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1.1. INTRODUCTION 5

its development, which increases the performance demands even more. For small 8-bit controllers,
however, only the application has to be considered. Here, rough estimations can be made for example
based on previous and/or similar projects.

The basic internal designs of microcontrollers are pretty similar. Figure 1.4 shows the block
diagram of a typical microcontroller. All components are connected via an internal bus and are all
integrated on one chip. The modules are connected to the outside world via I/O pins.
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Figure 1.4: Basic layout of a microcontroller.

The following list contains the modules typically found in a microcontroller. You can find a more
detailed description of these components in later sections.

Processor Core: The CPU of the controller. It contains the arithmetic logic unit, the control unit,
and the registers (stack pointer, program counter, accumulator register, register file, . . . ).

Memory: The memory is sometimes split into program memory and data memory. In larger con-
trollers, a DMA controller handles data transfers between peripheral components and the mem-
ory.

Interrupt Controller: Interrupts are useful for interrupting the normal program flow in case of (im-
portant) external or internal events. In conjunction with sleep modes, they help to conserve
power.

Timer/Counter: Most controllers have at least one and more likely 2-3 Timer/Counters, which can
be used to timestamp events, measure intervals, or count events.

Many controllers also contain PWM (pulse width modulation) outputs, which can be used to
drive motors or for safe breaking (antilock brake system, ABS). Furthermore the PWM output
can, in conjunction with an external filter, be used to realize a cheap digital/analog converter.

Digital I/O: Parallel digital I/O ports are one of the main features of microcontrollers. The number
of I/O pins varies from 3-4 to over 90, depending on the controller family and the controller
type.
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ATmega16(L)

Overview The ATmega16 is a low-power CMOS 8-bit microcontroller based on the AVR enhanced RISC
architecture. By executing powerful instructions in a single clock cycle, the ATmega16 achieves
throughputs approaching 1 MIPS per MHz allowing the system designer to optimize power con-
sumption versus processing speed.
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Timer

Tajmer

Таjмер jе у ствари броjач, и уобичаjено jе да микроконтролери
поседуjу jедан или више таjмера са 8- или 16-битном
резолуциjом.

Користе се за нпр. мерење различитих кашњења, генерисање
таласних облика.
Наjчешће се користе у функциjи броjача; омогућаваjу додавање
временског потписа екстерним догађиjама (иницираjу прекид
након одређеног времена) или и за генерисање PWM сигнала
за управљање jедосмерним моторима.
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Counter

Броjачи

инкрементира се или декрементира на сваки циклус такта
[смер броjања може да се мења]
резолуциjа n може да броjи у опсегу [0, 2n − 1]
када изброjи до 2n обратити пажњу
16-битни таjмер у 8-битноj архитектури Achtung!

може да се генерише прекид када дође до прекорачења
modulus mode – аутоматски се ресетуjе након прекорачења

↑ може да се користи као периода сигнала, али непрецизна
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Counting

Броjање

Броjач могу да окидаjу следећи извори:
системски сат (System Clock–Internal Clock)
Prescaler
спољашњи импулс (External Pulse–Pulse Accumulator)
спољашњи кристал (External Crystal–Asynchronous Mode)
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Prescaler

Предскалирање

Такође се користи системски сат, али jе филтриран помоћу прескалера.
Прескалер jе jош jедан броjач променљиве дужине (8 или 10
бита типично) коjи се активира системским сатом. Таjмер се
активира преко прескалера.

Прескалером можемо проширити опсег таjмера, али утичемо на
прецизност таjмера.

8-битни таjмер, на 1MHz, oпсег му jе 225𝜇s, a прецизност 1𝜇s
са прескалером на 1024 oпсег му jе 260ms, a прецизност 1ms
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Input Capture

„Времеснки потпис улаза“

Намена
Input Capture омогућава додавање временског потписа
догађаjима (наjчешће спољашњим). Може се активирати
на улазну ↑, или силазну ивицу сигнала ↓.

Кад се догађаj деси, таjмер аутоматкси копира тренутну вредност
у input capture register, одакле се даље може користити у
програму.

Истовремено се сетуjе input capture flag, што омогућава
инициjализациjу прекида коjи би обавестио апликациjу да jе улаз
регистрован.

Микроконтролери имаjу jедан или више пинова коjи омогућаваjу
ову функционалност.
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Input Capture

„Времеснки потпис улаза“

Input capture се може користити и за интерне догађаjе. На
пример, ATmega16 може окинути input capture са модула
аналогног компаратора, што омогућава апликациjи читање
временског потписа промене стања аналогног компаратора.

Напоменимо да сетовање input capture не значи да jе аутоматски
одговараjући пин подешен као излазни. (Урадити програмски).
ATmega16 дозвољава да се пин коjи jе сетован као излазни може
користити као input capture, ако програм генерише потребне
улазе. Ово се може користити за мерење кашњења између
излазног догађаjа и реакциjе на њега.
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Input Capture

„Времеснки потпис улаза“

Временски потпис мора бити што jе могуће тачниjи
Поставити прескалер на наjмању задовољаваjућу вредност.

Тачност временског потписа:

tev − tcap ∈
(︀
−dmax

in ,P − 1− dmin
in

]︀
где су: tev (real-)time када се догађаj десио, tcap jе (real-)time
временског потписа, dmax

in и dmin
in одговараjу наjгорем случаjу

регистровања, а P jе вредност прескалера.
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Input Capture

„Времеснки потпис улаза“

2.6. TIMER 63

The input capture feature may also be linked to internal event sources. The ATmega16, for in-
stance, can trigger an input capture from its analog comparator module, allowing the application to
timestamp changes in the comparator output.

Note that enabling the input capture feature of a pin does not necessarily cause the pin to be set to
input. This may still have to be done by the program. In fact, the ATmega16 allows you to use the pin
as output and will trigger an input capture if the program generates the appropriate event condition.
This can for example be used to measure the delay between an output event and the reaction of the
system.

Since the input capture feature is used to timestamp events, it is obvious that this timestamp should
be as accurate as possible. As we have explained in Section 2.6.1, the timer has a certain granularity
which is affected by the prescaler, and this influences the timestamping accuracy, leading to

tev − tcap ∈ (−dmax
in , P − 1− dmin

in ] (2.7)

clock cycles, where tev is the (real-)time the event occured, tcap is the (real-)time that corresponds to
the timestamp the event was timestamped with, dmax

in resp. dmin
in is the worst case resp. best case input

delay (see Section 2.3.1), and P is the prescaler value. Figure 2.28 illustrates the formula.

dmin
indin

max

0 0 0 0 1 1 1 1 2

0 1 2

system clock ticks
timestamp

timer ticks
counter value

Figure 2.28: Minimum and maximum accuracy for a prescaler value of P = 4.

In the figure, it is assumed that an event gets timestamped with 1, so it must have been recognized
in one of the system clock cycles where the timestamp was 1. The earliest an event can occur and
be timestamped with 1 is dmax

in clock cycles before the first such system clock cycle. The latest an
event can occur and still be timestamped with 1 is dmin

in cycles before the last system clock cycle with
timestamp 1. From that, the formula directly follows.

As a consequence, the worst case error (given in clock cycles) when measuring the period between
two events is

dmax
in + P − 1− dmin

in . (2.8)

Obviously, you should keep the prescaler value as small as possible to obtain the most accurate
result.

Finally, it is interesting to know how large the time between two consecutive events can become
before we experience an overflow. The largest such interval which will certainly not cause an overflow
has the duration

(2r − 1) · P (2.9)

clock cycles, where r is the timer resolution. See Figure 2.29 for an illustration.

У наjгорем случаjу, грешка мерења између два догађаjа у
циклусима такта износи:

dmax
in + P − 1− dmin

in
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Input Capture

„Времеснки потпис улаза“

Прекорачење
Наjвећи интервал између два догађаjа коjи неће узроковати
прекорачење, у циклусима такта:
(2r − 1) · P
где jе r резолуциjа таjмера.

Пример
Вредност прескалера P je 4, a резолуциjа таjмера r jе 2;
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2 2 2 3
system clock ticks
timestamp

timer ticks
counter value

dmin
indmin

in

0 0 0 0 1 1 1 1 2

0 1 2 3

3 3 3 0

0

longest duration

Figure 2.29: Maximum time between two events that can be measured without an overflow. Prescaler
value P = 4, timer resolution r = 2.

Apart from these formulas, there is another interesting thing about input capture that you should
be aware of, and this has to do with how and when the input capture register is read. As we have
explained, the timestamp is stored in the input capture register when the event occurs, and most likely
an ISR will be called to read this register. However, raising an interrupt takes several cycles, so it can
happen that another input capture event occurs in this period. This second event will again cause the
current timestamp to be stored in the input capture register, effectively overwriting the old value. The
ISR, which was triggered by the first event, will then read the timestamp of the second event.

This is of course not really a problem yet, since all that happens is that you miss the first event and
react to the second one. The real problem lies with microcontrollers that clear the IF bit automatically
before executing the ISR. In this case, the second event may occur after the input capture IF has been
cleared but before the ISR has read the input capture register. The second event will set the IF again
and will overwrite the input capture register, so the ISR will read the timestamp of the second event.
However, since the second event also sets the IF anew, as soon as the ISR is finished, it will be called
again, this time to serve the second event, and will read the same timestamp as before. So as a result,
you have reacted to both events, but have erroneously attributed the second event’s timestamp to both
events, see Figure 2.30.

set IF
ICR = TS(ev2)!

read TS2
instead TS1

t

t
call ISR
clear IF

call ISR

read TS2

ev1
TS1

ev2
TS2

Figure 2.30: Both calls to the ISR read the timestamp of the second event.

There is not much you can do against this problem if it can occur, except read the input capture
register as soon as possible. You may also check whether successive timestamps are equal and in that
case discard the first one. If you use a controller that allows (or even requires) you to set back the IF,
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Input Capture

Могући конфликти

догађаj (1.) “стигао” на улазни пин
време доласка (1.) уписано у input capture register
ISR (1.) покушавада очита вредност тог регистра
↑ траjе неколико циклуса такта
догађаj (2.) “стигао” на улазни пин
време доласка (2.) уписано у input capture register
ISR (1.) очита вредност регистра коjа одговара догађаjу
(2.)

пропуштен први догађаj, реаговано на други
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Input Capture

Могући конфликти

Микроконтролер брише IF аутоматски пре завршетка ISR.
догађаj (1.) “стигао” на улазни пин
IF обрисан, позива се ISR
ISR (1.) се извршава

догађаj (2.) “стигао” на улазни пин

IF постављен, време доласка (2.)
уписано у input capture register
ISR (1.) очита вредност регистра
коjа одговара догађаjу (2.)

ISR (2.) се изврши, са истим
временским потписом
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Apart from these formulas, there is another interesting thing about input capture that you should
be aware of, and this has to do with how and when the input capture register is read. As we have
explained, the timestamp is stored in the input capture register when the event occurs, and most likely
an ISR will be called to read this register. However, raising an interrupt takes several cycles, so it can
happen that another input capture event occurs in this period. This second event will again cause the
current timestamp to be stored in the input capture register, effectively overwriting the old value. The
ISR, which was triggered by the first event, will then read the timestamp of the second event.

This is of course not really a problem yet, since all that happens is that you miss the first event and
react to the second one. The real problem lies with microcontrollers that clear the IF bit automatically
before executing the ISR. In this case, the second event may occur after the input capture IF has been
cleared but before the ISR has read the input capture register. The second event will set the IF again
and will overwrite the input capture register, so the ISR will read the timestamp of the second event.
However, since the second event also sets the IF anew, as soon as the ISR is finished, it will be called
again, this time to serve the second event, and will read the same timestamp as before. So as a result,
you have reacted to both events, but have erroneously attributed the second event’s timestamp to both
events, see Figure 2.30.

set IF
ICR = TS(ev2)!

read TS2
instead TS1

t

t
call ISR
clear IF

call ISR

read TS2

ev1
TS1

ev2
TS2

Figure 2.30: Both calls to the ISR read the timestamp of the second event.

There is not much you can do against this problem if it can occur, except read the input capture
register as soon as possible. You may also check whether successive timestamps are equal and in that
case discard the first one. If you use a controller that allows (or even requires) you to set back the IF,

реаговано на оба догађаjа, али погрешно
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Output Compare

„Времеснки потпис излаза“

Ради слично као и временски потпис излаза.
Дефинише се промена у одређеном тренутку
Таjмер поседуjе output compаre регистар
где се уписуjе тренутак промене на излазноj линиjи
могуће jе и инициjализовати прекид
често има уграђени ресет
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PWM

Импулсно ширинска модулациjа 1
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PWM
output

update
cmp

update
top

maximum counter value

glitch glitch

cmp
top

t

t

Figure 2.31: PWM signal generated by an up-counter and the results of unbuffered updates.

Controllers which use this method may hence only take over new top and compare values when the
counter reaches zero. If you set the compare value above the top value, the output will be constantly
high.

In the up-down-counter version, see Figure 2.32, the counter first counts up from zero to the top
value and then switches direction and counts down back to zero. The counter starts by setting the
output to high and begins counting at zero. Whenever the compare value is reached on the upcount,
the output is set to low. When the compare value is reached again on the downcount, the output is set
back to high. As you can see, this results in a nice symmetrical signal with a period that can be twice
as long as that of a pure up-counter. Again, asynchronous updates of the compare or top value can
result in glitches, so the controller must buffer the values until zero is reached.

PWM
output

maximum counter value

cmp

top

t

t

Figure 2.32: PWM signal generated by an up-down-counter.

In both versions, the attainable period is determined by the resolution of the timer. If the high time
is set to zero or to (or above) the top value, this will generally result in a constant low or high signal.

2.6.5 Exercises

Exercise 2.6.1 You only have two 8-bit timers on your 8-bit microcontroller but want to have a 16-bit
timer for your application. Can you solve this problem in software? How does your solution work?
What functions do you have to provide as an API (application program interface) to your timer? Do
you have to think about asynchronous updates?

Exercise 2.6.2 Assume that your microcontroller has an operating frequency of 1 MHz and two
timers, an 8- and a 16-bit timer. It is your task to select useful prescaler modes for the timers. Each

Slika : PWM сигнал генерисан помоћу jедностраног броjача са
инкрементирањем и последице промене параметара у произвољном
тренутку.
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PWM

Импулсно ширинска модулациjа 2
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In both versions, the attainable period is determined by the resolution of the timer. If the high time
is set to zero or to (or above) the top value, this will generally result in a constant low or high signal.
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Наслов Увод Timer Input Capture Output Compare PWM Систематизациjа

Систематизациjа

1 Увод
Timers

2 Timer
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Prescaler
3 Input Capture

Input Capture
4 Output Compare
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5 PWM
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