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Analog Interfacing



Why It's Needed — The World is Analog!

= Embedded systems often need to measure values of physical parameters

= These parameters are usually continuous (analog) and not in a digital form
= Digital computers operate on digital discrete data values

* Temperature * Pressure
— Thermometer (do you have a fever?) — Blood pressure monitor
— Thermostat for building, fridge, freezer — Altimeter
— Car engine controller — Car engine controller
— Chemical reaction monitor — Scuba dive computer
— Safety (e.g. microprocessor processor thermal management) — Tsunami detector
* Light (or infrared or ultraviolet) intensity * Acceleration
— Digital camera — Air bag controller
— IR remote control receiver — Vehicle stability
— Tanning bed

— Video game remote

— UV monitor . .
Mechanical strain

* Rotary position

—  Wind gauge * More...
— Knobs — Touch screen controller
— EKG, EEG

= Some output signals need to be analog (e.g. audio signals)
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SAMPLING AND
QUANTIZATION



Waveform Sampling and Quantization
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Time (steps of At)

" A waveform (continuous time and value) is sampled every At
= Each such sample represents the instantaneous amplitude at the instant of sampling
= “At 37 ms,the inputis 1.91341914513451451234311...V”
= Sampling converts a continuous time signal to a discrete time signal

" The sample can now be quantized (converted) into a digital value
= Quantization represents a continuous (analog) value with the closest discrete (digital) value

= “The sampled input voltage of 1.91341914513451451234311...V is best represented by the code 0x018,
since it is in the range of 1.901 to 1.9980V which corresponds to code 0x018.”



NC STATE UNIVERSITY

Vin>Vres?
= A Comparator tells us “IsV, >V " Comparator 1else 0
= Compares an analog input voltage with an analog Vin :b 0
threshold reference voltage and determines which is V.,
larger, returning a |-bit number
= E.g.Indicate if depth > 100 ft

Quantization: Going From Analog to Digital

Yot

= SetV, to voltage pressure sensor returns with 100 ft “6{@0 — (] &
depth. Z
000 g Lf Aof
. o600
= An Analog to Digital converter [AD or ADC] tells OV wpcomiene  © % U
us how largeV. _is as a fraction of full-scale Vrer o/\
reference voltage V . 1
. . V.
= Reads an analog input signal (usually a voltage) and " 0
produces a corresponding multi-bit number at the Clock 7 1
output. \

= E.g. calculate the depth



Digital to Analog Conversion

= May need to generate an analog voltage or current as
an output signal

= E.g.audio signal, video signal brightness.

= DAC:“Generate the analog voltage which is this
fraction of V ”

= Digital to Analog Converter equation
" n = input code
= N = number of bits of resolution of converter
= V., = reference voltage

= V. = output voltage. Usually either
. vout = Vref * n/(ZN) or
- vout = vref * (n )/(ZN)
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D/A Converter
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What code n will the ADC use to represent voltage V. ?

Forward Transfer Function Equation Example

Simplification withV_ =0V

General Equation
(v, V—ref)2 12 n = converted code G )2~
_ : n= - +1/2
Virer Vs = sampled input voltage L s J
V+ref upper voltage reference
V_r = lower voltage reference 10
T . . n=|—2Y2 115 =676
N = number of bits of resolution in ADC 5y

| X |=1I floor function: nearest integer | such that | <= X
floor(x+0.5) rounds x to the nearest integer
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Inverse Transfer Function Example

General Equation Simplification with V=0V
n = converted code :
Vin_min = Minimum input voltage for code n n—>
Vin max = Maximum input voltage for code n Vin_min = N (V+ref)
V.er = upper voltage reference - 1

V_ref = lower voltage reference

2
Vin_max = N (V+ref)
N = number of bits of resolution in ADC

1
n — —
2
Vin_min = N (V+ref - V—ref) + V—ref
1
n+s
2
Vin_max = N (V+ref V—ref) + V—ref
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ANALOGTO DIGITAL
CONVERSION CONCEPTS



Output (Volts) \/  sensor

V_ref\ // Your software
Analog to
Pressure _ » Digital -
Depth Sensor Converter
ADC_Code
V_sensor
150 ] —
4
45 _#ran|sfe|r FL|1nct|ion|: NERN \MAX Z Vol ADC
4o | Vour=Vs® (0004 x P-0.04) 2 Erro N A oltages Output Codes
| | vs=51vde \/ﬁ/
35 FTEMP =0to85°C " Vref —> 111..111
@z: TYP | —
>
25 //
2.0 — Zd
15 2N
. > Z \ V_sensor —> ADC_Code
10 > < MIN
05 Z
v O =
‘_N“"WL""D"“’G"’SSQ?—"?—“‘— L2RINIIELE Ground (0 V) s> 000..000
Pressure (ref: to sealed vacuum) in kPa

The Big Picture — A Depth Gauge
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ADC_Code = ADCO->R[0];
V_sensor = (ADC_code/1024)*V_ref;
= 250 * (V_sensor/V_supply+0.04);
Depth_ft = 33 * (Pressure_kPa —
Atmos_Press_kPa)/101.3;

Figure 4. Output vs. Absolute Pressure

|. Sensor detects and

generates a proportional output
voltage \/_sensor

. ADC generates a proportional

digital integer (ADC_Code) based on
V_sensor andV ref

. Code can convert that integer to a

something more useful

|. first a float representing the
voltage,
2. then another float representing

’

3. finally another float representing
depth
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A/D — Flash Conversion 3 &

= 2N resistors 1

= A multi-level voltage divider is used to set voltage /
levels over the complete range of conversion. 1V¥ Comparators

= A comparator is used at each level to determine 718V % :
whether the voltage is lower or higher than the level. R : !

= The series of comparator outputs are encoded to a 6/8 V + 1
binary number in digital logic (a priority encoder) R 2 _

= Components used >/8 V >

= 2N-I comparators | ' : ;
= Note i R % \M‘_‘;‘f Encoder | 3
= This particular resistor divider generates voltages which 3/8V : )
are not offset by '/ bit, so maximum error is | bit R ¢ > 0
=  We could change this offset voltage by using resistors of 5/ ' Unef

values R, 2R, 2R ... 2R, 3R (starting at bottom)
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ADC - Successive Approximation Conversion

*\E“( 2 111111
Analog Input —— * Comparator output
Test voltage
r—\)(‘@IF (DAC output)
D/A Converter
Analo
A Inpu
Digital Output 12 S i - o 0110
o out e - 3 ~
Start of Conversion > Register (__.E
SEEIEE
21 °|oc| 8|3 3 o)
= Approximate input voltage by using a DAC and binary search — | = | = |- g =
: L >l 22| 2| 2| 2
= Register feeds DAC, holds current approximation of result =l == | == = 2
H M >< ><‘ >< >< >< < -
= Set all DAC input bits to 0 |l 2| &2 | = | =
: nif - 1 2|8 8|8|8|3
= Start with DAC’s most significant bit XKl el =]l == ||+
2 2
= Repeat 1 2|21 3|38 |2| 3
input b JLelglelglelel &
= Set next input bit for DAC to | @ T, T, T, T, T T, 000000
= Wait for DAC and comparator to stabilize Start of Time
Conversion

= If the DAC output (test voltage) is smaller than the input then set
12 the current bit to |, else clear the current bit to 0
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A/D - Successive Approximation

Converter Schematic

Analog Input __’\ Comparator output

D/A Converter

i

Digital Output < 12 Successive
Approximation
Register

vy 4

Clock

Start of Conversion >
Status =
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ADC Performance Metrics

Linearity measures how well the transition voltages lie on a straight line.

Differential linearity measure the equality of the step size.

Conversion time: between start of conversion and generation of result

Conversion rate = inverse of conversion time
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Sampling Problems

= Nyquist criterion
[ F >= 2 E S F

* Frequency components above 72 F,. are aliased, distort measured signal

sample max frequency component

= Nyquist and the real world

= This theorem assumes we have a perfect filter with “brick wall” roll-off
= Real world filters have more gentle roll-off

= Inexpensive filters are even worse (e.g.first order filter is 20 dB/decade, aka 6 dB/octave)

= So we have to choose a sampling frequency high enough that our filter attenuates aliasing components adequately
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Sample and Hold Devices

Sampling

switch D Output -

Signal

O

Analog Input
Signal

~T~ Hold
Capacitor

— \

Some A/D converters require the input analog signal to be held constant during conversion (e.g.
successive approximation devices)

In other cases, peak capture or sampling at a specific point in time requires a sampling device.
A “sample and hold” circuit performs this operation
Many A/D converters include a sample and hold circuit
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Inputs
,\J\ EW\J [3 7/14\(
= Differential ™Y —
= Use two channels,and compute difference between them 1 f

= Very good noise immunity 7

= Some sensors offer differential outputs (e.g.VWheatstone Bridge) + )62 mv 13 MU \>_'
+

- i\'—'—‘——*\
Pt G N W) Y, S
= Multiplexing 17 wlU 1073, ¢ ﬂ
= Typically share a single ADC among multiple inputs U‘f’- U_,
= Need to select an input, allow time to settle before sampling L_/ O3 WU

- 7 wl)
= Signal Conditioning ““"’} @ { W\f /2 _ BUMU'
= Amplify and filter input signal é.’)(/lv/é -—_-_—SM\{‘ .

= Protect against out-of-range inputs with clamping diodes
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What if the Reference Voltage is not known!

= Example - running off an unregulated battery (to save power)

= Measure a known voltage and an unknown voltage

nunknown

Vunknown = Vinown
Nknown

Many MCUs include an internal fixed voltage source which ADC can measure for
this purpose

= Can also solve for Vref N

Vref = Vinown 7

“My ADC tells me that channel 27 returns a

code of 0x6543, so | can calculate that Vggey =
1.0V * 216/0x6543 = ...
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KL25 ANALOG INTERFACING
PERIPHERALS



Sources of Information

= KL25 Subfamily Reference Manual (Rev. |, June 2012)
= Describes architecture of peripherals and their control registers
= Digital to Analog Converter
= Chapter 30 of KL25 Subfamily Reference Manual
= Analog Comparator
= Chapter 29 of KL25 Subfamily Reference Manual
= Analog to Digital Converter
= Chapter 28 of KL25 Subfamily Reference Manual

= KL25 Sub-family Data Sheet (Rev. 3,9/19/2012)

NC STATE UNIVERSITY

= Describes circuit-specific performance parameters: operating voltages, min/max speeds, cycle times,

delays, power and energy use

20



KL25Z Analog Interface Pins

mmmmmm

TC&LLWU_P10
TCS/LLWU_Pa
TC4/LLWU_P8

&&&&&&&&&

= 80-pin QFP _ﬁ_i]_[igmﬂ sinininis

vss [

. . D t I s3] | pTB1B
InpUtS (and one 6'b|t DAC) useo_op [_| Igl d

Converter = e

Preo [ ; VoD
* Inputs = )
= | 16-bit ADC with 14 input )
channels E s
= | comparator with 6 external = Analog to w5 e

useo_om [_| 10 s1] | pTEIS
u Output voutas [ | 11 so| ] BN
vaecin [ 12 49| ] pTBIO
[ ] I I2'bit DAC pTE20 N3 I Comparator I [ ] pee
PTE21 14 47| ] pTBR
pe22 [ 48 PTB3
pE2s [ 45 PTB2
s | 12-bit DAC | e
vrerH [ ] 18 43 PTBO/LLWU_Ps
VREFL [_] 19 42 RESET b
vssa [ |20 41 PTA19
a a4 8 & 8 & & & & 8 » ¥4 8 3 8 8 5 8 8 9
3 | [NjEEpEpEgEpEEEIEIEIEIEEEEEEEEEENEN
® 2 5 § § 2 T ¥ 2 ¥ 2 ¥ TIeoeozogogod
EEEEEEEEEEEEEEEEEL L
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Freedom KL25Z Analog /O

PTA1 - 2 11 — PTC7 B PTE30 - 11 12 - PTC| =

PTA2 - 4 £ X )3 - PTCO N B PTE20-0 10 - PTC2mm

PTD4 - 6 5 - PTC3 mm PTE23 -7 8- PTB3 mm

PTA12 - 8 7 - PTC4 mm PTE22-5 6~ PTB2 mm Inputs

PTA4 - 10 9 - PTCS = PTE21 -3 4-PTB1 mm

PTAS - 12 EX 311 = PTC6 mem mm PTE20 - 1 2 - PTB0 mm 14 external ADC
mm p1e8 - 14 L X 113 - PTC10
mm PTCO - 16 LR 115 - PTCH1 PTES - 15 X116 - P5-0V VIN channels

PTA13 - 2 X 11 - PTC12 Sﬁ;_ ﬁ :: };_2:3 6 external comparator
= PTDS- 4 Rdi3 - PTCI3 PTE2 - 9 ER3410 - PSV_USB hannel

PTDO - 6 LXJI5 - PTC16 ore112 7 P9 - Pav3 channels

PTD2 - 8 X7 - PTC17 p1810 = 5 P Y6 _ RESEVPTAZ0

PTD3 - 10 BEY0 - PTA16 o180 =2 R _ P Output

GND - 14 B 13 - PTE31 - 1 12-bit DAC

VREFH - 16 EXdL15 - NC
PTE1 - 18 LRl17 - PTD6 mm

PTEOD - 20 LXE3H19 - PTD7

22
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Using a Pin for Analog Input or Output

Data Bus Address

L L] . B
= Configuration bt *
= Direction e —
Decoder
[
M UX PDDR select
Port Data
t——r—p—p—p—p—» D Direction Q
“ Da-ta- Register
= Qutput (different ways to access it) PDORseect
* |nput PSOR select |
P PCOR select 22: oD
> ort Data .
PTOR select » Tgl Output v Pin or
q Register I - Pad on
=D Q - » package
- D
-
-
-
J:i 1/0 Clock A
PDIR select Y
Port Data Pin Control
D Input Q= Register
Register MUX field

23
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_L...;O

o
1
1]

Bit ?4 ,?3 ’?2 15 1? é OIB

R 0 0
PE PS
W
Reset 0 0 0 0 0 x* x*

Pin Control R%glster to Select MUX Cha nrgel -
- ‘i ;

B0 | B4 | 48 | 32 | PinName Default ALTO ALT1 ALT4 ALT5 ALTS ALTT
LQFP | LQFP | QFN | QFN L~
64 | 52 | 4 | 28 |PICT ﬂ:MP{I_IMV Ch’::_l‘-l'\ PTC7 SPio_MISO SPlo_Mos
65 | 83 | = | = |PICs \EMP{I_IHE CMPo_IN2 } PTC8 [2C0_SCL | TPMo_Ch4
v
MUX (bits 10-8) | Configuration

_ Digital circuits disabled, analog enabled

= MUX field of PCR defines _ Alternative | — GPIO

connections

RUW (} £ad
L

-,
-
-

24
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ANALOG COMPARATOR
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Example: Power Failure Detection* ¥ ¢ Thg -

\‘ M é_v OPTIONAL 8
U ' COIN CELL
\ . HOLDER g, WP o7 Pavs
3 3\/ - - = - % MBR120VLSFT1G
. . : _|_ 3, |2 P3va BATT ! A H—- C
U S ’ \ | |_I c1 DNP P3V3 KL257
& % GRD 2008 I 10uF HDH iX2 TH ]'
] —— "
\ 7(\‘ ! P5-aV_VIN PsV_SDA PsV_KL25Z

\ 'V ? DNP
R73
< < <T
\ D10 D11 Ds U
“J. WA MBR120VLSFT1G MBR120VLSFT1G MBR120VLSFT1G
\, Ul Di2 Ré}
1
2 v A C

MBR120VLSFT1G 10
o © O =
__L L 2y N _ vour 24— BEG I @
4 | —_ C2 .
ca TAB 10UF J3 P3V3 SDA 4
10uF - HDR 1X2 TH
= NCP1117ST33T3G J20
GND Y DNP

oo o o | e o '
\[l \]7_ I | \J{ -~ / - ;
= Need warning of when power has failed \_[M—M_T__T A—
= Very limited amount of time before capacitor C2 discharges = i \J Y
= Save critical information | /I %
[}

= Turn off output devices |
= Put system into safe mode
= Can use a comparator to compare V, against a flxed reference voltlage Viet |
— -

26



Comparator Overview

27

Reference Input

0

Reference Input

Reference Input

Referencd Input

Heferen% Input

Reference Input

Reference Input

]
2
3
4
5
6

PSEL[2:0] ;
oY |
- W CMP |
i % INP |
- = Sampleingut
- [
- J 3 |
= CMP Window | /A%
~ ANMUX e | Wincow el S
: n “control |
- |
- INM T CMPO |
|
_..1” |
|
|
MSEL[2:0] |

Comparator compares INP and INM
CMPO Output indicates if INP>INM (1) or INP<INM (0)
Can generate an interrupt request (+, -, or +- edges)

NC STATE UNIVERSITY

ANMUX selection of one of multiple reference inputs, using PSEL and MSEL fields



CMP Control Register | CMPx_CRI

Bit
Read
Write

Reseat

T

NC STATE UNIVERSITY

SE

WE

TRIGM

PMODE

INV

COs

OPE

EN

0

= EN: Module enable (1)
= OPE: Output Pin Enable

= PMODE: Power Mode Select

28

= 0: Low speed
= |:High speed

= |:connects comparator output signal CMPO to output pin



MUX Control Register CMPx_MUXCR

Bit 7 6 5 4 | 3 2 1 0
Read 0 PSTM PSEL MSEL
Write
Reset 0 0 0 o | o0 0 0 0
PSEL[2:0]
= PSTM: Enable Pass Through Mode Input 0 ]
Input|1 - n
Input|2 .-
Input(3 o INP
= PSEL: Plus Input Mux Control inputl E \
. . Input(5 .
= Selects which input (INO-7) goes to the input/s .
comparator’s + input ~ " ANMUX P
. - X INM /
= MSEL: Minus Input Mux Control - 3

= Selects which input (INO-7) goes to the
comparator’s - input

-

Y
\

e
A

MSEL[2:0]

29



Comparator Output Processing

30

v

nternal bus

NC STATE UNIVERSITY

HLT_PEH
EN,PMODE HYSCTRL[1:0] COS INV

WE FILTER CNT S COUT

UFE

ERF

CFRF

INP

INM

WINDOW/SAMPLE

Filter

block

A

Interrupt
control

COouUT

COUTA

bus clock Clock _ 0
FILT PER prescaler E, E.g ded CEMUX
clock
SE

0

COs

To other SOC functions

CMPO to
PAD
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Comparator Interrupt

Bit
Read

3 2 1 0

CFR CFF couT
IEF
Write wlc wilc

Reset 0 0 0 0 0 0 0 0

= CMPx_SCR: Status and control register
= COUT: output of comparator

= CFR: Comparator flag rising. Rising edge detected on comparator output COUT. Clear flag by writing
with a |.

= CFF: Comparator flag falling. Falling edge detected on comparator output COUT. Clear flag by writing
with a |.

= |ER: I enables interrupt when CFR is set.
= |EF: | enables interrupt when CFF is set.
= Can generate interrupt on matching edge
= CMSIS-defined ISR name for Comparator Interrupt is CMPO_IRQHandler

31



Programmable Threshold for Comp

32

ara

-

tor

| VRSEL |
| Vit [Vin2
|
| V VOSEL[5:0]
| - MUX /
| N t
“ | '?—/ \ — DACEN
~, . L :1.
\U\ c < \ T ‘ N\ DAC output
| { < 3
Vel =10 '
W C( _— |
o j ) DAC |
Wy 0 T '
W |
|
| |
|
| PSEL[2:0] |
|
Reference Input 0 ] |
Reference Input|1 _ hn
Referencé Input|2 - cip |
Referencd Input|3 . X INP |
Reterence Input|4 - % Sample ingut
Reference Input|5 -
Reference Input |6 | |
o cMP Window | IRR
| ~—_ANMUX and filter Ly
| - N control |
| - |
> é INM CMPO |
| = |."
|
| | |
| - |
| |
| |
|

NC STATE UNIVERSITY

|
o Comparator has 6-bit DAC

- = Can use DAC to set threshold

voltage for comparator

= Supports 64 different threshold

voltages



DAC Control Register CMPx_DACCR

Bit 7 6 5 4 | 3 2 i 0

Read
Write | DACEN VRSEL VOSEL
Reset 0 0 0 | o 0 0 0

= DACEN: Enable CMP DAC (1)

= VRSEL: DAC reference voltage select
= (0: Connected to VREFH
= |:Connected to VDD

= VOSEL: Output voltage select
" Vpaco = (VOSEL+1Y5(V, /64)

33
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DIGITALTO ANALOG CONVERTER
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DACHEF
Y I
| VO OMUX = | DACRFS | |
| AMP buffer
¥ " - — |
| { Y |
| <—{ DACEN | | |
| | | |
Voo |
| T LPEN |—=I-—1- y
| g = o |
| 2 Yoo |
< I
| | I
. I |
| \/ b | |
| = . | I
I ——{ DACDAT[11:0] | - / |

A

Load DACDAT with [2-bit data N

MUX selects a node from resistor divider network to create
V_ = (N+1)*V, /212

V, is buffered by output amplifier to createV_,
m \/o :\/

out

butV, is high impedance - can’t drive much of a load, so need to buffer it
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DAC Registers

DAC memory map

Absolute . .
address HEgiEtﬂl‘ name {b:lhdt:;} Access | Reset value SEL:“;"I

(hex) 'n Bl pag
4003 _F000 |DAC Data Low Register (DACO_DATOL) 8 R/W 00h 30.4.1/531
4003_F001 |DAC Data High Register (DACO_DATOH) 8 RW 00h 30.4.2/532
4003_F002 |DAC Data Low Register (DACO_DAT1L) 8 R/W 00h 30.4.1/531
4003 _F003 |DAC Data High Register (DACO_DAT1H) 8 R/W 00h 30.4.2/532
4003_F020 |DAC Status Register (DACO_SR) 8 R 02h 30.4.3/532
4003 _F021 |DAC Control Register (DACO_CO0) 8 R/W 00h 30.4.4/533
4003_F022 |DAC Control Register 1 (DACO_CH1) 8 R/W 00h 30.4.5/534
4003_F023 |DAC Control Register 2 (DACO_C2) 8 RW OFh 30.4.6/534

= This peripheral’s registers are only eight = DATA[I |:0] stored in two registers
bits long. Legacy peripheral? = DATAO: Low byte [7:0] in DACx_DATnL
= DATAI: High nibble [11:0] in DACx_DATnH
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DAC Control Register 0: DACx_CO

Bit T G R 4 3 2 i i}
Read 0
DACEN DACRES | PACTRGSE LPEN DACBTIEN | DACBBIEN
Write L DACSWTRG

Reset 0 0 0 o | S 0 0 0
= DACEN - DAC Enabled when | St 4 B— Jf/: = = —’®
= DACRFS - DAC reference voltage select I v
= 0: DACREF_|.Connected to VREFH
= |: DACREF 2. Connected to VDDA , T

LPEN - low-power mode

= 0: High-speed mode. Fast (15 us settling
time) but uses more power (up to 900 uA

% 4
supply current)

= |:Low-power mode. Slow (100 us settling time) but more power-
efficient (up to 250 uA supply current)

4096-level
"'\/\/\ Avhvﬂv
MUX

Additional control registers used for buffered mode

37
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5

N :

DAC Operating Modes "Z;ﬁ“l\z”z\u

A= EV}
) | \l
g (1, ) w | R
é <‘ Lﬁ Vo o —:—" % b M P j\
'\? | :
= Normal
Mux
= Value written to DACDAT is converted to voltage immediately
| = Buffered mode eases timing requirements
~Data Buffer- = Value written to DACDAT is stored in data buffer for later conversion
— | | = Next data item is sent to DAC when triggered
= Software Trigger - write to DACSWTRG field in DACx_CO0

DACDAT from ‘P lT

= Hardware Trigger - from PIT timer peripheral
Data Bus

Normal Mode: Circular buffer

One-time Scan Mode: Pointer advances, stops at end of buffer
Status flags in DACx_SR

38
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DAC Control Register |: DACx_CI

Bit 7 6 5 4 | 3 2 1 0
Read |  pyAEN 0 DACBFMD ‘ 0 DACBFEN
Write
Reset 0 0 0 0 0 0 0 0
= DACBFEN

= 0: Disable buffer mode
= |:Enable buffer mode

= DACBFMD - Buffer mode select
= 0: Normal mode (circular buffer)

= |:One-time scan mode

39
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Example:VWaveform Generator

= Supply clock to DACO module
= Bit 31 of SIM SCGC6é6

= Set Pin Mux to Analog (0)
= Enable DAC
= Configure DAC

= Reference voltage
= Low power mode!
= Normal mode (not buffered)

= Write to DAC data register

40
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ANALOG TO DIGITAL CONVERTER
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ADC Overview

= Uses successive approximation for conversion

= Supports multiple resolutions: 16, 13,12, 11, 10,9, and 8 bits
= Supports single-ended and differential conversions

= Signed or unsigned results available

= Up to 24 analog inputs supported (single-ended), 4 pairs of
differential inputs

= Automatic compare and interrupt for level and range comparisons
* Hardware data averaging

= Temperature sensor

42
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ADC System Overview

M Conversion -
control ADTRG
ADHWT——— R —
Compare true @—p ‘ Control Registers (SC2, CFG1, CFG2) ‘
] - 4 o] o ADAGKENL
= = 23
=] =| o = = olal g2 =
[ == =4 | o = = Async
HE RS = S8—»| Clock Gen
/ 3 < =
Interrupt 47—] ¥ v v ¥3 - Y ¢ l » ADACK
MCU STOP » Control sequencer |4 g% | Clock | | Bus clock
divide i
papPo—— Y T ol =1 = -
Y 3 g 5] gl <« ALTCLK
. 8| | 2| 2| a
L ] ‘s g aQ o ©
DADP3 O——— = ‘v vy ¥
AD40—3 ADVINE _ PGMG -
. [ - ]
. ADVINM , ClPx
AD23 00— > SAR converter < ClPx
TempP —»| LGl o
< X
* OF8 )
DADMO o ‘ Offset subtractor H ADCOFS ‘4_ Cabrafion
L ]
DADM3O—* w § jw
— AIGE, AGS
Averager + 803
TempM T
w
w
- G MODE
> Formatting < CFG1,2
- [ Fomesng_| [ orerz |
VegpH—— 0 f—O A
VALTHO—— [ 4 -
L w
w
= e
VREFLD— > P AGFE
Va 7O Compare < ACFGT, ACREN | sc2
lagic M,@

CV1:Cvz2
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ADC System Fundamentals

44

Interrupt <

| ¥ ¥ ¥ ¥y vy

r

MCU STOP

DADFO D—'.—‘
S ]
DADPR 2
AD4 O—g—
[ ]
AD23 —*
TempP ——

DADMO o+

DADM3——2 |

TempM

—‘\", 7] —
N S 3§ g
' 3| El z| g =8
Ey & 80 5]
c—
| JADVINP
ADVINM
¥ SAR converter
4
R P S *
Averager
I
b v
[T
w
7 o
' > Formatting
-
0 Y
7 - RA
\ = Rn

Control sequencer

v—
—

ADCE

NC STATE UNIVERSITY

v
= 1—————L——} ACACK

Clock
divide -
+2
44— LICLK

Bus clock




Using the ADC

ADC initialization
= Configure clock

P —/’
Select voltage reference — 1 V\:‘l L/ R, \>bm

Select trigger source /
flcad) mﬁu‘%

Select input channel

Select other parameters
= Trigger conversion
= Read results
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Clock Configuration

kli:omrol Registers (SC2, CFG1, CFG2)
= Select clock source with ADICLK ol FOACKER]
= Bus Clock (default) 2l Bl 315 E 3 = - Async
s| = = == é = Clock Gen
= ADACK: Local clock, allows ADC operation IR - |
while rest of CPU is in stop mode . sock | Clock ] ADACK
» Control sequencer s Bus clock
= ALTCLK:alternate clock (MCU-specific)
82 g 3| 5 .~ |&—— ALTCLK
= Divide down selected clock by factor of ADIYV, *l %ll c’él
. | I
creating ADCK

= Resulting ADCK must be within valid range to
ensure accuracy (See KL25 Subfamily datasheet)
= | to 18 MHz (<= | 3-bit mode)
= 2 to 12 MHz (16-bit mode)
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Clock Configuration Registers

= ADCx_CFGI
= ADIV: divide clock by 24PV 7 8 5 4 3 2 1 0
= 00: I o o
£ p=
= 0l:2 2 ADIV Z MODE ADICLK
{ D
= 10:4 <
= 11:8 o o o0 o0 o0 0 o0 O
= ADICLK: Input clock select
= 00: Bus clock
= 0I:Bus clock/2
= |0:ALTCLK 4 ° : 1 0
= |1:ADACK S & | o
2 | S | £ | AbLsTs
- ADCx_CFG2 AERE
= ADACKEN: Enable asynchronous clock N . .
0 0 0
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Voltage Reference Selection

= Two voltage reference pairs available p
T
" Vrerr» Y RerL T
" Vaurh VaurL " RErH __
. . . VaLTHO
= Select with SC2 register’s REFSEL bits B
L
" 00:Vegrs Virer, VRgrO—— ] >
* O1:Varrks Vaum YA
= 10, I |:Reserved -

KL25Z

" Va1 connected to Vppa
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Conversion Trigger Selection

ADHV:J'TSA SC1A
/ \DTRG In SC2 \&' . Conversion ‘ -

ADHV?/TSn:| trigger SCin
control LDTRG
ADHWT———P +—

Compare true ®_> Control Registers (SC2, CFG1, CFG2)

DHCKENi

Async
Clock Gen

= 0: §oftware\tr|gger

= |:hardware trigger

ADCH
AIEN
*\ £oco
plete |
frigge
DIFF
ADCO
MODE
_ADLSMF‘ ADLSTS
ADLPC/ADHSC
ADIV
ADELK

= Software trigger: L

Interrupt <

- erte to SC IA MCU STOP »| Control sequencer |¢ gt dc|t)|fjl.; € |
; . DADPO 5—— AREAN | =]
= Ping-pong buffering ; qj H

- SCIAvs.SCln T
= Hardware trigger:

= Rising edge of ADHWT signal

= ADHWT sources: TPM, LPTMR, PIT, RTC, EXTRG_IN,
HSCMPO

Y Y¥v¥Y Vv ¥ X h 4
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Hardware Trigger Sources

-
[=]
n
.
&
ma
-
=]

= System Integration Module
= SIM_SOPT7 register
= See section 12.2.6 of Reference

ADCOTRGSEL

ADCOALTTRGE
N
ADCOPRETRGS
EL

0 0 0 0 0 ] ] 0
Manual 3-0 ADCO trigger select
ADCOTRGSEL
Selects the ADCO trigger source
- ADCOALTTRG ENA' 0000 External trigger pin input
:Alternate 0001 HSCMPO output
trigger enable 0010 Reserved
0011 Reserved
0100 PIT trigger 0
= ADCOPRETRGSEL:ADC 21?; ;'T‘"ggj”
eserve
pre-trigger select 0111 Reserved

1000 TPMO overflow
1001 TPM1 overflow
1010 TPM2 overflow
1011 Reserved

1100 RTC alarm
1101 RTC seconds
1110 LPTMRO trigger
1111 Reserved
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Input Channel Selection

=1
=]
4]
e
w
]
-
(=]
P

ADCH
AIEN
Coco

= Two modes, selected by
SCIn[DIFF] bit

complste
irig ger

—
N

. B '[ Y
= 0:Single-ended Interrupt <
. ) MCU STOP s Co
= |: Differential = !l
DIFF DADPO D?{ %
ADCH 0 1 . =
DADP3 —— -—i
= Input channel selected by value R ADAT—— | Lo
I '.
[ ]
OfADCH 2 DADP2 DAD2 AD23 . ADVINM
3 DADP3 DAD3 TempF’ o
4 AD4 reserved R

. EXtraS 23 AD23 reserved I_T_.

24 reserved reserved DADMO

) Reference VOItages 25 reserved reserved : Offs
26 T S DADM3O—* |
= Temperature o E—— ZZ:‘” I
= Band Gap 28 reserved reserved TempM z
29 VREFSH -VREFSH s
30 VREFSL reserved 0

31 module disabled 9 S
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ADC Inputs on Freedom Board

ADC Channel [MCU Signal Freedom KL25Z
(Single-Ended) | (ADCx_CFG2 Connector and

MUXSEL, default |Pin Number

PIA1 - 20X 11 - PTC7 PTE30 - 11 12 - PTCY ==

[N PTE20 jio | 2~ B3~ prcoms = 7120 -0 PR 10 prcomm
-6 L - [ | -7 - -

EX FE22 Jlos pvi2 o Ed prce = FTE22 5 [2-.‘3}33 =
ER PTE21 (a), PTB29 (b) J103 (2).]109 (b) TS - 12 LR 11 - Prce AT | ] o

PTDI (b) J2 |2 (b) PTC8 - 14 L X 213 - PTC10 .8

PTD5 (b) ]2 4 (b)
PTE23 (a), PTD6 (b) J107 (a),)2 17(b)
R PTBO J102

< Jios T - s
I pTC2 Jio 10 VREFH - 16 LaRdL15 - NC

12 Rdry J10 6 1ED - 20 R0 S P17

LER PTB3 Jjlos -

IR PTCO 13

15 lard 110 12

PERN PTE30 110 11
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Special Input Channels

= 26:Temperature Sensor
* T=25°C - ((Vaemp - Viempas)M)
= m=1.715mV/°C
* Vrempes = 719 mV
* Viemp is derived from ADC conversion result
= 27:Band Gap
= Nominally 1.0V, +/- 3%
= Used to allow calculation of reference voltage if it is not calibrated/regulated
= Enable BG buffer by setting BGBE bit in Power Management Control REGSC

= “My ADC tells me that channel 27 returns a code of 36000, and channel O returns a code of 25145.S0V, =
36000/25145 * [.OV = 1.432V

29, 30: Reference voltages
" 29:VgersH
" 30:Veerst
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Conversion Options Selection

NC STATE UNIVERSITY

7 6 5 4 3 2 1 0
* Low power )
g =
= Set ADLPC (in ADCx_CFGl) to | S| v | 3| wMopE | Apicik
<
= Slower max clock speed )
. 0 0 0 0 0 0 0 0
* Long sample time select
= Set ADLSMP (in ADCx_CFGl) to |
= Can select longer sample time with ADLSTS
bits (in ADCx_CFG2) to add 20, 16, 10 or 6
ADCK cycles)
DIFF
= Conversion mode MODE 0 1
. 0 Single ended 8-bit Differential 9-bit 2's complement
= MODE (m ADCX—CFG I) 1 Single ended 12-bit  Differential 13-bit 2's complement
= Sets result precision (8 2 Single ended 10-bit  Differential 11-bit 2's complement
3 Single ended 16-bit  Differential 16-bit 2's complement

through 16 bits)

= Continuous vs. single conversion
= Set ADCO (in ADCx_SC3) to | for continuous conversions
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Conversion Completion

7 3 5 4 3 2 1 0

COGCO

= Signaled by COCO bit in SClIn

= Can generate conversion complete interrupt if AIEN in SCI is set

55
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ADH'U}FTSA —
' > Conyersion . —
ADHWTSH— trigger
control LDTRG
ADHWT———P
Compare true ®—> Control Regist
o] & oy 4 5
«=fm% 2ly,557 s
El = & =| = S| g
2 3| 2
QI <
Interrupt -« ] YV V¥V vy
MCU STOP »| Control sequencer At
DADPO Df o o E 5|
™ F| gl 2 E a
. E| 3 g 8 @
DADP3 O—— = vy w
AD4 T3 ADVINP
. >
. ADVINM
AD23 00— SAR converter
TnmnD .

= CMSIS-defined ISR name for ADC Interrupt is ADCO_IRQHandler
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Result Registers

= Optional output processing before storage in
result registers SAR converter
= Offset subtraction from calibration
= Averaging: 1,4,8, 16 or 32 samples v
= Formatting: Right justification, sign- or zero- Offset subtractor
extension to |6 bits ¢
= QOutput comparison Averager
= Two result registers RA and Rn v
= Conversion result goes into register Formaitting
corresponding to SC1I register used to start D (O "
conversion (SCIA, SCln) 4 .
transfer -
T Rn
Dor‘n‘[;are < RCFGT ACRER sc2

logic Compare true ’®

cwi f f{;w

Cv1:Cv2
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Output Averaging

= Accumulate and average multiple
samples before writing the averaged
result to the result register

= Result rate = sample rate / averaging
factor

= SC3 register
= AVGE: average enable
= AVGS: average sample count

57
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AVGE | AVGS | Number of
samples averaged

0
I
I
I
I

XX
00
Ol
|10
|

I
4
8
|16
32
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Automatic Compare

. v
= Can ignore ADC result based on Ofect subtractor

comparison with CVI and CV2 v

Averager

= Above or equal to threshold

= Below threshold Formaiing |
= Qutside range 0 f— -
= Inside range 1rant:fer ‘ :

Rn

v T ACFE
Compare | ¢ _ACFGL. ACREN sc2
" |gnored result... ogic Compare True )
= Not saved to RA/Rn o g Ao
CV1:CV2

= CoCo not set
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Conversion Time Requirements

= Conversion time depends on multiple

59

NC STATE UNIVERSITY

ConversionTime = SFCAdder + AverageNum x [BCT + LSTAdder+ HSCAdder)

Precision Base Conversion
(bits) Time BCT

factors
= Precision in bits
= Single-ended vs. differential

= Adders: LST, HSC, SFC
= Averaging

8
9
10
I
12

single-ended
differential
single-ended
differential
single-ended
differential
single-ended

differential

|7 ADCK cycles
27
20
30
20
30
25
34



NC STATE UNIVERSITY
Using ADC Values

The ADC gives an integer representing the input voltage relative to the reference voltages

Several conversions may be needed
= For many applications you will need to compute the approximate input voltage
= V. =...
= For some sensor-based applications you will need to compute the physical parameter value based on that voltage
(e.g. pressure) — this depends on the sensor’s transfer function

= You will likely need to do additional computations based on this physical parameter (e.g. compute depth based on
pressure)

Data type

= It’s likely that doing these conversions with integer math will lead to excessive loss of precision, so use floating
point math

= AFTER you have the application working, you can think about accelerating the program using fixed-point math
(scaled integers).
Sometimes you will want to output ASCII characters (to the LCD, for example). You will need to convert
the floating point number to ASCII using sprintf, ftoa, or another method.
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