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Наслов Увод Дигитални улази Дигитални излази Систематизациjа

Digital I/O

Дигитални улази/излази

Чему служе?
Омогућаваjу управљање хардвером.

Омогућаваjу надгледање (monitoring) хардверa.

Да ли их имаjу сви микроконтролери?
ДА! 1–2 I/O пина наjмање.

Уобичаjено 8–32 пина.
Motorola HCS12 преко 90 I/O пинова.

Како су организовани?
Наjчешће као портови са 8 пинова. Због чега баш 8?
Могу бити улазни или излазни.
Наjчешће су бидирекционални (двосмерни) или
вишенаменски.
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Digital I/O

Управљање пиновима

Три регистра управљаjу пиновима за дигиталне улазе/излазе:

DDR – Data Direction Register. Сваки бидирекционални
порт има своj DDR регистар са по jедним битом
за сваки бит порта. Намена пина (улаз или излаз)
jе одређена вредношћу бита у регистру.

PORT – Port Register. Овим регистром се управља
напонским нивоом на пину.

PIN – Port Input Register. Наjчешће jе омогућено само
читање овог регистра (read-only) и користи као
провера стања улазних или излазних пинова.



Пример – Atmega16

52
2466T–AVR–07/10

ATmega16(L)

Switching between input with pull-up and output low generates the same problem. The user
must use either the tri-state ({DDxn, PORTxn} = 0b00) or the output high state ({DDxn, PORTxn}
= 0b11) as an intermediate step.

Table 20 summarizes the control signals for the pin value.

Reading the Pin Value Independent of the setting of Data Direction bit DDxn, the port pin can be read through the
PINxn Register bit. As shown in Figure 23, the PINxn Register bit and the preceding latch consti-
tute a synchronizer. This is needed to avoid metastability if the physical pin changes value near
the edge of the internal clock, but it also introduces a delay. Figure 24 shows a timing diagram of
the synchronization when reading an externally applied pin value. The maximum and minimum
propagation delays are denoted tpd,max and tpd,min respectively.

Figure 24.  Synchronization when Reading an Externally Applied Pin Value

Consider the clock period starting shortly after the first falling edge of the system clock. The latch
is closed when the clock is low, and goes transparent when the clock is high, as indicated by the
shaded region of the “SYNC LATCH” signal. The signal value is latched when the system clock
goes low. It is clocked into the PINxn Register at the succeeding positive clock edge. As
indicated by the two arrows tpd,max and tpd,min, a single signal transition on the pin will be delayed
between ½ and 1½ system clock period depending upon the time of assertion.

Table 20.  Port Pin Configurations

DDxn PORTxn
PUD

(in SFIOR) I/O Pull-up Comment

0 0 X Input No Tri-state (Hi-Z)

0 1 0 Input Yes
Pxn will source current if ext. pulled 
low.

0 1 1 Input No Tri-state (Hi-Z)

1 0 X Output No Output Low (Sink)

1 1 X Output No Output High (Source)

SYSTEM CLK

INSTRUCTIONS

SYNC LATCH

PINxn

r17

in r17, PINx

0xFF0x00

tpd, max

XXXXXX

tpd, min

Read-Modify-Write Access
Обратити пажњу код мултитаскинг система
Jедан процес не сме приступити регистру коjи користи
други процес

Уколико желимо изменити само jедан бит у регистру,
остали битови мораjу остати непромењени!
Користити инструкциjе за операциjу над битом!



Наслов Увод Дигитални улази Дигитални излази Систематизациjа

Digital Input

Дигитални улази

Када се користе?

Када улазни сигнал може имати само две вредности.

Наравно, у jедном тренутку времена. Сигнал се у општем случаjу мења са
временом.

Логички нивои:
логичка jединица – “high”
логичка нула – “low”

Atmmega16
VCC = [4.5, 5.5]V
1: [0.6VCC ,VCC + 0.5]V
0: [−0.5, 0.2VCC ]V
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Digital Input

Дигитални улази

Atmmega16
VCC = [4.5, 5.5]V
1: [0.6VCC ,VCC + 0.5]V
0: [−0.5, 0.2VCC ]V
интервал (0.2VCC , 0.6VCC ) ниjе дефинисан
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Digital Sampling

Узорковање сигнала

Jедноставно решење
“лечуjемо” вредност PIN регистра
са сваким доласком такта читамо “леч”
промене читамо са закашњењем
спора промена сигнала? (у односу на F такта)

Пример 2
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high voltage must be within [0.6VCC, VCC+0.5] V. This leaves the interval (0.2VCC, 0.6VCC) within
which the signal is said to be undefined.

Digital Sampling

Since the digital signal is just a voltage value, the question arises how this voltage value is transformed
into a binary value within a register. As a first solution, we could simply use latches for the PIN
register and latch the current state of the pin into the register. If the latch is triggered by the system
clock, it will store the current state at the beginning of every cycle. Naturally, since we can only
sample with the granularity of the system clock, this means that we may recognize a state change
only belatedly. We may even miss impulses altogether if they are shorter than a clock cycle, see
Figure 2.9.

signal

PIN

w.c. delay

clock

Figure 2.9: Sampling an input signal once every clock cycle.

The delay introduced by the sampling granularity is dlatch = (0, 1] clock cycles. Note that zero
is left out here, since it is not certain what happens when a signal changes at the same time as the
sampling clock edge. It may get sampled, or it may not get sampled. It is therefore prudent to leave
zero out of the interval. With the same reasoning, impulses should be longer than a clock cycle to
be recognized with certainty. In the remaining text, we will use din = (dmin

in , dmax
in ] to denote the

input delay interval, where dmin
in forms the lower bound on the input delay, and dmax

in denotes its upper
bound.

Although this sampling technique looks quite useful and forms the basis of the controller’s input
circuitry, it is unsuited to deal with a situation often encountered in real systems: What happens if
the signal is slow to change? After all, the signal is generated by the hardware, which may behave
unpredictably, so we do not have any guarantee that signal changes will be fast and may run into
the problem that the signal is undefined when we try to latch. In this case, our simple solution runs
head-on into the problem of meta-stability: A latch that gets an undefined voltage level as input has
a certain probability p to enter and remain in a meta-stable state, in which it may output either high,
or low, or an undefined value, or oscillate. Obviously, the last two options are disastrous for the
controller and hence for the application and must be avoided, especially in safety-critical systems. To
decrease the probability of such an occurence, the digital input circuitry of a controller generally first
uses a Schmitt-trigger to get well-defined edges and filter out fluctuations in the input voltage. This
restricts the problem to the short periods during which the Schmitt-trigger switches its output.

To reduce the probability of meta-stability even further, one or more additional latches may be
set in series between the Schmitt-trigger and the PIN register latch. Such a construct is called a syn-
chronizer. Figure 2.11 shows a block diagram of the resulting circuitry. Each additional synchronizer
latch has the probability p to enter a meta-stable state if presented with an undefined input, so the
whole chain of k latches including the PIN latch has probability pk � 1 to pass on the meta-stable
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Digital Sampling

Узорковање сигнала

36 CHAPTER 2. MICROCONTROLLER COMPONENTS

Schmitt-trigger
Schmitt-triggers are components that can be used to “digitize” analog input signals. To do so,
the Schmitt-trigger has two threshold voltages Vlo and Vhi, Vlo <Vhi, and changes its output
from logical 0 to logical 1 only if the input signal rises above Vhi. To make the Schmitt-trigger
change from 1 to 0, however, the signal must fall below Vlo. As a result, the Schmitt-trigger
does not forward small voltage fluctuations, and its output always has short and well-defined
rising and falling times regardless of the input signal, see Figure 2.10.
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Figure 2.10: Input and Output of a Schmitt-trigger.

state all to way to the controller. In practice, one synchronizer latch generally suffices to bring the
probability down to an acceptable level (but it will never be zero, no matter how many latches are
used).
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Figure 2.11: Block diagram of the basic input circuitry of a controller.

You may already have spotted the disadvantage of the synchronizer stage: It prolongs the time
until a signal change is passed on to the controller by a constant dsync, which is simply the number
of cycles it takes to pass a latched value from the first synchronizer latch to the PIN latch. Hence,
din = dlatch + dsync. The ATmega16 controller, for instance, uses one synchronizer latch which is
triggered by the falling edge of the system clock (whereas everything else is triggered by the rising
edge). Hence, the synchronizer stage adds a delay of half a clock cycle, and the delay bounds for the
ATmega16 become dmin

in = 0.5 and dmax
in = 1.5 clock cycles3.

3Note that we ignore the propagation delays of the Schmitt-trigger and the PIN latch here, which add an additional
couple of nanoseconds (about 20-30).

Шмитово коло

Решење #2

36 CHAPTER 2. MICROCONTROLLER COMPONENTS

Schmitt-trigger
Schmitt-triggers are components that can be used to “digitize” analog input signals. To do so,
the Schmitt-trigger has two threshold voltages Vlo and Vhi, Vlo <Vhi, and changes its output
from logical 0 to logical 1 only if the input signal rises above Vhi. To make the Schmitt-trigger
change from 1 to 0, however, the signal must fall below Vlo. As a result, the Schmitt-trigger
does not forward small voltage fluctuations, and its output always has short and well-defined
rising and falling times regardless of the input signal, see Figure 2.10.
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Figure 2.10: Input and Output of a Schmitt-trigger.

state all to way to the controller. In practice, one synchronizer latch generally suffices to bring the
probability down to an acceptable level (but it will never be zero, no matter how many latches are
used).
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Figure 2.11: Block diagram of the basic input circuitry of a controller.

You may already have spotted the disadvantage of the synchronizer stage: It prolongs the time
until a signal change is passed on to the controller by a constant dsync, which is simply the number
of cycles it takes to pass a latched value from the first synchronizer latch to the PIN latch. Hence,
din = dlatch + dsync. The ATmega16 controller, for instance, uses one synchronizer latch which is
triggered by the falling edge of the system clock (whereas everything else is triggered by the rising
edge). Hence, the synchronizer stage adds a delay of half a clock cycle, and the delay bounds for the
ATmega16 become dmin

in = 0.5 and dmax
in = 1.5 clock cycles3.

3Note that we ignore the propagation delays of the Schmitt-trigger and the PIN latch here, which add an additional
couple of nanoseconds (about 20-30).



Наслов Увод Дигитални улази Дигитални излази Систематизациjа

Digital Sampling

Узорковање сигнала

Метастабилност (meta-stability)
Вероватноћа одабирања недефинисаног стања jе p по лечу
Коришћењем k лечева смањуjе се на pk � 1

36 CHAPTER 2. MICROCONTROLLER COMPONENTS

Schmitt-trigger
Schmitt-triggers are components that can be used to “digitize” analog input signals. To do so,
the Schmitt-trigger has two threshold voltages Vlo and Vhi, Vlo <Vhi, and changes its output
from logical 0 to logical 1 only if the input signal rises above Vhi. To make the Schmitt-trigger
change from 1 to 0, however, the signal must fall below Vlo. As a result, the Schmitt-trigger
does not forward small voltage fluctuations, and its output always has short and well-defined
rising and falling times regardless of the input signal, see Figure 2.10.
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Figure 2.10: Input and Output of a Schmitt-trigger.

state all to way to the controller. In practice, one synchronizer latch generally suffices to bring the
probability down to an acceptable level (but it will never be zero, no matter how many latches are
used).
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Figure 2.11: Block diagram of the basic input circuitry of a controller.

You may already have spotted the disadvantage of the synchronizer stage: It prolongs the time
until a signal change is passed on to the controller by a constant dsync, which is simply the number
of cycles it takes to pass a latched value from the first synchronizer latch to the PIN latch. Hence,
din = dlatch + dsync. The ATmega16 controller, for instance, uses one synchronizer latch which is
triggered by the falling edge of the system clock (whereas everything else is triggered by the rising
edge). Hence, the synchronizer stage adds a delay of half a clock cycle, and the delay bounds for the
ATmega16 become dmin

in = 0.5 and dmax
in = 1.5 clock cycles3.

3Note that we ignore the propagation delays of the Schmitt-trigger and the PIN latch here, which add an additional
couple of nanoseconds (about 20-30).

Недостатак? Време пропагациjе сигнала (кашњење)
Пример Atmega16: dmin

in = 0.5clk , dmax
in = 1.5clk
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Noise Cancellation

Избегавање шума

Неки контролери имаjу уграђен механизам за избегавање шума
( 6= филтрирање). Уколико jе ова опциjа сетована, контролер
више пута очитава вредност, нпр. k пута, и прихвата нову
вредност ако jе свих k одбирака идентично. Недостатак jе
утицаj на укупно кашњење коjе jе сада:

din = dlatch + dsync + dncanc
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Noise Cancellation

Pull Resistors – Pull Отпорници

У контролерима се користе на два начина, као:
Pull-UP
Pull-Down

2.3. DIGITAL I/O 37

Noise Cancellation

Although the PIN register of the controller should normally follow the state of the input pin as closely
as possible, this is quite undesired if the signal is noisy. Here, electromagnetic interference from
the environment produces short voltage spikes on the line, and these voltage changes should nor-
mally not be taken over by the controller, where they could produce erroneous reactions, especially
in conjunction with interrupts.

Therefore, some controllers provide noise cancellation. If enabled, the controller samples the pin
not just once but several times, e.g. k times, and only takes over a new value if all k samples were
equal. Obviously, this adds another constant dncanc = k − 1 cycles to the overall input delay, so the
bounds on the delay become

din = dlatch + dsync + dncanc (2.1)

clock cycles.

Pull Resistors

Many controllers integrate pull resistors into their input circuitry. Most of the time, they provide
pull-up resistors, some controllers also offer pull-down resistors (e.g. the HCS12). The task of the
pull resistor is to connect the input pin to a defined voltage if it is not driven by the external hard-
ware. Pull resistors are controlled via a register, where they can be enabled or disabled for each pin
independently. The ATmega16, for example, uses the PORT register bits of input pins for controlling
their pull resistors. Other controllers provide dedicated registers for this purpose.

It can occur quite frequently that an input pin is not driven by hardware all the time, most notably
when using simple mechanical switches, like DIP switches or buttons. Here, the input pin is connected
to a defined value as long as the switch is closed, but left floating (that is, unconnected and at an
undefined voltage level) whenever the switch is open. Since floating pins are A Bad Thing (they are
very prone to noise!), a pull resistor must be used to set the pin to a defined level while the switch is
open, see Figure 2.12 for an example.

Controller−Input 1 2
.

Figure 2.12: Attaching a switch to an input pin with activated pull-up resistor.

In the figure, we connected the switch to an input with activated pull-up, also called an open-drain
input. While the switch is open, the input pin is connected to VCC and the controller will read a 1.
Closing the switch connects the pin to ground, and the controller will read 0.

There is another interesting thing to note in Figure 2.12: Due to the pull-up resistor, whenever the
switch is closed, current flows from the controller via the input pin to the external ground. Without
a pull resistor, there would not be any notable current flow from or to the controller pin, since the

Чему служе?
Пинови контролера не смеjу да „висе“, jер то узрокуjе шум („у
великим количинама“).
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Digital Output

Дигитални излаз

Омогућава постављање напона пина на жељени ниво.
Atmega16 „low“= max 0.7V; „high“= min 4.2V
Све док jе DDR подешен за излаз, пинови се сетуjу према
PORT регистру.
Излазни пин може да „даjе“ или „вуче“ струjу
Вредности струjе за излазне пинове миктроконтролера су
[4− 20]mA1, наjвише.

120mA jе довољно за напаjање стандардне LED диоде
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Digital Output

Дигитални излази

Излазни пинови су критичниjи од улазних.
Уколико излазни пин физички споjимо на GND и сетуjемо га на
1 долази до кратког споjа!

Произвођачи дозвољаваjу краткотраjан кратак споj.
Обратити пажњу при проjектовању хардвера!
Програмска провера?

Очитавањем PIN регистра, али . . .
Због кашњења, КС jе могуће детектовати тек пошто jе
настао.
Ако се детектуjе КС, одговараjући пин се сетуjе као излаз и
обавештава се корисник.
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Digital Output

Коjи регистар прво поставити
DDR?
PORT?

Ако контролер не користи PORT битове за друге намене
(као Atmega16), прво сетуjемо PORT, а затим DDR.
Код Atmega16 jе мало компликованиjе, jер PORT управља
„Pull-Up“ отпорницима.
Желимо да прво поставимо „1“, и сетуjемо PORT па DDR,
краткотраjно ћемо укључити „Pull-Up“ отпорнике, пре него
што порт постане излазни.

Закључак
Ако контролер дозвољава, а хардвер не смета, сетуjемо прво
PORT па DDR. Увек треба проверити могуће нежељене ефекте.
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Digital Output

порт B
пинови 0 и 1 „high“
пинови 2 и 3 „low“

пинови 4–7 улазни
пинови 6 и 7 pull-up

C кôд
unsigned char i;
...
/* definisati pull-ups i postaviti izlaze na "high" */
/* definisati smer za pinove porta */
PORTB = (1«PB7)|(1«PB6)|(1«PB1)|(1«PB0);
DDRB = (1«DDB3)|(1«DDB2)|(1«DDB1)|(1«DDB0);
/* Ubaciti nop za sinhronizaciju*/
_NOP()
/* Očitati vrednost pinova*/
i = PINB;
...
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Digital Output

порт B
пинови 0 и 1 „high“
пинови 2 и 3 „low“

пинови 4–7 улазни
пинови 6 и 7 pull-up

Асемблерски кôд
...
; definisati pull-ups i postaviti izlaze na "high"
; definisati smer za pinove porta
ldi r16,(1«PB7)|(1«PB6)|(1«PB1)|(1«PB0)
ldi r17,(1«DDB3)|(1«DDB2)|(1«DDB1)|(1«DDB0)
out PORTB,r16
out DDRB,r17
; Ubaciti nop za sinhronizaciju
nop
; Očitati vrednost pinova
in r16,PINB
...
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Digital Output

порт B
пинови 0 и 1 „high“
пинови 2 и 3 „low“

пинови 4–7 улазни
пинови 6 и 7 pull-up

Asembler Atmega16
...
; definisati pull-ups i postaviti izlaze na "high"
; definisati smer za pinove porta
ldi r16,0xC3
ldi r17,0x0F
out PORTB,r16
out DDRB,r17
; Ubaciti nop za sinhronizaciju
nop
; Očitati vrednost pinova
in r16,PINB
...
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Систематизациjа

1 Увод
Digital I/O

2 Дигитални улази
Digital Input

Digital Sampling
Noise Cancellation

3 Дигитални излази
Digital Output

Задатак: Микроконтролер има задатак да надгледа дигитални
сигнал чиjи су импулси траjања ≥ 1µs. Ово се обавља
непрекидним очитавањем стања пина. Читање траjе 1 циклус
такта, обрада траjе 3 циклуса. Колико треба да буде брз
микроконтролер како не би пропустио ниjедан импулс?
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