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MNAUAVDY 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



Op-Amp Review

R
2

For Negative Feedback,

1. Inputs are high impedance

2. Voltage gainis : Av

-Ri / Ri



Binary Weighted DAC

01 0|1 0|1 ﬂll

D3 D2 D1 DO

12 1§l 10

131 11<Ql Zin 4in sk '

P P PR Padl B
_ Vref +V ref +V ref +V ref
RlK RZK R4K RBK
Vout:_RF*If

1 1

=—RF*Vref[

+ + - + - j
RlK RZK R4K RSK

Iy, J
UIIAUDINHN
MgANALLD

a J 1
A399 D3- DO 9
AU <0’

Il
Vout =0 11am



Binary Weighted DAC

Vref
®

l}‘ 1 0 |1 0|1 0|1
J_l" In I *

D3 D2 D1 DO 1kCD

AN
1k(2 2 k(2 4k gk(2
>— Vnut
Irr

1 D3- DO agiuni <1 2z ldussduemnngaga

Vout = - Vref x Rf x(1/1k + 1/2k + 1/4k + 1/8k)

Vout=-Vrefx 1 x(1/1 +1/2+1/4+ 1/8)

Vout =-Vrefx (1 +.5+ .25+ .125)

Vout =-1.875 x Vref

Ut Vief=+5V  Vout illedunmi 1 vuasz 18 -0.375 Toari .
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Voltage Summing Stage
Rf 1kO

Binary Weighted Resistor Ladder Hetwork

RO R1 R2 =R3 >R4 ZRS % R6 R7 j*
110 21C32 4k %—S‘LQ 16k $32kED <5400 <1 28kL32
D7 D6 [ DS

LA

Input Pattern is 11101001 =

D1 Do

J_ >_._, Eout

Output Inverting Stage

Rf2 101£2

9



Binary Weighted Network Formulae

R R
VOUT(MSB) =Vier (fj{ R = ] = 6(1)(1) =6Volts
0 IN 2

R.. Y R
Vour s = Veer [ RFl ][ RFZ ] = 6(. (1) = 46.875mV
7 IN 2

R, (R,
VOUT(AnyBit) =Vier ( R = ]{ R = ,
BIT IN 2

Input
VOUT (Total) :VOUT(MSB)[ 1Oj
t MSB,,




R2R Ladder Network DAC

R2R Ladder Network Stage

2K E R E E E E E
1O 1) 102 10 1K 1K 1K

12

4l

Funn = 1100 0001

a d Y = .
N5ANIIZHII051081¥NqB3 Thevenin
11 Rth U849 Thevenin
ti' o ' A Y Y v dw
NAWHULAA19 MM15911 Reh 10091

@mming Inverting \
Amp Amp
4HLS 05K
1KLY ~ EouT
LV P

17 0 Rth =1k, U 1 Rth =1 k,1% 2 Rth = 1 k,1f 3 Rth =1 k,1JA 4 Rth = 1 k, U 5 Rth = 1 k,

U6 Rth=1kuaz Un 7Rth=1Kk

5239 Vref N1 OP-Amp A1 Minnu



41 Rth Y949 Thevenin

1 Rth0
4KL2
gEQ 5 R R R 5 0.5K 02
KO 1IKQ IKC j)ide]

ErHo

1 Rth1l
4EL)
ERQ . . . . . “ . 0.5 0
2K 1IED 1K 149! KO 1K 1KC K0 N e EouT
R L [F




. . S
N3 Thevenin equivalent IN®11 Rth

1.0 1K02 1K KO 100 100 10
IR IR IR IR 2F. 2R 2F. 7R, Tavsldiia
1 KO 22O 220 K 2K 2K 2K (Y KLY
M
[0] [1] [2] [3] [4] [5] [5] [7]

0 Y Y A A =

13
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1 Thevenin Voltage 1301 7 AonULvasaig (U 7 1y 1)

;EQ R R R R R R, R
K0 102 1K 10 K0 1K ’4e
oy o
IR, IR IR R IR IR IR, IR Tavidwas
2K 2K 2K e, e 2K 20 K
s
[0] [1] [2] [3] [4] [5] [6] [7]

A O s A A =

Tianiwos
2R B
2KQ Vg = 6V

+ —
0 Q

J:_[ =
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11 Thevenin Voltage 11810 6 ADAULYAI918 (U 6 1)1 1)

2R R R R R R R R

2KQ e 1KQ 1KC 1KQ 1KO )49, 1KO
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11 Thevenin Voltage 1101ia 5 AoAULWAd918 (Ua 5 111 1)

2R R R R R R R R

K0 TS KO 1KQ 1K 1KQ 1K 1K)

Vs = 1.5V

2R
2K 0

(7]
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Thevenin Voltage 111 the R2R Ladder Network (Vth)

g%@ R R R R R R R
1K 100 1K 1K) 1K 1K 10
Py A
2F, 2R IR, IR, IR IR IR F, Taaviaes
1 2K 2K 22K 2K K0 2K (2 2K 2K
S e
[0] [1] [2] [3] [4] [5] [5] [7]

N Y 1 A N | -

17
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NIATNYUAYIAIY Thevenin

Vih0 =46.875 mV po —AA\—
Vthl =93.75 mV D1 _m_,
Vth2 = 0.1875 V' D2 —AAN —
Vith3 =0.375V D3 _AAN—4
Vihd4 =0.75 V D4 —AAN\—¢
VthS = 1.5V D5 —AAA—¢ A‘ﬁ‘

Vth6 =3.0 V. D6 —A\\\—¢

Vih7 = 6.0V D7 AW b v
Rth=1K N T Vout
V out - —

:_RF,{VM+vm+vm+vm+vm4+vm5+vm+vmj
Rth Rth Rth Rth Rth Rth Rth Rth

V ootV "V iV stV sV sV 06tV s )

_—Re.
R

Y
v

daladlu 1 0a ussduidaiuzlsing vaduilu o ussduazilu 0 Tav



Thevenin Equivalent Circuit for MSB

FT1

2 ke
—" Rfz
0.5 k2
RTH(MSB) =1kQ
1 ko
————A .
=
VTH (MSB) — 6V — B.0000
— e Al[V ol 8]
ol —
_ Settingsl .
g g
VREF RFl RFZ
Vour vse) = =6(2)(0.5)=6Volts
2 I:\)TH RIN 2

5239 Vref N1 OP-Amp A1 Minnu



Analog Outputs from R2R DAC

\/ _ Veer [ Res || Rez
OUT (MSB) 2 | R, \ Ry,
\/ _ Veer [ Res || Rez
OUT(LSB) ~ Hpg R.. \ Ry,

\/ :VREF Re: || Res
OUT (AnyBit) 281 R \ Ry,

Input
VOUT(T tal) :VOUT(MSB)[ 10j
o MSBlO




Limitations of the R2ZR DAC

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 R, 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.
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Resolution:

Wuvinandnngai D/A a13159a31910 VINAHAIUBEHUIUIUTAVII D/A

e

A = 1 | Y, Y d' % a [ %4
130 ummmuﬂm"lﬂmnm LSB mmm"lmm

When no

\/ :VREF Res || Res _ Veer 4 Op-Amp
oTis® on LRy, LRy, 2" Stages are
provided

390817371 Resolution VHIADUA (FUUHIA 12 U
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This 1s the total number of analog levels achievable by the
DAC and is determined by the number of bits “n”.

H Analog Levels = 2"

AINUNIATI(Accuracy)
< ~ I a o 1 Ao a o < J 4
WumsuFsumesumasanuandiiala Unasgmvuaiualesisud
L 4 3 <
Y0IAUDIMWNLIBIAN NG (Full scale)

10 Vs, , £ 0.2% accuracy ® +20 mV



A21N157 (Speed)
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ATHANDIA 11 DAC
Distortion Effects in DAC’s

Distortion:

d'd Y Y I d d' a Y d?
DAC ‘Vlﬂﬂ’é)xﬂ‘l"iﬂu'ﬂ1ﬂWﬂﬂ@ﬂN1ﬂ§Qﬂ1Nﬂ19uW‘n !N’(’)'ﬂl!‘i/‘lﬂal‘l"iﬂnﬂﬂﬁllﬂ
%

Q
é < = 1

Fyanaseminnidesiinnnniu uaq,msmmummauwmmaumuﬂﬂaa°lﬂﬂ1
¢ A X Y Y

iy Rz ude uaaanszi Tumaihaede DAC fims

a 1 v a 1 = . . .

AaNEsUnY  mMsianeuly DAC § 2 suulviag Ae Non-linear distortion

11a¥ Non-monotonic distortion



Non-Linear Distortion

v A g dy Y d 1 [~ LI B-Y)
aﬂymzmﬁwmwﬂmmumﬂwmmmwmm!,mazﬁmﬂ“lmmﬂu

0011
c
0010

0001
IA

0000 —
A=B=C=Resolution
LINEAR

0011
0010

0001
0000 ——

IA

c

A#B # C # Resolution

NON-LINEAR




Non-monotonic Distortion in DAC’s

v Aa cg :: Y d Y <& LI Y
ﬁﬂHﬂ!%ﬂ]’iNﬂ!Wﬂu!!ﬂﬂuﬂglﬂﬂ1!@17]1/!7]6119\1!!ﬂﬁ$ﬁ!ﬂ1l‘13~l!7nﬂ1! ias

o QY d U Aa N1 oA &
m&ma“l‘nﬂm)mwﬂaﬂmmqmuwﬂummmu

0011 0011 | &
Ic
0010
B 0001 C
0001 A lB
IA 0010. Y —
0000 — 0000 ——
A=B=C=Resolution A#B # C # Resolution

LINEAR & MONOTONIC NON-MONOTONIC




AIDYIN DAC
DAC ¥11@ 2 119 113369181994 8 Tranuazmanumesnsd @ = 0.2%

acc IIMIA resolution LAZAIANUNGIATI IUINOUUDIUTIAU

resolution:

212 _% = 25% i3 (%) (sv):zv

accuracy:

(+0.2%)(8V) = +16 mV

28



3119819 DAC

accuracy:
3V / 5984V -6.016 VV
6V e

- _ resolution: 2V
4\ o
2V —_—

L —

00 01 10 11

29



Input Output
Dec Binary
0 00000000 oV
1 00000001 0.020V
2 00000010 | 0.039V
3 00000011 0.059V
252 11111100 | 4.922V
253 11111101 4941V
254 11111110 | 4.961V
255 11111111 4.980V

8-Bit DAC

Qutput (Voltage)

8 bit DAC
5 =
A
28
e
1 4
0 = . . T ,
0 50 100 150 200
Input (Binary)

250



The
resolution Is
voltage step
size.

Ideal DAC Diagram

Analog Output

I I # Digital Input Code
0..100 0..101

eN

Value
F
Ideal Straight Line
5 —
4 ——
Step Height (1 LSB)
3 —
|
| |
21 | |
| |
| | |4——— Step Value
o o
| |
| |
| |
| |
0..000 0..001 0..010 O 01.1

— Step
CONVERSION CODE X
="
Digital Input Code | ©0..000 | 0..001 | 0..010 || 0..011 || 0..100 | 0..101
Analog Output Value 0 1 2 | 3 Il 4 5

Elements of Transfer Diagram for an Ideal Linear DAC



DAC Errors

Nominal Gain Point
A - \
? —— —— — — — — — — — — . e e e e
‘__..-. /

-~ < s |
Actual - e -
E 3T Diagran:xr /. - Gain Error /r’f |
= ”’ s ] (-11/4 LSB) y |
” - 9 6 - |
E ’ s =
g y d 3 4 - N
4 g : Py -

5 2 ”’ » > Ideal Diagram p - |
s e /i'\_ 2 e -~ . |

o Ideal Diagram 5 - _L ey
g s / s d 9 o S | f’ Actual Gain |
z / a” point |

$ /.
j=4 ] /./ - |
< 1 E p ,? |
i ~
Actual v Offset Error x;iff |
Offset Point ~ (+11/4 LSB) 4 —+ # |
// = /.’ |
| | | s
! ! —* 0 I’—‘,‘ | | | |
000 001 010 o1 ol | [ I
Nominal Digital Input Code 000 100 101 110 11

Offset Point Digital Input Code

Errors can arise from components that are not ideal. When
choosing a DAC this is one specification that is provided.



aginsamuda

- V;_V;
VOUT - Vref+X1() T

— VmaX_Vmin
VOUT - Vmin+X10 -
21
+ _
Vref_Vrgf
Re solution= —
2
Vmax_Vmin
Re solution= —
2 1

Vor =V ..t X Resolution
Vourr =V T X wResolution

V our = Output Voltage

\Y ;ef = Voltage Reference -

\Y :ef = Voltage Reference +

V .. =Minimum output voltage

V . = Maximum output voltage

X ,, = Input value base 10

n = NUIUVA

33



DACO0800 Pinout and Application

Dual-In-Line Package

] DIGITAL INPUTS
THRESHOLD 1 LJ 16 o 8 5o
CONTROL, Vi ¢ ™1 ® —— COMPENSATIC MmB B2 B3 B4 B5 B6 B7 B8
I | 15 v
IBUT — e VREF(—) IREF
+ -
— VREF 5 6 7 & 9 10 11 12 4 I
_ 3 14 0
V7 — —VHEF[.H. VHEFO_WO—M-
RREF
4 13 . {R14) DACD800
lguT = —V R15 “VREF
12 " 16 13 12 o
MSB B == —BE LSB | 3 -0
6 11 - - + 1
52 5] LI VQ COMP v Q.
) 0 0.1uf Cc 0.1 uF
09— o In H
8 9 — =
Bl s s | B - -V +V
DS005686-13
Top View

This is a current producing DAC, with the output determined by the digital code
and by the input voltage V.. It is very fast (~100 ns), as with most DACs

34



E] COMPENSATION

Pins

Pins Purpose
1. V¢ Ground
2, Iour Output’
4.  Isur Output
Digital Input 5. Input
B1 > MSB
B8 - LSB 2. Input
4. Vypp(+) Reference voltage
15, Vepp() for output

35



DACO0800 Diagram

L58
vt Vie B1 82 B3 B5

o
o
L
[~ ]
e |
o
=)
=
-0

12

BIAS
NETWORK

_T T T 4 = lgut
CURRENT

.4 we || ot e o e
wl,ﬁwwwuui

AMP ZZFQ

DACOR

A

16 &3
Q
CamMp V-

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.

36
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DACO0800 Diagram (2)

RREF

AN

L) v v oy oy
Vregl-) ;|/'
Ll | 1oR
PSS ;

The current is set by Vy/Rgee. 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.

The emitter voltage will be the same on all the BJTs, but the currents will be
different. The total currentis V/Rrge. Each branch will have 1/2 of the previous

branches value. Note the rightmost transistor - why is it there?
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BRIAR
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226

AW

M5B

DACOGO0

1
LSE

0.1

T

-15y O

-
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ATmegal68 N1 DAC0800

0.1

+5Y
Aty
&
- ™
= - Nl Nl
ZIPD0OO © b PBO
2lep1E Y WP
dlppz” = L oppz
Sl PD3 PB3
ElPDY PB4
1 pps o PBS
12 PDA = PHE
Bror  (m PB7
LUl

23
| PO = PCH
2 PC -
5 < P

P2 P4
L PC3

14

12

15

11

16

17

18

19

h [ |- |0

10

I—22 GND

N—= GHD

15y +18Y
£ N
=
= C—
[im} [an] _T_
(] —— —— ™
o= £ 9 =
0 o
5 I+ B
ZDAC0800
04
D& + | >
O w L B
D7 & i _—_L
= =
o ¥

% % 22K
22K

+aY

0.0

22K

wWiout



o I Y, J
DTIPITHIU IR LLINAHLID TN

V OUT=VM+X10[

VOUT = len—l_XlO[

Resolution= (
Resolution= (

—+

V;:f_Vr_ef
5’

1 max ’ min

21

V ref T V ref
n

Vs =V i
21

J
1

J
]

Vo =V ..T X oRe solution
Vor =V ..t X oResolution

Re solution = }

V our = X, Resolution



1] 1 9) v A
a10813 [sunsumu C asdyanaluioy

(sawtooth wave generator)

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

int main(void) V|

{

Anpl itude

unsigned char i;
DDRB = OxFF;
Whlle(l) | | Tim; (=]
{

PORTB = i;

i++;

=]
<




Simple 8 bit DAC for the Arduino ATmegal 68

RIGOL T'D M@W\uﬂw‘] T 192U
S
v o - e int i=0;
Wonp D132 void setup()
MA———— | ZID12 *ARef 12
G101 svee g
o1 D10 AT 12 {
= D3 AG =
2 b3 a5 ED
(14 o ——————— ] 241
0T MG DDRD = 0xff;
g D5 A2 ﬁ
m D4 Al b }
~1 D3 AD E2
5 Dz Reset =
D1 svee g2
— DO +EY 2
Umnasdl) = 4,554 ]
CH 1 el=l] Time 200.6us GH2A6.Hus Arduino

i void loop()
{

o PORTD =1i;
Y P
A1k

K + v . . .
%E_< VAT wE if(i==256) i=0;
1++;
102K
i }
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(Analog-to-Digital Converter #58 A/D 138 A2D)

= ~ ~ v Y v Aan
ﬁ%?ﬂﬂﬂ?ﬁﬁ]iﬂlﬂﬁﬂu ﬂJuﬂuﬂﬂ!ﬂlﬂﬂ@ﬂclﬂ!f]Ju UYIUNNATADEA

(3

: Sensor and Analog-to-
Ph?f;f:l —— signal e digital- =1 Computer
Ve conditioner converter
1 2 3 4
0101101
i i | 1 |
L ATRR
il dd
Physical signal Electrical signal Electrical signal Electrical signal
{analog) {conversion) . (digital)
Temperature Voltage Sémpling Binary codes
Pressure Digitization
Displacement
Velocity
Flow

Radiation



Analog-to-digital conversion

* Analog comparator = 1-bit A-to-D

'I.IIE'J + Vl'.'llll
l"fr:uul ‘
'r“’z — HIGH
N
+5V +5V L':'W_J
>
LM311 | = 1 kQ
N >
Vi + - <l
a ol

V-V

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



Digital Ramp ADC (Counter method)

Analog Input
Va

_|_
Op Amp

Vax

Comparator

v/

START

D/A

Converter

OReset

Counter

Digital Output

<

46



*This simplest ADC uses a binary counter as the register

A Start pulse resets the counter & disables the And gate

*With all Os 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.



Successive Approximation ADC (SAC)

Analog Input \
va Op Amp Control Logic [T
/ —a
Comparator
START i EOC
Reset
MSB
Control
Ve D/A Converter Register
LSB

Clock|_

Digital Output

48



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 O.

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 1s lost at the next START pulse unless stored in

some sort of memory device or location.



Flash ADC

Vie —» T Priority
0 Vi — 12 encoder
10 YO —
t v _}\ 1 Y1 |—
sl / 12
\:\ Y1 |—
+ n_
(2" - Vyep — 1" 1271

* Fastest conversion time
— used in digital scopes, video sampling, etc.

* Good for only a few bits of resolution
— too much hardware



Flash ADC

Indicates value
between 4V- 6V



Other clever 1deas, e.g., Apple II A-to-D for joystick

* Converts analog position into numeric value.
* |dea:

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

— Combine the resistance with a capacitance and measure
the RC time constant

— Use a program loop.



Microprocessor

Open-collector
dri

rver
10 €2 V. Threshold
Detector

o

—— IuF

~

:

o

| time proportional to joystick position

LM311 )

l"',l.:

25V —
Vu.; —>07
741514 or 74HCT14

o)
20



ADC Specifications

Resolution —

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



ADC Specifications

Accuracy —

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



ADC Specifications

Conversion Time

e szaznanlrlumsnlasdauano

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



Sample and Hold

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

T41499 Sample-and-hold

.d;i A At at "3' iy
Wa e seaudun sl o
| -
ﬂ:l’lﬂ’lﬁ'LLﬂﬂW x‘ﬁlJ'LIu Fil
onversion Error

end conyversion

start conversion



Sampling Rate

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

Each sample Is quantized
™y into a digital number.
(e.g. 12 bits)




ADCO0804 8-Bit uP Compatible A/D Converters

s U 20— 'l,fu: I:EIR "erEF] Timing Diagrams (i timing is measured from the 50% voltage points)
ﬁ’ —2 19p—=CLKR CONVERSION
WR=—{3 18 |—DBO (LSR) * \ /
Clﬂ =14 17 =081 - _7(—
INTR=—1 3 16 p—0B2 —
L
le{*.}_' E 15 _UES = WWAIL = “EUSY” 5
'I"Im{-}_ 7 14 1—DB4 "”;’,“ﬁ%:ﬁgg& “NOT BUSY" 41( N, 0uTeuT LATERES
AGND =8 13F=0DB5 f———— 1TO B Wi K | INTERNAL Tg
vREFJ{E_ g 12 -DHE {LAST DATA WAS READ) l
DGND =410 11}—DB7 (MSB) M st tmmssemu
. 12 Tk

iNTH RESET
DS005671-30 m—x
[ \ - /

o |\ /
-~

DATA

OUTPUTE

o

—=| tacC

il Y H Y



Analog-to-Digital Converter (ADC) 9493 ATmega8 U116 10 ¢

e 10-bit Resolution

e 0.5 LSB Integral Non-linearity

e + 2 LSB Absolute Accuracy

e 13 - 260 ps Conversion Time

e Up to 15 kSPS at Maximum Resolution

e 6 Multiplexed Single Ended Input Channels

e 2 Additional Multiplexed Single Ended Input Channels (TQFP and
QFN/MLF Package only)

e Optional Left Adjustment for ADC Result Readout

e 0 - VCC ADC Input Voltage Range

 Selectable 2.56V ADC Reference Voltage

e Free Running or Single Conversion Mode

e Interrupt on ADC Conversion Complete

e Sleep Mode Noise Canceler
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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
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ADC Timing Diagram, Free Running Conversion

One Conversion MNext Conversion

)
| [

Cycle Number 12 13 | 1 F d 4 |
| |

ADC Clock A Y
' !

ADSC | |

ADIF |

ADCH }’/////////;*’//)K MSB c::-f Result
ADCL f/////////j}//}g LSBG:fFlesuIt

Caonvarsion f \ 4-—\" Sample &Hold
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ADC Conversion Time

Sample & Hold (Cycles from

Condition Start of Conversion) Conversion Time (Cycles)
Extended conversion 135 25
Normal conversions, single ended 1.5 13
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ADC 11 ATMegal 68

(PCINT14/RESET) PC6 [
(PCINT16/RXD) PDO ]
(PCINT17/TXD) PD1 C
(PCINT18/INTO) PD2 [

(PCINT19/0C2B/INT1) PD3
(PCINT20/XCK/T0) PD4 C
VCC O
GND [
PB6
PB7
PD5 [
PD6 O
PD7 C
PB0

e =

(PCINT&/XTAL1/TOSCH
(PCINT7/XTAL2/TOSC2
(PCINT21/0COB/T1
(PCINT22/0OCOA/AING
(PCINT23/AIN1
(PCINTO/CLKOACPA

i e A

0 om =~ o W =

[ —
=k

12

r—
PN o

28
27
26
25
24
23
22
21
20
19
18
17
16
15

PC5 (ADCS/SCL/PCINT13)
PC4 (ADC4/SDA/PCINT12)
PC3 (ADC3/PCINT11)

PC2 (ADC2/PCINT10)

PC1 (ADC1/PCINTY)

PCO (ADCO/PCINTS)

1 GND
AREF
AVCC

1 PB5 (SCK/PCINTS)

1 PB4 (MISO/PCINT4)

1 PB3 (MOSI/OC2A/PCINT3)

1 PB2 (SS/OC1B/PCINT2)

1 PB1 (OC1A/PCINT1)

— Analog Input

- o ar
JAREF 1siluuid iy

153811999 N 100%

AVCC Thuridaens
#1151 PCO-PC5

67



ADC lu ATMegal 68 (GI'E))
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ADC lu ATMegal 68 (GI'E))

AREF

YN~ o Y] v Y a A A o
91 AREF 19104 d 115 uusaue1999 1 100% (o1
Y
1T o 1 9 1 Aana 1T o
analog W]"Iﬂ‘]Jﬂle i]z;“lﬂmmmaammu 1024)

Analogue Input

Atmegal68 NUdMTUTya18 analog 98 6 U1 PCO to PC5. —
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Registers

Atmegal68 T3 venaosnlFnunerfumsuasdyaaeuiasned 6 2
Register Description

ADMUX ADC Multiplexer Selection Register

ADCSRA ADC Control and Status Register A

ADCSRB ADC Control and Status Register B

DIDRO Digital Input Disable Register 0

ADCL ADC Data Register — Low

ADCH ADC Data Register — High



ADMUX

The ADMUX register allows you to control:
® The Reference Voltage
® Left adjustment of results (used for 8 bit results)

® Selection of input channel



ADMUX — ADC Multiplexer Selection Register - ADMUX

Bit 7 & ] 4 3 2 1 0

REFS1 REFS0 ADLAR — MUX3 m MUX1 MUXD0 ADMUX
Read/\Write R/W RIW RW R R/ RW RW RW
Initial Value 0 0 0 0 0 0 0 0

* Bit 7:6 — REFS1:0: Reference Selection Bits

These bits select the voltage reference for the ADC, as shown in Table 22-2. If these bits are
changed during a conversion, the change will not go in effect until this conversion is complete
(ADIF in ADCSRA is set). The internal voltage reference options may not be used if an external
reference voltage is being applied to the AREF pin.

Table 22-2. Voltage Reference Selections for ADC
REFS1 REFS0 | Voltage Reference Selection

0 0 AREF, Internal V,4 turned off
0 1 AV with external capacitor at AREF pin
1 0 Reserved

1 1 Internal 2.56V Voltage Reference with external capacitor at AREF pin




ADMUX : ADLAR ilag MUX3:0

e Bit 5 — ADLAR: ADC Left Adjust Result
ﬁWﬁHﬂNﬁﬁWﬂfﬂﬁllﬂﬁﬂ

1 = left adjust

0 = right adjusted
5160219 99 “ADCL and ADCH — The ADC Data Register”

 Bits 3:0 —- MUX3:0: Analog Channel Selection Bits
mendyanadunniaesmsuilas



Table 22-3.

Input Channel Selections

MUX3:0 Single Ended Input
20 ADCO // Atmegal68

0001 ADC1

0010 ADC2

0011 ADC3

0100 ADC4

\Q101 ADC5

0110 ADC6

0111 ADC7

1000

1001

1010

1011

1100

/

e

= =
mon 1.1 VHie 0V

130V (Vo)

0V (GND)

74



ADCSRA — ADC Control and Status Register A

Bit 7 B 5 4 3 2 1 0
(DT A) m ADSC ADATE mm ADPs2 ADPS1 ADPSO ADCSRA
Head/write RW RW RwW RW RW RwW

Initial value 0 0 0 0 0 0 0 0

* Bit 7— ADEN: ADC Enable
1 = enables the ADC
0= ADC is turned off ©1 turnoff Tuwmizuilas msuilasezvign



ADCSRA — ADC Control and Status Register A

Bit 7 B 5 4 3 2 1 0

(0c7A) L L e L L e e el

RBead/write RwW Bw RwW RW RwW RW RwW
Initial value 0 0 0 0 0 0 0 0

e Bit 6 — ADSC: ADC Start Conversion

S5151 Single Conversion mode

Waatslu 1 = dadisuulas

1111V Free Running mode

9 . . a
6l‘lfi‘]JG]“LT!L‘ﬂ‘L! 1 = start the first conversion. The first conversion 32134

1939910 ADC enabled
A S a 2 4
Wondauasauatazlu o »



ADCSRA — ADC Control and Status Register A

Bit 7 B 5 4 3 2 1 0

(0xTA) m ADSC ADATE ADIF m ADPS2 ADPSA ADPSO ADCSRA
Beadfwrite RWwW BRW RW RW RW RW

Initial value 0 0 0 0 0 0 0 0

* Bit 5 — ADATE: ADC Free Running Select
1 = MAUUVY Free Running mode
TuTnuail szlasderiioslilnaen
0 = ¥gANIINITULUY Free Running mode.



ADCSRA — ADC Control and Status Register A

Bit 7 B 5 4 3 2 1 0

(0c7A) L e L R e e el

Readiwrite RwW RW RwW RwW RW RwW
Initial value 0 0 0 0 0 0 0 0

* Bit 4 — ADIF: ADC Interrupt Flag

g 1w 1 ifleulaaaSwazdeyagnaslifl ADCL/ADCH
Iiudavenliinamsoumesswi (a1 lu SREG deuilu 1 aaw)
fafiozgn clear tionsdumednildsumsnevauos



ADCSRA — ADC Control and Status Register A

Bit 7 B 5 4 3 2 1 0

(Ox7TA) m ADSC ADATE mm ADPS2 ADPSA ADPSO ADCSRA
Readiwrite RwW BRW Rw RW RW RwW
Initial value 0 0 0 0 0 0 0 0

* Bit 3 — ADIE: ADC Interrupt Enable

1 = Enable

0 = Disable

When this bit 1s written to one and the I-bit in SREG 1s set, the ADC
Conversion Complete Interrupt

1s activated.
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ADCSRA — ADC Control and Status Register A

Bit

O37A) ADPS0
R/W RW R/wW RW RW RW RW

Bead/write

Imitial value

e Bits 2:0 — ADPS2:0: ADC Prescaler Select Bits

7 & 5

0 0 0

4

0

3

0

2

0

1 0

RW
0 0

ADCSRA

A Y
IADNAINT
Table 22-4. ADC Prescaler Selections
ADPS2 ADPSH ADPSO Division Factor
0 0 0 2
0 0 1 2
0 1 0 4
0 1 1 8
1 0 0 16
1 0 1 32
1 1 0 64
1 1 1 128

30



NIMHUANT ADCSRA 1182 ADMUX
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= g | 3 B
C c @ E
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Vref turned off | daun

ADC Channel 0
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ADCL and ADCH — The ADC Data Register

ADLAR =0

Bit

Read\\Write

Initial Value

ADLAR =1

Bit

Read/\Write

Initial Value

ADCY

ADCSE

ADCT

15

R
R
0
0

ADCe

14

AocT_| I N N R R

ADC1 ADCO
7 5]
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R
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13
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A28 1U51nTNNIWI C

#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 adcO;

int main(void)

{
ADCSRA = (1<<ADEN)|(0<<ADATE); // ADC Enable & Auto Trigger Disable
ADCSRA |= (0<<ADPS2)|(0<<ADPS1)|(1<<ADPSO0); // XTAL/8
while(1)
{

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



J v ; v W S .
WansumneInuduanaeuigen vos Arduino

* analogReference(type)
e analogRead()
e analogWrite() - PWM
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analogReference(type)

Configures the reference voltage used for analog input (i.e. the value used as the
top of the input range). The options are:

DEFAULT: the default analog reference of 5 volts (on 5V Arduino boards) or
3.3 volts (on 3.3V Arduino boards)

INTERNAL: an built-in reference, equal to 1.1 volts on

the ATmegal68 or ATmega328 and 2.56 volts on theATmega8 (not available on the
Arduino Mega)

INTERNAL1V1: a built-in 1.1V reference (Arduino Mega only)
INTERNAL2V56: a built-in 2.56V reference (Arduino Mega only)

EXTERNAL: the voltage applied to the AREF pin (0 to 5V only) is used as the
reference.

85



analogRead()

Description

Reads the value from the specified analog pin. The Arduino board
contains a 6 channel (8 channels on the Mini and Nano, 16 on the
Mega), 10-bit analog to digital converter. This means that it will
map input voltages between 0 and 5 volts into integer values
between 0 and 1023. This yields a resolution between readings of:
5 volts / 1024 units or, .0049 volts (4.9 mV) per unit. The input
range and resolution can be changed using analogReference().

It takes about 100 microseconds (0.0001 s) to read an analog input,
so the maximum reading rate is about 10,000 times a second.

Syntax
analogRead(pin)


http://arduino.cc/en/Reference/AnalogReference

10819 1Usunsuerumewiaenves Arduino

int analogPin = 3;  // potentiometer wiper (middle terminal) connected
to analog pin 3 // outside leads to ground and +5V

int val = 0; // variable to store the value read

void setup()

{

;
void loop()

{

Serial.begin(9600); // setup serial

val = analogRead(analogPin); // read the input pin
Serial.println(val); // debug value




analogWrite() - PWM

analogWrite(pin, value)

Parameters

® pin: the pin to write to.

N59 atmegal 68 ¥ D3 D5 D6 D9 D10 11 D11

value: the duty cycle: between 0 (always off) and 255 (always on).



v ' 9/ Y .
AIDYWNATI N PWM A8 analogWrite

#define pwm_13
#define pwm_2 5
#define pwm_3 6
#define pwm_4 9 - T . N
#define pwm_5 10
#define pwm_6 11

RIGOL STOF (R forrcorfroemgereeeer]  F B 5,044
-
T

void setup()
{

analogWrite(pwm_1, 10); [ YRR SR N
analogWrite(pwm_2, 50); sl = 5. 3L

analogwrite(pwm—3' 100)' CH1= 2,86 [LH - s = ] Time S86.8us DHZEE,.Hu=s
analogWrite(pwm_4, 150);
analogWrite(pwm_5, 200);
analogWrite(pwm_6, 250);

}

void loop()
{

}
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/[-—-- Includes ------ //

#include <avr/io.h> // AVR device-specific IO definitions
#include <avr/interrupt.h> // Interrupt Service routine

#define F_CPU 8000000UL // 8 MHz

#include <util/delay.h> // header file implement simple delay loops
#include "lib_UART.c" // Use Module USART
#define Vadc 1024 // 1024 (10-bit Resolution)

[]-—--- delay_ms ------ //
void delay_ms(uint16_t i)
{
for (;i > 0; i--)
_delay_ms(1);



int main(void)

{

unsigned int adc;
Init_Serial(96); // Init Serial port

ADMUX = (0<<REFS1)|(1<<REFS0); // AVCC with external capacitor at AREF pin
ADCSRA = (1<<ADEN)|(0<<ADATE); // ADC Enable & Auto Trigger Disable
ADCSRA |= (0<<ADPS2)|(1<<ADPS1)|(1<<ADPS0);  // XTAL/8

while (1) {

ADCSRA |= (1<<ADSQ); // ADC Start Conversion
while (1(ADCSRA &(1<<ADIF))) // Wait Coversion completes

adc = ADCW; // Read ADC
printf("\fAnalog to Digital Converter (ADC) \ \nADCO: %d Voltage: %d.%d V", \
adc,(adc*5)/Vadc,(adc*5)%Vadc);

delay_ms(1000); // Delay 1s
}

return 0;
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