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This is a whole lot of stuff to cover, but please, don’t hesistate to stop and ask 
question.  I don’t know your level of expertise, and where I’m leaving out information 
that you would like, or need to know.  I also don’t know where I’m delivering overly 
redundant information, so please, give me feedback while I’m up here. 
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Most of this circuitry is unneeded a lot of the time.  Most of the discrete components 
(resistors, capacitors, etc) are a result of high quality power management built into 
the arduino:  You can plug in any power source you want, and the board will figure 
out which one to use. 
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This easy USB interface eliminates the need for an expensive programmer to burn 
code onto the microcontroller 
 
No need to know anything about power sources and power management, easy to 
stack pre-designed shields on top. 
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Flexibility: 
The ability to design your own software or firmware without interference from the 
Arduino IDE or Software Libraries. 
The ability to choose your editor, choose how your source is compiled and linked 
together, and the ability to more easily add and extend your software libraries. 
The ability to branch into more advanced programming and debugging. 
Thirst for Knowledge: 
Everything we’re doing today can be done on the Arduino.  You’re taking this next 
step because you want to learn more about how Microcontroller systems work, 
because you want to build your own projects which use these bare chips in 
interesting ways, because you don’t want to forever rely on pre-written software 
libraries and components which have been tested and used in the same boring ways 
a hundred thousand times.  Because expanding your knowledge beyond arduino sets 
you up for learning how these systems work in general, freeing you from any platform 
dependence. 
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Power Regulator: 
This isn’t an ideal solution, but it works for the purposes of this workshop.  A power 
regulator can be bodged together with a 9 volt and another $5 in components. 
 
We don’t’ have a reset switch:  No particular reason, I just don’t anticipate the need 
for this sort of functionality in this workshop.  It’s easy enough to disconnect and 
reconnect power, should the need arise. 
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Flash: 
Like hard disk storage– Nonvolatile, and kind of slow.  Your program gets stored here. 
RAM: 
Like, well, RAM– Volatile, fast as hell.  Your variables get stored here. 
EEPROM: 
A harder hard disk– Really nonvolatile, but slow.  Easier to access at runtime. 
Memory-Mapped Peripherals: 
On most microcontrollers (and most computers in general), peripherals like serial 
ports, ADCs, etc. are accessed on the RAM bus.  You write to memory locations in 
order to change functionality. 
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As a result of the Harvard architecture, in order to store and read data from Flash, 
you need to execute specific instructions.  Since flash is fairly slow, this isn’t a very 
fast way of going about things.  It can offload huge amounts of static data, however.  
Unless you’re specifically using an instruction to access flash program memory, you’re 
using RAM. 
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This isn’t quite like the AVR model, but close. 
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Minimum Items we need to get this thing working correctly: VCC and GND. 
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For connecting a choosing resistors for the LED, we do not want to exceed reasonable 
ratings.  From the curve on the left, we see that we can sink roughly 20 ma of current, 
and still have a pretty good “low” level output.  From the table on the right, we see 
that we cannot exceed 40 ma of current on an IO pin before blowing up our chip. 
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AVR-GCC compiles your C or C++ code into actual op-codes which are useful to the 
AVR.  Each file in your project gets compiled into a separate output file.  AVR-LD 
comes along after the fact, and analyzes the collection of output files (according to 
your make script), and links them together, along with any included libraries, into a 
single output file.  This output file is a 1:1 image of the code you will be putting on 
your AVR.  This output file includes the flash memory space (.text), initialized 
variables (.data), and uninitialized variables (.bss). 
 
AVRdude is the AVR downloader/uploader.  It is able to read and write the memories 
of most AVR chips, with most of the programmers which exist today.  We use this 
program to update code, modify AVR “fuses,” as well as program the EEPROM. 
 
AVR-LibC is a set of Libraries which implements the C Standard Library for the AVR 
family of microcontrollers.  These libraries also provide the headers required to 
correctly interface with the memory mapped peripherals on the AVR series of chips, 
as well as a few additionally useful functions and macros. 
 
Your favorite text editor will be used to program C files for the AVR, as well as make 
files.  A nice, simple editor for windows is “Programmer’s Notepad,” and for Linux, 
you’ve got a standard range of evangelical choices.  Nano, Vim, Emacs, etc. 
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-P: Port 
-p: Part 
-c: Programmer 
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Parts of the program: 
#include <avr/io.h>-- The pound sign tells the compiler that this is something that 
should be handled by the C pre-processor, a parser which handles inline 
replacements, and other duties. This tells the C preprocessor to replace the include 
line with the contents of avr/io.h.  The brackets indicate that this file is located in the 
standard compiler include path.  Avr/io.h, in this case, contains all the memory 
location definitions, ram location definitions, and other common, shared avr 
functions. 
 
Delay.h includes some simple delay loops, delay_us and delay_ms, delaying for a 
millisecond and a microsecond, respectively.  Delay_ms can generate a delay of up to 
6 seconds.  These delays require that F_CPU be defined in order to determine CPU 
speed. 
 
DDRB– Data Direction Register for Port B.  This sets pins as inputs or outputs.  
1=Output, 0= input.  In order to avoid potential electrical problems, all ports which 
are not being used, or are connected to uknown or unused inputs should be 
configured as inputs. 
 
While(1)– In embedded programming, the main function of a C file MUST NOT 
RETURN, since programs on Microcontrollers have nothing to return to.  On a 
computer, C programs return to the operating system (or the program which  
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requested the execution of the C program), but on a microcontroller, these few lines 
of code ARE the operating system.  AVR-GCC and AVR-LD do a good job of detecting 
main functions which return these days, and add a while(1) loop at the end in most 
cases, but in some cases, this can result in undefined behavior which requires a reset 
at best, and destroys your hardware at worst. 
 
PORTB– This sets the value of port be.  The 0b indicates that the byte will be in 
binary.  0x is hex. Port B is an 8 bit register (All registers on the AVR are 8 bits.  
Registers with more than 8 bits will, instead, be divided into high and low registers.) 
 
_Delay_ms 
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A makefile is the glue that tells the compiler, linker, and other programs how to turn 
the C code of your program into something which can be uploaded to the AVR.  With 
one sourcefile, the makefile need not be complicated, but for multiple sourcefiles and 
includes, the makefile can be very complicated.  Make script sourcery is beyond the 
scope of this class.  I’ll give you a makefile and explain the basic parts. 
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The .hex file is the actual program that will get uploaded to your board.  This is a 1:1 
image of the code to be burned onto the chip.  If you look, the .lss file is an assembly 
file, with your C code interleaved, so you’re able to see what assembly instructions 
your code gets turned into. 
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Decoded:  Access the hfuse in read mode, output to the console ‘-’ in hex format.  
Note, this is a capital -U 
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Access the Low Fuse in write mode, change it to 0xE2 (hex).  Now we change the 
mode to ‘w’ for write, type the code in hex format, and declare the input mode as ‘m’ 
for ‘Immediate,’ meaning that we’ve typed in the value we want. 
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C++:  A bit of a lie.  There are lots of good reasons to program a microcontroller in 
C++, and if you’re good at it, and know which parts of C play well with 
microcontrollers, and which don’t, there’s no reason not to use C++, and anyone that 
tells you otherwise is a big fat liar.  I know C well, and everyone that’s writing libraries 
for AVR stuff programs them in C (in general). 
 
Program starts at main() and goes until the end!  Everything else is all about how 
you’ve compiled and linked your program together.  Main cannot accept args. 
 
In AVR C, access to functions, peripherals, and libraries is not performed through 
structs.  Although the C headers for the Xmega are changing this, this is not true of 
any of the atmega devices.   
 

27 



28 



29 



Some Exceptions:  Look them up and talk about them. 

30 



In order to print and do math on floats and doubles, you have to configure some 
things in your makefile.  Specifically, you need to uncomment the linker flags which 
enable the math and printf_float libraries, then do a make clean/make.  As an aside, 
make clean is the common make command to clean up all the thus-far made files. 
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If.  This is in order to debounce the circuit.  The nested while structure ensures that 
no action will take place until the button is released. 
 
Masking:  Often, we’ll only be interested in one or two bits of a given register.  In 
order to remove spurious data, and make compare operations easier, we mask off the 
bits we’re interested in.  In this case, we’re only interested in the last bit of the PINB 
register.  In order to mask this bit off, we bitwise AND the register with a bitmask.  
This sets all bits except the first one to zero.  If the first bit is zero, it remains zero, and 
if the first bit is 1, it remains 1. 
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Interrupts free you from the necessity of polling for a switch press in any given period.  While polling 
for something to happen, you must poll fast enough that the external event is actuall caught if it 
occurs.  Interrupts allow you to discover these external triggers non-syncronously, with reference to 
the program. 
 
In AVR LibC, interrupt service routines are the bits of code which are operated upon when an interrupt 
is triggered.  The way interrupts work: When an interrupt is triggered, the CPU finishes the operation 
it’s in the middle of, then saves all the registers to SRAM, and disables interrupts.  Then, the code in 
the interrupt service routine is executed.  Upon exiting, the registers are loaded back from SRAM, 
interrupts are re-enabled, and execution begins where it left off.  As a result, it’s a good idea to keep 
your service routines short, so that another interrupt isn’t triggered and forgotten while you’re 
servicing the existing one.  This service routing is very short:  It simply toggles when the service routine 
is entered as a result of a switch release. 
 
This particular interrupt is the pin change interrupt.  Each general IO pin on the AVR can generate a 
pin-change interrupt.  This interrupt is triggered any time the pin state changes, from high to low, or 
low to high.  These interrupts are banked, however.  First, each pin change interrupt must be enable in 
its own register, then, the bank of pin change interrupts must be enabled.  The service routine 
operates on the bank of interrupts.  For example, if Pin Change Interrupts 0-7 are enables, then service 
routine 0 is called whenever ANY of pins 0-7 are changed.  It is up to the service routing to inspect 
which pin has actually changed. 
 
The volatile keyword is VERY important.  It tells the compiler that the variable toggleStatus might 
change at any time, asynchronous of the program.  If the compiler notices that there isn’t code that 
might change this variable, it will optimize reads to the variable.  This is a very importand keyword in 
dealing with interconnected systems that interact with the real world, as in microcontrollers.  As a 
debugging hint, if you find that certain variables aren’t reading as modified when they should be, the 
problem probably relates to a missing volatile keyword.  If inserting a long delay in the middle of a bit 
of code fixes the problem, it’s definitely related to the volatile keyword. 
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By default, Printf only performs inline replacements with integer types.  In order to 
get printf working with floating point types, you need to include math and floating 
point printf libraries.  This can easily be done with the Makefile I’ve given you.  The 
ADC example includes this replacement already done. 
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We need to define F_CPU again this time, for the pre-processor UBRR Calculation (although in this case I’ve just 
put a value in). 
We also need to define a baud.  Baud rate is related to the clock rate of the CPU.  Unfortunately, an 8mhz CPU is 
not a perfect match for any baud rate.  As a result, we’ll need to look at the tables on wormfood.net in order to 
figure out which baud rates give us acceptable error rates.  For 8mhz, 9600 baud works well, with an error rate of 
only .2 percent. 
The UBRR calculation can be made with the preprocessor, using the given equation, or simply looked up from that 
big table.  In this case, I’ve just looked it up.  The UBRR is the only input into the USART baud rate generator. 
 
This is the first time we’ve seen function prototypes.  In most standards of C, functions must be declared before 
they are used.  This is that declaration. 
 
The Static file is the configuration for printf.  The FDEV_SETUP_STREAM does all the hard work of configuring a 
file stream on an 8 bit microcontroller for us.  We give it the name of our output function, the name of the input 
function (in this case, none), and a mode in which this file will operate.  Now, any bits thrown at this file will pass 
through the uart_putchar function. 
 
In the main loop, we configure our data registers.  This time, PORTD, pin 2 must be configured as an output, for 
serial transmission.  Furthermore, the UBRR must be loaded.  Since the UBRR is more than 8 bits, it is split into 
high and low portions.  The high portion must be shifted down 8 bits, and then loaded into the register, while the 
low portion can be loaded directly.  The upper bits will simply be truncated.  Finally, we enable receiving and 
transmission by putting 1s in the appropriate register. 
 
Finally, we set stdout as a pointer to our file stream which we configured earlier.  Stdout is a file included with 
stdio.h, which acts as the standard output file.  When printf is used without declaring an output file, it defaults to 
stdout. 
 
Our putchar routine simply places a valid character in the UDR0 register.  This register is the single, generic 
holding register for all data coming into and out of the uart.  The AVR takes care of actually inserting this byte on 
the wire.  The first if statement replaces any newline character with a windows-compatible equivalent.  The 
loop_until statement waits for the CPU to confirm that it is ready to receive more data. 
 
Getchar accomplishes approximately the same thing.  If a character has not been placed in the UDR0 register as a 
result of a write operation, it is returned. 

41 



42 



43 



44 



45 



46 



47 



48 



49 



50 



This doesn’t refer to the actual ability to read Flash memory:  No matter what, code 
within the boot loader cannot read flash memory in the program second, only erase 
or write.  This refers to the ability to read while operating in the NRRW section.  
While writing or erasing to the RWW section, code can be read from the NRRW 
section.  While writing or erasing to the NRRW section, the CPU is frozen until the 
write or erase operation completes. 
 
Th 
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The I2C interface is actually pretty complicated to implement in a manner which is 
consistent with standards, and won’t cause hard locks on your CPU.  As an advantage, 
once you get this code working once, you can reliably interface with any I2C 
compliant devices.  If you don’t understand the code I’ve provided today, don’t panic:  
I’ll post some simpler, easier to break code later. 
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Serial or USB to computer is the cheapest.  An FTDI chip and support electronics 
comes in under $10.  If you’re using some wizardry, you can write your own USB 
interface for even less.  Serial level converters are dirt cheap.  Now all you have to do 
is figure out the software on the computer. 
 
ENC28J60 chips are cheap, $5 each.  They require a lot of support electronics.  They 
generate MAC level packets on the wire, and receiver them.  They operate at 
10mbps.  Modules can be found for under $30 with everything on board.  This chip is 
the basis of the Arduino Ethernet Sheild.  You have to write your own UDP or TCP 
stack, as well as handle ARP and other Ethernet Standard protocols. 
 
Wiznet chips are cheap, but forget about designing a support board without a lot of 
money and experience.  Just buy a $25 module.  These bad boys run at 10/100 mbps, 
and include a TCP/IP stack on board.  These are probably the best way to go right 
now, unless you’d prefer the additional flexibility of generating your own MAC 
packets. 
 
There are hundreds of other microcontrollers out there with built in MAC circuitry 
which might be worth considering if your project will be doing any serious interaction 
with networked devices.  Notably, some of the lesser ARM controllers. 
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The atmega chips are currently the workhorse line of 8-bit microcontrollers.  Of these, there are three lines which 
are in common use among hackers and hobbyists.  The most common is the 48/88/168/328 line.  These come in 
small form factor, breadboardable DIP packages, and include a reasonable amount of memory, as well as a 
number of useful peripherals.  We’ve been looking at these during the course of this workshop. 
 
The 164/324/644/1284 line are the bigger brothers to the previous line.  They also come in DIP packages, but 
have more pins, and are wider.  This line expands upward to include more RAM, more Flash, and more eeprom, 
along with more peripherals, like more UARTs, more counters, and more IO, along with the ability to be 
programmed and debugged through JTAG. 
 
The 640/1280/1281/2560/2561 line is the biggest brother of all of these.  These chips are only available in 64 or 
100 pin surface mount packages, but include yet more flash and more ram, more timers, more PWM channels, 
more ADC channels, more UARTs, along with the ability to do JTAG debugging. 
 
The atTiny line use less power, have fewer pins, and are smaller, all around.  In general, they have less flash and 
less ram, and may run at lower clock speeds.  They range in pin count from 6 to 28.  The atTiny 13 is the smallest 
in common use, with 8 pins, 1k of Flash, and 64 bytes of RAM, along with a 4 channel, 10 bit ADC. 
 
The 25/45/85 are slightly larger and more capable, at 8 pins, they have 128 or 256 bytes of RAM, timers with 
PWM, ADC, and a universal serial interface. 
 
The 24A/44/84 are larger still, at 14 pins.  They have more timers, more ADCs, on board temperature sensor, and 
an external debug interface. 
 
The 48/88 are the largest, at 28 pins.  They are almost equivalent to the smaller atMegas, with less RAM. 
 
The xmega are new chips from Atmel.  These chips only come in surface mount flavors.  They are ridiculously 
capable, a hybrid of 8 and 16 bit microcontrollers.  The smallest chips include 16k Flash, 2k RAM, 32mhz clock 
speed, 12 bit ADC, 4 counters, 2 uarts, 2 spi, and 2 i2c. 
 
The largest include 384k of Flash, 32k of RAM expandable to 16MB, DMA, multiple 12 bit ADCs, four DACs, eight 
UARTs, and AES/DES crypto engines. 
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It’s my hope that you’ve gotten a little more out of this workshop than just how to work with 
AVRs.  Hopefully, I’ve set you guys up on a road to understanding how microcontrollers work 
in general.  If an AVR chip isn’t enough, you might want to consider these options: 
 
Every ARM chip out there is so much more powerful than the AVR chips, it’s almost hard to 
believe.  The Cortex M0 is the smallest chip available right now, with similar peripheral 
interfaces and speed.  It’s designed for the same task, but with much more complexity, and 
much more capablity.  The M3 is the big brother of this chip, and includes lots of flash, ram, 
and other built in peripherals that are difficult to summarize.  Many include USB and Ethernet 
functionality.  These chips are difficult to break into, however, because there is no single 
simple toolchain for the ARM processors. 
 
The 32 bit AVRs are a little easier to program for.  They aren’t nearly as capable as the ARM 
chips, but they fill a niche.  Programming them is radically different from programming an 8 
Bit microcontroller, however, so don’t use these chips hoping for a familiar environment. 
 
The Xmegas are still AVRs, and still programmed in largely the same way, but they are way 
more capable than anything else in the AVR family.  Consider these if some of the AVRs 
discussed earlier aren’t good enough. 
 
Finally, PICs definitely server a purpose.  The free toolchains available for PIC have drastically 
increased their usability in the past 5 years, and microchip has a mindboggling large array of 
different PICs to choose from.  Don’t not use a PIC out of zealotry for a particular chip.  The 
only reason I stick with AVRs is because I don’t want to invest money in another toolchain. 
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