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EE 2920

 Digital to Analog Converter

 Converts a digital word to a fixed analog voltage level

 Many applications
* Electronic music
e Audio conversion — cell phones
e Video conversion —digital TV
* Mechanical conversion — valve opening
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EE 2920

 Digital to Analog Converter

Converts a digital word to a fixed analog voltage level

Many types of D/A converters

Resistor DAC

Current DAC

Switched Capacitor DAC
Delta-sigma DAC

Pulse width modulator
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 Digital to Analog Converter Performance

e Resolution

* n-bit digital word can represent 2" levels
» 8-bit DAC - 256 levels

* Frequency
 Qutputs are provided at a fixed rate — sampling rate

* Accuracy
* Linearity
* Noise
* Many others
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EE 2920

 Digital to Analog Converter Performance

* 4 bit DAC, 5v range
e 5v/2%->0.3125v/step

Code
0000
0001
0010
0011

1101
1110
1111

Output
0.0v
0.3125v
0.625v
0.9375v

4.0625v
4.375v
4.6875v
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 Digital to Analog Converter Performance

e 4 bit DAC, 5v range

Time

EE 2920

Code
0010
0011
0100
0011
0111
0101
0011
0110
1001
0000

voltage

v

time
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 Digital to Analog Converter Performance

* Typically additional signal conditioning is required to
‘clean up’ the output

voltage voltage

filtering

T,

time time
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EE 2920

* D to A Converter

* Converts a digital word to a fixed voltage level

c VrefH
 example: 4 bit code VrefL

0000 - Vout = VrefL
1111 Vout = VrefL+(VrefH—VrefL)(i—§) "

Vrefl

b0 contributes 1/16 %

- 7
bl contributes 1/8 \/‘O VrefH
b2 contributes % Q(é\ 1"
b3 contributes % \/6\'

VrefH
Vrefl

0110 = Vout = VrefL+(VrefH-VrefL)(i + %)
1000 > Vout = VrefL+(VrefH-VrefL)(§)

nb3u

vout

VreflL
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EE 2920

* D to A Converter

* Converts a digital word to a fixed voltage level

VrefH

 example: 4 bit code Gnd
0000 = Vout =0
1111 Vout = VrefH*(i—i) "

Gnd

b0 contributes 1/16

bl contributes 1/8 g
b2 contributes % Gnd
b3 contributes %

VrefH
Gnd

0110 = Vout = VrefH(i + %)
1000 > Vout = VrefH(%)

nb3u

vout

Gnd
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VrefH
Gnd

VrefH
Gnd

VrefH
Gnd

VrefH
Gnd

EE 2920

* D to A Converter

e Superposition and Thevenin Equivalents

b
5 vout

Gnd

10

2R

Gnd

“b3” vout

b0 x VrefH

2
Gnd © tj



VrefH
Gnd

VrefH
Gnd

VrefH
Gnd

EE 2920

* D to A Converter

o P vout

b0 x VrefH
2

Gnd

vout

b0 x VrefH b0 x VrefH

2 4
1 Gnd Gnd o



* D to A Converter

VrefH —O = vout

Gnd —O

VrefH —O 9
Gnd —O

b0 x VrefH

4
Gnd

EE 2920

2R

b0 x VlzrefH b0 x VrefH
4 8

- Gnd Gnd
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* D to A Converter

Vref —o °¥ vout S N \vout
N
Gnd —O s \\ LR i ;Y
R i i

b0 x VrefH b0 x VrefH b0 x VrefH
8 8 16

Gnd — 5 Gnd Gnd
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VrefH
Gnd

VrefH
Gnd

VrefH
Gnd

VrefH
Gnd

EE 2920

* D to A Converter

b2 analysis

ub3u

vout

Gnd

VrefH —O

Gnd

—0

‘b2”

14

2R

2R

2R

Gnd

2R

Viafl ey~ vout
Gnd —O
2R
R
R
b2 x VrefH
2

Gnd © tj



* D to A Converter

Vrefh —0, v vout N “wout
b2 x VrefH b2 x VrefH b2 x VrefH
Gnd SR—— Gnd Gnd
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* D to A Converter

* VVout = ((b0)/16 + (b1)/8 + (b2)/4 + (b3)/2) * VrefH

“b3” vout

Gnd
EE 2920 16 © tj



EE 2920

 Example

3.3V Vref
8 bit convertor

Code | steps | Vlts

0000 0000

0000 0001

0001 0000

01111111

1000 0000

1100 0000

11111111

0
1
16
127
128
192
255

0
0.013
0.206
1.637
1.650
2.475
3.287

3.3v / 28 steps
= 12.89mv/step

17
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* Comparator

* Compare the voltage of two inputs and generate
‘0’ if minus input > plus input
‘1’ if minus input < plus input

* Open Loop OpAmp

EE 2920 19 © tj
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EE 2920

* MSP432 Comparators

* Analog Comparator
* 2 blocks

Input Multiplexing (8)
Hysteresis Generator
Programmable RC filter
Can Generate Interrupt

21

MSP432

ARM®
Cortex™-M4F
48 MHz

AES-256

1.62V -3.7V Operation

Up to 256 KB Flash
Upto 64 KB SRAM Low-Power OSC

Real-Tme Clock
DMA (8 ch)
Bootstrap Loader

32KB ROM 4 16-bit Timer/PWM/CCP

Temperature 85°C

Programmable DCO

2% 32-bit GP Timers

Systick Timer

Real-time JTAG

omms Peripherals
4% UART or SPI
4x12C or SPI

24ch, 14-bit 1 MSPS SAR ALT
2% Analog Comparators
\Inltage Referen~-
Temperature Sensor

Capacitive Touch I/O
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* Comparator

CEIPSEL
C0 —— 0000
C1 —— 0001
c2 —
c3 —
: o
c12
1 _ 1
— 1110
C15 1111
u-""'.-d-

CESHORT m—

CEIMSEL
C0 —oooo
C1 —— 0001
c2 —|

c3 —

: o
c12

1 @

—1 1110

15— 1111

EE 2920

CEF
0
1 Set CEIFG
Y CCHB
i PD—» couT

CEQUTPOL

from shared

V..
-
CEEX —
| J CEON
*—o—
'Qaw__l
o
N '
NS
Pl
_q'“‘“r
O
< &
Qg' Qg" Q-.C:'
4 ¢ 2
CERSEL o
) s¥ s% oF
L Reference Voltage
. o Generator

reference

Figure 21-1. COMP_E Block Diagram
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EE 2920

* Comparator

COMP_EO->CTLO, ...
COMP_E1->CTLO, ...

Table 21-1. COMP_E Registers

Offset Acronym Register Type Access Reset Section
00h CExCTLO Comparator_E control O Readfwrite Half-word  0000h Section 21.3.1
02h CExCTLA1 Comparator_E control 1 Readfwrite Half-word  0000h Secfion 21.3.2
04h CExCTLZ2 Comparator_E control 2 Readfwrite Half-word  0000h Section 21.3.3
06h CExCTL3 Comparator_E control 3 Readfwrite Half-word  0000h Section 21.3.4
OCh CExINT Comparator_E interrupt Readfwrite Half-word  0000h Section 21.35
0Eh CExIV Comparator_E interrupt vector word FRead Half-word  0000h Section 21.3.6
NOTE: This is a 16-bit module and must be accessed ONLY through byte (8 bit) or half-word (16 bit)

access. 32-bit read or write access to this module causes a bus error.

23
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* Comparator

Figure 21-8. CExCTLO Register

15 14 13 12 1 10 9 8
CEIMEN | Reserved | CEIMSEL
nw-0 r-0 r-0 r-0 rw-0 rw-0 rw-0 rw-0
T 6 5 4 3 2 1 0
CEIPEN | Reserved | CEIPSEL
nw-0 r-0 r-0 r-0 rw-0 rw-0 rw-0 rw-0
Table 21-2. CExCTLO Register Description

Bit Field Type Reset Description

15 CEIMEN RW Oh Channel input enable for the V- terminal of the comparator.
0b = Selected analog input channel for V- terminal is disabled.
1b = Selected analog input channel for V- terminal is enabled.

14-12 Reserved R Oh Reserved. Always reads as 0.

11-8 CEIMSEL RW 0Oh Channel input selectad for the V- terminal of the comparator if CEIMEN is set to
1.

7 CEIPEN RW oh Channel input enable for the V+ terminal of the comparator.
0b = Selected analog input channel for ¥+ terminal is disabled.
1b = Selected analog input channel for ¥+ terminal is enabled.

64 Reserved R Oh Reserved. Always reads as 0.

30 CEIPSEL RW Oh Channel input selected for the YW+ terminal of the comparator if CEIPEN is set to
1.

EE 2920 24

Cco
C1
c2
Cc3

c12
c13
c14
Cc15

co
C1
cz
C3

c12
Cc13
C14
C15

CEIPSEL

ay

D000

0001

1110

1111

CEIMSEL

i

0000

0001

1110

1111
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* Comparator

Figure 21-9. CExCTL1 Register

15

14

12 11 10 9 8

Reserved

| cemrvs | cemrvL |  cEON | CEPWRMD

r-0

r-0

w-0 rw-0 rw-0 rw-0 w-0

6

4 3 2 1 0

CEFDLY

CEEX |

CESHORT | CEES | CEF | cEouTtPOL CEOUT

<™ 0
éﬁ %

&
CERSEL O © o

1 s? s% of

&
<&

CE

w-0

rw-0

w-0 rw-0 rw-0 rw-0 r-0

Table 21-3. CExCTL1 Register Description

Bit

Field

Type

Reset Description

15-13

Reserved

Oh Reserved. Always reads as 0.

12

CEMRVS3

RW

Oh This bit defines if the comparator output selects between VREFO or VREF1 if
CERS = 00, 01, or 10.

0b = Comparator output state selects between VREFD or VREF1.
1b = CEMRVL selects between VREFO or VREF1.

CEMRVL

RW

Oh This bit is valid if CEMRVS is setto 1.
0Ob = YREFO is selected if CERS =00, 01, or 10
1b = WYREF1 is selected if CERS =00, 01, or 10

from shared
reference

Reference Voltage
Generator

CEON

RW

Oh ©On. This bit tums the comparator on. When the comparator is turmed off the
Comparator consumes no power.

Ob = Off
1b=0n

9-8

CEPWRMD

RW

Oh Power Mode

00b = High-speed mode
01b = Mormal mode

10b = Ultra-low power mode
11b = Reserved

76

CEFDLY

RW

Oh Filter delay. The filter delay can be selected in four steps. See the device-specific
data sheet for details.

00b = Typical fiter delay of 500 ns
01b = Typical fiter delay of 800 ns
10b = Typical filter delay of 1500 ns
11b = Typical filter delay of 3000 ns

CEEX

RW

Oh Exchange. This bit permutes the comparator 0 inputs and inverts the comparator

0 output.

EE 2920
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CcCcnre

cout

CEOUTPOL

+ Terminal

= Terminal Comparator Inputs

Comparator Output
Unfiltered at COUT

B AL
LI

Comparator Output
Fitered at COUT

Set CEIFG

Figure 21-3. RC-Filter Response at the Output of the Comparator

v
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* Comparator

Figure 21-9. CExCTL1 Register

15 14 13 12 11 10 9 8
Reserved CEMRVS | ceEmrRvL | cEoN | CEPWRMD
r-0 r-0 r-0 rw-0 rw-0 rw-0 rw-0 rw-0
7 6 5 4 3 2 1 0
CEFDLY CEEX CESHORT [ CEIES | CEF | CEOUTPOL CEOUT
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 r-0
CESHORT RW oh

Input short. This bit shorts the + and — input terminals.
0b = Inputs not shorted
1k = Inputs shorted

T=RxC
8-10 Tt recommended for sample time

26

— 0000

Sampling capacitor, G J:

1100
1
1110
11
--""'.'.‘

CESHORT -%

0000
0001
0010
oo

Analog Inputs

1100
10
1110
1
r--"'.-.

ARAARAAAAARAAAN

Figure 21-2. COMP_E Sample-And-Hold
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* Comparator

/ CEON

3 CEES RW Oh Interrupt edge select for CEIIFG and CEIFG
0Ob = Rising edge for CEIFG, falling edge for CEIIFG
1b = Falling edge for CEIFG, nising edge for CEIFG

2 CEF RW On Output filter. Available if CEPWRMD = 00, 01.
Ob = Comparator output is not filtered
1b = Comparator output is filtered

1 CEQUTPOL RW On Output polarity. This bit defines the CEOUT polarity.
0b = Noninverted
1b = Inverted

0 CEOUT RW on Output value. This bit refiects the value of the Comparator output. Writing this bit
has no effect on the comparator output.

EE 2920 27

Set CEIFG
CcCcnre

cout

CEOUTPOL
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* Comparator

Figure 21-10. CExCTL2 Register

15 14 12 11 10 9 8
CEREFACC CEREFL | CEREF1
rw-0 rw-0 w-0 rw-0 rw-0 rw-0 w-0
T 6 4 3 2 1 0
CERS CERSEL | CEREFO0
rw-0 rw-0 w-0 rw-0 rw-0 rw-0 w-0
Table 21-4. CExCTL2 Register Description
Bit Field Type Reset Description
15 CEREFACC RW Oh Reference accuracy. A reference voltage is requested only if CEREFL = 0.
Ob = Static mode
1b = Clocked (low power, low accuracy) mode
14-13 CEREFL RW Oh Reference voltage level
00b = Reference amplifier is disabled. No reference voltage is requested.
01b = 1.2 V is selected as shared reference voltage input
10b = 2.0 V is selected as shared reference voltage input
11b = 2.5V is selected as shared reference voltage input
128 CEREF1 RW Oh Reference resistor tap 1. This register defines the tap of the resistor string while
CEOQUT =1.
7-6 CERS RW Oh Reference source. This bit defines if the reference voltage is derived from VCC
or from the precise shared reference.
00b = No current is drawn by the reference circuitry.
01b = VCC applied to the resistor ladder
10b = Shared reference voltage applied to the resistor ladder.
11k = Shared reference voltage supplied to V(CREF). Resistor ladder is off.
5 CERSEL RW Oh Reference select. This bit selects which terminal the Veags is applied to.
0Ob = When CEEX = 0, VREF is applied fo the V+ terminal;, When CEEX =1,
VREF is applied to the V- terminal
1b = When CEEX = 0, VREF is applied to the V- terminal, When CEEX =1,
WREF is applied to the V+ terminal
40 CEREFO RW Oh Reference resistor tap 0. This register defines the tap of the resistor string while
CEOQUT =0.
EE 2920 28

CEREFLx Ve
2
from the CECN
REF module L/ 00, 11
10{ 01
|
CERSx m—y2 °
CEREF1 CEREF0
| | [
54 5.4

CEMRVL =
I 0
o
& ]
CEMRVS m——, ©
1| o1
— T
. - . Vo,
n o]
T Ve

Figure 21-4. Reference Generator Block Diagram
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* Comparator

Figure 21-11. CExCTL3 Register

15 14 13 12 11 10 9 8
CEPD15 | CEPD14 CEPD13 | cEPDi2 | CEPDI1 | CEPDI0 | CEPDS | CEPDS
rw-(0) rw-(0) rw-{0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
T 6 5 4 3 2 1 0
CEPD7 | CEPDS cEPDs | cEpb4 | cEPD3 | cEPD2 | cCEPD1 | CEPDO
rw-{0) rw-{0) rw-(0) rw-{0) rw-{0) rw-{0) rw-{0) rw-(0)
Table 21-5. CExCTL3 Register Description
Bit Field Type Reset Description
15 CEPD15 RW oh Port disable. These bits individually disable the input buffer for the pins of the
port associated with Comparator_E. The bit CEPD15 disables the port of the
comparator channel 15.
0Ob = The input buffer is enabled.
1b = The input buffer is disabled.
14 CEPD14 RW Oh Port disable. These bits individually disable the input buffer for the pins of the
port associated with Comparator_E. The bit CEPD14 disables the port of the
comparator channel 14.
Ob = The input buffer is enabled.
1b = The input buffer is disabled.
1 CEPD1 RwW Oh Port disable. These bits individually disable the input buffer for the pins of the
port associated with Comparator_E. The bit CEPD1 disables the port of the
comparator channel 1.
0b = The input buffer is enabled.
1b = The input buffer is disabled.
0 CEFDO RW Oh Port disable. These bits individually disable the input buffer for the pins of the
port associated with Comparator_E. The bit CEPDO disables the port of the
comparator channel 0.
0Ob = The input buffer is enabled.
1b = The input buffer is disabled.
EE 2920 29
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8

*_______

CEPDx =1
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* Comparator

Figure 21-12. CExINT Register

15 14 13 12 11 10 9 8
Reserved | cErDYE | Reserved | ceme [ cEE
r-0 r-0 r-0 rw-0 r-Q r-0 rw-0 rw-0
7 6 5 4 3 2 1 0
Reserved | cerDYIFG | Reserved | cewre | cEFG
r-0 r-0 r-0 rw-0 r-0 -0 rw-0 w-0

Table 21-6. CEXINT Register Description

Bit Field Type Reset Description
15-13 Reserved R Oh Reserved. Always reads as 0.
12 CERDYIE RwW Oh Comparator ready intermupt enable

Ob = Interrupt disabled
1b = Interrupt enabled

11-10 Reserved R Oh Reserved. Always reads as 0.

9 CElE RW Oh Comparator output interrupt enable inveried polarity
0b = Interrupt disabled
1b = Interrupt enabled

8 CEIE RW Oh Comparator output interrupt enable
0b = Interrupt disabled
1b = Interrupt enabled

75 Reserved R Oh Reserved. Always reads as 0.

4 CERDYIFG RW Oh Comparator ready interrupt flag. This bit is set if the Comparator reference
sources are settled and the Comparator module is operational. This bit has to be
cleared by software.

0b = No interrupt pending

1B = Interrupt pending

32 Reserved R Oh Reserved. Always reads as 0.

1 CEIIFG RW Oh Comparator output inverted interrupt flag. The bit CEIES defines the transition of
the output setting this bit.

0b = No interrupt pending

1B = Interrupt pending

0 CEIFG RW Oh Comparator output interrupt flag. The hit CEIES defines the fransition of the
output setting this bit.

Ob = No interrupt pending

1b = Interrupt pending
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* Comparator

Figure 21-13. CExIV Register

15 14 13 12 11 10 9 8
CEIV
o ] i 4] i 1] 1] 1]
T ] L] 4 3 2 1 0
CEIV
o o o i ] r-{0) r-{0} i}
Table 21-7. CExIV Register Description
Bit Field Type Reset Description
15-0 CEIV R Oh Comparator interrupt vector word register. The interrupt vector register reflects

only interrupt flags whose interrupt enahble bit are set. Reading the CEIV register
clears the pending interrupt flag with the highest priority.

00h = No interrupt pending

02h = Interrupt Source: CEQUT interrupt; Interrupt Flag: CEIFG; Interrupt
Pricrity: Highest

04h = Interrupt Source: CEQUT interrupt inverted polarity; Interrupt Flag: CEIIFG
06h = Reserved

08h = Reserved

0Ah = Interrupt Source: Comparator ready interrupt; Interrupt Flag: CERDYIFG;
Interrupt Priority: Lowest

31
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EE 2920

* Comparator

Comparator Info Sheet
*»=0-1
COMP_Ex -»  CTLO Control reg 0

CTL1 Control reg 1

CTL2 Control reg 2

CTL3 Control reg 3

INT Interrupt Register

IV Interrupt Vector
COMP_ED_IRQHandler INTISR[G] COMP_EOD CERDYIFG, CEIIFG, CEIFG
COMP_E1_IRQHandler INTISR[7] COMP_E1 CERDYIFG, CEIIFG, CEIFG
INPUTS
PORT DIR PSEL[1:0] PORT DIR  PSEL[1:0]
PE.1 cC o 0 11 P&.7 c 1 0 11
PE.O cC 0 1 11 PB.6 c 1 1 11
P7.7 cC 0 2 11 PB.5 c 1 2 11
P7.6 cC 0 3 11 PE.4 c 1 3 11
P7.5 cC 0 4 11 PB.3 c 1 4 11
P7.4 cC 0 5 11 PB.2 c 1 5 11
P10.5 cC 0 7] 11 P5.7 c 1 7] 11
P10.4 cC 0 7 11 P5.6 c 1 7 11
OUTPUTS
PORT DIR PSEL[1:0] PORT DIR  PSEL[1:0]
P7.1 CouT ED 1 o1 P7.2 CouT E1l 1 o1

32
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e Comparator Example

CEIPSEL
C0 —— 0000
C1 —— 0001
(g —

C3 —
: ok
Cc12 <
1 _ 1
— 1110
C15 1111
u-""'.-d-

CESHORT m—

CEIMSEL

gy

C0 —oooo

] —em
c2 —
C3 —

s
C12
1 g—
—1 1110
1585— 1111
| —

EE 2920

CEF
1 Set CEIFG
g ccHB
i l_/D—FmT
CEOUTPOL

from shared

V.
.
CEEX —a
| J CEON
_QM'_—I
| .
N [~
>0
p—
[,
O
< &
Qg' Qg" Q-.C:'
o4 e 2
CERSEL C
1 s¥ st of
L Reference Voltage
. o Generator

reference

Figure 21-1. COMP_E Block Diagram
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e Comparator Example

J5 int main(void){
* comparator_example.c // setup routines
& pin_setup();
*  Created on: Jul 27, 2018 comp_setup();
& Author: johnsontimoj
) while(1){
[111171117 7077777777777 777777777 5 // do nothing in the main program
// } // end while
// use port 7.7 as + input (C@2)
// use port 8.0 as - input (C01) return 0;
// }
// use port 7.1 as output
// void pin_setup(void){
// use a potentiometer to sweep + input // setup pins
// use a fixed divider for - input // Port 8 pins © and Port 7 pin 7 "11" select mode
// // Port 7 pin 1 is output, mode '01'
// toggle an LED with the output P8->SELO |= 0x01; // '11' pin functionality
// P8->SEL1 |= ox01;
[1111711T1 7077777771777 7777777 P7->SEL® |= 0x80; // '11' pin functionality

P7->SEL1 |= 0x80;
// includes
#include "msp.h" P7->SEL® |= 0x02; // '@1' pin functionality
#include <stdio.h> P7->SEL1 &= ~0x02;
P7->DIR |= 0x02;
// prototypes
void pin_setup(void); return;
void comp_setup(void); }
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e Comparator Example

void comp_setup(void){

// setup Comparator EO

// en - in inl en + in
// 1 000 0001 1
COMP_EQ->CTLO = 0x8182;

// X X on normal xx no_ex no_sht no_int no_filt no_inv x

// 000 0 0 1 01 66 © 0
COMP_EO@->CTL1 = 0x0500;

// no_ref
// © 00 00000 00 © 00O
COMP_EQ@->CTL2 = Ox0000;

// disable buffer inputs @ and 2
// 0000 0000 00O 0101
COMP_EQ@->CTL3 = 0x0005;

// no interrupts

// @ xx 0 0 X XX X X

COMP_EO@->INT = 0Ox0000;

return;

35
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