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» Binary Weighted DAC
- Uses switches & precision resistors
- Difficult to achieve high density due to larg:

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

Binary Weighted DAC

In . . e es
= D3 " %) D1 o D 12 aA§ N1a|O|3
11 N ot
13 1le Zle 4le o) | W UI'OMaH
-l_>_ v. ECOBedDAY
I HiO&&0
If=|3+|2+|1+|0 ~ N\
Ve Ve Ve Ve Vout JGA
R« Rx Ru R
Voi=- R* 14
_ oy 21,1 .1 109
T RVR R R R

Op-Amp Review

F

ruigl

_TL_+

out

For Negative Feedback,
1. Inputs are high impedance
2. Voltage gainis: A» =-Ri/ R

Binary Weighted DAC
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Vout = -Vref x Rf x(1/1k + 1/2k + 1/4k + 1/8
Vout =-Vref x 1 x(1/1 + 1/2 + 1/4 + 1/8)
Vout = -Vrefx (1 + .5+ .25 + .125)

Vout = -1.875 x Vref

atédref = +5V aARUIO1 Y IARDEOS BT A |
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Woltage Summing Stage
Rf 1183

Output Inverting Stage
Rf2 10kE2

Binary Weighted Resistor Ladder Hetwork

RO RI Rz :R3 RS R6 R7 j‘
4103 %kﬂ 161@ %"kﬂ %64151 128603

160G A
D4 /D3 D2 ip1 ] Do

D7 Ds [ DS
NN :
\ |
=1
l Input Pattern is 1110 1001 =

R2R Ladder Network DAC

Inverting
Amp

R2R Ladder Network Stage

R R
1KQ 1KQ

R
1KQ

R
1KQ

A = 1100 0001

iOACOanAODEICF et -AERO

E@thtiSThevenin
OlpiO4Ee §°OupeRiBEs BEADATEO

°Of Rth = 9341 Rth = 20R Rth = %0 Rth = 20 Rth =0 Rth = 1 k,

o0 Rth = 440 TCRth = 1 k

Binary Weighted Network Formul
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N2
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Thevenin Equivalent Circuit fo

Rl
2k

Rriwss =1kW

1k

— R

—
Vinmss =6V
— allv a &

— REF mFl CEG:QFz —
Vs 05)=6Volts
(S8 = 2 gRTH éRINZ @ )( ) 0

AD@&§NOP-AmpC@3¥@N v

C§ Aa-OAHEABTHTA

Vi = 46,575 mV pp —AAN—
Vibl =93.75 mV 11— AAA—
Vih2 = 01875 V D2 AN —

Vihd = 0375V D3 _AAA
Vihd =075V D4 —AAN—
R

Vihs = 1.5V D5 —AAA—
Vih6 = 3.0V D6 —ANN—
Vih7 = 6.0V D7 —\\A— v
Rib=1K out
Vou( =-

'Rmﬁﬁﬁﬁﬁﬁﬁg

+ + + + + + + )
o Vi Vinz” Vins” Vina Vs Ve ' Viny

A~ S~

160°0u&° @@@ Nt-OPOADREE0AAS N DRGA |

Analog Outputs from R2R D

\/ — REF a:zFl cmRFz
ouTss = 2 gRTH éRINZ ﬁ

\ — REF ml Cm?FZ
oUT(Lss = 256ng éRINZ 2

Vout(anysiy = ng: gﬂ::l gR, 2
H N2

anpu
VOUT(TotaD OUT(MSB gwgo
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Limitations of the R2R 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.

a-IA-@DAC

Resolution:

201010 OBBEDEOATEAS O84 BIRCOOT MOAdAS!
EAx] AOeOa-e0RBRMErEEEO!

" .. When no
\/ — Veer FRey R, f; \eer | Op-Amp
ouT(LSB on ERfH é RNZ Q 8 on E SF)tr%g\/?jeadre

EAx BgResolutitd fDuBERO 1121°0u

"TOLICIAD NOCISEN--O3IDIOAI]

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

AnalogLevels=2"

BaCOAL BcAspEs(

~

3¢ 1| OA 2 ABAABEO 01034 BB HE®arAia

¢i8®alO 1% -aAF (Al sdfefa; Al

10 V, £ 0.2% accuracy ®: 20 mV

aCOASRERH(

EAOAO8aCOAAE SelfhgdirBarc taCAO-O e
EAé O§o@@iad T, OAa»AD Ara»As
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Distortion Effects in DAC'’s

Distortion:
pac -0 “OpéisarpQ)AQHSOASR Ol @k [BEEne BAC
EN--O3ai e 18AOne Odkl (%0 ABR(BAIBINMY e
ai0 8.0 AcOratape ADafB FOSERBEBCBAGEADO
1/40 a%O'AE@%%Nia%@mEﬁDOaE emﬁon linear distortion
éAEDon-monotonic distortion

Nomonotonic Distortion in DAC

ANE3DjOAYL0" 370 -Al5PiS iDADERRODRE
00 8o ANe 84 ARG 0A¢ Ot

0011 0011
TJ ‘
0010
B 0001
0001 A g

0010

IA
0000 —- 0000
A=B=C=Resolution A1B1! C1 Resolution

LINEAR & MONOTONIC ‘ ‘ NON-MONOTONIC ‘

Non-Linear Distortion

AN E3Dj OA1401EDaEM O 1 7, CAB A adRiA

0011 0011 I
e °
B B
0001

A 0001
0000 — I oooo—, TA

A=B=C=Resolution AlB1! C1 Resolution

UNGIBAC

DAC!O’ 2 °Op AOAAE NieBQDAaQRAGRAS
actSE@esolutdi®aCOAa-OIASpASALA-IACIS:

resolution:
1

1 .~ ]
—— = = = 250 = =
o =4 = 25% EAx(4) (8V) 2V
accuracy:

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




uNGIBRAC

8V

accuracy:

/ 5.984 V- 6.016 V

6V

resolution: 2V

4V

2V

00 01 10

11
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ldeal DAC Diagram

The
resolution is
voltage step
size.

CONVERSION CODE

Analog Output
Value
&

Ideal Straight Line

k-
{@4—— Step Height (1 LSB)

l——— Step Value

| | »

|
|
|
|
|
|
|
|
! |
0..000 0..001 0..010 0..0

i ‘ # Digital Input Code
0..100 0...101

[ '\ Step
'

|
|
|
|
|
|
|
|
|
|
1
1

Digital Input Code

0...001

r—— 1
0..010 |D...0|1| 0..100 0..101

Analog Output Value

o 1

2L3J4 5

Elements of Transfer Diagram for an Ideal Linear DAC

8-Bit DAC

Input Output 8 bit DAC
Dec Binary 5
0 00000000 ov a5 A
o
1 00000001 0.020 g 31
2 | 00000010 0.039y 3?7
o
3 00000011 0.059 4]
0 ; ; ; ;
252 11111100 4,922V 0 50 100 150 200 250
Input (Binary)
253 | 11111101 4.941) e
254 11111110 4,961V
255 11111111 4.980M
30
DAC Errors
Nominal Gain FOII‘“‘E
-
7 P
Actual -~ |
Q‘ 3 Diagram ! / - Gain Error |
] > - a (-11/4 LSB) |
§ // // 24 6 l
z 2 // ’// :5 Ideal Diagram 7 - !
g // //'\ H \/*/,’. :
%» // Ideal Diagram g 5T - /’ Actual Gain I
g 1 ﬁ/_‘r g / /I/" Point |
s c
Actual e Offset Error = ///’/ I
Offset Point ~ (+11/4 LSB) 41 '// I
e
—t—t '
000 001 010 o L‘I | 1 1 !
000 100 101 110 n

Errors can arise from components that are not ideal. When

Nominal
Offset Point

Digital Input Code

Digital Input Code

choosing a DAC this is one specification that is provided.
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DAMOO Pinout and Application

Dual-In-Line Package

DIGITAL INPUTS
THRESHOLD 1 16 e 158
CONTROL, Vi c—] ® = COMPENSATIC MmB 82 B3 B4 B5 B6 B7 BB
2 15 v
lout — —VREF(-) IREF
—="Veer 6 6 7 8 9 10 11 12 ¢ Io
_ 3 14 v "
v — —VREF(+) Ve O—VWAV—O— 14
RREF
4 13, (R14) DACDB00
lgut — —V R15 “VREF
P 12 15 -
MSB 81— —58 LS8 [ 3 LI 2 o
5 1 - - + $
B2 —d P57 I i Vic
, 0 0.1 uF Cc¢ 0.1uF
n] o I il
] 9 = =
B w— —B5 - -V W

DS005686-13

Top View

This is a current producing DAC, with the output determined by the digital code

and by the input voltage \. Itis very fast (~100 ns), as with most DACs

Vour Vi ‘Tvlo \/,,= OutputVoltage
e 2
o\ \/...= Voltage Referer
VOUT: Vin+ 2_ 1 : _
2 \/..=Voltage Referer
AL\ \/.,=Minimum output
Reolutog—5— = _ .
€ 2 5 V...= Maximumoutpt
- 0 -
Reomt-@?/;x o X,= Inputvalue base
Rl n =i01C*u0
Vo Vi Reolutil
Vour Vit )JRSOIU“‘
Pins
Pins Purpose
1. Vi Ground
vic[i] = [15] COMPENSATION
o [2] [15] Vier () 2. lout’ Output’
v-[3] 1] Veer (+) 4. but Output
lout E E] V+ .
— ol i D|g\|tal Input 5 In!out
B2 E E B7 Bla MSB
B2 7] 1] 6 - : : :
B4[g] 5] es B8a LSB 12, Input
14, Vged?) Reference voltage
15, Vged-) for output

DAMOO Diagram

LSB

4 ~=*—lgut

:; Vi 2_; g g B4 ?;. 86 ;_; B8

VO 13 T:— 5 § 7 Tn 9 Tln 1 Tm
R )N A S S (R Y
9 _%_}$_<:_}$_f_}l_f_}z_js_f_}s_é;}l_§l

S ¢

15
VRerl-}

— AMP

DACDE

A

16 3

came V-

The current output makes it faster (no op amp to limit). It still

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.

has the R-2R
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DAMOO Diagram (2)

RREF

=AN

-

VREF(*

VRerl-

HEF

AMP 2 R

1

Lo v oo o

DACOB

16 k]

come V-

The current is set byy/Rge=  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

R

different. The total current isjRges Each branch will have 1/2 of the previous
branches value. Note the rightmost transistor - why is it there?

w
~

LK 5? B? ﬁﬂ?9?131%1

15V o AN MSB

LR ¥a DACO800
15

I out

I FP

01
+15V

22K 0

ATmegaNEBAC0800

}—!9%

- -
1 4
Zlppio o = PEOJE  ZppF T 5 2
Zlpme 2 owopm . Mipr o & b
4 F 15 10 O I+
PD2 T pe2 DZpACGO800
S PD3 pe3 {2 203
Slrod PB4 2 £l D4
Lpps © PES 18— 71D5 PR S
Zros I PBE | 5 D6 W i —_|
Zlro7T (5 PET 12— 51 p7 B i s
- L e =
=l Fg) = PCB [ 2 =
e e T ros B2
dlper o <o i B
BlPC: 5 & 22K
1 1 22K
[a]
5y

Wout

7 N\

iOADiO1@IEaAE NalO 1340 -

ref” Vef o

e 2 %)

_ aé\/ma; VmirJl
Vour Vit )éﬁé

VOU‘I: Vréif

Mef- \/ref 0

Reolut'pa@
e

2 5
Reoluti@?%"g
Voo V& 2Reoluti
VouT: it 2R80|Ut|'

+ .
Wrel - Vrev

Resolution=¢

D

V our = X, Resolution
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(sawtooth gemerptor

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

int main (void) Sl

{

Ampl ituds

unsigned char i;
DDRB= OxFF;
while(1) @
{

Time (=]

PORTB-= i;
i++;

41

C8& Aa»ASEN--O3tOAlja»clEN--03C
(Analog-to-Digital EArlaHEAD D)

EAOATO8CE A-Ola»AOIAIEN--O3OAIjaEE

: Sensor and Analog-to-
F;h:f:;:‘ signal digital- Computer
v conditioner converter
1 2 3 4
/\/ /\/ 0101101
Physical signal Electrical signal Electrical signal Electrical signal
{analog) (conversion) . (digital)
Temperature Voltage Sémpling Binary codes
Pressure Digitization
Displacement
Velocity
Flow
Radiation

Simple 8 bit DAC for the Arduino

0L T°D R proonecmmmmascansd | T B 132U 0 - .
v 7 o inti=0;

o bl void setup()
D12 +ARefl
2o wvee
o 010 AT ha
A Da AB m
B 0 Da A5 7]
: .
: :
5 D& A2 a

{
}

DDRD = 0xff;

e mame || \/0id loop()
{
PORTD = i
orr if(i==256) i=0;
i++;

}

Analog-to-digital conversion

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

V

V + ot
1
VL‘.II.I L ‘
v, - HIGH
—

44




ADC Techniques

Digital RamChiDGter method)

Successive Approximation
- High Speed, Medium Resolution

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

Dual Slope
- Slow Speed, High Resolution

This simplest ADC uses a binary counter as the regis
*A Start pulse resets the counter & disables the And ¢
With adl & its input, the DAC’s @uipltsis VAX=

Since VAX < VA, the op-amp EOC output will be Hig
‘When Start returns Low, the AND gate is enabled.
*As the counter advances, the DAC output, VAX, incrt
This continues until VAX reaches a step that just exc
VA by about VT. EOC is then Low disabling the ANL
*The A/D Conversion is now complete and the conten
digital representation of VA.

The digital data is lost at the next START pulse.

Digital RamgChiDQter method)

A.nal%g Input Clock
a
o Amp s EOT th\\
_ —d
Comparator
START
CReset
D/A Counter  <1—|

Vax Converter

Digital Qutput

Successive Approximation ADC (SAC)

Analog Input + Cloe
va Op Amp Control Logic [
- —C
Comparator
START EOC
Reset
MSB
Control
Vax D/A Converter Register —
LSB

Digital Qutput




The Successive-approximation ADC is widel
A Start pulse clears all the bits and disables f
A/D Conversion begins with the MSB = 1.

If VAX > VA, then clear the last set bit back ti
If all bits have been checked then proceed, o
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
register are the digital representation of VA.
The digital data is lost at the next START pul
some sort of memory device or location.

49

Flash ADC

8V V,, indicates value
? 7 between 4V 6V
z.

6V
§ R 1

4V 0
§ R

VW

51

Flash ADC

Priority

“Viep — encoder

10 YO |I—

>
+
e e L Y1 |1—
1 Vslcp |-
12 . .
Ld .
>

(2"-1)- Vslcp ]

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

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

Other clever ideas, e.g., Apple Il A-tc

» 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 RCtime constant

— Use a program loop.




&
<

Open-collector
driver

10 Q
[>o—ann
IpF

Microprocessor \
V. LM311 J

‘. I time proportional to joystick position
2.

—~ |2.5"\;; :%
o

_____ re :
74LS14 or 74HCT14

10 k2

— N

V. Threshold
Detector

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

« ADAPACAO-O a2 41;0Aa»A8EN--0O3!
» 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).
42407 Sample-and-hold
Lﬁﬂ%’ﬂywazﬁuﬁﬂgfymﬁﬁw

1 E
ﬂ??ﬂ”l‘iLLﬂfNﬂzﬁllUu‘ﬁ'm

onversion Error

end conversion
start conversion

Ul
~

ADCO08it 8P Compatible A/D Con

o Ny 20—Vee (OR Vags) Timing Diagrams i timing is measured from the 50% valtage poirts
cc REF.
RD—2 19}—cLKR condromm
WR={3 18 |=DB0 (LSB) B—\_,_/
CLKIN=—14 17 p=DB1 =
INTR—5 16|—D82
i) |=
Vi(+)—6 15083 |~
VIN(_) -7 14 _094 Acvlu':s'wg:::; nnnnnnn
::::::::: |
AGND=—{8 13}=p8s ‘ T e
‘‘‘‘‘
Veer/2 B il ‘ \T‘
DGND—]10 11f-pe7(msB) T -7
—f v
DS005671-30 - m

Sampling Rate

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

—¢
i/lv/‘ P—g

4 Each sample is quantize(

into a digital number.
(e.g. 12 bits)

58

Analog-to-Digital Convd 8T (Adm@P” 10 °O

* 10-bit Resolution

* 0.5 LSB Integral Non-linearity

*+ 2 LSB Absolute Accuracy

* 13 - 260 Is Conversion Time

* Up to 15 kSPS at Maximum Resolution

¢ 6 Multiplexed Single Ended Input Channels

2 Additional Multiplexed Single Ended Input Channels (TQFP and
QFNMLF 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

60




Analog to Digital Converter Block Sct

61

ADC Timing Diagram, First Conver
(Single Conversion Mode)

First Carwersion . g:)r‘vtversion

“ [ I o
N R R R R N R R R P P Y P P P R PR PR
e AL ML LU L L UL LWL L L
S R .
aose M b ! VAT
e — —
o LT Y T, T 7/ /7 _M3E of Reaut
ADGL :// //i l" 7777 j// T, 7i7] T ///%(Lsezdnasun

R /7 g

63

Prescaling and Conversion T

ADEN :D_b Resel
ase
START 7-BIT ADC PRESCALER

CK ——»
[s0]
SEEENEE
Ol O] O ol O O] .
N Y Y Y Y N Y
ADPS0
ADPS1
ADPS2
ADC CLOCK SOURCE
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ADC Timing Diagram, Single C

One Conversion Next Conversion

Cycle Number ‘1|:2|3|4|5|6|7‘6|9‘10|11|12|13i i1|2‘a

preabeinipipipipipipipipipipipiyiyinins
ADSC 1 . Vi

ADIF ‘ ' ‘
woct /77T Jir7 T,

7 /}:( M‘éBofResuh
wooL LT T T T TR LBt Resu

Sample & Hold Corversion MUX and REFS
MUX and REFS Complete Update
Update

64




ADC Timing Diagram, Free Runnin | ADC Conversion Time

AD@E!ATMegal68 ADGE!ATMegdiB8

AVCC

AtmegaA68 GEERAASRILIAU
¢O yCa@ABVCC.

AVCEx 1 BBAEITEANPC5
aAx!i-i0a»¢1¢0i034d-EIOEANCEN--O3
analagEEOAVCHEIS;OA
oGCOAAETOAMDAIBWNSIN
pass fikét §»ADjifid@eor
aABapacitor.




ADGE!ATMegd(jB8

AREF
(KREB2éaxg 1¢OEIOEANEIARIBEHOE
anale@ie®a @0 OpiliD24)
Analogue Input

Atmegad68 OEiOE AdxREDEEOP CO to PC5.
¢cOH; 18didital EdBNalogue input

ADMUX

The ADMUX register allows you to control:

* The Reference Voltage

 Left adjustment of results (used for 8 bit result
» Selection of input channel

Registers

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-Reugister

ADCH ADC Data-Ragjister

ADMUWUADC Multiplexer SelectbbReyist




ADMUX : ADAJRUX3:0

 Bit ADLAR: ADC Left Adjust Result
i GE1'1/4AAN?/4-;I i OAé»A§
E left adjust
& right adjusted
AOAADMDET ahd ADDHADC Data’ Register

. BitsO}ﬁ/IUXO AnalogNChannetSelection Bits
aAx[;EN--O3101%,@--O1uéigjOAa»AS

ADCSRADC Control and Status F ~ ADCSRADC Control and Status F

 Bit 7ADEN: ADC Enable *Bi6 -ADSC: ADC Start Conversion
1= enables the ADC a°Single Conversion mode
0= ADC is turfetoitif¢3Da»Ag jOAa»AS DEA A E ée0p @ BkaAds

a°Free Running mode

aEéedpidstart the first conversion. THR#&ED G
EANSOT; enabled

aAx!ia»AgaBag:e@uio




ADCSRADC Control and Status F ~ ADCSRADC Control and Status F

» Bit ADATEDC Free Running Select  Bit 4ADPIF: ADC Interrupt Flag
E-iO801dPee Running mode U;-i0aEédspRsaBAkc AARBSSIADABNIABCH
alaB A0 ABMSa»pAl gaéarc OphaBiapiAi ARsRAGISa»c: 1 7é
GEAD jOA.iOBf@sRuUNNing mode. oQpy deparAx"[jOAIOapiAIANY.14" éANC;OA

ADCSRADC Control and Status F ~ ADCSRADC Control and Status F

» BitstP-ADPX®R ADC Prescaler Select Bits
* Bit 3ADIE: ADC Interrupt Enable aAx[juNCEOA

1= Enable

0 = Disable

When this bit is written to one and the I-bit in S
Conversion Complete Interrupt

IS activated.




EY8ADCSRABDMUX

E _ADPs2 ADPS1 AD
o [ o | 1 ADCSRA
1052

Interrupt Enable |o |y,

Start Conversion a»¢11 E§o

Interrupt Flag  "#$1 %&'()*+ ,-".

EA@ jOA.i080a*Free Running mode{o
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#include <avr\io.h> /I Most basic include files
#include <avn\interrupt.h> /I Add the necessary ones
#include <avr\signal.h> /I here

#include <util/delay.h>

unsigned int adcO;

int main(void)

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

while(1)

{
ADMUX = 0b0000000; //Arefleft adjust, select ADCO (bit 2=0 bit 1 =0 bit 0 = 0)
ADCSRA |= (1<<ADSC); /l ADC Start Conversion
while (I(ADCSRA &(1<<ADIF))); /I Wait Coversion completes
adc0 = ADCW,; /l Read ADC
_delay_ms(10);

}

}




