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@ Introduction
@ Introduction to Analog to Digital Converters
@ Analog to Digital Converter types
@ Analog to Digital Converter characteristics
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Introduction to Analog to Digital Converters (1/2)

Definition

An analog-to-digital converter is a device that converts a continuous
quantity to a discrete time digital representation
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Introduction to Analog to Digital Converters (2/2)
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Continuous quantity to discrete quantity (1/2)
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Continuous quantity to discrete quantity (2/2)

Original and Quantized Signal
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Continuous time to discrete time (1/2)
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Continuous time to discrete time (2/2)

The Nyquist rate is the minimum sampling rate required to avoid
aliasing, equal to twice the highest frequency contained within the signal.

v < op

Minimum sampling rate

To avoid aliasing, the sampling rate must exceed the Nyquist rate.

fs > fy
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Analog to Digital Converter diagram

Sample Hold ADC
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FLASH Analog to Digital Converter

VRer \ﬁﬂ 2-Bit Flash
® Analog to Digital
RI2 1 Converter

Quantization Correction Encoding
(Comparison)

R/2 f Input Bubble Error Digital
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SAR Analog to Digital Converter

Clock ] SAR —— EOC
DN—l DN—2 D2Dl DO
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Sigma-delta Analog to Digital Converter

Integrator Threshold Counter Buffer
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Analog to Digital Converter characteristics
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Resolution

Max sampling rate

Signal to Noise Ratio (SNR)
Input voltage offset

Gain stability

Linearity

ANALOG INPUT

Standard Differential Input Range
Single-Ended Input Voltage
Common-Mode Voltage

Optional Input Ranges

Analoeg Input Bias Current
Track-Mode Input Bandwidth
Input Impedance

CONVERSION CHARACTERISTICS
Sample Rate
Data Latency

DYNAMIC CHARACTERISTICS
Differential Linearity Error (largest code error)
f=1MHz
f=10MHz
No Missing Codes
Integral Nonlinearity Error, f = 1MHz
Spurious-Free Dynamic Range("
f=1MHz
f=10MHz
f=31MHz
2-Tone Intermodulation Distortion
fi = 19.4MHz and 20.4MHz (-7dB each tone)
Signal-to-Noise Ratio (SNR)
f=1MHz
f=10MHz
f= 31MHz
Signal-to-(Noise + Distortion) (SINAD)
f=1MHz
f=10MHz
f=31MHz




Introduction

O0®00

Gain error
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Voltage offset error
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Non-linearity errors
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© STM32 Analog do Digital Converter
@ Introduction

@ Features
e ADC and DMA
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STM32 Analog do Digital Converter

@ Successive approximation analog-to-digital converter
@ 12-bit resolution

@ Interrupt generation at End of Conversion, End of Injected
conversion and Analog watchdog event

@ Single and continuous conversion modes

@ Scan mode for automatic conversion of channel 0 to channel n
@ Self-calibration

o External trigger option for both regular and injected conversion

e Total conversion time: 14 to 252 Tk (ts for sampling + 12.5 for
successive approximation)
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STM32 Analog do Digital Converter accuracy

V, v
[1LSBpgaL = REF: (or DDA depending on package)]

4096 4086
7 (1) Example of an actual transfer curve
(2) The ideal transfer curve
4094 + (3) End point correlation line
4083
Er=Total Unadjusted Error: maximum deviation
between the actual and the ideal transfer curves.
74 E=0ffset Error: deviation between the first actual
transition and the first ideal one.
69 Eg=Gain Error: deviation between the last ideal
5 transition and the last actual one.
Ep=Differential Linearity Error: maximum deviation
4 between actual steps and the ideal one.
34 E_=Integral Linearity Error: maximum deviation
between any actual transition and the end point
24 correlation line.
1 <
| | | ] I |
0 1 T T
1 2 3 4 5 6 7 4093 4094 4095 4096
Vssa DDA ait4395b
Symbol Parameter Test conditions Typ Max® | unit
ET Total unadjusted error +2 5
fpcLke = 56 MHz,
EO | Offset error fapc = 14 MHz, Rajy < 10 k2, +1.5 2.5
EG Gain error Vppa=24Vio36V +1.5 +3 LSB
ED |Differential linearity error | Measurements made after +1 £2
ADC calibration
EL Integral linearity error +1.5 +3
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Analog power supply

VBAT
r Backup circuitry
1.8-3.6V "4, ghower swich (OSC32K,RTC,
Wake-up logic
— Backup registers)

3
E| 10
‘é’ Logic
S Kernel logic
—'I (CPU,
i
i & Memories)
i
|

Regulator |
5x 100 nF
+1x 4.7 yF

Voo

Anaog
10nE : RCs, PLL,
+1yF ]

ail4125d



STM32 Analog do Digital Converter
000®0

STM32 clock tree
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USBCLK
Prescaler Ll 1o USB interface
s

to1253

Peripheral ciock
cable 12S20LK ey

Peripheral clock
enable SDIOCLK o, 15 spI0
Peripheral clock
enzble
4 FSMCCLK, 10 FSMC
Peripheral clock
enebe
HCLK_
72 MHz max to AHB bus, core,
Clock —| memory and DMA
Enzble 1o Cortex System timer

FCLK Cortex
free running clock
36 Mz max [~ PCLK1

8MHz
HSI RC

PLLSRC

PLLMUL

APB1
Presealer
1,2,4,8,16

PLLXTPRE

Peripheral Clock
Enable

TIV & B timers.
If (APB2 prescaler =1) x|
el

Peripheral Clock
nable
10ADC1, 203

RTCCLK
08C32_0UT

RTCSEL(1:0] HoLK2

To SDIO AHB interface
Peripheral clock
enable

™ o Independent Watchdog (IWDG)

WDGCLK
Main PLLOLK Legend:
Clock Cutput HSE = High-speed external clock signal
MCO [ Je—— | HSI HS1 = High-speed internal clock signal
HSE

LS = Low-speed intemal clock signal
SYSCLK LSE = Low-speed extemal clock signal
MCO
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STM32 Analog do Digital Converter diagram

Interrupt
Flags ~ enable bi
End of conversion 2oc | |cocE
End of injected conversion | ADG Interrupt 1o NVIG
el o JEOC[JEOCIE }
nalog watehdog aveny | |0 _

Analog  watchdog

bus

Injected data registers
(4 16 bits)

Vagr- [}
Regular data register
t//nm m (16 bits)
!
SSA DMA request
ADGX_INO—~
ADCx_IN1— wptod ADCCLK
: Analog to digital
: upto 19 Regular i d
ADCx_IN15— | channais =
Temp. sensor.
Vrcenr 3
JEXTSELZ O] bits From ADC prescaler
TIM1_TRGO
TIM1_GH4
TIM2_TRGO
TIM2_GH1
TIM3_CH4
TIM4 TRGO (injected group)
EXTI_15 [ =
[TIMB_CHa! JEXTSEL[2:0] bits
EXTRIG TIM1_TRGO

ADCx-ETRGINJ_REMAP bit i—ém TIMI_CHa :‘\k JEXTRIG
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Channel selection

16 multiplexed channels

It is possible to organize the conversions in groups

A group consists of a sequence of conversions which can be done on
any channel and in any order

Regular group:

up to 16 conversions
the conversion sequence must be selected in the ADC_SQRXx registers

Injected group:

up to 4 conversions
This mode is intended for use when conversion is triggered by an
external event or by software

e The injected group has priority over the regular channel group
o It interrupts the conversion of the current channel in the regular

channel group
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Single and continuous conversion mode

I
SET Anoﬂl |
I

I

Start next conversion
]

| [
1 ! [
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ADC power on 1 Start 1sticonversion |
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ADC Conversion Next ADC Conversion

T r

T

I Conversion Time | I

| (total conv time) 1
(( )

T !

Software resets EOC bit

@ In Single conversion mode the ADC does one conversion

@ In Continuous mode (CONT = 1) another conversion starts as soon
as it finishes one

@ The conversion is started either by setting the ADON bit or by
external trigger

o If the EOCIE is set, an interrupt is generated at the end of each
conversion
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Scan conversion mode

@ Scans a group of analog channels
@ A single conversion is performed for each channel of the group

@ After each end of conversion the next channel of the group is
converted automatically

o If CONT = 1, on last channel conversion, the ADC starts again
from the first group channel

o If the DMA bit is set, the direct memory access controller is used to
transfer the converted data to SRAM after each EOC
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Analog watchdog

Analog voltage

High threshold HTR

Guarded area
Low threshold LTR

@ The AWD analog watchdog status bit is set if the analog voltage
converted by the ADC is below a low threshold or above a high
threshold

@ These thresholds are programmed in the 12 least significant bits of
the ADC_HTR and ADC_LTR 16-bit registers

@ An interrupt can be enabled by using the AWDIE bit in the
ADC_CRI register
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Direct Memory Access

DCod
Cortex-M3 <::,F>

System

<
—>
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Bus matrix

DMA request ADC1  GPIOC || DAG  sPiaizs
ADC2  GPIOD [ PWR SPI2/i2s

USART1 GPIOE || BKP IWDG
EXTI || CAN1 - wwDG

AFIO [|CAN2  ATC

A4 E 4
FE]
3T
2
©
Q
1
=
=z
S

GPIOB 12C1 TIME

DMA request UARTS  TIMs
UART4  TIM4

USART3 TIM3

USARTz TiM2

DMA

Ethernet MAC
USB OTG FS
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ADC and DMA

Converted regular channels value are stored in a unique data register

It is necessary to use DMA for conversion of more than one regular
channel

The end of conversion of a regular channel generates a DMA request

Converted data is transferred from the ADC_DR register to the
destination location selected by the user
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© ADC registers

@ Overview
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ADC status register (ADC_SR)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
Reserved |
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
Reserved STRT | JSTRT | JEOC | EOC AWD
Res. rc_wo I rc_wo | rc_ w0 | rc_w0 I rc_w0

0 AWD: Analog watchdog flag
This bit is set by hardware when the converted voltage crosses the values programmed
in the ADC_LTR and ADC_HTR registers. It is cleared by software.
0: No Analog watchdog event occurred
1: Analog watchdog event occurred
1 EOC: End of conversion
This bit is set by hardware at the end of a group channel conversion (regular or
injected). It is cleared by software or by reading the ADC_DR.
0: Conversion is not complete
1: Conversion complete
4 STRT: Regular channel start flag
This bit is set by hardware when regular channel conversion starts. It is cleared by
software.
0: No regular channel conversion started
1: Regular channel conversion has started
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ADC control register 1 (ADC_CR1)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
Reserved AWDEN .JAWDENV Reserved DUALMQOD([3:0]
Res. | w w | Res. ™w | w ‘ w | w
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
DISCNUM([2:0] JDISCE Dé?lc JAUTO ?‘gE SCAN |JEOC IE| AWDIE | ECCIE AWDCH([4:0]
w | w ‘ w w w w w W | w I w | w w } w | w [ W | w

4:0 AWDCHI[4:0]: Analog watchdog channel select bits
These bits are set and cleared by software. They select the input channel to be guarded
by the Analog watchdog.
00000: ADC analog input ChannelO

10001: ADC analog input Channell7
5 EOQOCIE: Interrupt enable for EOC
This bit is set and cleared by software to enable/disable the End of Conversion interrupt.
0: EOC interrupt disabled
1: EOC interrupt enabled. An interrupt is generated when the EOC bit is set.
8 SCAN: Scan mode
This bit is set and cleared by software to enable/disable Scan mode. In Scan mode, the
inputs selected through the ADC_SQRx or ADC_JSQRx registers are converted.
0: Scan mode disabled
1: Scan mode enabled
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ADC control register 2 (ADC_CR2)

a1 a0 29 28 27 26 25 24 2 22 21 20 19 18 17 16
TSVRE | SWST | JSWST | EXTT .
Reserved FE ART ART RIG EXTSEL[2:0] Res.
Res. w w w w [ w | w I w I
5 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
s JEXTSEL[2:0] ALIGN |  Reserved DMA Reserved AT | caL | cont | aDon
w w I w | w w Res. w Res. l w | w w I w

0 ADON: A/D converter ON/OFF
If this bit holds a value of zero and a 1 is written to it then it wakes up the ADC from
Power Down state.
Conversion starts when this bit holds a value of 1 and a 1 is written to it.
0: Disable ADC conversion and go to power down mode.
1: Enable ADC and to start conversion

1 CONT: Continuous conversion
0: Single conversion mode
1: Continuous conversion mode

8 DMA: Direct memory access mode
0: DMA mode disabled
1: DMA mode enabled

11 ALIGN: Data alignment

0: Right Alignment
1: Left Alignment
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ADC sample time register 1 (ADC_SMPR1)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved SMP17[2:0] SMP16[2:0] SMP15[2:1]

Res. w | w ‘ w w l w | w w I w

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 o]
13_,',‘“3 SMP14[2:0] SMP13[2:0] SMP12[2:0] SMP11[2:0] SMP10[2:0]

w w | w | w w ‘ w I w w ‘ w | w w ‘ w [ w | w I w I w

4:0 SMPx[2:0]: Channel x Sample time selection
These bits are written by software to select the sample time individually for each
channel.

000:
001:
010:
011:
100:
101:
110:
111:

1.5 cycles
7.5 cycles
13.5 cycles
28.5 cycles
41.5 cycles
55.5 cycles
71.5 cycles
239.5 cycles
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regular sequence register 1 (ADC_SQR1)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
Reserved L[3:0] SQie[4:1]
Res. | w | w I w | w w I ™w ‘ w | w
15 14 13 12 1" 10 9 8 7 6 5 4 3 2 1 0
5Q16_0 SQ15[4:0] SQ14[4:0] SQ13[4:0)
w w I w } W | w ‘ w w I w | w I w I w w [ w I w ‘ w | w

19:15 SQ16[4:0]: 16th conversion in regular sequence
These bits are written by software with the channel number (0..17) assigned as the 16th
in the conversion sequence.

23:20 L[3:0]: Regular channel sequence length
These bits are written by software to define the total number of conversions in the
regular channel conversion sequence.
0000: 1 conversion
0001: 2 conversions

1111: 16 conversions



ADC registers
[elelelelel)

ADC value registers

e ADC regular data register (ADC_DR)

31 30 28 28 27 26 25 24 23 2 21 20 19 18 17 16
‘ ADC2DATA[15:0] ‘
LT TPl fe el el e e e ee]e]
15 14 13 121t 10 9 8 7 6 5 4 3 2 1 0
‘ DATA[15:0] ‘

e -t felefelefelefe e lefele]r]
e ADC watchdog low threshold register (ADC_LTR)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
\ ose \
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
‘ Reserved | LT[11:0] ‘
\ Fes [w [ [w [ [ w [ w [ [ ™[] w]w]

e ADC watchdog low threshold register (ADC_HTR)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
‘ Reserved |
5 14 18 12 1 10 9 8 7 6 5 4 3 2 1 0
resoeg | HT10] ‘
eserve
[w w [ w [ w[w[w[w[w]lwlow[w[w]
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