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Microcontroller

*|t Is essentially a small computer on a chip

* Like any computer, it has memory, and can be
programmed to do calculations, receive inputs,
and generate outputs

* Unlike a PC, it incorporates memory, a CPU,
peripherals and I/O interfaces into a single chip

Pervasive Systems




Generic architecture

Parallel Serial AD

/O I¥O Input
Ports Ports Ports
. 1 FJ

JIANIERE ST

J J 16
/
o

Address 7 Address

° xS Y >

Control Control
Buses
o it e 0 e e B 0 A Ak I kb A S b e e e e a4
f SAP]ENZA Pervasive Systems

S & UNIVERSITA DI ROMA




STM32F401RE - Architecture

96-Kbyte SRAM Control
80-byte backup data 5x 16-bit timer

1x 16-bit motor control
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Duplex

Send AND recelve at the same time
FULL DUPLEX -

HALF DUPLEX
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Flash memory

96-Kbyte SRAM Control
80-byte backup data 5x 16-bit ti

1x 16-bit motor control

System

Power supply
1.2 V internal
POR/PDR/PVD/BOR

ARM
Cortex-M4 CPU
84 MHz

Floating Point Unit 2x 32-bit timer

PWM synchronized
AC timer

Xtal oscill
32 kHz + 4 ~26 MHz

Internal RC oscillators
32 kHz + 16 MHz
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Connectivity

vindow)

4x SPI (2x with I¥S) Analog
SDIO

USB 20 OTG FS

1x 12-bit ADC 2.4 MSPS

16 channels / 0.41ps

APB bus
16-channel DMA
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12C
Inter-Integrated Circuit - Is a synchronous,

multi-master, multi-slave, packet switched,
single-ended, serial computer bus.

HALF DUPLEX
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12C

It Is appropriate for peripherals where simplicity
and low manufacturing cost are more important
than speed, like:

 EEPROMSs | FMi017
« ADC / DAC ]
« Small displays

* Digital potentiometers
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12C

Uses only two bi-directional open-drain lines,
pulled up with resistors:

 Serial Data Line (SDA)
 Serial Clock Line (SCL)

VDD
L 2 L
MASTER SRp <Rp
SDA - l 1 - - 1 *
SCL ® ? : _T I ® T
SLAVE #1 SLAVE a SLAVE #3
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12C

The reference design has a 7 bits addressing
scheme that can be extended to 10 bits (thus
allowing up to 128 -> 1024 devices on the bus).

Multiple clock speeds are supported: 100kHz,
400kHz, 1MHz... During each clock cycle, a bit
IS transferred.:

100kHz = 100kbit/s

There is an overhead for addressing and other
conditions.
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12C

To mitigate the chance of address collision with
the standard 7 bits addressing, some ICs have

device address definition PINs to mitigate the
collision problem.

VCC

EO, E1, E2 set the last 3 bits =& 7 DA

M24xxx

VSS
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12C - Timing

SI:I):; :: —r—r
SCL
B1 B2 (BN 2

1. Data transfer Is Initiated with a start bit (S)
signaled by SDA being pulled low while SCL

stays high.
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12C - Timing

SDA —
SCL
S B1 B2 BN B

2. SCL Is pulled low, and SDA sets the first data
bit level while keeping SCL low (during blue bar
time).
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12C - Timing

3. The data are sampled (received) when SCL
rises for the first bit (B1). For a bit to be valid,
SDA must not change between a rising edge of
SCL and the subsequent falling edge (the entire
green bar time).
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12C - Timing

4. This process repeats, SDA transitioning while
SCL is low, and the data being read while SCL is
high (B2, ...Bn).
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12C - Timing

. \I/:I/—\If:

S B1 B2 BN P

5. The final bit is followed by a clock pulse,
during which SDA is pulled low in preparation for
the stop bit.
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12C - Timing

S B1 B2

6. A stop bit (P) is signaled when SCL rises,
followed by SDA rising.
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1°C - Example

Magnetic sensor
LIS3MDL P2

ul H-_ I uz
B pesma
3v3|
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USART

Universal Synchronous and Asynchronous
Receilver-Transmitter - Is a type of a serial
Interface device that can be programmed to
communicate asynchronously or synchronously.

We are interested in the asynchronous mode.

\ HALF DUPLEX AND FULL DUPLEX
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USART

The basic bi-directional communication requires two lines:

eTX = Transmit
‘RX — Recelve

Hardware data flow control requires two additional lines:

*RTS — Request To Send
*CTS — Clear To Send

Other less used lines are:
 DTR — Data Terminal Ready
 DSR - Data Set Ready

« DCD — Data Carrier Detect
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USART

It allows the communication with a computer
equipped with RS232 port through a level shifter,
or using an USB-t0o-RS232 adapter, like the IC
FTDI's FT232R.

UCCIO UCCIO

E 6 .
useom ™o
USB D+ 15 { Useor fllrxD |2

L
0 NSOM
23U 17 cc m g m
N
i [Gccioy———-=+ vccelo c
s ﬁ NG
. ag] 0O
% oscl DCD  [O= SZL‘_’E; '}SZJ ‘
o] ©sco Rl D2
—( RESET
E i° TEST TXLED :)f—-:—
GND GND GND GND ; AGND RXLED Du—
5| oNb7 Pwren D2
2‘1 GND18 TXDEN 15
GND21 SLEEP
L F1232R
GND
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USART - Connections

Simple With flow control

We will use the simple connection
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USART

Data Is transferred within frames.

A frame Is composed by:

* START a single bit

* DATA from 4 to 9 bits

* PARITY from none to 1 bit

«STOP from 1 to 4 bits (with 0.5 bit resolution)
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USART

ONE UART FRAME
A Q
< A N N4
& ¥ F L

: HIGH (1, 1.5, 2, 2.5, 3, 3.5 or 4 BITS)

: NONE (0 BIT) or ODD/EVEN (1 BIT)

: LSB FIRST DATA (4, 5, 6, 7, 8 or 9 BITS)
: LOW (1 BIT)

YYY Y

NOTE: 1 BIT PERIOD =T = 1+(Baud rate in Hz)
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USART

Asynchronous = NO CLOCK LINE

Thus, both RX and TX must know all the
parameters of the channel In order to
communicate effectively.

*BAUD RATE
* PARITY

* DATA SIZE
*STOP BITS
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USART

Example:

9600,8,N,1

* 9600 Is the baud rate

* 8 Is the number of bits in data field
N IS the parity, no parity used

1 Is the number of stop bits
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USART - Example
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SPI

Serial Peripheral Interface - consists in a single
master device and at least one slave device.

FULL DUPLEX

SCLE * SCLK
SPI MOSI e MOS] SPI
Master MISO |« MISO Slave
S5 » S5
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SPI

Only four signal lines are required:

* MISO — Master Input Slave Output
* MOSI — Master Output Slave Input
* SCLK — Serial Clock

*SS — Slave Select

It IS used for short distance communications,
MISO and MOSI should be tri-state GPIOs.
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SPI

It Is a shared bus with low GPIO requirements.
Moreover it I1s sensibly faster than 12C (some
peripherals exceed 10Mbit/s).

SCLK » SCLK
MOSI » MOSI SPI
SPI MISO < MISO Slave
Master SS1 » SS
SS2
553
+—» SCLK
» MOSI SPI
MISO Slave
P SS
—p| SCLK
—p MOSI SPI
MISO Slave
» SS
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SPI - Timing

The MASTER Initlates a communication with a
specific SLAVE by pulling low the corresponding
SS line while the MOSI line Is set up with value O

SPI Transmission CPOL=0 CPHA=0

SS

SCK Al AN AN AN AN AT AN N

moss [ 1[0 O O O|1 1]0

mso ZIO(1]1]0 O O1 110 |z
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SPI - Timing

Then, the MASTER must configure the clock
with a frequency supported by the SLAVE device

SPI Transmission CPOL=0 CPHA=0

SS

SCK @\ ANl NI AN AN AN

moss [ 1[0 O O O|1 1]0

mso ZIO(1]1]0 O O1 110 |z
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SPI - Timing

In addition to setting the clock frequency, the
MASTER must also configure the clock polarity
CPOL and clock phase CPHA to match the

SLAVE SCK CPOL=0 _/\J\J\J\J\ L\

CPOL=1" S\ S\ T\ TS\
SS \ [~

Cycle # 1 Y23 Y456 X7 8]
CPHA=0 MISO 2O Xz 4 ez
MOSI ZX T X 2 3 (45 e Y78z

Cycle # T X2 Y3 YaY5) 678

CPHA=1 MISO DO Iz = a5 67 8=
MOSI ZX 1 X2 X3 Y456 78]z
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SPI - Timing

During each clock cycle, a bit is transferred from
the MASTER to the SLAVE and a bit iIs
transferred from the SLAVE to the MASTER.

SPI Transmission CPOL=0 CPHA=0
FULL - N
DUPLEX

SCK ANIANINDNINDNIADN AN

MOS| ‘ O 0 O|1T 1]0

MISO ..‘ O 0 O1l1 110 Z
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SPI — Example

C39 3V us
.||I H 1? Reserved 4 PAS
100nF 12 + VDD 10 SCL/SPC 3 PA7 PAS
» VDD SDA/SDI/SDO 7 PAG PA7
3 SEL/SDO 3 PE3 PAG6
&- NC CS PE3
e=—— NC
1; . GND
: GND
}2 » GND INT2 ?1 ggé PEI1
» GND INT1/DRDY PEO
10
+ Reserved
LIS3DSH
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12S

Inter-1C Sound — it Is used for connecting digital
audio devices together, communicates PCM
audio data between integrated circuits.

Uses at least three lines:

* SCK — Continuous serial clock

* LRCLK — Left/Right channel selection
* SD — Multiplexed data
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1S - Example

61 62
1 51
——Cs4 Css
U7 0.022uF| 0.022uF 2 CN4
i J
SudioRSDS PB9 [d:4) L spa HP/LINE OUTA —L2
Audio SCL PB6 2 ) 14
PB6 SCL HP/LINE_OUTB — a
I SPKRHP —— | R6S L3 A~
1 |
1283 MCK : = III 0 ST-225-02
ggi—g?f SPKR_OUTA+ +
Bl : SPKR_OUTA- —— ||-
1283 WS 7
Audio_RST s _ %ﬁ,‘;‘;;%%}%* 9 ca3 cas
= - 8 0.1uF 0.1uF [P
VP ——¢ |3v
-VHPFILT .
10K 1L piyN
3 C44
c47 +c50 erﬁig 29 R47 |LIuF(X7R) R48  pag Audio DAC_OUT
IuF(X7R) 1uF (X7R) 12 | orvp AIN2B ig 100 1 R4
2v5 = AlA T 300K I
T :é +VHP AIN3A % - (; o5
| + 100K
ca ==ca1 ==cs3 == EERIINN ey 21 ] RS3 | [ lourRsa RS pes PDM_OUT
[ 01ur | 01ur | ouF " 100 [TuF(X7R) o
= W g TSTO Vo .
= | PC4
0

——— TSTO AFILTB
3 v AFILTA —2L v
3 pGND FILT+ —s | ol :
Cﬁ 41 GND/Thermal Pad AGND 17 s C46 luF(X5R) Not Fitted

5 150pF(COG)
CS43L22 C56 |l50pF(COG)
—_ —  12C address 0x94 1uF(X5R)
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SDIO

Secure Digital Input Output - is an extension of
the SD specification to cover I/O functions.

SD is exactly the interface of common memory
cards used In electronic devices.

HALF DUPLEX
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SDIO

Requires from 3 to 10 lines, depending on how
many bits can be transferred each clock cycle.

* CLOCK - clock signal from the host
« COMMAND — command/response signal
* DATA — from 1 to 8 lines

Each line, apart from CLOCK, requires a PULL-
UP resistor.
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SDIO - Example

4-bit SDIO Interface

+33V (R
. H I | GND
LR35 $RIB R3O 0. 1uF
247K 47k 347k CN&
MicroSD Card
¢ SDIO DI Ez § RSV GND
{SDIO D0 . £ 74 po GND
- Vi GMD
[ SDIO CK PC12 j SCLK  GND
[SDIO CMD PD2_ 3. Efd =
¢ SDIO D3 > PCI1 2 | == GND
{SDIO D2 o—e PCI0 1 | pay
GND
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Timers and analog

Control
80-byte backup data 5x 16-bit ti
ARM :

Cortex-M4 CPU
84 MHz

Power

1.2 V internal
POR/PDR/PVD/BOR

Xtal oscill

g
é

32 kHz + 4 ~26 MHz

Internal RC oscillators
32 kHz + 16 MHz

Floating Point Unit

13|

= 5 LIN 3ul:u:'autl IrDA,
independent and , Smartcard,
: window) , modem control

Ax SPI (2x with I*S)
USB 2.0 OTG FS

i
;

i

1x 12-bit ADC 2.4 MSPS
16 channels / 0.41ps

AHB-Lite bus matrix

i

APB bus
16-channel DMA
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Timers

A timer Is a digital counter that increments or
decrements a variable according to a fixed input
frequency — the clock source

The variable can be of any size, we use 16 bit
and 32 bit timers. The size affects the maximum
number of input clocks allowed before reaching
an overflow or underflow situation
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Timers

Advanced timers may have comparison logic to
compare the timer value against a specific value,
set by software, that triggers some action when
the timer value matches the preset value.

One specialist use of hardware timers In
computer systems Is as watchdog timers, that
are designed to perform a hardware reset of the
system if the software fails.
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Timer

STM32F401RE implements advanced timers. It
IS possible to use a timer to:

* Generate a delay of a specific time interval
* Generate an interrupt at a fixed frequency
* Generate PWM signals

* Read a quadrature encoder
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Timers - PWM

Three PWM signals from the Output Compare Channels of a general purpose timer
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Timers - Pulse Mode

Ti2

One Pulse Mode (OPM) is a particular case
of the previous modes: Quput Compare
and Input Capture.

oc1 REF

It allows the counter to be started in

response to a stimulus and to generate a oct
pulse with a programmable length after a
programmable delay.

There are two One Pulse Mode waveforms
selectable by software:

& Single Pulse

& Repetitive Pulse

TIM_CCR1 [----

f o o e g ]

SAP]ENZA Pervasive Systems

UNIVERSITA DI ROMA

- tl:d-—,—l- — oo —



Timers - SYSTICK

Cortex-M cores support the SYSTICK function.

In brief, the CPU clock source is used to keep
track of timing and feeds a timer that can only
Increment a variable and generate an interrupt
every programmable time interval.

It Is often used to schedule the execution of
functions and to realize delays without using a
dedicated timer.
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Timers - SYSTICK

Peripheral

| bl Ethernet
oot e :D—' PTP clock

168 MHz max. HCLK
9) bus, core

Clock memory and DMA

o—lj"” p to Cortex System
timer

SW -
4 p FCLK Cortex

= free-running clock
= AHB g

PRESCH
CLK 11,2,..512

SYSCLK

168 MHz Peripheral

max APBx clock enable APBx
PRESC - peripheral

) 124816 Peripheral clocks

clock enable APBx timer

L’if{APBx presc = 1x1
else x2 clocks
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Timers - SYSTICK

Diagram of System Timer (SysTick)

REGEGRENTE

External
|||| ||||| | clock
/8 > 0
1 2 Counter Set COUNTFLAG to 1
Processor
clock 24-bit down counter
Clock Source
ENABLE
31 17 16 15 0
SysTick control and status
' o R d R ed

register (SysTick CTRL) i R

TICKINT
COUNTFLAG @_. SysTick Interrupt
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ADC

Analog-to-Digital Converter - Iis a system that
converts an analog signal into a digital signal.

111
110
101
100
J o011
010
001
000
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ADC

Physical values are often analog. A digital circuit
needs to convert them into digital values in order to
handle them.

Different realizations of an ADC circuit exist:

* Direct-conversion

« Sigma Delta

* Ramp-compare

« Successive-Approximation
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ADC - Resolution

Our MCU has a single ADC with 12bit resolution
and 2.4 Msps. 12 bit means that the result of an
AD conversion gives up to 4096 different values.

If the working range of our ADC is from OV to
4.096V, then each bit represents 1 mV.

If the working range of our ADC is from -1.5V to
1.5V, then each bit represents (1.5 + 1.5) /
(2"12) =3 /4096 = 0.73 mV.
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ADC - Successive-Approximation

VIN l o VREF
% = F‘ FlElEEEIEEE

-i—c TC!‘Q TCf4 =C/8 TC“G TC!‘SE TCIE“- TCHEB TCIESE TCJ’S"ETCIS'IE
iSb D PRQ——oADC Data
- CLK

) r CLR
oADC CIlk
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ADC

For high performance analog applications, it Is
often mandatory to use an external ADC. In this
case the ADC could be connected through 12C,
SPI or other communication interfaces.

_EQ.TVTO5.5V
—T—m F 10uF

- ="
REF| Vgo

IN* CS
1TC2452 SCK }B-WIRESPI

INT
\
0.1pF GND_L

SAP]ENZA Pervasive Systems

Y UNIVERSITA DI ROMA

DO INTERFACE

2452 TAO1a




ADC - Sampling seguence

ADC Is considered a slow peripheral, thus a
reading sequence should follow this approach:

1. Initialize the ADC peripheral
Define an interrupt routine

3. Send the sampling command and do other
stuff while waiting

4. The interrupt routine will be executed on ADC
sampling completed

N>
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Interrupts and NVIC

96-Kbyte SRAM Control
80-byte backup data 5x 16-bit ti

1x 16-bit motor control

System

Power

1.2 V internal regulator
POR/PDR/PVD/BOR

ARM
Cortex-M4 CPU

Xtal oscillators 84 MHz
32 kHz + 4 ~26 MHz

Internal RC oscillators Floating Point Unit 2x 32-bit timer
32 kHz + 16 MHz

PWM synchronized
AC timer

3x USART
LIN, smartcard, irDA,
modem control

4x SPI (2x with IS)
USB 2.0 OTG FS

Analog

1x 12-bit ADC 2.4 MSPS

16 channels / 0.41ps

APB bus

16channel DMA
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Interrupts

Sometimes an application MUST react quickly to
events.

Interrupts associate events like timer overflow,
ADC sampling completion or the press of a
button to a function.

When an interrupt happens, the current function
IS stopped and instead the interrupt handler is
executed.
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NVIC

Nested Vector Interrupt Controller - is an
advanced system for handling interrupts and

their priorities.

I_ -
Microcontroller
Processor Core
Peripherals
/O Ports System
Exceptions
SysTick Timer
Cortex-M4 processor
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NVIC

All the exceptions are numbered, from 1 to 15

are system exceptions, from 16 to 255 are
external interrupts.

Most of them have a programmable priority.

During the execution of an interrupt, another
Interrupt with lower priority number can preempt
the first interrupt.
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NVIC

The priority register is 8 bits wide and Is subdivided into
preempt priority and subpriority.

These two sections can have different lengths according
to the priority group that the programmer chooses.

We will focus on NVIC configured to have all bits
assigned to preempt priority and no one to sub priority
field.

The STM32F4xx series implements the NVIC with 4 bits
for priorities, thus 16 possible priority values. It supports
82 different interrupts.

SAP]E]\LZA Pervasive Systems

Y UNIVERSITA DI ROMA



NVIC

*The preempt priority level defines whether an
Interrupt can be serviced when the processor Is
already running another interrupt handler. In other
words, preempt priority determines if one interrupt
can preempt another.

* The subpriority level value is used only when two
exceptions with the same preempt priority level are
pending (because interrupts are disabled, for
example). When the interrupts are re-enabled, the
exception with the lower subpriority (higher
urgency) will be handled first.
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NVIC

Interrupt signal: from device to CPU  Peripheral Device

Reqisters:

|
. Enable Flag
* Each potential interrupt source has a separate arm (enable) bit ----- 1| y|E xE

In each pcriphcral device:

® Set for devices from which interrupts, are to be accepted | -7 /
¢ Clear to prevent the peripheral from interrupting the CPU T P

|

|

¢ Each potential interrupt source has a separate ﬂag bit--""

® hardware sets the flag when an “event”occars > Peripheral
* Interrupt request = (flag & enable) --------="""""""""""" IRQN
¢ ISR software must clear the flag to acknowledge the request

® test ﬂags in software ii'intcrrupts not desired
Nested Vectored Interrupt Controller (NVIC) ---.___ l l l l

® Receives all interrupt requests R NVIC
* Each has an enable bit and a priority within the VIC

® Highest priority enabled interrupt sent to the CPUU - g

|
Within the CPU: _H--~?i PRIMASK
¢ Global interrupt enable bit in PRIMASK register - :
|
|
|
|
|

CPU &

¢ Interrupt if priority of IRQ) < that of current thread

® Access interrupt vector table with IRQ# Interrupt
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