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Analog-to-Digital Converter (ADC) converts an input analog

value to an output digital representation.

This digital data is processed by a microprocessor and output to

a Digital-to-Analog Converter (DAC) the converts an input
binary value to an output voltage, .
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Applications

* Audio
— Speech recognition

— special effects (reverb, noise cancellation, etc)
e Video

— Filtering

— Special effects

— Compression

* Data logging
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Vocabulary

ADC (Analog-to-Digital Converter) — converts an analog
signal (voltage/current) to a digital value

DAC (Digital-to-Analog Converter) — converts a digital
value to an analog value (voltage/current)

Sample period — for ADC, time between each conversion

— Typically, samples are taken at a fixed rate

Vref (Reference Voltage) — analog signal varies between 0
and Vref, or between +/- Vref

Resolution — number of bits used for conversion (8 bits, 10
bits, 12 bits, 16 bits, etc).

Conversion Time — the time 1t takes for a analog-to-digital
conversion
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A 1-bit ADC

analog signal vdd

Vre \
Vin %
R + Vout=Vdd is Vin > Vref/2
Vret/2

Vout=0 if Vin < Vref/2

/ 1 / digital signal

comparator
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ADC Resolution

For an N-bit ADC, the smallest input voltage that can be
resolved 1s 1 LSb, or:

172N * (Vref+ - Vref-)

Where Vref+ 1s the positive reference voltage and
Vret- 1s the negative reference voltage.

We will use Vref- =0V, and refer to Vref+ as simply Vref, so
this simplifies to

1/2N * Vref.
For Vref =4 V, and N =4, what 1s 1 LSb?
124*4V=1/16*4V=025V.
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ADC, DAC Equations

ADC: Vin = input voltage, Vref+ = reference voltage, Vref-=0 V.

N = number of bits of precision Vret
output
Vin/ Vref * 2NV = output code ADC , cade
output code/ 2V * Vref= Vin v N
1 LSB = Vref/2N
DAC: Vout = output voltage, Vref = reference voltage,
N = number of bits of precision Vref
input 1 Vout
Vout/ Vref * 2¥= input code code DAC [—*
input code/ 2N * Vref= Vout 7N >

1 LSB = Vref/2N
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Sample ADC, DAC Computations

If Vref =5V, and a 10-bit A/D output code 1s Ox12A, what 1s the
ADC mput voltage?

Vin = output_code/2N * Vref= (0x12A)/210* 5V
= 298/1024 * 5V =1.46 V (ADC Vin)

If Vref =5V, and an 8-bit DAC input code 1s 0xA9, what 1s the
DAC output voltage?

Vout = input_code/2N * Vref = (0xA9)/28 * 5V
= 169/256 * 5 V=33V (DAC Vout)

If Vref =4V, and an 8-bit A/D input voltage 1s 2.35 V, what 1s the
ADC output code?

output code = Vin/ Vref * 2N= 235V/ 4V * 28
= .5875 %256 =150.4 = 150 = 0x96 (ADC output code)



Counter Ramp ADC

voltage
" £
Vref+
Vrfef
VDAC =1 .
LR serial Vin;

counter and > output
+ control logic

Vin 0—

——> parallel
1 output

(a) Structure (b) Representative conversion cycle

Control logic use a counter to apply successive codes
0,1,2,3.4... to DAC (Digital-to-Analog Converter) until DAC
output is greater than Vin. This 1s SLOW, and have to allocate
the worst case time for each conversion, which is 2N clock
cycles for an N-bit ADC.

V0.6
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Successive Approximation ADC

voltage
~ Vref+
V}et L1227 11022 1 1002 § 1001 :
V H H H H
DAC H pac
oo serial Vin--_.;.________-____;:;i.
successive > output \V
imati tVDAC
Vin ;} approximation e
control logic [~ parall€
T output
TAD: TAD | TAD | TAD t
: : : : L
(a) Structure (b) Representative conversion cycle

Initially set VDAC to 2 Vref, then see 1f Vin higher or lower
tan VDAC. If > 7, Vref, then next guess is between Vref and 12
Vref, else next guess 1s between 2 Vref and GND. Do this for
each bit of the ADC. Takes N clock cycles.

V0.6
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Successive Approximation Example

Given a 4-bit Successive Approximation ADC, and Vref=4 V.
Let Vin = 3.14159 V. Clear DAC input to 0b0000.

1. First guess, DAC input = 0b1000 =8, so Vdac =8/24* 4V =8/16 ¥4V =2V,
Vdac (2 V) < Vin (3.14159 V), so guess of ‘1’ for MSb of DAC was correct.

2. Set next bit of DAC to ‘1°, DAC input =0b1100 = 12, so Vdac = 12/16*4=3V.
Vdac (3 V) <Vin (3.14159 V), so guess of ‘1’ for bit2 of DAC was correct.

3. Set next bit of DAC to ‘1°, DAC input =0b1110 = 14, so Vdac = 14/16*4=3.5V.
Vdac (3.5 V) > Vin (3.14159 V), so guess of ‘0’ for bitl of DAC was incorrect.
Reset this bit to ‘0’.

4. Set last bit of DAC to ‘1°, DAC input =0b1101 = 13, so Vdac = 13/16%4 = 3.25V.
Vdac (3.25 V) > Vin (3.14159 V), so guess of ‘0’ for bit0 of DAC was incorrect.
Rest this bit to ‘0°.

Final ADC output code 1s 0b1100.
Check result: output code = Vin/Vref * 2N =3.14159/4 * 16 = 12.57 = 12 (truncated).
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1/4Vref
R

A

A 2-bit Flash ADC

1

?3/4Vref
R™ vin >
— +
1/2Vref
R Vin | 2 >7

(other codes
don’ t cares)

DJ[1:0]
A >

Encoding logic
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Vref

V7 =7/8 Vref

——oVin

Vg = 6/8 Vref

V5 =5/8 Vref

V4 =4/8 Vref

V3 =3/8 Vref

V5 =2/8 Vref

q
Ll
thermometer to binary encoder logic

V1= 1/8 Vref

Copyright Thomson/Delmar Learning 2005. All Rights Reserved.
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ADC Architecture Summary
 Flash ADCs

— Fastest possible conversion time

— Requires the most transistors of any architecture

— N-bit converter requires 2N-1 comparators.

— Commercially available flash converters up to 12 bits.

— Conversion done 1n one clock cycle

* Successive approximation ADCs
— Use only one comparator
— Take one clock cycle per bit

— High precision (16-bit converters are available)

V0.6
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Commercial ADCs

Key timing parameter is conversion time — how
long does i1t take to produce a digital output once a
conversion 1s started

Up to 16-bit ADCs available

Separated into fast/medium/low speed families

— Sernal interfaces common on medium/low speed ADCs
For high-precision ADCs, challenge 1s keeping
system noise from affecting conversion

— Assume a 16-bit DAC, and a 4.1V reference, then 1 LSB
=4.1/216= 62 uV.
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Digital-to-Analog Conversion

For a particular binary code, output a voltage between
0 and Vref

T Vref
D[7:0] Vout
// . DAC >

Assume a DAC that uses an unsigned binary input code,
with 0 < Vout < Vref. Then

D= 0000 0000 Vout =0V
D= 0000 0001 Vout = Vref(1/256 ) (one LSB)
D =0000 0010 Vout = Vref(2/256)

D=11111111 Vout= Vref(255/256) (full scale)

V0.6 15



Vout

DAC Output Plot

4/256 Vref
3/256 Vref
2/256 Vref

1/256 Vref

Output signal
increases in 1 LSB
Increments.

V0.6
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Flash DAC

Vref Vre Eliminates
o large
C . .
R S7 capacitive
“Jo—9 load at one
S6 voltage follower
) node.
oO—
X2
*—0
+
Vo
O_
S ¢ J—
S1
R
s Large. |
R SO capacitive load
- (a) With Switch Decoder - (b) Without Switch Decoder

Copyright Thomson/Delmar Learning 2005. All Rights Reserved.
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R-2R Ladder DAC

Vref

. Eo_ltgge_fgl_quge_r ) zl o ) 3 & 3 o 3
| X3 X2 X1 Xo¢ =
i ‘ :_ | 2R 2R 2R 2R
| I W\ \\/ any
+ 7 5T R R R
vVt Vo 2R

Resistor ladder divides the Vref voltage to a binary weighted
value 4-bit value, with the 4-bits equal to X3 X2 X1 X0

If the switch Xn is connected to Vref, then that bit value 1s ‘1°, if
the switch Xn 1s not connected to Vref, then that bit value 1s ‘0’.

Majority of DACs use this architecture as requires far less
rGSiStorS than ﬂaSh DACS. Copyright Thomson/Delmar Learning 2005. All Rights Reserved.



Sample DAC Computations

If Vref = 5V, and the 8-bit input code 1s 1s 0x8A, what is
the DAC output voltage?

input code/2N * Vref = (0x8A)/28 * 5V
= 138/256 %5V =2.70 V (Vout)

If Vret =4V, and the DAC output voltage 1s 1.25 V, what is
the 8-bit input code?

Vout/ Vref * 2N =125V/4V * 28
= 0.3125 * 256 = 80 = 0x50 (input_code)

V0.6 19



Commercial DACs

Either voltage or current DACs

— Current DACs require an external operational amplifier
to convert to voltage

Precision up to 16-bits

Key timing parameter 1s settling time - amount of
time 1t takes to produce a stable output voltage
once the input code has changed

We will use an 8-bit voltage DAC with an 12C
interface from Maxim semiconductor

V0.6 20



R
7@ DAC

DAC Application

Phosper

Vertical Deflection
Cathode

Red

G 84, DAC

Electro
(Red, C

> x‘ |

Green l
Blue

oAl

7@» DFXC

High speed video

Gnd I
Horizontal Deflection

DACs produce RGB
signals for color CRT
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PICI8Fxx2 ADC
 PIC18F242 has onboard ADC

— Successive approximation

— 10 bit resolution

— Reference voltage can be Vdd or separate voltage
— Multiple input (more than one input channel)

— Clock source for ADC 1s either a divided Fosc, or an
internally generated clock. The ADC clock period (Tad)
cannot be less than 1.6 us

» Total conversion time 1s 10* Tad +Taq (acquisition)

— Taq 1s approximately 20 us; acquisition time 1s the amount of
time 1nput capacitor requires to charge up to input voltage 1f
the analog input channel 1s changed.

— So a 20 Mhz Fosc, Tosc =.05 us, so 32Tosc = 1.6 us;

conversion time = 10*1.6 us + 20 us = 36 us.
V0.6 22



Input Pins

Analog mput channels (ANO,AN1, AN4)

\fTACLR#Npp —[1 — 28[0 «> RB7/PGD
RAOANO «>[]2  _  27[0 «> RB6/PGC
RAI/ANI «[]3 &  26[] «> RB5/PGM
RA2/AN2/Vref- €24 5%  25[] «> RB4
RA3/AN3/Vref+ €3[]5 T  24[] «> RB3/CCP2’
RA4/TOCKI €[] 6 &=  23[] €> RB2/INT2
RAS/AN4/SS#/IVDIN «>[] 7 22 (] «> RBI/INTI
vss —[ 8 21 ] «> RBO/IINTO
0SC1/CLKI — [ 9 20[] « VDD
0SC2/CLKO/RA6 «—[] 10 19[] «— VSS
Can be analog RCO/T10SO/TICKI €[] 11 18 [] «>» RC7/RX/DT
input channels RCI/TIOSI/CCPY €[] 12 17[] e RC6/TX/CK
RC2/CCP1 «>[] 13 16 [] «> RC5/SDO
or Vref+/Vret- RC3/SCK/SCL «>[] 14 15[] «> RC4/SDI/SDA

RB3 is the alternate pin for the CCP2 pin multiplexing
Figure redrawn by author from PIC 18Fxx2 datasheet (D539564B), Microchip Technology Inc.

Copyright Thomson/Delmar Learning 2005. All Rights Reserved.
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]
Figure redrawn by author from PIC18Fxx2 === F=-== &— Channel
datasheet (D539564B), Microchip Technology Inc. I I
= 100
'ADRESH | ADRESL, I 011 analog
""""""" : .\C ! ) ¢ <] AN3 mux.
! 010
10-bit RS T XAN2
successive 1 o001 |
approximation vdd : I : X ANI
ADC S ML = ANO
Vref+l.h_‘_‘ o2
reference : o—
voltages L oy
L o |
Vref- | ; ADC Block

bt

PCFG[3:0] Dlagram

Vref+/Vret- select

Copyright Thomson/Delmar Learning 2005. All Rights Reserved.

V0.6 24



Acquisition Time

FIGURE 11-2: ANALOG INPUT MODEL

Copyright Microchip, from PIC18xx2 Datasheet DS39564B VDD .
Sampling

VT = 0.6V _ Switch

RIC <1k + S5 Rss:

. | CHOLD
= DAC capacitance

| LEAKAGE

VT = 0.6V + 500 nA

1—||
=
o
%
(]
o
§e)
=4

Acquisition time 1s the time required for the analog input voltage
to be sampled by the input capacitor if the analog channel 1s
changed.

On the PIC18Fxx2, the acquisition time 1s 20 us.
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PIC18Fxx2 ADC Port Configuration Bits

PCFG[3:0]
00x0

Frvepmm—
EIEBmmmmm”m
EIEImmmmm“m.
oiix .|.
1x00

P T R—
TP S—
T TCR
T Ci—
T N

1111 \ .

Commonly used value as this sets ANO to be analog input, other
A port bits as digital inputs, and Vref+ = Vdd, Vref- = Vss

V0.6 26
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PIC18Fxx2 ADC Configuration Registers

Name

SFR (bit)

Comments

ADON

Eﬁ?ﬂﬁﬁﬁ#m'm

.Eﬁgfi?aTm.

Eﬁagfi?aium"
BEFETETETT
Eﬁﬁﬁim'm'm s

sErE R
s

Xﬁfam"

ADCONO[0]

"iﬂﬁaﬁﬁfﬁfmm""""""""""

'miﬂaaﬁﬁfg?ﬁfmm""""""""

ADCON1[6] :ADCONO[7:6]| AI

5 VsTe7o) Nl FYv) IN—

.HEE&EIE?Tmm""""""""""

PIE1[6]
IPRI[6]
PIRL[6]

B OoOikr O

= ADC is powered off

= ADC 15 powered up.

=" A/D ‘conversion not in progress'"""""
= conversion in progress

(set thls b1t to start ADC conver51on)

HHEDC channel select bltS

000 = ANO

oo1 = an1  Selects which ADC

010 AN2 . . .
011 = ax3  Input 1s being converted
100 = AN4

ADC conversion clock select bits
(selects clock source for ADC
successive approximation cycles)

ADC port configuration control bits

(selects number of analog channels and
__ADC references)

"0 = left justified in ADRESH:ADRESL

1 = right justified in ADRESH:ADRESL

ADC 1nterrupt enable’
ADC interrupt priority select

ADC interrupt interrupt flag

V0.6 Copyright Thomson/Delmar Learning 2005. All Rights Reserved. 27



PIC18Fxx2 ADC Conversion Clock Selection

ADCON1[6] ADCONO[7:86]

ADCSZ2 ADCS[1:0] A/D Clock

0 00 FDECI"E

0 01 FOEC;"E

0 10 FGEC,:"BE

x 11 F .z (internal ADC oscillator)
1 00 Fc:an:",d

1 01 FDEC/’IE

1 10 FOEC/’Ed

ADC clock must have period that 1s > 1.6 us.

If internal oscillator 1s chosen, then ADC clock 1s guaranteed to
meet period of constrain of 1.6 us.

For any other clock source selection, you MUST compute the

period and ensure that 1t 1s > 1.6 us, or incorrect operation may
result. V0.6 28
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Voltage References

Stability of voltage reference 1s critical for high precision
conversions.

We will use Vdd as our voltage reference for convenience, but will
be throwing away at least two bits of precision due to Vdd
fluctations.

Example Commercial voltage reference: 2.048v, 2.5v , 3v, 3.3v,
4.096v, S5v (Maxim 6029)

5V 1ol 409y Key parameter for a voltage 1s

X stability over temperature operating
= f range. Need this to be less than )2
vdd Vref of a LSB value.
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PIC18Fxx2 ADC Registers

« ADCONO, ADCONI — configuration registers

— ADCONI used to configure port A for analog/digital
inputs, voltage reference

— ADCONO used for clock selection, analog input selection,
start/finish conversion status.

« ADRESH, ADRESL -10-bit results returns in two

registers
— 10-bit result can be configured to be left or right justified.
ADRESH : ADRESL ADRESH : ADRESL
DD| DDDDDDDD DDDDDDDD || DD
00000098| 76543210 98765432|/10000000

Right justified Left justified
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MAXIM 517 DAC '
OuTo E E OUT1 (REFD)
GND | 2 MAXIN Tlv
v 2 MAX517 7] o
?DD soL 30 maxsrg e ano
’—a S0 E E ADA
REF
INPUT N oUTPUT N L DIP/SO
LATCHD {4 LATCHO |—4 DAG“> ouTD ROR DAC
‘\\
12C t $
interface REF B
NPUT L N L
LATCHT o/ ot | Dact U
2 b M
- Not present on
MAXIM Max517, Vref
E%HEI'ILTT | N ADDRESS MAX518 . ’
ReGISTER [Tv|COMPARATOR instead.
|
SoL— +
SDA— by ¥ ‘ | |
oEcoDE L |START/STOP| Personalizes device
DETECTOR dd
i address
6] 5] 7]
ADD ADI GND

31

Copyright Maxim, from MAX518/517 Datasheet 19-0293



Max517 I12C Transaction

Copyright Maxim, from MAX518/517 Datasheet 19-0293

e SLAVE ADDRESS BYTE —» e COMMAIDBYTE—»| e OUTAUTBYEE —
o 1T, T, ) -
s S5 AK B S5 Ak WSt ERT
SGLT L] L UL +
START CONDITION STOP CONDTION

First byte: Device address

Third Byte:
Second Byte: DAC output byte to
command byte DAC

V0.6 32



Device Address Format

For Max517, bits [7:3] = 01011

SLAVE ADDRESS
_‘—I-u.,.l
0 1 0 Tor  1or ) ADT ADD O ACK
AD3 A
SOA [
|.SB
SCL

SLAVE ADDRESS BITS ADO, AD1, AD2, AND AD3 CORRESPOND TO THE LOGIC
STATE OF THE ADDRESS INPUT PINS.

If AD1:ADO tied to gnd then address is: 01011000 = 0x58

V 0.6 Copyright Maxim, from MAXS518/517 Datasheet 19-0293
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Command Format

Only command byte we will use for Max517 will be
00000000 = 0x00 as this does a write to DACO.
R2  R1 R0 RST PD MO0 ACK

SDA | X | X [

MSB LSB

SCL

R2, R1, R0:  RESERVED BITS. SETTO 0.
RST: RESETBIT, SET TO 1 TO RESET ALL DAC REGISTERS.

PD: POWER-DOWN BIT. SET TO 1 TO PLACE THE DEVICE IN THE 4pA SHUTDOWN
MODE. SET TO 0 TO RETURN TO THE NORMAL OPERATIONAL STATE.

AD: ADDRESS BIT. DETERMINES WHICH DAC'S INPUT LATCH RECEIVES THE 8 BITS
OF DATA IN THE NEXT BYTE. SETTO 0 FOR MAX517.

ACK: ACKNOWLEDGE BIT. THE MAX517/MAX518/MAX519 PULLS SDA LOW DURING
THE 9TH CLOCK PULSE.

}{ D D N 'T G AH E . Copyright Maxim, from MAX518/517 Datasheet 19-0293

V0.6



Timing

Copyright Maxim, from MAX518/517 Datasheet 19-0293

DYNAMIC PERFORMANCE

MAX51 _C 2.0
Voltage Output Slew Rate Positive and negative MAX51 _E 1.4 Vips
MAX51 _M 1.0
Output Settling Time To 1/2 LSB, 10k and 100pF load (Note 8) 6 Hs
Digital Feedthrough Code = 00 hex, all digital inputs from 0V to VDD 5 nV-s

Max517 DAC has a 6 us settling time.

Requires 3 bytes over 12C bus to write a new value.

At 400Khz, one bit time = 2.5 us.

Each byte 1s 8 bits + 1 ACK.

So 27 bits * 2.5 us = 67.5 us not counting software overhead. So

we are limited by 12C bus speed, not by the DAC settling time.

V0.6 35




Testing the ADC and DAC

—
Analog out, To
Analog multimeter or scope
out , A\Vdd
inpu PIC18 Maxim 517
Vdd OouUT If you have trouble
OuUTO distinguishing which
RAO/ANO AD1 8-pin DIP in your
parts kit is the
= RC3/SCK/SCL SCL MAX517, look for the
ADO Maxim symbol on the
10K Pot. RC4/SDI/SDA SDA ~— package.
MNMAXIN

This diagram assumes that 10K pullups are already on the
SCL/SDA lines from the previous lab.

Read the voltage from the potentiometer via the PIC18Fxx2 ADC,
write this digital value to the DAC. The DAC output voltage

should match the potentiometer voltage.
V0.6 36



Potentiometer . | .
A variable resistor. Tie outer two legs
Vdd to Vdd/GND. Voltage on middle leg
will vary between Vdd/GND as
potentiometer is adjusted, changing the
position of the wiper on the resistor.

ccw (D 3)cw
Clockwise =

V0.6 37




// ADC Setup
TRISA = OxFF;

// ADC Setup
TRISA = OxFF;

dactest.c

ADC Configuration

// all bits of portA inputs

// all bits input

//ADCON1 = 0Ox8E, ADCONO = 0x80 by bit assignments below

ADFM = 1;

// right justification

// A0 analog, others digital, Vref+ = VDD, Vref- = Vss

PCFG3 = 1; PCFG2
ADCS2 = 0; ADCS1
CHS2 = 0; CHS1

= 1; PCFGl = 1; PCFGO = 0;
= 1; ADCSO = 0; // ADC clock = Fsoc/32
0; CHSO = 0; // select channel 0

ADON = 1; // turn on ADC

printf ("ADC is configured!!!");

pcrlf();
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dactest.c (cont.)

int adc _value;

while (1) {
GODONE = 1; // start conversion
// wait for end of conversion

while (GODONE) ;

// read result

adc value = 0; //
adc value = adc _value | (ADRESH << 8);
adc value = adc_value | (ADRESL) ;

Read from A/D, print

printf ("3x",adc_value); <——— Tphiq i5 3 10-bit value!!!

pcrlf () ;
dac value = ((adc_value >> 2)) & 0x00ff;

// now write to DAC <//I::>> .
update dac (dac_value) ; Cﬁﬂy\vnuaupperS
bits to DAC

V0.6 39
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dactest.c (cont.)

#define DAC 0x58 /* I2C DAC 01011000 =*/

void update dac(unsigned char val) ({

i2c _start()

i2c_put(DAC); <« device address byte
i2c_put (0x00); < DAC command byte
i2c_put(val); < DAC output byte
i2c _stop():;

V0.6
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Modifications to dactst.c for Lab #10

Modify dactest.c to provide four functions:

Multiply by 2 Vnew = Vold << 1

Vnew = Vold >> 1

Divide by 2 /\J . /_\_/
f\/ Vnew = Vref-Vold \/\
Invert »
Clipped /\J ‘1f” tests to _\imax __________________ |
check if Vold | l !__\_/__I_pm

In range
V0.6 41



What do you have to know?

Vocabulary
DAC R/2N architecture

ADC Flash, Successive approximation
architectures

PIC18Fxx2 A/D

— How to configure
— Acquisition, Conversion time

— How to start do conversion, read result

Max517 DAC usage

V0.6
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