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Analog/Digital
Converters

Salida | CODIGOS UNIPOLARES
digital - —————————— e m oo =1 - CODIGO BINARIO NATURAL
- CODIGO BINARIO INVERTIDO
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ADC: Codigos Unipolares

“mlﬂl

1111 0000 10101 1000
14 1110 0001 10100 1001 i
CODIGOS UNIPOLARES
13 1101 0010 10011 1011 - CODIGO BINARIO NATURAL
12 1100 0011 1 0010 1010 - CQDlGO BINARIO INVERTIDO
- CODIGO BCD
11 1011 0100 1 0001 1110 - CODIGO GRAY
10 1010 0101 1 0000 1111
Vo A
9 1001 0110 0 1001 1101 N:r()und
8 1000 0111 01000 1100 VREF
7 0111 1000 0 0111 0100
6 0110 1001 00110 0101
5 0101 1010 00101 0111
4 0100 1011 00100 0110
3 0011 1100 0 0011 0010
2 0010 1101 00010 0011
1 0001 1110 0 0001 0001
0 0000 1111 0 0000 0000



ADC: Codigos Bipolares

N _| B+S | BO | CA2 | CA1_

7
6
5
4
3
2
1
0

-0

1111
1110
1101
1100
1011
1010
1001
1000
0000

0001
0010
0011
0100
0101
0110
0111

1111
1110
1101
1100
1011
1010
1001
1000

0111
0110
0101
0100
0011
0010
0001
0000

0111
0110
0101
0100
0011
0010
0001
0000

1111
1110
1101
1100
1011
1010
1001
1000

0111
0110
0101
0100
0011
0010
0001
0000
1111

1110
1101
1100
1011
1010
1001
1000

CcODIGOS BIPOLARES

- CODIGO BINARIO DECALADO (B.O.)
- CODIGO COMPLEMENTO A 2

- CODIGO COMPLEMENTO A 1

- CODIGO BINARIO+SIGNO

N = round Vi (_ V e )2”
2VREF




DAC: antes de los ADCs

» Muchos ADCs incorporan DACs
» DAC: Digital Analog Converter




DAC con resistencias ponderadas

Convertidor Analdgico Digital de 4 bits con resistencias
ponderadas

Vtiﬂl

Un convertidor D/A de 4 bits (DAC)
con entradas ponderadas en binario.

3 3 3
|4 V
Vsal == _RFIF = _Rszlll - _RF Z)blR_l — —szoblﬁ
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i=0 =


http://tinyurl.com/y4osnpfq

DAC en escalera R/2R

-VREF

=2;"f ZZ . Bi

— ”‘"f Zz‘ . Bi



http://tinyurl.com/y3ffa8ty

ADC: Principio basico

Temperatura ambiente
— T « Alta
—_— -  Baja

24°C

ADC de 1 bit



ADC: Principio basico

_ ADC de 2 bits
Temperatura ambiente
>+ Muy Alta
30°C —| -
o+ Alta
20°C —| -
>+ Baja
10°C —| -
>+ Muy Baja
0°C —| -




ADC: Principio basico

VX ——

Vref

EOC

ADC rampa contador

ADC servoconversor

VREF

ADC SAR

ADC rampa
< ADC doble rampa
ADC Flash

ADC Half-Flash
ADC Sigma-Delta




Tipos de convertidores

» ADC rampa contador
» ADC servoconversor
» ADC SAR

» ADC rampa

» ADC doble rampa

» ADC Flash

» ADC Half-Flash

» ADC Sigma-Delta




ADC rampa-contador

VX ——|t »» EQC

Vref

> DAC n-bits CLK

i Ql

SOC CONTADOR

n-bits

Simulacion



http://tinyurl.com/y875oory

ADC rampa-contador
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ADC servoconversor

VX —|+

Vref

VREF

» DAC n-bits

= I

CONTADOR u CLK
UP-DOWN D O

Simulacion



http://tinyurl.com/y7vdkreg

ADC servoconversor

Vref 4

Vx

CLK
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ADC SAR

VX —+

Vref ‘
DAC n-bits
|
SOC - SAR
EOC n-bits

CLK



ADC SAR

____%ﬁgfz;_ 1 1000
2 1100

3 1110

Vref 4 1101
1100

12
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13
12

A
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ADC SAR 8 bits

I VFs

1 10000000 128 0.5 Si

2 11000000 192 0.75 S

3 11100000 224 0.875 No

4 11010000 208 0.8125 No
- 5 11007000 200 0.78125 Si —
CLK [ 6 11001100 204 0,796875 No 7

7 11001070 202 0,7890625 Si
N[ 8 11001017 203 0,79296875 No —
socJ 11001010 202 0,7890625 Fin e




ADC SAR sc

IN+ O » i—.:’;‘ » »
1 ot ! T AGM[I
CITTITI T 0 A, e
MSB SW+
131,072C {ﬁﬁ 536C 4{3 z::% C C
REF O—s T S S - - e BUSY .
CONTROL
DO % B P
131,072C | 65,536C AC 2C C ' sw— T CODE
MSE{ —{ —{ { g CNVST
P09 197 900 Lot 197 1%
[ L_}; | [ l AGMD E
IN- O ' ! /2 ' ! 3

Figure 21. ADC Simplified Schematic

During the acquisition phase, terminals of the array tied to the
comparator’s input are connected to AGND via SW+ and SW-.

All independent switches are connected to the analog inputs.
Therefore, the capacitor arrays are used as sampling capacitors
and acquire the analog signal on the IN+ and IN- inputs. A
conversion phase is initiated once the acquisition phase is complete
and the CNVST input goes low. When the ¢conversion phase
begins, SW+ and SW— are opened first. The two capacitor
arrays are then disconnected from the inputs and connected to
the REFGND input. Therefore, the ditferential voltage between
the inputs (IN+ and IN-) captured at the end of the acquisition
phase is applied to the comparator inputs, causing the

comparator to become unbalanced. By switching each element
of the capacitor array between REFGND and REEF, the comparator
input varies by binary weighted voltage steps (Vaer/2, Vier/4
throughV=se:/131072). The control logic toggles these switches,
starting with the MSB first, to bring the comparator back into a
balanced condition. After the completion of this process, the
control logic generates the ADC output code and brings BUSY
output low.



ADC simple rampa

Vx

: Va EOC

Vref i Vb I
CK

AO0O0O>r»r—HZ00

Simulacion



http://tinyurl.com/ybpxy7b9

ADC simple rampa

\'/a = (\'/lref < \../X\

Vb = (Vref P 0) / I >
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ADC simple rampa

z
|

J%f

Vin= -VRer

1 |
ref (t) ref j V]th - Vref (O)'I' R jo VREth - Vref (O)+ E VREFt



ADC simple rampa

Ecuacion definida en el
tiempo de ejecucion

ef(t =N- TCK) —E

Vi

Vef

Ecuacion definida en
el tiempo de diseno

(t=2""

K)_




ADC doble rampa
_ID‘ A + — N
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+\ref —e > Vb CLK
82 ——1
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go«——  CONTROL —
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SOC ' \ ‘ EOC
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Simulacion N


http://tinyurl.com/ya58wf5l
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ADC doble rampa

VREF 4
/

V.=V (0 der_0+in
RC
1
Va :VP_?J‘OVREth:VP_—
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1 ;
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del orden de ms




ADC doble rampa (NMRR)

. 1 ¢
S1 v_ #cte. entonces V, =0+— j v dt
T Jo

\
1 ¢ 1
Va :VP_?IO VREth:VP_FVREFt )
1 (27 A
Vo =— v_dt
T Jo [ 27 |
s V= [ vdt =V N Ty
1 T 0 T
O:VP_?VREFN TCK
Y,
1 2T,
N = j v dt
VREF'TCK 0
2" 2 2 1 2 2" —
N = p j ! v dt = p j ! v dt = V
VREF'2 TCK ! VREF 2 TCK ! REF



ADC doble rampa (NMRR)

2" 1 7,
— | v.dt=
VREF T; ! VREF T;

ﬁ

N =

j [VDC+V s1n(27y‘t)]a’t

T WY W




Ejemplo de ADC doble rampa

+5Y C7 | |0'1HF rPo\ycurbonule
W |fi|m melolized
C8) 00 D1 e | | (WIMA HKC2) 45V
H - 1 L3 ReSTIC n Scott Edwords Elec_lronics
o o] ¥[8 i | B
4ty vt |7 e 1 B 1
{1y R3 B = PAY PR GND
TN [ S AMARE s i 4—rx_§_ SR < o il LCD
rrn o 3P 7 A 3 RESET  PB2 1 oD
] . ﬁ g . u : ‘ g 24-3 AMA— PBO PBY +5Y
a1t Xt C P +5v / ATk o Wicromint PicStic!
it 13 X0 Ves A4 e (with 4-NHz resonator)
Gnd —i R T Né148 B
6 - -5y -
5 7 - VRI
V2
», T thLT‘*- LN ot 45V
AN o L o5 —umiesucr
2 N 60.4k . | T o0 ' " Ay .
SN AR Ik K Figure 1—A PicStic and serial LCD
100kQ 3 VREF==-3.00V . - mo . ,
Al > 2 offer the rapid prototyper a convenient
' -9V —_t’-sv
= L resource. Aad a few extra components

6
-5V - ngLusAcFr 01

T to implement a dual-slope ADC.




ADC doble rampa

CH1=500mV CH2=2V 20 ms/div

DC 10:1 DC 1:1 (20 ms/div)
Norm:50 kS/s

Phase 0 Comparator Integrator

inilialization—‘ output il out
put
| —+ |

40.9 ms > t,—

integration time T |(n output

(21% = 8192 counts), counts)
|

Trace 1= Max. 400.0 mV Phase 1. /. \ |
Min.-1.140V signal integration T Phase .2.
| | T (Negative) reference

voltage integration
(deintegration)

Trace 2 = Max. 4480V
Min. —3.600 V - ‘

Figure 2—Integration count begins when the falling voltage ramp passes through zero and ends after 8192 counts.
The deintegration count then begins, ending only when the rising voltage ramp again passes through zero.




ADC — (i
doble rampa

LOBYTE <«—0 | MOVLW 0x20

HIBYTE «— 20 h L2
T (For a count of 23 = 8192 dec.)

to select BCF PORTB,2

. — PORTE.1
CH1 =500 mV T 20 ms/div
DC 10:1 Cc1:1 £ (20 ms/div)
1 Norm:50 kS/s
4L +4.4V
p— T DECFSZ Counter1,1
T 1
Phase 6 Comparator L 1
L -« Integratol 1
|n|t|alwzat|0n—l output T, outp?t.:t ' T : DECRLOBYTE :
| 1
2 <409 ms £>e 1, ! :
One 4 | voltage integration time T |(n output Time 1 1
diode drop g\ (2%% = 8192 counts), counts) ! 1 1
11 | | |1 | | - | | 1 | | |1 1 [ 1 1 Il 11 1 1 11 |1 - | - | Il 1
_I_ LI T T T T T T T T T T T T 1 T T T LI T LI T T LI T T 1 |
= T LOBYTE =07 i
T 1
N T, I
N w 1
SR £ I R A | A A A AN SIS PR 1
T |
} ‘ A _YI \
Trace 1= Max. 400.0 mV Phase 1: 4 ) Lt
Min. —1.140V signal integration T | Phase 2: NOP | DECFSZ Counter2,1
| (Negative) reference
! ! T, voltage integration [ 1
Trace 2 = mie:-,x'_‘l;las[?g\{g T I (deintegration) ‘ |DECR HlBYTEl

Figure 2—Integration count begins when the falling voltage ramp passes through zero and ends after 8192 counts.
The deintegration count then begins, ending only when the rising voltage ramp again passes through zero.

532 iteraciones




ADC
doble r L)

| Turn on port bits to select | BSF PORTB.2
input signal volatage BSF PORTB,1

X CLRF Counter1
LOBYTE «—0 | movLw 0x20

T T .
CH1=500mV CH2 i%: 20 ms/div HIBYTE <— 20 h| MOVWF Counter2
DC 10:1 DC 1: L (20 ma/div) (For a count of 23 = 8192 dec.)

Norm:50 kS/s Waiting :l'

BTFSZ PORTB,0

T +4av
L COMP Low?
Phase 6 Comparator |
initialization | ™ output 1 ntegrator D
| utput —I |_
| L
- y €409 ms >t
One 4 | Voltage integration time T |(noutput| i
diode dmpg\ (2'* = 8192 counts), counts) Time
| - 1 Il | Il | - Il Il 1 | PR I | 1 - 11 - 1 1
J_ LI T L L LI L 1 L LI LI T 1T
= s, ! M. ! 1V  ygTEEEmEEEFTTSTEE=
1 | 1
L | !
4 1 1
N ! '
| 1
1 1
Baker ! "
¥ T =07
Trace 1=Max. 4000 mV | I ppase 1. / N I I F < LOBYTE=0? >
Min. -1.140V signal integration J; | Phase 2: No !
| - & (Negative) reference 1 Yes 1
! ! T, woltage integration [ | pF | smmmmmmcfmmmmm-- !
Trace 2 = Max. 4.480 V ! (deintegration)

Min. -3.600V

Figure 2—Integration count begins when the falling voltage ramp passes through zero and ends after 8192 counts.
The deintegration count then begins, ending only when the rising voltage ramp again passes through zero.

NOP | DECFSZ Counter2,1

‘ NOP




ADC

doble rampa

192 dec.)

I

T T
CH1 =500mV CH2=2V T (2200"”5!?&")
DC 10:1 DC 11 € msidiv
1 MNorm:50 kS/s
I +4.4\
Phase 6 Comparator |
initialization output 4 g}fg&?mr
! T |
h 4 <40.9 ms = t,—
One * Voltage integration time T (n output] Time
diode drop \ (213 =8192 COUFItSh counts)
| - 1 Il | Il | - Il Il 1 | PR I | - 11 - 1 1
LI T L L LI L 1 L T LI T
T
1
\ 1 1
T 1
N
3 \

Trace 1 = Max. 400.0 mV

Min. -1.140V

Phase 1:
signal integration

Trace 2 = Max. 4.480 V

Min. -3.600V

Phase 2:

(Negative) reference
| wvoltage integration

(deintegration)
|

Figure 2—Integration count begins when the falling voltage ramp passes through zero and ends after 8192 counts.

The deintegration count then begins, ending only when the rising voltage ramp again passes through zero.

Phase 2

PN
B

Turn on port bits to select
negative REF volatage

¥

HIBYTE <0
LOBYTE <=0

|

Refinttime

Integration of negative reference voltage

BSF PORTB,2
BSF PORTB,1

CLRF Counter2
CLRF Counter1

BTFSZPORTB,0

COMP LOW?
Yes

INCR LOBYTE

Charlie
»

LOBYTE = 07

Yes

BTFSZ PORTB,0

INCFSZ Counter1,1

INCFSZ Counter1,1

Display0

INCR HIBYTE

.
>

Display1 +

r

(For high-level
language

—|(Counter) «=(HIBYTE<<8) + (LOBYTE)

environment only)




ADC Flash

® o +
3R/2
©
5VRer/8 . .5 N
RE ¢ E )
o c
= 5
3VRer/8 = © g
@)
R .—_|_
b ¢ d1 d0
VREer/8 =
R/2
Simulacion



http://tinyurl.com/ycfx5goo

ADC Half-Flash

Vx v,=2'v,-V,)

VREF VREF VREF VREF VRer

Jv v = — vy

V,==V,
b11 b10 b9 b8 2 24 REF b7 b6 b5 b4

N = trunc[ﬁ 24j
VREF

b3 b2 b1 b0

Simulacion



http://tinyurl.com/ybupvt5t

V1

ADC Half-Flash

v, =2%7-6.875)=2V

VRer=10V Vrer

b11b10 b9 b8

b«Vs
:24

VREF

V2

J,, | 7 =;—11o = 6.875V

N = trunc(lfj =11
10

v, =2*(2-1.875)=2V

b7 b6 b5 b4

J,, | v,=210=1.8757
2

:24

Va4

N = trunc(—24
10

2

-3

Vs

VREF

vyvyyvy

b3 b2 b1 b0

N = trunc(lfj =3
10

N =trunc| —
£

7

212j = 2867 = B33,




ADC Sigma-Delta

Modulacion Delta:

. La sefnal analdgica es cuantificada por un ADC de
1 bit (Comparador)

- La salida del comparador es nuevamente
convertida a una senal analdgica con un DAC de 1
bit

- y restada de la entrada, tras pasar por un
Integrador

. La forma de la sefial analdgica es transmitida asi:

- Un “1” indica que ha habido una variacion
positiva desde la ultima muestra

- Un “0” indica que ha habido una variacion
negativa desde la ultima muestra



ADC Sigma-Delta

SAMPLING CLOCK
ANALOG + 3
INPUT F o O DIGITAL
7 / OUTPUT

N
_< 1-BIT
DAC

http://designtools.analog.com/dt/sdtutorial/sdtutorial.html

(A) DELTA MODULATION



http://designtools.analog.com/dt/sdtutorial/sdtutorial.html

ADC Sigma-Delta

\SLDPE OVERLOAD

Figure 2: Quantization Using Delta Modulation



ADC Sigma-Delta
T fs

INTEGRATOR

vIN i i
- J ® DIGITAL N-BITS
i ! FILTER
: n i AND
| - '\ |DECIMATOR
| | fs
i LATCHED |
: COMPARATOR | |
; (1-BIT ADC) i
i | *VRer |
i /O)' ~ | 1-BIT,
| \ 1-BIT DATA | Kfg
| 1.BIT T STREAM |
| DAC |
| -VREF i

SIGMA-DELTA MODULATOR

g

Figure 4: First-Order Sigma-Delta ADC



ADC Sigma-Delta

Vi = OV A /\ /\ /\ /\ /\ /\ INTEGRATOR
S AR VARVARVARVARVARN

B COMPARATOR

—OUTPUT
o 1 o 1t o0 1 0 1 0 1 0 1

Vv
= ref INTEGRATOR
2 A f——— N/ —OUTPUT
- 3/4
68 . . -— COMPARATOR
) B | ouTPUT

1 1 0

Figure 5: Sigma-Delta Modulator Waveforms



ADC Sigma-Delta

INTEGRATOR INTEGRATOR

ORIEOR

| /7 1-BIT |
\._ DAC

N

CLOCK

D ki,

1-BIT
DATA
STREAM

|

DIGITAL FILTER
AND
DECIMATOR

N-BITS /t
fS

Figure 8: Second-Order Sigma-Delta ADC



ADC Comparacion

Resolution (bits)

‘ Industrial
Measurement
24 4.
Voiceband
22 4 Audio
Data
20 - Acquisition
/ High Speed:
18 Instrumentation
Video, if Sampling
16 Software Radio, etc.
14 =
12 -
mmm Cyrrent L
State of the Art Y
10 . 1
(Approximate) "
8 - \
\
Single
6 7 Event =% Flz“sh
Acquisition, \
4 = Video \

1 I I I 1 | 1 | 1
10 100 1k 10k 100k 1M 10M 100M 1G 10G
Sampling Rate (Hz)

ADC architectures, applications, resolution, and sampling rates.




ADC: Error de cero

Digital Qutput 4
Value

Offset Error Dig

111 1

110 T

101 1T

100 1T
011 +

010 +

001 +

Jo
Analog Input

000

(@)



Digital Output 4

Value

ADC: Error de ganancia

111 1

110 -

101 A

100 -
011 -

010 -

001 -

000

at Code 5

Gain Error
at Code 7

-

Analog Input



ADC: Errores de ceroy
de ganancia

GAIN AND OFFSET ERRORS

Gain and offset errors represent the error contribution due to
the displacement of the actual ADC characteristic from the
reference one. The reference characteristic can be chosen
according to several criteria. Most commonly used are the
following;:

P Endpoint criterion: the gain and offset errors are cor-
rected such that the first and the last transition levels
correspond exactly to the ideal ones.

P Least square criterion: the gain and offset errors are cor-
rected such that the mean square deviation from the
nominal reference transition levels are minimized.



ADC: Error No Linealidad Integral

Digital Output
Value

111 +

110 +
101 +

100
011 +

010

001

.
Analog Input

000

INL causes the curve joining the middle point of each quantization
step to not be a straight line.



ADC: Monotonicidad

Digital Output
Value A

111 +
110 +

101 +

100 +

011 +

Nonmonotonicit
010 + y

001 |—

>
000 Analog Input

The sample characteristic of a nonmonotonic ADC.



ADC: Monotonicidad

MONOTONICITY

An ADC is said to be monotonic if an increase or a decrease
of the analog input signal correspond in every case to an
increase or a decrease of the average digital output code
(Figure 11). Such property is very relevant in applications
where the stability is a key factor, such as in automatic con-
trol, where some variables are continuously tuned.



ADC: Histéresis

Digital Output
Value

111
110
101
100
011
010

001

Hysteresis

000

=
Analog Input

The hysteresis shown on the characteristic.




ADC: Histéresis

HYSTERESIS

ADC characteristics often change when the slope of the
input signal changes. In particular, two different curves can
be observed when the input signal is increasing and decreas-
ing. The hysteresis of an ADC is defined to be the maximum
deviation of the transition levels (Figure 12). Hysteresis can
be present at isolated code transitions. Hysteresis (and its
complement, alternation) is evidence of feedback from previ-
ous ADC outputs into the input.



ADC: Errores y Especificaciones

(A) CODE CENTERS (B) CODE TRANSITIONS
MEASURED INDIRECTLY MEASURED DIRECTLY
111 - == mmmmm e o e e ’—,dv’— A9 —f === ’—ﬁf’—

xr’fi | f,:r‘
'5 110 'T"LI ' 10— ’—!p" |
z A ran
2 11T I : 1017 —*
o T | I
- L | | IV .
L 100 mmmmpmmmmmmmmmem A ! | 100 —-—mmmmmmmmmmemms ! o
E i LsB— 1 1 Lsple ! | iZs qLsgle 1 !
U] : S I A I : I
a mT 1 i me 7 o
— f—1ausa | _p 1LsBl— —* i—121s8 | | L

pMo—+ | | —e— ' : i 010 | | ' | —»{ 15158 14—
] | |~ | 1 1 & 1 1 1
Lo p ! ! ! |7 ! Lo
a | ’ | L
001 — ,—,-—! i | 001 — ’—j : o
| # 1 - 1 | 1
/r‘ 1 1 |/J 1 1
e e e et s e pa

0 18 14 38 12 58 34 T8 FS 0 18 14 38 12 58 34 758 FS

ANALOG INPUT

ANALOG INPUT

Figure 5.26: Measuring ADC Code Transistions to Determine Code Centers



ADC: Errores Offset y Ganancia

(A) OFFSET ERROR

(B) GAIN ERROR

A i A GAIN ERROR |
i i
| |
RETT I Vi
2 2 % 2 |
e ., O IDEAL ~ | e
ot oE i : ok :
Ow ow iy I O W I
0= 0O = e ! 0= !
S < ; . 3 .
& | |
= = f.ﬂ | = |
| . |
| # |
001 » 001 ! » 001 | ! >
Vo1 2 2 Vi1 2
0.5LSB Vpg-1.5LSB 0.5LSE Vpg-1.5LSB 0.5LSB Vpg-1.5LSB
ANALOG INPUT VOLTAGE ANALOG INPUT VOLTAGE ANALOG INPUT VOLTAGE
OFFSET ERROR = V1 — 0.5LSB OFFSET ERROR =0 OFFSET ERROR = V1 - 0.5LSB
GAIN ERROR =0 GAIN ERROR (%) = GAIN ERROR (%) =
NOTE: Vl]l]'l =
BETWEEN 000 AND 001 100 -1 100 | ——M8M8M _
Vpg - 2LSB Vpg—-2LSB

(C) OFFSET AND

Figure 5.29: Measuring ADC Offset and Gain Error




ADC: Missing Codes

DIGITAL
OUTPUT

"STICKS"
\

"JUMPS" —» } MISSING CODES

} MISSING CODES

"STICKS"

ANALOG INPUT



ADC: Seleccion

http://www.analog.com/en/analog-to-digital-
converters/ad-converters/products/index.html

http://www.ti.com/Isds/ti/data-converters/analog-to-
digital-converter-products.page

http:// www.microchip.com/pagehandler/en-
us/products/analog/dataconverters/home.html



http://www.analog.com/en/analog-to-digital-converters/ad-converters/products/index.html
http://www.ti.com/lsds/ti/data-converters/analog-to-digital-converter-products.page
http://www.microchip.com/pagehandler/en-us/products/analog/dataconverters/home.html
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