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Data Acquisition: ADC




Data Acquisition

Need more than just plain Digital Inputs to perform most control
applications (input — output):

* Temperature INPUT to control Heater

* Distance INPUT to control Drive power

* Speed INPUT to control Cruise control

* Light level INPUT to control screen brightness

* Pressure INPUT to control relief valves

* Tilt INPUT to control game character movement
* Etc.
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Data Acquisition (..

Additional Types of Input Data: N
* Analog Voltages and Currents:

- Sensors may output analog voltage
directly.

— Converted 4-20 mA current loops

— Variable resistance + Bridges
* TimelFrequency Based Signals: v —

- Pulse width modulated (PWM)
- Frequency modulated (FM)—— > ﬂ_|_|_

- Delay based signals
* More... \,

L

+3.3V

|

Spring 2026 Embedded Control



-
Data Acquisition: Methods

Analog Voltages:

— Analog-to-Digital Converters (ADC):

* Maps an Analog voltage to a Digital number
* Conversion range limited to Reference Voltages
* Loss of information due to Quantization
* Limited Sampling speed
Timel/Frequency Based Signals:

— Timer Capture: Last Lecture
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Analog-to-Digital Converter (ADC)
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Analog-to-Digital Converters (ADC)

e Convert an analog voltage to a digital value.
- E.g.,,1.3V - 4362 [ADC unit: LSDb]
 How? Many different ways...

- Most common:
Successive Approximation Register ADC

* Work from MSb to LSb, testing if “guess”
IS too high/too low
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SAR ADC

https://en.wikipedia.org/wiki/
Successive-approximation  ADC
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Successive Approximation — example of a 4-bit ADC

clk — control -

‘3210
o )—

Vm =0V

voltage

‘/r'n =0V

é Resolution: B
5V x1p 2.5000V
5V x1/s 1.2500V
5V x1/g 0.6250V

5Vx1li6 03125V

time
Embedded Control

o
9 5V x1lh024  0.0049V .



https://en.wikipedia.org/wiki/

—
ADC: Mapping (typical)

e Conversion Mapping (uintl6_t output):

- Single-Ended Mode
‘€n+ _"Gﬁﬁ—

VRet+ — VRef—

I

- Estimated Voltage: Vi,, =

NADC — 2Nbits VRef— S Vgn—l— < VRef—l—

Napc
2Nbits

(VRetr — VRet—) — VRet—
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—
ADC: Mapping (typical)

» Conversion Mapping (uint16_t output) if Vi = O
- Single-Ended Mode

2Nb1ts ‘EIH_ O S ‘/In_|_ < VRef_|_
Ref+

I

- Estimated Voltage: Vigs = Napc
= 2Nbits

Napc =

VRef—I—
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ADC: Example Conversions

* Single-Ended Conversion Mapping Example:
Vg = 1.3V Vo =33V Va_ =0V Ny, = 14

1.3—-0

__ ol4
koo =" g5

= 6454.3 > 6454

Output is always an integer!

e Quantization Error:

Vi —8 s
A5 —M s Vine = 1.299939V error = 61 uV

3.3—-0
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ADC: Example Conversions

* Single-Ended Conversion Mapping Example:
I/in—l— — 13V VR+ C 33V VR_ — OV Nbits — 8

1.3—-0

__ 08
Napc =233

= 100.848 — 100

e Quantization Error:
l}h}+ —{
35 —0

Spring 2026

100 = 28 s Vi = 1.289V error = 11 mV
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ADC: Mapping (typical)

e Conversion Mapping (uintl6_t output):
- Differential Mode (Voltage between two inputs)

‘/in—l— T V;n—

2Nbits_1
VRef—I— _ VRef —

4 2Neiesb o Vo e < Vins, Vine < VRets

I

- Estimated Value: v, -V, = ( o 1) (Viets — Viet—) + Viet—

Napc =
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ADC: Quantization Error (Vref 3.3V)

8-bit ADC Actual and Converted Voltages 10-bit ADC Actual and Converted Voltages
with Normal Quantization Error

with Normal Quantization Error

1.3 : : : : 0.025 13 : 20.025

1.29 | £ =002 1.29 £~ H0.02

1.28 . 10015 1.28 L 10.015
127 0.01 = 127} Z 1001 =
O — (@] # —
2 g 2 “~ 2
< 1.26 0.005 (& > 126 < 10.005 &
c Yy Yy Yy Y Y Yy Y Y YY Y Yy c
. R R R
c g S £ S
= : E = a E
S124} : 1-0.005 S S1.24t : 1-0.005 S

(&) (&) A

>" ? o S° pa &
123} : 1001 8 123} : 1001 8
: < / <

122+ 1-0.015 122+ £ 1-0.015

121/ ' 1-0.02 121 1-0.02

1.2 - : : : -0.025 12¥ * * * ] -0.025

1.2 1.22 1.24 1.26 1.28 1.3 1.2 1.22 1.24 1.26 1.28 1.3
Y Y
actual actual
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ADC: Quantization Error

* Quantization Error is the error between the actual and the

converted digital value: -
CQ&T@?:: in+-_"€n+(p%ADCO

* No quantization error when no rounding (e.qg.): )
Napc = [123.00...| =123 = Qerror = 0, Vine = Vina (Napc)
* Maximum value occurs at maximum rounding (e.g.):
Napc = [123.99...] =123 = Qeor = max, Vins = Viny (Napc + 1)

maX(Qerror) — ‘Zn—I—(NADC + 1) — ‘Zn—I—(NADC) | ‘Zn—l—(l)

Embedded Control
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ADC: Quantization Error

e Simple software change to reduce maximum quantization error:

- Modify estimated voltage equation to add voltage offset of 2
the ADC resolution:

~ Napc A Napc+0.5

‘/;n—l— — 9 Npits VRef—l— . Vin—|— — 9 Nbits VRef—i—
. Vint (1 Vint (1
O S Qerror < ‘/;H—F(l) > = —;( ) < Qerror < —;( )

Spring 2026 Embedded Control



S —
ADC: Quantization Error (Vref 3.3V)

8-bit ADC Actual and Converted Voltages 8-bit ADC Actual and Converted Voltages
with Corrected Quantization Error

with Normal Quantization Error
1.3 ; x ; ; 0.025 1.3 x 0.025
129 Z__10.02 129 /40,02
1.28 § 10.015 1.28 : 10.015
1.27 001 S 127} loo1 S
O — O —
2 S 2 S
>~ 1.26 0.005 o 0.005 1O
5 5
2 125 0 = 0 5
© . N N
EREYE | 1-0.005 & 0.005 &
& : o o
> :
1231 : 1-001 8 001 8
; < . <
1.22 ¢ : 1-0.015 1.22 1 : 1-0.015
121/ E Vi = Nanc 1-0.02 PN Vi, — Napc + 0.5 Viwrs 1-0.02
in+ 9 Noree Ref+ in+ 9 Niics Ref+
1.2 — : : : -0.025 1.2 : : : : -0.025
1.2 1.22 1.24 1.26 1.28 1.3 1.2 1.22 1.24 1.26 1.28 1.3
Vactual Vactual
Embedded Control 16
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ADC: Quantization Error (Vref 3.3V)

10-bit ADC Actual and Converted Voltages 10-bit ADC Actual and Converted Voltages
with Normal Quantization Error

with Corrected Quantization Error
1.3 20.025 1.3 : : : : 7 0.025
129f Vi 002 1291 7 {002
128} £ 10.015 128 ¢ Vs 10.015
e £ 1001 = 127t Vs 1001 =
S 126t £ 10.005 15 S 126 ; 10.005 5
'/1/1///////////t#/ 1)/ /) )]/ )]/ S o srssrirrirssiss P 5
2 o[ /1// ////////// /111111111117, ORI [E17111111111111 10 :
S12af ~ 1-0.005 S S124) . 1-0.005 S
> “ < 5 : g
1231 e 1-0.071 é 123+ L 1-0.01 é
1.22 L : 1-0.015 1221 # 1-0.015
£ 3 Napc ; A NADC + 0.5
1.21 /£ Ving = > Vo VRet 1002 1.21 -. y Vinge = > N VRef 17002
1.2 ¥ * * * -0.025 1.2 : : : -0.025
1.2 1.22 1.24 1.26 1.28 1.3 1.2 1.22 1.24 1.26 1.28 1.3
actual Vactual
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-
ADC Sampling Rate Issues

 Measuring near-DC (constant) voltages is easy

e Signals that vary with time may not be represented
well with an ADC...

Spring 2026 Embedded Control



ADC Sampling Rate Issues

V = 1.25+sin(2*pi*0.40*t+ theta), frequency = 0.40 Hz
T T T

Voltage |V]

Time [s]
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ADC Sampling Rate Issues

V = 1.25+sin(2*pi*0.40*t+ theta), frequency = 0.40 Hz
| | |

2.2 . K—\ _
L ADC Sample “Points” / |
18l (when the conversion occurs) |

0 0.5 1 1.5 2 2.5 3
Time [s]
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ADC Sampling Rate Issues

V = 1.25+sin(2*pi*10.78*t+ theta), frequency = 10.78 Hz
| | |

1.8 |-

16 -
141

1.2
> 1 H

oltage |V]

0.8
0.6 -

o AR RN AR AR ARIRR RN ARIAN RS

02

0 0.5 1 1.5 2 2.5 3
Time [s]
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ADC Sampling Rate Issues

V = 1.25+sin(2*pi*0.40*t+ theta), frequency = 0.40 Hz
| | |

a Effective ADC Representation
18l of the Original Signal

>4k ...hot bad

0 0.5 1 1.5 2 2.5 3
Time [s]
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-
ADC Sampling Rate Issues

V = 1.25+sin(2*pi*10.78*t+ theta), frequency = 10.78 Hz
x x x

TN

2L

Voltage |V]
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ADC Sampling Rate Issues

V = 1.25+sin(2*pi*10.78*t+ theta), frequency = 10.78 Hz Not Good!
I I I I

WMMnnnnnnnnnnna—ﬂ—ﬁ-nnnnnmn f"ﬂ
g

1.8
1.6

| |
| | .t _
oo VLN VY VLTIV

Time [s]
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-
ADC Sampling Rate Issues

 Measuring near-DC (constant) voltages is easy

e Signals that vary with time may not be represented
well with an ADC.

- “High speed” signals cannot be represented well!

* High Speed: Relative to the ADC sampling rate

 ADC sampling rate should be 2 * highest frequency
— This is the “Nyquist Rate”
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ADC Sampling Rate Issues

 ADC sampling rate, fs, should be 2 * highest frequency
— This is the “Nyquist Rate”

* Any signals with frequencies = fs/ 2 will “Alias”

- “Alias” — any/all frequencies in a signal after
measurement will look like a frequency < £/ 2

- fs/ 2 1s known as the “Nyquist Frequency”, or the
maximum frequency able to be measured.
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ADC Aliasing Example

fsignal = 0.25f_sf_I2 Not Aliased!

n
N

N
|
|

=

©
|
|

Voltage [V]
B e
N N [ep}
T
I

=
\
\

o o
[e)} (o]
[ [
| |

o
N
\
|

o
(V)
\

\

0 0.5 1 1.5 2 2.5 3
Time [s]
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-
ADC Aliasing Example

f signal =0.50 f _=f /2 Not Quite Aliasing. ..

N
N

—_—
o o N
|
|

Voltage |V]
o o — —_
o o = N
S I N
I N N

o
~
|
|

o
N
\

\

0 0.5 1 1.5 2 2.5 3
Time [s]
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ADC Aliasing Example

fsignal = 0.75f_2f |2 Aliased!

Voltage

0 0.5 1 1.5 2 2.5 3
Time [s]
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ADC Aliasing Example

f signal = 1.00 f_2f_I2 Aliased!
[

Voltage

0 0.5 1 1.5 2 2.5 3
Time [s]

Spring 2026 Embedded Control 31




ADC Aliasing Example

HIMEIH

i

\V/
15
Time [s]




-
ADC Aliasing Example

S e e




e —
MSPMOG3507 ADC: ADC12

* MSPMO0G3507 has two SAR ADCs: ADCO0, ADC1

- 16* input channels and configurable conversions
— Selectable resolution: 8, 10, or 12 bits
- Single-Ended only (no Differential inputs)

- Voltage references selectable from 1.4V, 25V, 3.3V
or provided externally through VREF+ pin**

* Not all 16 channels on each ADC are available on a pin
** VREF+ pin is not accessible by default on the LaunchPad DevBoard
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VRSEL

’

l SAMPCLK
< vss I3 EVDD
REEN VREF ULPCLK
1 . — ADCCLK SYS0SC
VSS INTREF 1 je——=
X—=—] HFCLK
l———
SCOMPO/1 STIME SCLKDIV
ADC’NU 0 ! ! !
i 1
2 DATAOUT Sample
ADC —> . Tmer e s
i START
ADCIN15 | 3 1 ¢ EVENT
—»{15 SAMPLE
/L
CHANSEL RES TRIGSRC
SAMPMODE
CLKFREQ
MEMRESIFGO
MEMRESIFG11 ToX
VRSEL Generation [ DMADONE, TMASK
TOVIFG RIS CPU_INT
TOVIFG ) MIS >
[WEMCTLO] ~OviFe 3| [ISET
HIGHIFG | ICLR
START Sequencer [MEMCTL1T] LOWIFG
> [(MEMRESO | MEMRESIFGQ | mJiox
DATAOU - MEMRES MEMF}ESO HIGHIFG 'hl/llRXK GEN_EVENT
Update H SRS L 5
; RI
TRIG ENC CONSEQ STARTADD ENDADD %» WIS
) HIGHy, > ICLR
Window N
SAMPCNT DMAEN INTEVT2.IMASK FIFOEN DF ﬁxgr; RES Comparator [N eeo
DMA Trigger AVGEN II\II:R;(K
MEMRESQ MEMRESIFG11 A DMA_TRIG
: DMA Interface DMA Read Bu MIS g
WCOMP WCHIGH
M—bEMRESH ﬁ\> ISET
WCLOW
ICLR
FIFODATA
Read
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Figure 12-1. ADC Block Diagram
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VRSEL

’
|

RSN ), [<0D
[XI-VREF- 1 REFN VREF+ 1 | REFP
[Yss INTREF %

Reference Voltage Selection

Figure 12-1. ADC Block Diagram
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ADC12

Channel Selection

Spring 2026

—» 0

ADCINO

ADCIN15 |
=5

15

ﬁCHANSEL

N ADC Converter

DATAOUT

ADC :l'>

SAMPCLK

3
I SAMPLE

SAMPMODE

Figure 12-1. ADC Block Diagram
Embedded Control

ULPCLK
ADCCLK

] ISYSOSC

HFCLK
[——

SCOMPO/1 STIME SCLKDIV
Sample
Timer . sc
START
EVENT
TRIGSRC

Conversion Timing




ADC12

Conversion Control

Spring 2026

START

ADC “Memories”

CLKFREQ
EOC
VRSEL Generation
*JEOC
Sequencer

»

TRIG ENC CONSEQ STARTADD ENDADD

Embedded Control

>
DATAOU

MEMCTLO
MEMCTL11
MEMRES MEMBESO
Update
MEMRES11
Window
IN
FIFOEN DF ﬁxg'; RES Comparator [———»
AVGEN

WCOMP WCHIGH
wcLow

Figure 12-1. ADC Block Diagram
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ADC12

Spring 2026

MEMRESIFGO
MEMRESIFG11
RESIFG11,) 1IDX
EventSI DMADONE. IMASK
TOVIFG RIS CPU_INT
—’ »
Interrupts =i 25 "
“Uvieg gl [ISET
HIGHIFG | ICLR
LOWIFG,
MEMRESIFGO | ™ Jox
TMASK GEN_EVENT
HIGHIFG i
INIFG_,, MI
LOWIFG ISET
> ICLR
MEMRESIFGO -
: TMASK
MEMRESIFG11 S DMA_TRIG
MIS ”
ISET,
ICLR

Figure 12-1. ADC Block Diagram
Embedded Control
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ADC12

SAMPCNT DMAEN INTEVT2.IMASK
MEMRESO DMA Trigger
Hardware Data Management . .i.| owieice |pusess,
TFIFODATA

Figure 12-1. ADC Block Diagram
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-
ADC12 Configuration

* Conversion timing (ADC Clock)*
* Resolution (8, 10, 12)
* Triggering modes:
— Firmware requests single conversions
— Continuously occurring conversions
— Event triggered conversions
* Setup of Voltage Reference Value(s)/Source(s)

* Our EmCon HAL will take care of this; usually has to be configured
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ADC12 Configuration

* Channel Selection:

— ADC Memories (one per conversion) MEMXx
— ADC Input Channel

— GPIO Analog Peripheral Function

— Selection of available VREF for each channel
— Individual Channel Triggering

— Sampling Time*

* Our EmCon HAL will take care of this; usually has to be configured
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—
ADC12: Mapping

* Quantization Minimization is part of ADC12 conversion!

* Conversions always single-ended with VRef_ =\
Vin
NADC — 2Nb1ts +
VRet+ 0 < Vint < VRett
- Estimated Voltage: S
A Napc
Vin+ — = VRef—I—

2Nbits
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Up Next...

e Lab 3: PWM and Encoders for use on Car

* Quiz 2: March 30™:

- PWM, Encoders.
- Timer Compare and Capture modes
- H-bridge use
* Activity 12: ADC Activity (Maybe using DAC as well...)

Spring 2026 Embedded Control 44




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44

