A/D Converter and D/A Converter

* D/A Converters
* D/A converters convert digital signals into analog format.

OO« —

OrT™—vv% —_— O =

TITEY === S
rorox - :t=] DAC
O0=v0O —4&—

~+-000

Digital Analog

Digital Data:

Evenly spaced discontinuous values

Temporally discrete, quantitatively discrete
Analog Data (Natural Phenomena):

Continuous range of values

Temporally continuous, quantitatively continuous

A/D Converter and D/A Converter

 A/D Converters

* An A/D converter is a device that converts analog signals
(usually voltage) obtained from environmental (physical)
phenomena into digital format

« Conversion involves a series of steps, including sampling,
quantization, and coding.

Analog — Binary
hpul > —I'-1 Dutgut

iCigtal
-:ml _.‘U Sigraly

9/12/2023




A/D Converter and D/A Converter

A/D Converter D/A Converter

Applications Applications

Digital Audio: Digital Audio :

Digital audio workstations, sound recording, CD, MD, 1-bit Audio
pulse-code modulation Digital Video :

Digital signal processing: DVD, Digital Still Camera

TV tuner cards, microcontrollers, digital Communication Equipment :
storage oscilloscopes Smartphones, FAX, ADSI equipment

Scientific instruments: PCs :

Digital imaging systems, radar systems, Audio, video cards
temperature sensors Measurement instruments :

Programmable power supplies, etc.

) Digital Signal

Switch Position
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Analog to Digital (A/D) Converter

Physical Transducer Signal A/D
System Sensor Conditioning Converter Computer

A > Digitized Signal > 8-Bit Binary Code
[ I

» Temperature > Noisy Electrical » Amplification
> Pressure Signal » Isolation

e Sy

> Light ~ Filtering

» Force » Linearization
* Input signal * Resolution
» Sampling rate * Range
»  Throughput * Gain

/

Digital-to-Analog Conversion

 Whe ta is in binary form, the 0's and 1's may

be of several forms such as the TTL form where
the logic zero may be a value up to 0.8 volts and
the 1 may be a voltage from 2 to 5 volts. The data
can be converted to clean digital form using gates
which are designed to be on or off depending on
the value of the incoming signal. Data in clean
binary digital form can be converted to an analog
form by using a summing amplifier. For example,
a simple s-bit D/A converter can be made with a
four-input summing amplifier. More practical is the
R-2R Network DAC.
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Four-Bit D/A Converter

Inputs in 1 °W— Scaled resistances
volts are 1.25K 13" into a summing
weighted in | 1 | e—=AN—1 8 junction.

the summing 2.5K YATAY
amplifier to o— \N—
b 0 5K Vi

produce the
corresponding | 1 — AN/ -
analog 10K
voltage.

+ + + =
Ix8 +1x4+0x2+1x1 =13 3 A 12 bit DAC of this type would

Rs W require the Targest scaling

1K resistor to be 2048 times the
smallest, so this approach
quickly becomes impractical .

_‘inut: —]3‘\/

Inverting Summing Amplifier Circuit

(MSB)  R,= 1k

Vo o—A\ /!
Rz = 2kQ
Logic 1" v AN
Digital =
or R

Inputs
(4-bit) - Va
Logic 0 - V Analogue

i' Output

R (R. R R_ R.
V., =ExVyy = = 55 Vi + 5= Vine + 50 Vi + 5 Ving
ouT - IN ‘ R1 IN1 R IN2 R It R I
R
Vour = ’L(Vm" Ving + Vins + Ving)
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Inverting Summing Amplifier Circuit

(MSB)  Rrs= 1k

o ©® V/\/\’ Re = 1kQ
Rz = 2kQ
Logic "1" e o—A AN )
Digital - \
Inputs or Rz = 4kQ = 3
(4-bit) R — !
Logic 0" Ve ANVN— A T
E= + our
Ry = 8kQ - i' Output
vao—ANN— = L
(LSB)
R R R R
Vour =—| 5t Vp + =2V +=EVp + 2BV,
OUT {R», L R; e R3 B Rz }
Vopr = —| Iy, 4 IERy 1y | 1Oy
kQ P 2kQ © 4kQ B 8kQ 4
, [PRSR (S  FON: (
\:‘]UT = *\\ 1\"[‘ T E ‘\‘[. + j‘\"E, 0 §\% }

4-bit R-2R Resistive Ladder Network

R R R
2R IR 2R 2R 2R Vo = Vat2VytdaVo+ 8V, +16V, +32Ve + . etc
A B C D

rLSB) (MSB )

'll—’\/\

- 4- b|t Binary lnput e
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4-bit R-2R Resistive Ladder Network

R, Circut g R R Rs S R

R
A . A —T—o
R ;\/ R; E V. i Rs \/g\/\ ch:
our <
Ri<2R R<2R R<C2R R<2R R §2R i e . > R EZR —?:
% 7] ¢ V1 1 1

Parallel Circuit

Ro

Ul

Rs Clrcgit R R C 5 o " +
A out

\/i\/\'—T—O* R; Vour
Re R, L Vaur R 2R R:< 2R ?-
R 2R Ri<2R Ri<C2R i ~ =

R 2R R 2R R<2R R 2R i N == ov
L l = ov |\ = =
ov = ks

Parallel Circuit
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R-2R Ladder DAC

R¢

16 4 2

_Rs¢ [DD D ,D2 DE}
) =Dy 0471 4+ +23
out R ref

R-2R Ladder DAC Details

#logic 1 {eqg,, TTL S¥) closes
the switch, applying ¥ref to the
surnming junction. & logic O

Vref leaves that input grounded. Rf

, Dz =1 | VY'Y

A COMMon
reference
voltage is
used because
of the
variation in

e

Summing

what voltage amplifier.
will be
produced by s
alogic 1 or 0. D D D D
Yref|—2 + =L+ 22 +2°3
16 8 4 2
Having just R and 2R places much less These weighting factors can be
stringent requirements on the required obtained by a Thevenin analysis
precision of the resistors than the of each input point.
scaled resistor approach to DAC.
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R-2R

Ladder

Thevenin Example

Yo

Thevenin's theorem shows that an 16
i NpUt at the LSE i3 divided by 16,
the MSE by 2, so they are scaled.

Successive applications of

4-bit Binary Counting R-2R DAC

Volts

Count Reset

Stepped Output
Voltage

74LS93

4-bit Ripple Counter
R, R, GND
2 3 10

Qg

1
LKe

DA
(&

CLKa

. I 14
T ——

L

000}
LHio
oo

1010
0010

233
OkL
Lok
00k

0000

Binary Output Count

4-bit R-2R DAC Timing Diagram




R-2R D/A Converter Example

Logic 1" = 10V

Resolution

1 10 R
. Resolution 0.625 Volts

16

Unipolar
Code

9/12/2023



Bipolar
Codes

number ScALE soves | ONSRY | Zowe. | cow | k.
+7 +FS - 1LSB = +7/8 FS +4.375 1111 0111 0111 0111
+6 +3I4 FS +3.750 1110 0110 0110 0110
+5 +5/8 FS +3.125 1101 0101 0101 0101
+4 +112 FS +2.500 1100 0100 0100 0100
+3 +3/8 FS +1.875 1011 0011 0011 0011
+2 +114 FS +1.250 1010 0010 o0o010 0010
+1 +1/8 FS +0.625 1001 0001 0001 0001
0 0 0.000 1000 0000 *0000 *1000
- U8 FS -0.625 0111 1111 1110 1001
-2 -1I4FS -1.250 0110 1110 1101 1010
-3 38 FS -1.875 0101 1101 1100 1011
4 -112FS -2.500 0100 1100 1011 1100
5 -5/8 FS -3.125 0011 1011 1010 1101
6 -314 FS -3.750 0010 1010 1001 1110
7 FS+1LSB=-7/8FS -4.375 0001 1001 1000 1111

NOT NORMALLY USED

IN COMPUTATIONS

0000

1111

1000

1000

The resolution of data converters

Quantization: The Size of a Least

Significant Bit (LSB)

1LSB =

FSR

[E)

for n—bit converter
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The Ideal Transfer Function (ADC)

practical ideal transfer function is a

, however, the
shown in Figure .

CONVERSION CODE
RANGE OF
ANALOG DIGITAL
INPUT | OUTPUT CODE
CODE
4555 0..101
35-45 0. 100
125-35 0..011 !
1525 0..010
0.5-1.5 0..001
0-05 0 ... 000

Step

/ \[o

Digital Output
Code Ideal Straight Line

0..101 —+

100 Center

]

011+

N

0..010 —

0..001 —+ P\; Step Width (1 LSB)
;

0...000 | 5 | 3 Analog Input Value

P

4

Quantization
Erfor

+%

LsSB Analog Input Value

-Ya
LsB i
Inherent Qiantization Error (+%; LSE)

The Ideal Transfer Function (DAC)

The DAC theoretical ideal transfer function would also be a straight line with an infinite
number of steps but practically it is a series of points that fall on the ideal straight line as

shown in Figure

Analog Output
Value

o

Conversion Code

Ideal Straight Line

/ Step Height (1 LSB)

l«—  Step Value

} } } } } Digital Outpit Code
000 0.001 0.010 b..011 0..100 0..101

Step

Digital Input Code | 0...

000 | 0..001 | 0..010 EO..OH 0..100 | 0...101

Analog Output Value

o | 1] 2131 4]s

9/12/2023
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Analogue to Digital Converter

* Analogue to Digital Converter, or ADC, is a data converter which
allows digital circuits to interface with the real world by encoding an
analogue signal into a binary code

TV
4 +—Q
3—Q, A
y ADC ODntgltil
Analogue 2| — q, Yulpus
Input
1—a
.

Analog Input

/

RiiesE) Digital Output

—f

— bO(LSB) =

A/D Converter

Comparator Circuit

Basic LM33SN
V Comparator Circuit

2-bit Analogue to Digital
Converter Circuit

Y Vrer Vin__ Analogue Input
Signal

2V (MSB)

U2 : — O
R — - Z‘M 2-bit
Priority _ Output

v Encoder [—® U
D; (LSB)

=
<
Ll
[=)

9/12/2023
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+4V

2-bit Analogue to Digital
Converter Circuit

Vrer

psl

pul

Pl

—AMATAMAAMA

]

w
<

Vin _ Analogue Input

N
<

<

o
<

Signal
nr D-
u3
||
[ D. (MSB)
U2 —~ : Q
|- 26t [ ° 7 2
Priority _ Output
Encoder [—® L&
Ul Ds (LSB)
Do
-[?

Analogue Input

Voltage (V)

Comparator Outputs

Digital
Outputs

0to 0.99V 1 1 1 0 010
1to1.99V 1 1 0 X 0 |1
2t02.99V 1 0 X X 110

3to4V 0 X X X 11

Where: “X” is a “don’t care”, that is either a logic “0” or a logic
“1” condition.

2-bit ADC Using Diodes

Analog input

[} [=1i]

1kQ

1kOhm

9/12/2023
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3-bit Analogue to Digital Converter Circuit

Vaer Vin _ Analogue Input
e ™ Signal
’ Comparator Outputs Digital
R 457 Analogue p P Outputs
o Input
R — Voltage (V,y)
av s
U -
R B
%25\/ & Oto049V |1 |1 1|11 |11 0(0]0
+ U s
R 1 05to099V|1|1|1|1|1]|1|0 0(0]1
v = (MSB)
Tu>—4 3 > @ 1.0t01.49V |1 |1 |1[1]1]0|X o|1]o0
R | Priority [ 5. o, 3°bi
15 S, D Encodet . T 15t01.99V|1[1|1]1|0]|X|X 011
R — (LSB)
LoV . 20t0249V |1 |1 |1|0|X|X|X 1/0(0
),
u2 Z
R — 25t0299V |1 (1|0 | X |X|X]|X 1101
0.5V o7
[ [ful 3010349V |10 | X|X[X|X]|X 110
R 5
ov r 35t040V |0 [ X | X | X | X | X | X 1111

Digital Ramp ADC

Both comparator
Sample output and start Input clock
point line nermally high pulses
Analag J-I_“.”.l-l
............. Vs o Comparator
= Start pulse resets the fy |Start

counter and blocks line
clock during reset, At
end of start pulse, the
counter starts.

Comparatar Reset
output

Counter
Digital Clock
"""" VQ -4 -to- 4

fhen the digital ramp Analeg
output of the DAC Cony. &
reaches the signal i
voltage Vs, the Counter increases voltage Digital
comparator goes low, out of DAC until it reaches Systems
stopping the count. the input sample voltage Ve

L -

L 2

9/12/2023
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Successive Approximation ADC

To control _
logic V= 7.2¥ MSB is set, but = _
rato it overshoots ¥ onversion is
ks il and is reset. i finished when
/ process has

cyeled through

—_ MSE 81 all bits.
25" Dpigital ;

From Do -to-

control - Y B S

. D Analog T

logic ol EoFriBrtee Mext bits are set

Do in succession and
LR T held if they don't
The control Togic increments exceed Vs

bits, starting with the MSE.

Successive Approximation ADC

* The successive approximation ADC is much faster than the digital
ramp ADC because it uses digital logic to converge on the value
closest to the input voltage. A comparator and a DAC are used in the
process.

9/12/2023
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Successive Approximation ADC

Clear all bits
Start at MSEB

Go to next
Tower bit

|s Dé&C output
e ?
Mo 4+

Set bit = 1

Clear bit
back to O

1

Hawe all bits
been checked
7

YVes

finished, number

Conversion

in register.

After Tocci,
Crigital Systems

Successive-approximation ADC

Clock E— SAR

I

D,y Dyos 0,10,

DAC

EOC

Comparator

Viv SH

>_

DAC = digital-to-analog converter

EOC = end of conversion

SAR = successive approximation register
S/H = sample and hold circuit

VIN = input voltage

VREF = reference voltage

16



Successive-approximation ADC

Successive Approximation — example of a 4-bit ADC

Vin=0V

clk

Resolution:
5V x1h 2.5000V

5V x1/s 12500V

& Vi 0125V
3 5V x1i2s  0.0049V
\% ov =
time

+10¥ Comparators

2z By . . . .
3 —!>-c Illustrated is a 3-bit flash ADC with resolution 1
vz volt (after Tocci). The resistor net and comparators

L5 >° provide an input to the combinational logic
1KE sl T circuit, so the conversion time is just the

. b o M8 propagation delay through the network - it is not
K2, —D_c 2 |, limited by the clock rate or some convergence

) & sequence. It is the fastest type of ADC available,
1KE k ] —F .

F3l . Z | bigital but requires a comparator for each value of
T O I output  output (63 for 6-bit, 255 for 8-bit, etc.) Such ADCs

E >—c are available in IC form up to 8-bit and 10-bit flash
KE _>-q ADCs (1023 comparators) are planned. The

; encoder logic executes a truth table to convert

1KE “?:;:ig the ladder of inputs to the binary number output.

9/12/2023
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Caracteristics ADC

SYSTEM
ARCHITECTURE

RESOLUTION

SPEED

ADVANTAGE / DRAWBACKS

Flash

8 bits

250MSPS - 1GSPS

+ Extremly fast

+ High input bandwidth

- Higher power consumption
- Large die size

- High input capacitance

- Expansive

- Sparkle codes

SAR

10 bits — 16 bits

76kSPS — 250kSPS

+ High resolution and accuracy
+ Low power consumption

+ Fev external components

- Low input bandwidth

- Limited sampling rate

- Vin must retain constant during
conv.

Integrating

> 18 bits

< 50 kSPS

+ High resolution
+ Low supplay current

+ Excelant noise rejection
- Low speed

Sigma-Delta
(=-4)

> 16 bits

> 200 kSPS

+ High resolution

+ High input bandwidth
+ Digital on-chip filtering
- External T/H

- Limited sampling rate

Pipeline

12 bits — 16 bits

1MSPS — 80MSPS

+ High throughtput rate

+ Low power consumption

+ Digital error correction and on-
chip self- calibration

- Required duty-cycle typical

- Required minimum clock
frequency

9/12/2023
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