reloadable timers can be programmed as modulo-
n counters (where n is the “value stored in the separate register” already mentioned).

The main advantage that reloadable timers have is that they allow continuous time intervals
to be generated without needing a processor to intervene at the end of every such interval.

As well as providing a regular source of processor interrupts, reloadable counters are used
to provide programmable clocks within a microcontroller-based system. For example, one
reloadable timer on the system may be dedicated to providing a baud clock for the serial
communications port: it would take the system clock and divide it down into a steady
stream of pulses. These pulses would then determine just when a bit of data would be sent
to the serial port transmitter or read from the serial port receiver.

Task 3: The Free-Running Timer

Copy the file flash-v2.s in Figure 4 and call it timer-flash.s. Modify this program to read the
free-running timer at address 0x10000008, so that the LEDs are alternatively turned on and
turned off every time the timer value reaches 0x00. Assemble and link your program as
usual, and use Komodo to download it to the DSLMU Microcontroller Board and run it.
Using the oscilloscope, measure the frequency of the flashing lights. Show your working
program to the Laboratory assessor.

Hint: You may want to read the first paragraph of the Timer port description in the Hard-
ware Reference Manual. You can find the appropriate paragraph on page 8 of that docu-
ment; the Manual can be found on your CD-ROM or as an Appendix.

Warning: It is very tempting to solve this task by writing a value to the Timer port. Do not
do this, as it will cause the timer to loose time—up to 1 ms every time this is done (see
Figure 6 for an illustration of this)! Instead, think through the possibility of using two loops
to read the Timer port...

Checkpoint 3: ..ot SIgNature: ......cccceeeeeeseernenns

Task 4: Slower Delays using the Timer

Copy the program timer-flash.s that you modified for Task 3 and call it slower-flash.s.
Reduce the frequency of the flashing LEDs to 0.5 Hz (ie, the LEDs should be on for one sec-
ond, then off for one second). Make sure your program is written in a modular fashion
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(using functions). Your delay function should ideally take a parameter that tells it how
many milliseconds to wait. Make sure you conform to the ATPCS; see the file flash-vZ2.s for
an example of how to set up a stack.

Assemble and link this file as usual, then run it on the DSLMU Microcontroller Board using
the Komodo debugger. Use the oscilloscope to measure the frequency of the LEDs. Show
your working program to the Laboratory assessor.

Hint: Remember that one second is 1000 ms, not 1024 ms! Once again, do not write to the
Timer port; instead, consider reading the Timer port, then reading it again to see if the value
has changed...

Warning: This task is not as easy as it sounds. You should definitely spend time thinking
about this problem before you come into the Laboratory!

ChecKpPOint 4: ..o SIgNature: ......ccceeeeveeserseennenns

Task 5: Traffic Lights Controller

Up to now, you have treated the eight LEDs on the DSLMU Microcontroller Board as a single
entity: either all LEDs were turned on or all were turned off. These LEDs can be controlled
individually, however: each LED is connected to a single bit of Port A in the Microcontroller
I/0 space, at address 0x10000000. Writing a 1 to a bit in this port will turn the corre-
sponding LED on; writing a 0 will turn it off. Reading this port will return the last value
written to it. The actual correspondence of LEDs to bits is shown in Figure 7:

Bit 7
Blue
Bit 3
Blue

Figure 7: Correspondence of LEDs to bits in Port A

Bit 0
Green

Bit 4
Green

Bit 1
Yellow

Bit 5
Yellow

Bit 2
Red

Bit 6
Red

Write a program (call it traffic.s) in ARM assembly language that treats the LEDs as two sets
of traffic lights guarding a typical intersection. These traffic lights should follow a
continuous non-stop cycle of allowing “traffic” on one side first, then on the other. Table 4
shows the LEDs that should be on for one cycle of such a sequence.

State Left LEDs Right LEDs Wait for
1st Red Red 1 sec
2nd Green Red 2% sec
3rd Yellow Red 1 sec
4th Red Red 1 sec
5th Red Green 2% sec
6th Red Yellow 1 sec

Table 4: Traffic lights sequence
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Please note that you should write your program in a modular fashion. In particular, you
should have just one function that causes the program to be delayed. Your code must be
well-commented and conform to the ATPCS.

Use the Komodo debugger to download your program to the DSLMU Microcontroller Board.
Show your working program to the Laboratory assessor. You must also be prepared to dis-
play any of the port signals on the oscilloscope.

L@ s el 4 01010 L TS SIgNature: .......ccccceeeeeeveeeeereenns

Task 6: Interface to LCD Module

C Language program listings in Figure 8 Icd-if.h,* (a file containing definitions) and Figure 9
lcd-if.c (a file containing the actual program) provide a function to interface to the LCD
module on DSLMU board. You will use this function from inside your assembly language
program to print text to the LCD module. In order to understand the operation of this
function and how to use it to communicate with the LCD module, carefully read through
pages 16 - 18 of the DSLMU Microcontroller Board Hardware Reference Manual. You should
also consult the Optrex Character LCD Module User’s Manual;, you can find this document
on your CD-ROM in the board/doc/data directory.

/* Type definitions */
typedef unsigned char byte;

/* Constant declarations */
#define FALSE (0)

#define TRUE (! FALSE)
#define LCD_port_addr (0x10000000)
#define LCD_EN Ox1

#define LCD_RS O0x2

#define LCD_RW O0x4

#define LCD_BUSY 0x80
#define CTRL_REG FALSE
#define DATA_REG TRUE
#define LCD_WRITE FALSE
#define LCD_READ TRUE

/* 10 Port Declaerations */

#define LCD_cdm_data_port (volatile byte *) LCD_port_addr
#define LCD_setting_port (volatile byte *) (LCD_port_addr + 4)

/* Function prototypes */
byte 1cd_if (int lcd_operation, int lcd_register, byte cm_data );

byte Tcd_read (int lcd_register);
void Tcd_write (int lcd_location, byte cmd_data);

Figure 8: Program Header Icd-if.h

/ Fededefe el fdehfdehfdehddededefdedNdedNdehdedehdede e ddehdedehdedehdedefdedeNdhddehdde el ddn

bl

LCD Interface Function on the DSLMU Microcontroller Board *

! Please note that the listings in Figure 8 and Figure 9 have almost all their comments removed. This is
so that you can identify for yourselves what the program is doing. When writing your own programs,
you should follow the example set by the file on your CD-ROM, not by what appears in these figure!
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Fededhdhhhf R R R dddddedddedddddhhhhhn /

/* Author: Saeid Nooshabadi <saeid@unsw.edu.au>
Date: 12th February 2004
Version: 1.1

This program, allows interfacing to LCD module on DSLMU Board.

-.‘:/
#include "Tcd-if.h"

byte 1cd_if(int lcd_operation, int Tcd_register, byte cmd_data)
{

byte 1cd_read_val = 0;

(Continued on the next page...)
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(Continued from the previous page...)

switch( lcd_operation )

{
case LCD_READ:

lcd_read_val = lcd_read(lcd_register);
break;

case LCD_WRITE:
while ((lcd_read(CTRL_REG) & LCD_BUSY) != FALSE);
Tcd_write(lcd_register, cmd_data);
break;

3
return lcd_read_val;
3

/Function lcd_read */

byte Tcd_read (int lcd_register)

{
byte Tcd_setting = 0, Tcd_stat_data = 0;
switch( lcd_register )
{
case CTRL_REG:
Tcd_setting = (LCD_RW) | (!LCD_RS) | (!LCD_EN);
break;
case DATA_REG:
Tcd_setting = ((LCD_RW) | (LCD_RS) | (!LCD_EN));
break;
3
*LCD_setting_port = lcd_setting;
*LCD_setting_port = (lcd_setting) | (LCD_EN);
lcd_stat_data = *LCD_cdm_data_port;
*LCD_setting_port = (lcd_setting);
return lcd_stat_data;
3

/Function lcd_write */

void lcd_write (int Tcd_register, byte cmd_data)

{
byte lcd_setting =0;
switch( lcd_register )
{
case CTRL_REG:
Tcd_setting = (!LCD_RW) | (!'LCD_RS) | (!LCD_EN);
break;
case DATA_REG:
lcd_setting = (!LCD_RW) | (LCD_RS) | (!LCD_EN);
break;
}
*LCD_setting_port = lcd_setting;
*LCD_cdm_data_port = cmd_data;
*LCD_setting_port = (lcd_setting) | (LCD_EN) ;
*LCD_setting_port = (lcd_setting);
return;
}

Figure 9: Program Icd-if.c

Take the time to understand the working of the program Icd-if.c, and how to use it from
your assembly language program. You can compile the program Icd-if.c by:
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arm-elf-gcc -c -mcpu=arm7tdmi -02 -g -Wall -o Tcd-if.o Tcd-if.c
Once you have written a suitable assembly language file, assemble it as usual:
arm-elf-as -marm7tdmi --gdwarf2 -o prog.o prog.s

Finally, use the GNU Linker to link the two object files Icd-if.o and prog.o, into the executable
prog.elf:
arm-elf-1d -o prog.elf prog.o lcd-if.o

Alternatively you can use the make command with the appropriate prog.make file to
compile your prog.s program file along with Icd-if.c.

In this task, you will write a program that displays the content of a 16-bit 1 Hz counter on
the LCD module. Copy the program slower-flash.s that you modified for Task 4 and call it
lcd-vl.s. Increase the frequency of the flashing LEDs to 1 Hz (ie, the LEDs should be on for
0.5 second, then off for 0.5 second). In addition, suitably modify the program to increment
a counter in software at the same rate. Your software counter should be modulo 10,000 (ie,
counts up to 9,999 and resets to zero).

Next, call Icd_if function with appropriate parameters from your program to display the
counter value digit by digit (represented as hexadecimal) as a sequence of ASCII characters
on the LCD module. To convert a hexadecimal digit to its equivalent ASCII character, use
the table in Appendix I as a guide, and encapsulate it into a function (call it ascii). The return
value from the ascii function can then be passed to Icd_if function for printing on the LCD
module.

Please note that before printing the counter value to the LCD module you need to use Icd_if
function to send a “clear screen” command to the LCD module; You send a clear
screen command by writing the data value 0x01 to the LCD’s control register.

Use the Komodo debugger to download your program to the DSLMU Microcontroller Board.
Show your working program to the Laboratory assessor.

Note 1: In this task, you are displaying the count value on the LEDs as well as the
LCD. Since they both share the same ports on DSLMU (A and B ports), the only way
to do this without getting invalid count values appearing on the LEDs, is to write to
LCD while the LEDs are off.

L@ 1T 011 s L S Signature: .......cccceceeeeeeeeereeens

Note 2: Copy-and-Paste is Deprecated!

Quite often, when programming, you discover that something you want to do is
“rather like” something you have already done, with just a few differences. Probably
your immediate reaction is to make a copy of the earlier code, paste it into the
appropriate place, and edit in the differences.

DO NOT do it!

If there is a lot of commonality between sections of code then they probably should
be the same piece of code. This usually means some changes to the “original’ to
accommodate some parameters or options and make it more flexible, often involving
the extraction of a set of instructions into a procedure/ function/ subroutine/
method/, etc. However, the result is almost always a “cleaner”, better product.

(Continued on the next page...)
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(Continued from the previous page...)

Avoiding Copy-and-Paste:
Advantages

- Readability improves because, having understood a procedure, it can then be
regarded as an abstracted function when it is encountered, rather than being
deciphered (with subtle differences) each time. Improved documentation often
results too; there is less to document!

- Maintenance is much easier. If (when) you are given a set of (someone else’s)
source files and required to “find the bug in there” you will welcome short, obvious
procedures rather than 101 “variations on a theme”.

- Programme will be smaller. This may be vital in embedded controllers, where
memory space is limited. Often speed increases too as a smaller memory image
means fewer cache misses, page faults, etc,”.

Disadvantages

- The code may run slightly slower due to procedure call overheads. (This can be
countered by using a macro rather than a procedure.)

- Your productivity in number-of-lines-of-source-per-day falls significantly.
(Productivity in terms of (better) products-faster improves though.)

Next copy the program file Icd-v1.s to a new a file (call it Icd-v2.s). Redesign the modulo-
10,000 counter to count in “Binary Coded Decimal’ (BCD) representation. In the BCD
number representation each nibble (group of 4 bits) has a range between 0 - 9, instead of 0
- F in the normal binary representation.

Use the Komodo debugger to download your program to the DSLMU Microcontroller Board.
Show your working program to the Laboratory assessor.

CheCKPOINT 7: oot SIgNature: ......ccceceeeeeverseernenns

Task 7: Interfacing to Sparatan-XL. FPGA

Read Carefully through the section on Xilinx Spartan-XL in the DSLMU Microcontroller Board
Hardware Reference Manual. Specifically, pay attention the sub section Default
Configuration on pages 14 - 15. The code fragments in the subsection are provided in the
program file spartan_code.s. Also, refer to the Default configuration of the Xilinx Spartan-XL,
provided on the CD-ROM (~elec2041/board/schem/default-spartanxl-config.pdf) for the
detailed schematic drawings of the default design on the Spartan-XL chip.

In this task you will display the value of modulo-10000 counter in Task 6 on the LED bar-
graph, as well as, on the LCD module. First copy the Icd-vl.s file to the io-vl.s file. Next
insert the code from file spartan-code.s to file io-v1.s. Suitably modify the inserted code to
set all pins on the VS_L port as outputs, and write the value of the upper byte of the
modulo-10000 counter to it. Make sure that you still display the counter value on the LCD
module.

? Do not worry if you do not know these terms; you will meet them in the future.
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Next use eight wire pieces and a small screw driver to connect all the VS_L port pins (VSO -
VS7) on the VS screw terminal connector to the corresponding LED bar-graph display
terminal connector (VSO to left-most terminal input, and so on), on the expansion board.
Please note that the left-most screw terminal input corresponds to the top-most LED in the
bar-graph display.

Use the Komodo debugger to download your program to the DSLMU Microcontroller board.
The bar-graph should display the value of upper byte of the counter. Show your working
program to the Laboratory assessor.

L@ s T<Tal 4 01010 L < SIgNature: .......ccccceeeeeeveeceereenns

Next copy the program file io-v1.s to io-v2.s. Modify the program code to set the VS_H port
pins as inputs. In addition make the necessary changes in the program to display the upper
byte of the modulo-10000 counter if the bit VS8 is 0 and the lower byte of the counter
otherwise. Next use a piece of wire and connect the VS_H port pin 0 (VS8) on the VS screw
terminal connector to the terminal connector for the debounced switch S7.

Use the Komodo debugger to download your program to the DSLMU Microcontroller Board.
Your running program should switch the display from the upper byte to the lower byte of
the counter as switch S7 is pressed. Show your working program to the Laboratory assessor.

L@ s T<Tal 4 07010 LS S Signature: .......cccceeeeeeeereenns

Task 8: The Tone Generator

The file tone.bit is a configuration file for Spartan-XL, for a programmable reloadable tone
generator. When Spartan-XL is configured with this file, it can generate a square wave and
its anti-phase on pins SAO, and SAl, respectively. The time period of the square wave is
given by:

T =2(N +1)C

where T is the waveform period, N a 16-bit loadable frequency control value, and C the
minimum time period for N = 0. The 16-bit N value is loaded into the tone generator by the
microcontroller by writing to two byte-addressable memory locations at addresses
0x20000000 and 0x20000001 for least and most significant bytes of N, respectively. Setting
the least significant bit of the memory location at address 0x20000002 starts the tone
generator and resetting it to zero stops it.

You can download the configuration file tone.bit to the Spartan-XL from inside the Komodo.
You can do so, by clicking on the Feature button in Komodo. From the pop up window click
on the Browse button to browse for and select the relevant configuration file tone.bit.
Ensure that selected device is Spartan XC10XL (the default option). Click on the Download
button to download the configuration file down to the Spartan-XL FPGA chip on the DSLMU
board.

Next set N = 0, to generate the maximum frequency. To do this, choose the lower memory
panel in Komodo, and click on the memory display format button (1-word select button)
and select 1-byte display option. Next click in the edit fields above the Address and Hex
labels, and type in 20000000 and 00, respectively and press ENTER. Repeat the same for
address 20000001 as well. Following the same procedure change the value of the memory
location 20000002 to 01. This starts the tone generator with the maximum frequency
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(minimum time period). Measure the frequency of square wave by connecting the
oscilloscope probe to screw terminal connector SA points SAO or SAl on the extension
board. Remember to screw the probe’s ground wire to one of the points for ground on the
black screw terminal connector on the extension board. Adjust the oscilloscope so that you
can see the square wave pattern produced on SAO. What is the minimum time period (C
value)? What is the maximum time period?

Program the tone generator with appropriate lower and upper bytes of N to generate a tone of
1 KHz. Confirm the frequency on the oscilloscope.

Next identify the speaker, (mounted on the side board), and screw its black and red wire leads
to ground and SAO points, respectively (if not already connected). You should hear a tone.
Change the frequency to 2 KHz and watch the waveform on the oscilloscope and listen to the
speaker again. Show your oscilloscope display and the ringing speaker to the Lab
demonstrator.

Checkpoint 10:. ..ot SIgnature: .......cceceeereriernenns

Next write a small program (call it tone.s) that switches the speaker tone between 1 and 2 KHz
with every press of the S2 switch on the expansion board. The state of the S2 switch can be
read from the bit 7 of Port B at memory location at address 0x10000004. To read more about
interfacing with switches S2 and S3 and a suitable code segment read through pages 18 - 19
of the DSLMU Microcontroller Board Hardware Reference Manual. The code segment for
interfacing to S2 and S3 switches is provided in file switch-code.s. Please note that switch S2
is active high when processed by the Microcontroller and presents 1 when pressed. Your
program should check if S2 is pressed, toggle a flag, and switch the tone by reloading the tone
generator by appropriate values for 1 and 2 KHz.

You may use the program io-vZ2.s as the starting point and copy it to tone.s. Insert the code
from the file switch-code.s into your program and make the appropriate modifications to the
program code to make it work.

Use the Komodo debugger to download your program to the DSLMU Microcontroller Board.
Show your working program to the Laboratory assessor. You must also be prepared to dis-
play any of the port signals on the oscilloscope.

Checkpoint 11: et SIgNature: .......ccceeeeeeercersensenns

Task 9: (No Credit) Binary to Decimal Conversion

The Icd-v2.s program in Task 6 prints the counter value in BCD format. Write a program that
converts the counter value in binary to its equivalent decimal representation, and prints the
decimal digits to the LCD module.

Checkpoint 12: (NO Credit) ...ccoeeeeeeercercereeeceeceecee e Signature: .........cccoceeeeeeienienns
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Task 10: Mini Project- (Extra Credit x 5) Musical Tunes

Write a program that reads a list of notes (pitch and duration), from an input file and plays
the tune so described. Remember that you need codes for “rests” and “end of tune” as well.
For a quick test there are two files tone-samplel.s and tone-sample2.s available on directory
~elec2041/unsw/elec2041/labs-src/exp4 on your CD-ROM. Remember that you could add

more buzzers to create “harmony”.

Note 3: Hints for writing a tune interpreter

- Simplify your task by translating musical notes to frequency (period) with a look-
up table.

- Note that, as an octave is a factor of two, the frequency can be transposed by an
octave with a left or right shiftt Remember that two notes of the same pitch may
need a separator.

- Do not forget a “silent” setting, for “rests” and the “end of the tune”!

Checkpoint 13: (Extra Credit X 5) ...cccveeverieesreerseesseesseessenens Signature: ........ccccceeeveeriernenns

Note 4: Acoustics for Non-musicians

An “octave” is a factor of two in frequency and is divided into eight notes (but is
really twelve semitone divisions). In modern tuning - known as “equal
temperament” - each of these divisions is the same on a logarithmic scale. This
means each semitone has a frequency about 6% different from an adjacent one.

factor = 2**? ~1.059

Starting a scale at 1 kHz the semitones have the frequencies as shown in
Table 5. The bold text denotes the notes of the major scale.

Note Frequency Period
(Hz) (us)
Do’ (O) 2000 500
Ti (B) 1888 530
(A#) 1782 561
La (A) 1682 595
(G#) 1587 630
So (G) 1498 667
(F#) 1414 707
Fa (F) 1335 749
Mi (E) 1260 794
(D#) 1189 841
Re (D) 1122 891
(C#) 1059 944
Do (C) 1000 1000

Table 5: Semitones Frequencies

Credits: Jim Garside at the University of Manchester contributed some of the sections in this experiment.
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