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3.  ¡ÒÃá»Å§ÊÑ­­Ò³Í¹ÒÅÍ¡à»ç¹ÊÑ­­Ò³´Ô¨ÔµÍÅ 

(Analog to Digital conversion)
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Analog to Digital Converter 
(ADC)

Digital to  Analog Converter 
(DAC)

Digital to  Analog Converter 
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Ç§¨Ãá»Å§ÊÑ­­Ò³´Ô¨ÔµÍÅà»ç¹ÊÑ­­Ò³ Í¹ÒÅçÍ¡
(Digital-to-Analog Converter ËÃ×ÍD/A ËÃ×ÍD2A)
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à·¤¹Ô¤¢Í§ DAC

• Binary Weighted DAC
- Uses switches & precision resistors
- Difficult to achieve high density due to large resistance values

• R/2R Ladder
- Most common method
- Keeps resistance values low
- Uses intricate interconnections

5

Op-Amp Review

For Negative Feedback,
1.  Inputs are high impedance
2. Voltage gain is :  Av = -Rf / Ri

6

Binary Weighted DAC

7

áÃ§´Ñ¹àÍÒ·ì¾Ø·
µí!ÒÊØ´à¡ỐàÁ×!Í
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Binary Weighted DAC
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¶éÒ D3- D0 ÍÂÙèµíÒáË¹è§ ‘1’  ¨Ðä´éáÃ§´Ñ¹àÍÒ·ì¾Ø·ÊÙ§ÊØ´
Vout =  - Vref x Rf x(1/1k  + 1/2k + 1/4k + 1/8k)
Vout = -Vref x 1 x(1/1  + 1/2 + 1/4 + 1/8)
Vout = -Vref x (1 + .5 + .25 + .125)
Vout = -1.875 x Vref
àªè¹¶éÒ Vref = +5V    Vout àÁ×!ÍÍÔ¹¾Ø·à»ç¹ ‘1’ ËÁ´¨Ðä´é -9.375 âÇÅ·ì
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Binary Weighted Network Formulae
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R2R Ladder Network DAC
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Summing 
Amp

Inverting 
AmpR2R Ladder Network Stage

¡ÒÃÇÔà¤ÃÒÐËìÇ§¨Ãâ´Âãªé·ÄÉ®Õ Thevenin
ËÒ Rth ¢Í§ Thevenin

·Õ!µíÒáË¹è§ºÔµµèÒ§æ ÊÒÁÒÃ¶ËÒ Rthä´é´Ñ§¹Õ"
ºÔµ 0 Rth = 1 k, ºÔµ 1 Rth = 1 k,ºÔµ 2 Rth = 1 k,ºÔµ 3 Rth = 1 k,ºÔµ 4 Rth = 1 k,ºÔµ 5 Rth = 1 k,
ºÔµ 6 Rth = 1 k áÅÐ ºÔµ 7 Rth = 1 k

Summing 
Amp

Inverting 
Amp

ÃÐÇÑ§ Vref ¡Ñº  OP-Amp ¤èÒäÁèà·èÒ¡Ñ¹

ËÒ Rth ¢Í§ Thevenin

12

ËÒ Rth0

ËÒ Rth1



Ç§¨Ã Thevenin equivalent  à¾×!ÍËÒ Rth
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Bit 7

1 kW

Bit 6

1 kW

Bit 5

1 kW

Bit 4

1 kW

Bit 3

1 kW

Bit 2

1 kW

Bit 1

1 kW

Bit 0

1 kW

ËÒ Thevenin Voltage  àÁ×!ÍºÔµ 7 µèÍ¡ ÑºáËÅè§è̈ÒÂ (ºÔµ 7 à»ç¹ 1)
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VTH7 = 6V

ËÒ Thevenin Voltage  àÁ×!ÍºÔµ 6 µèÍ¡ ÑºáËÅè§è̈ÒÂ (ºÔµ 6 à»ç¹ 1)
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ËÒ Thevenin Voltage  àÁ×!ÍºÔµ 5 µèÍ¡ ÑºáËÅè§è̈ÒÂ (ºÔµ 5 à»ç¹ 1)

16

VTH5 = 1.5V



Thevenin Voltage  ã¹the R2R Ladder Network (Vth)
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Bit 7

6 V

Bit 6

3 V

Bit 5

1.5 V

Bit 4

0.75 V

Bit 3

0.375 V

Bit 2

0.1875 V

Bit 1

93.75 m V

Bit 0

46.875 m V

Ç§¨Ãà·ÕÂºà¤ÕÂ§´éÇÂ Thevenin
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Thevenin Equivalent Circuit for MSB
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Analog Outputs from R2R DAC
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Limitations of the R2R DAC
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Although Ladder Network Resistor Values are now of a
Common pattern & therefore easier to realize, the Tolerance
Requirements are still valid.

A 1% Tolerance on R7 can swamp the Effect of the LSB.

For an LSB accuracy of 1%, MSB Resistor must have a
tolerance of 1/128.

Most Modern fast DAC’s employ the R2R ladder Network at
their core.

Speed of conversion is still limited by the Slew Rate of the
Op-Amps.

à·ÍÁ·Õ à¡Õ ÂÇ¡Ñº!DAC

22

Resolution:

à»ç¹¢¹Ò´·Õ àÅç¡·Õ ÊǾ·Õ !D/A ÊÒÁÒÃ¶ÊÃéÒ§ä´é!!¢¹Ò´¹Õ"¢Ö"¹ÍÂÙè¡Ñº¨íÒ¹Ç¹ºÔµ¢Í§!D/A  
ËÃ×Í ÁÕ¤èÒà·èÒ¡Ñº¤èÒ·Õ ä´é¨Ò¡ºÔµ!LSB   ¤íÒ¹Ç³ä´é¨Ò¡

1 2
( )

22 2
REF F F REF

OUT LSB n n
TH IN

V R R V
V

R R

æ öæ ö æ ö= =ç ÷ç ÷ ç ÷
è øè øè ø

When no 
Op-Amp 
Stages are 
provided

ËÃ×Í¡ÅèÒÇÇèÒ!Resolution ¢¹Ò´¡Õ ºÔµ!!àªè¹¢¹Ò´!12!ºÔµ
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¨íÒ¹Ç¹ÃÐ´Ñº¢Í§ÊÑ­­Ò³ÍÐ¹ÒÅÍ¡

This is the total number of analog levels achievable by the
DAC and is determined by the number of bits“n” .

n2=LevelsAnalog 

¤èÒ¤ÇÒÁà·Õ Â§µÃ§(Accuracy)
à»ç¹¡ÒÃà»ÃÕÂºà·ÕÂº¤èÒ¨ÃÔ§¡Ñº¤èÒ·Õ ¤íÒ¹Ç³ä´é!»¡µÔ¨Ð¡íÒË¹´à»ç¹à»ÍÃìà«¹µì

¢Í§¤èÒàÍÒ·ì¾Ø·àÁ× ÍàµçÁÊà¡Å!(Full scale)

10 Vfs , ± 0.2% accuracy ®± 20 mV

¤ÇÒÁàÃçÇ!(Speed)
ËÁÒÂ¶Ö§¤ÇÒÁàÃçÇ¢Í§!Output settling time «Ö §à»ç¹àÇÅÒ·Õ µéÍ§ãªéà¾× Í

ÊÃéÒ§¤èÒàÍÒ·ì¾Ø·àÁ× ÍÍÔ¹¾Ø·ÁÕ¡ÒÃà»ÅÕ Â¹á»Å§

24



¡ÒÃ¼Ô´¾ÅÒ´ã¹ DAC 
Distortion Effects in DAC’s

25

Distortion:

DAC ·Õ ´ÕµéÍ§ãËé¤èÒàÍÒ·ì¾Ø·ÍÍ¡ÁÒµÃ§µÒÁ¤èÒÍÔ¹¾Ø·   àÁ× ÍÍÔ¹¾Ø·ãËé¤èÒÁÒ¡¢Ö!¹ 
ÊÑ­­Ò³àÍÒ·ì¾Ø·¡çµéÍ§ÁÕ¤èÒÁÒ¡¢Ö!¹  áÅÐ¡ÒÃà¾Ô Á¢Ö!¹¢Í§ÍÔ¹¾Ø·áµèÅÐ¢Ñ!¹¡çµéÍ§ãËé¤èÒ
àÍÒ·ì¾Ø·à¾Ô Á¢Ö!¹ã¹áµèÅÐ¢Ñ!¹à·èÒæ¡Ñ¹´éÇÂ  áµè¶Ö§¡ÃÐ¹Ñ!¹  ã¹·Ò§à»ç¹¨ÃÔ§ DAC ¡çÁÕ¡ÒÃ
¼Ô´à¾Õ!Â¹àªè¹¡Ñ¹   ¡ÒÃ¼Ô´à¾Õ!Â¹ã¹ DAC ÁÕ 2 áººãË­èæ ¤×Í Non-linear distortion

áÅÐ Non-monotonic distortion

Non-Linear Distortion

26

0000

0001

0010

0011

A

B

C

A=B=C=Resolution
0000
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A¹ B ¹ C ¹ Resolution

LINEAR NON-LINEAR

ÅÑ¡É³Ð¡ÒÃ¼Ô´à¾Õ•Â¹áºº¹Õ•̈ÐãËé¤èÒàÍÒ·ì¾Ø·¢Í§áµèÅÐÊàµç»äÁèà·èÒ¡Ñ¹   

Non-monotonic Distortion in DAC’s
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ÅÑ¡É³Ð¡ÒÃ¼Ô´à¾Õ•Â¹áºº¹Õ•¨ÐãËé¤èÒàÍÒ·ì¾Ø·¢Í§áµèÅÐÊàµç»äÁèà·èÒ¡Ñ¹  áÅÐ
ºÒ§¤ÃÑ•§ãËé¤èÒàÍÒ·ì¾Ø·Å´Å§·Ñ•§æ·Õ•ÍÔ¹¾Ø·ÁÕ¤èÒà¾Ô•Á¢Ö•¹
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A=B=C=Resolution A¹ B ¹ C ¹ Resolution

LINEAR & MONOTONIC NON-MONOTONIC

0000

0001

0010
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A B

C

µÑÇÍÂèÒ§ DAC

DAC ¢¹Ò´ 2 ºÔµ ÁÕáÃ§´Ñ¹ÍéÒ§ÍÔ§ 8 âÇÅ·ìáÅÐ¤èÒ¤ÇÒÁà·Õ!Â§µÃ§ @ " 0.2% 
acc ¨§ËÒ¤èÒ resolution áÅÐ¤èÒ¤ÇÒÁà·Õ!Â§µÃ§ã¹à·ÍÁ¢Í§áÃ§´Ñ¹
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1
22

1
4

=  25%     ËÃ×Í= ( 1
4) ( )8 V =  2 V

resolution:

( ± 0.2% ) ( 8 V )  =  ± 16 mV

accuracy:



µÑÇÍÂèÒ§ DAC
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00 01 10 11

2 V

4 V

6 V

8 V

accuracy:
5.984 V - 6.016 V

resolution: 2 V

8-Bit DAC

30

Input Output

Dec Binary

0 00000000 0V

1 00000001 0.020V

2 00000010 0.039V

3 00000011 0.059V

252 11111100 4.922V

253 11111101 4.941V

254 11111110 4.961V

255 11111111 4.980V

Ideal DAC Diagram

31

The 
resolution is 
voltage step 
size.

DAC Errors

32

Errors can arise from components that are not ideal.  When 
choosing a DAC this is one specification that is provided.
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DAC0800 Pinout and Application
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This is a current producing DAC, with the output determined by the digital code 
and by the input voltage Vref.  It is very fast (~100 ns), as with most DACs

Pins

Pins Purpose

1. VLC Ground

2. IOUT’

4.      IOUT

Output’

Output

Digital Input

B1 à MSB
:   :      :

B8 à LSB

5.     Input

:         :
:         :

12. Input

14. VREF(+)
15. VREF(-)

Reference voltage 
for output

35

DAC0800 Diagram

36

The current output makes it faster (no op amp to limit).   It still has the R-2R 
ladder.  To analyze this imagine this connection diagram.  We will first focus on 
the REF AMP, then look at the currents in the R-2R ladder.

V0

RREF

R

2R



DAC0800 Diagram (2)
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R

2R

The emitter voltage will be the same on all the BJTs, but the currents will be 
different.  The total current is V0/RREF.  Each branch will have 1/2 of the previous 
branches value.  Note the rightmost transistor - why is it there?

V0

RREF

The current is set by V0/RREF.  That means the output current is controlled not 
only by the digital code but be an analog input as well.  This is called a 
multiplying DAC.

µÑÇÍÂèÒ§

38
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ATmega168 ¡Ñº DAC0800 ¡ÒÃ¤íÒ¹Ç³ËÒ¤èÒáÃ§´Ñ¹àÍÒ·ì¾Ø·
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µÑÇÍÂèÒ§â»Ãá¡ÃÁÀÒÉÒ C ÊÃéÒ§ÊÑ­­Ò³¿Ñ¹àÅ×!ÍÂ
(sawtooth wave generator)

unsigned char c;
#include <avr / io.h>

int main(void)
{

unsigned char i;
DDRB = 0xFF;
while(1)
{

PORTB = i;
i++ ;

}
}

41

Simple 8 bit DAC for the Arduino ATmega168
int i=0;
void setup() 
{

DDRD = 0xff;
}

void loop() 
{

PORTD = i;
if(i==256) i=0;
i++;

}

42

Ç§¨Ãá»Å§ÊÑ­­Ò³Í¹ÒÅÍ¡à»ç¹ÊÑ­­Ò³´Ô¨ÔµÍÅ
(Analog-to-Digital Converter ËÃ×ÍA/D ËÃ×ÍA2D)

43

ËÁÒÂ¶Ö§Ç§¨Ã·Õ!à»ÅÕ!Â¹ÊÑ­­Ò³Í¹ÒÅÍ¡ãËéà»ç¹ÊÑ­­Ò³·Ò§´Ô¨ÔµÍÅ

Analog-to-digital conversion

• Analog comparator = 1-bit A-to-D

44



ADC Techniques

• Digital Ramp ADC (Counter method)

• Successive Approximation
- High Speed, Medium Resolution

• Parallel Comparator (“Flash”)
- Very high-speed conversion

• Dual Slope
- Slow Speed, High Resolution

45 46

Digital Ramp ADC (Counter method)

47

•This simplest ADC uses a binary counter as the register
•A Start pulse resets the counter & disables the And gate
•With all 0s at its input, the DAC’s output is VAX=0 volts
•Since VAX < VA, the op-amp EOC output will be High
•When Start returns Low, the AND gate is enabled.
•As the counter advances, the DAC output, VAX, increases one step at a time
•This continues until VAX reaches a step that just exceeds 
•VA  by about VT. EOC is then Low disabling the AND.
•The A/D Conversion is now complete and the contents of the counter are the 
digital representation of VA.
•The digital data is lost at the next START pulse.

48

Successive Approximation ADC (SAC)
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• The Successive-approximation ADC is widely used.
• A Start pulse clears all the bits and disables the CLU.
• A/D Conversion begins with the MSB = 1.
• If VAX > VA, then clear the last set bit back to 0.
• If all bits have been checked then proceed, otherwise repeat by 

setting the next lower significant bit to a 1.
• After all bits have been checked, EOC = 1.
• The A/D Conversion is now complete and the contents of the 

register are the digital representation of VA.
• The digital data is lost at the next START pulse unless stored in 

some sort of memory device or location.

Flash ADC

• Fastest conversion time
– used in digital scopes, video sampling, etc.

• Good for only a few bits of resolution
– too much hardware 50

51

Flash ADC

R

8 V

R

R

R

Vin

6 V

4 V

2 V

Encoding

-

+

-

+

-

+

Q1

Q0

5 V

1

1

0

1
0

indicates value
between 4V- 6V

• Converts analog position into numeric value.
• Idea:

– Use a potentiometer whose resistance is a function of 
position (joystick).

– Combine the resistance with a capacitance and measure 
the RCtime constant

– Use a program loop.

52

Other clever ideas, e.g., Apple II A-to-D for joystick
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time proportional to joystick position

ADC Specifications

Resolution -

Also referred to as quantizing error.
Error between actual analog value
and its digital representation.

54

ADC Specifications

Accuracy -

A comparison of the actual output
with the expected output.  Same
as for DAC.

55

ADC Specifications

Conversion Time 

• ÃÐÂÐàÇÅÒ·Õ ãªéã¹¡ÒÃá»Å§ÊÑ­­Ò³!

• Time required to digitize each sample.  Function 
of conversion method and number of bits.

56



Sample and Hold

Used when input signal is quickly
Changing (high frequency applications).

57

Sampling Rate

Frequency of samples.
(e.g. 44 kHz or every 22.7 ms)

58

Each sample is quantized
into a digital number.
(e.g. 12 bits)

59

ADC0804  8-Bit !P Compatible A/D ConvertersAnalog-to-Digital Converter (ADC) ¢Í§ATmega8 ¢¹Ò´ 10 ºÔµ

60

• 10 -bit Resolution
• 0 .5 LSB Integral Non-linearity
• ± 2 LSB Absolute Accuracy
• 13 - 260 !s Conversion Time
• Up to 15 kSPS at Maximum Resolution
• 6 Multiplexed Single Ended Input Channels
• 2 Additional Multiplexed Single Ended Input Channels (TQFP and     
  QFN/MLF Package only)
• Optional Left Adjustment for ADC Result Readout
• 0 - VCC ADC Input Voltage Range
• Selectable 2.56V ADC Reference Voltage
• Free Running or Single Conversion Mode
• Interrupt on ADC Conversion Complete
• Sleep Mode Noise Canceler



Analog to Digital Converter Block Schematic Operation
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Prescaling and Conversion Timing
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ADC Timing Diagram, First Conversion
(Single Conversion Mode)
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ADC Timing Diagram, Single Conversion

64



ADC Timing Diagram, Free Running Conversion
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ADC Conversion Time
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ADC ã¹ ATMega168
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ADC ã¹ ATMega168 (µèÍ)

AVCC
Atmega168 ÁÕ¢ÒáËÅè§è̈ÒÂáÃ§´Ñ¹ÍÂÙè 2 

¢Ò ¤×ÍVCC áÅÐAVCC.
AVCC à»ç¹áËÅè§è̈ÒÂÊíÒËÃÑº PC0-PC5  

àÁ×!Í·íÒà»ç¹¢ÒÍÔ¹¾Ø·ÊíÒËÃÑºÊÑ­­Ò³
analog   áËÅè§è̈ÒÂ AVCC ¹Õ"µéÍ§¡ÒÃ
¤ÇÒÁàÊ¶ÕÂÃÁÒ¡  ´Ñ§¹Ñ"¹¨Ðãªé low 
pass filter «Ö!§»ÃÐ¡Íº´éÇÂ inductor 
áÅÐcapacitor.
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ADC ã¹ ATMega168 (µèÍ)

AREF
     ¢Ò AREF  ãªéà»ç¹¢ÒÊíÒËÃÑºáÃ§´Ñ¹ÍéÒ§ÍÔ§ ·Õ!100%  (àÁ×!ÍÊÑ­­Ò³ 

analog à·èÒ¡Ñº¤èÒ¹Õ" ¨Ðä´é¤èÒ´Ô¨ÔµÍÅà·èÒ¡Ñº 1024) 

Analogue Input
Atmega168 ÁÕ¢ÒÊíÒËÃÑºÊÑ­­Ò³analog ÍÂÙè 6 ¢Ò PC0 to PC5. –
¢ÒàËÅèÒ¹Õ"à»ç¹ä´é·Ñ"§ digital I/O áÅÐ analogue input
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Registers

Atmega168 ÁÕÃÕ¨ÔÊàµÍÃì·Õ•ãªé§Ò¹à¡Õ•ÂÇ¡Ñº¡ÒÃá»Å§ÊÑ­­Ò³Í¹ÒÅÍ¡ÍÂÙè 6 µÑÇ
Register Description

• ADMUX ADC Multiplexer Selection Register
• ADCSRA ADC Control and Status Register A
• ADCSRB ADC Control and Status Register B
• DIDR0 Digital Input Disable Register 0
• ADCL ADC Data Register –Low
• ADCH ADC Data Register –High
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ADMUX

The ADMUX register allows you to control:
• The Reference Voltage
• Left adjustment of results (used for 8 bit results)
• Selection of input channel
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ADMUX –ADC Multiplexer Selection Register –ADMUX
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ADMUX : ADLAR  áÅÐ MUX3:0 
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• Bit 5 –ADLAR: ADC Left Adjust Result
¡ íÒË¹´¼ÅÅÑ¾·¸ì¡ÒÃá»Å§
   1 = left adjust
   0 = right adjusted 
ÃÒÂÅÐàÍÕÂ´´Ù “ADCL and ADCH –The ADC Data Register”

• Bits 3:0 –MUX3:0: Analog Channel Selection Bits
àÅ×Í¡ÊÑ­­Ò³ÍÔ¹¾Ø··Õ!µéÍ§¡ÒÃá»Å§ 
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Atmega168

àÅ×Í¡ 1.1 V ËÃ×Í 0 V

ADCSRA –ADC Control and Status Register A
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• Bit 7 –ADEN: ADC Enable
 1 = enables the ADC
 0 = ADC is turned off  ¶éÒ turnoff ã¹¢³Ðá»Å§ ¡ÒÃá»Å§¨ÐËÂØ´

ADCSRA –ADC Control and Status Register A
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• Bit 6 –ADSC: ADC Start Conversion
   áºº Single Conversion mode
   ãËéºÔµ¹Õ"à»ç¹ 1 = ÊÑ!§ãËéàÃÔ!Áá»Å§

   áºº Free Running mode
   ãËéºÔµ¹Õ"à»ç¹ 1 = start the first conversion. The first conversion ¨ÐàÃÔ!Á  
    ËÅÑ§¨Ò¡ ADC  enabled
   àÁ×!Íá»Å§àÊÃç¨ºÔµ¹Õ"̈Ðà»ç¹ 0
 



ADCSRA –ADC Control and Status Register A
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• Bit 5 –ADATE: ADC Free Running Select
  1 = ·íÒ§Ò¹áºº Free Running mode
         ã¹âËÁ´¹Õ! ¨Ðá»Å§µèÍà¹×"Í§ä»µÅÍ´
   0 = ËÂØ´¡ÒÃ·íÒ§Ò¹áºº Free Running mode.
 
 

ADCSRA –ADC Control and Status Register A
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• Bit 4 –ADIF: ADC Interrupt Flag
¶Ù¡·íÒãËéà»ç¹ 1 àÁ×"Íá»Å§àÊÃç¨áÅÐ¢éÍÁÙÅ¶Ù¡Êè§ä»·Õ" ADCL/ADCH 
ãªéà»ç¹ºÔµºÍ¡ãËéà¡Ố¡ÒÃÍÔ¹àµÍÃìÃÑ¾·ì (ºÔµ I ã¹ SREG µéÍ§à»ç¹ 1 ´éÇÂ)
ºÔµ¹Õ!̈Ð¶Ù¡ clear àÁ×"Í¡ÒÃÍÔ¹àµÍÃìÃÑ¾·ìä´éÃÑº¡ÒÃµÍºÊ¹Í§

ADCSRA –ADC Control and Status Register A
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• Bit 3 –ADIE: ADC Interrupt Enable
1 = Enable
0 = Disable
When this bit is written to one and the I-bit in SREG is set, the ADC 
Conversion Complete Interrupt
is activated.

ADCSRA –ADC Control and Status Register A
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• Bits 2:0 –ADPS2:0: ADC Prescaler Select Bits
àÅ×Í¡µÑÇËÒÃ



¡ÒÃ¡íÒË¹´¤èÒ ADCSRA áÅÐ ADMUX 
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ADEN ADSC ADATE ADIF ADIE ADPS2 ADPS1 ADPS0
1 0 0 0 0 0 0 1
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ADC Channel 0AREF, internal 
Vref turned off

ADCSRA

ADMUX

ADCL and ADCH –The ADC Data Register
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µÑÇÍÂèÒ§â»Ãá¡ÃÁÀÒÉÒ C
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#include <avr\io.h>              // Most basic include files
#include <avr\interrupt.h>       // Add the necessary ones
#include <avr\signal.h>          // here
#include <util/delay.h>

unsigned int adc0;

int main(void)
{

ADCSRA = (1<<ADEN)|(0<<ADATE); // ADC Enable & Auto Trigger Disable
ADCSRA |= (0<<ADPS2)|(0<<ADPS1)|(1<<ADPS0); // XTAL/8

while(1)
{      

ADMUX = 0b0000000;   //Aref,left adjust, select ADC0  (bit 2=0 bit 1 = 0 bit 0 = 0)
ADCSRA |= (1<<ADSC); // ADC Start Conversion
while (!(ADCSRA &(1<<ADIF)));    // Wait Coversion completes
adc0 = ADCW;                     // Read ADC
_delay_ms(10);

}
}


