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Unified ™ ACLK

Clock

System |- SMCLK

MCLK

CPUXV2
and
Working
|[Reqgisters)

EEM
(L: 8+2)

JTAG/
sSBW
Interface

SYS
Power 1/0 Ports /O Ports 1IoP
IManagemgnf P1/P2 P3/P4 P5/
128KB || 8KB+2KB Watchdog | 11,5105 || 2xsuos || 2x81i
96KB 6KB+2KB Interrupt
64KB 4KB+2KB LDO PortMap |1k - keu
32KB ! Control P
SVM/SV (P4)
Brownoyt PA PB P
Flash RAM 1x16 110s || 1x16 1os || 1x161
TAD TA1 TA2 TEBO
MPY32 Timer_A Timer_A Timer_A Timer_B RTC_A CR
5CC 3CC 3CC 7CC
Registers Registers Registers Registers

MSP430F552 2
TAOCLK $5 ‘ $3 | %3 ‘ $7

; OQut-TAOn
Int TAO CCIn A




Timer/Counter Basics

| v bk |
15 TAR 0
| Counter i Counter
i . : Overflow Action
.C'é’lf)'é('"p“t ’ Register - %%« Interrupt (TAIFG)
+ GPIO Pin (TACLK) | &
i — { 'Interrupt occurs when
e @ A J { timer overflows back
; \ el tozero
FFFD '
Each pulse N \‘jlfo_éll
of clock input »03-
increments the
counter register | 02
| 01 [or
Notes

+ Timers are often called “Timer/Counters” as a counter is the essential element
+ “Timing” is based on counting inputs from a known clock rate

» Actions don’t occur when writing value to counter ' ' ,
. Can | 'capture' a count/time value?



XpovioTteG/MeTpnTEC
MSP430 - Timer_A

Stop/Halt Continuous
Timer is halted Timer continuously counts up
OFFFFh
Oh
Up Up/Down
Timer counts between 0 and CCRO Timer counts between 0 and CCR0O and O
OFFFFh OFFFFh UPIDOWN Mode

CCRO

N

Cy —

Oh t Oh

CCR - Count Compare Register




XpovioTteG/MeTpnTEC
[Tpoypoappatiopnog

Timer Setup Code
1. Configure Timer/Counter (TACTL)
¢ Clocking Fa

¢ Which Count Mode
¢ Interrupt on TAR rollover?

Timer_ A Ctrl Reg (TACTL)

16-bit Counter (TAR)

CCRO Ctrl Reg (TACCTLO)

CCRO (TACCRO)

CCR6 Ctrl Reg (TACCTL6)

CCR6 (TACCR6)

2. Setup Capture and/or Compare Registers
¢ Capture (TACCTL):
« Input -

+ Interrupt on Capture?
¢ Compare (TACCTL, TACCR):

+ Compare-to Value

+ Output mode (How output signal
changes at compare (EQU) events)

+ Interrupt on Compare?

3. Clear interrupt Flags & Start Timer




XpovioTteG/MeTpnTEC
[Ipooknvio - Ilapacknvio

. System Initialization

maln() { ¢ The beginning part of main() is usually dedicated
//Init to setting up your system (Chapters 3 and 4)
initPMM() ;
initClocks (),

Background

¢ Most systems have an endless loop that runs
‘forever’ in the background

¢ In this case, ‘Background’ implies thatitruns at a

while (1) { lower priority than ‘Foreground’

background ¢ In MSP430 systems, the background loop often

or LPMx contains a Low Power Mode (LPMx) command —
} this sleeps the CPU/System until an interrupt

event wakes it up
ISR1 Foreground
¢ Interrupt Service Routine (ISR) runs in response

get data to enabled hardware interrupt

process ¢ These events may change modes in Background -

such as waking the CPU out of low-power mode
ISR’s, by default, are not interruptible

Some processing may be done in ISR, but it’s
usually best to keep them short

ISR2
set a flag

* o




XpovioTteG/MeTpnTEC

[Ipooknvio - Ilapacknvio

\3‘('\‘&
Foreground ISR1 ISR2 ISR2
(higher priority)
Background main() main()
(lower priority) ‘éj >

TAQ jf




TIMER SETUP

#include "msp430.h"

volatile unsigned int time_stuck=0;

int main(void)

{
WDTCTL = WDTPW + WDTHOLD; // Stop watchdog timer

AOCCTLO = CCIE; // CCRO interrupt enabled
TAOCTL = TASSEL_2 | MC_1 | ID_3; // SMCLK/8, upmode
TAOCCRO =40000; // Blink the LEDs every ~1sec

_BIS_SR(GIE); // Enter w/ interrupt



TIMER IRQ

#pragma vector=TIMERO_AO_VECTOR

__interrupt void Timer_AO (void)

time_stuck=1; // Signal timer event

}




TIMER LED BLINK

volatile unsigned int d_freq=0;
volatile unsigned int i=0;

volatile unsigned int time_count=0;
volatile unsigned int cycle_count=0;
for (;;)

{

if (time_stuck==1) {

time_stuck=0; //clear the flag, to permit next “interrupt”

cycle_count++; //this partis for the “double frequency” feature

if (d_freq) { //ifin double frequency toggle GREEN LED

P40UT *=0x80;}
if (cycle_count==2) {
cycle_count=0;
P10UT *=0x01; // toggle RED LED(every ~1 sec)
if (!d_freq) P4AOUT ~=0x80;
}
} //end if (time_stuck)
} //end for

return 0;

}



MnNXaveEC KATAOTACEWYV

Volatile unsigned blink_state=0; // 0=off, 1 =blink
/

event

state transition

e
\ SW1 pushed

initial state Off Blink p

state

SW1 pushed
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Low Power Modes (LPM)
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E _ (f ™ Low Power Modes (LPM)
v Elcaywyn

IS

®» O onuepveg CPU oyxedialovtal Aapufavovtag vmoyv v
KATOOVAAWOT) LoYVOG.

®» Evepyela EvavTl LoyVoG:

®» [ox0¢ elval 1] KATAVAAWOT) EVEPYELAS VA LOVASA XPOVOU.

®» H mapaywyrn Beppotntag eEapTATAL ATTO TNV KATOAVAAWGCT LoYVOG.

®» H Sidpketa (wng TG Umataplog eEapTATAL ATIO TNV KATAVAAWOT)
EVEPYELQG.

[ ®» YUuV10wc xpnolpomoleital ) LoyVs (power) Kol yio To SvO.

Iw \O\W@\O\N 300§ < »&JJ




Low Power Modes (LPM)
Elocaywyn

®» OAa ta Ynelaka cvotiuata xtillovral pe kukAwpata CMOS (Complementary
metal oxide semiconductor {MOS}).

® BaolKEG TINYES KATAVAAWONG LoXVOG:

®» [Itwoelg TaonG (voltage drops): | KATAVAAWGOT) LoXVOG EIVAL AVAAOYT UE
V2 (BeAtiwon ue uelwon taong tpopodooiac, iocws ue mpocOnkn
napaAinAov vAikov yia va StatnpnBei n amodoon).

» AAdayn KataoTtachS 08wV (toggling, dynamic): vtdpxel KATAVAAWON
0TV 0AAGLEL 1) TIUY) TNG €000V (BeATiwon ue eEdAeyn mepitTWV
svardaywv 1 glitches).

» Awappon (leakage, static): vIapYEL SLAPPOT) LEGW VTIOCTPWUATOS AKOLT
KaL oV 0€V 0AAALeL KATL); umopel va BeATiwOel pe TNV amocVvEeotn amo ™
Tpoodooia (aAAd anatTe(Tal ONUAVTIKO XPOVIKO SIAOTHUA YIA TNV
EMAVAOUVOETH KAl EK VEOU APXLKOTIO(NON THS ECWTEPLKNC KATAOTAOTNG).



WDTCTL = WDTPW + WDTHOLD; // Stop watchdog timer

P1DIR |= 0x01; // Set P1.0 to output direction

for (;;)

{

volatile unsigned inti; // volatile to prevent optimization

P1OUT ~= 0x01; J// Toggle P1.0 using exclusive-OR - Red
Blinks

=1 0; // SW Delay

hile (i 1= 0); Lsec

/ /Most of time/energy spent in the do / while loop
(doing nothing!!)



Low Power Modes (LPM)
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Tpomot peiwong Evépyelag

®» YTaTIKOC (Static): kadeitol amo To XprioTn, Kat §gv e€apTdTal amd TIg
dpaotnprotntes CPU.

» _[y. EvtoAn yia shutdown/hibernate.

» Avvapuikog (dynamic):  CPU mpofaivel o€ evépyeteg yia va eAéyEel v tox¥
Baol(opevn otn Suvaulkn SpactnpLoTnTA.

» _[ly. Amevepyomoinon TUNUATWV.

®» Meiwpéva emimeda tadong (5V -> 3.3V, 52/3.32=2.29 ).
» XoaunAotepn ovyxvotTnTa poAoyLloV (UElwon Loy UGS, OxL EVEPYELXC).

®» ATEVEPYOTIOINOT AELTOVPYIKWV HOVASWV LLE ONHaTA EAEYXOV, OTAV 8€
xpeLdlovtal

®» ATOoUVSEDT) TWV TUNUATWYV aTTo TNV TPo@odocia otav de ypeldlovtal



MSP Low Power provisions
\P-73Y P

&):\rl ~\- &Y"\\Pj <33V W \5.6\\7 R NEENNY

» MSP430 designed for ULP from Y Multiple operating modes
ground up 2, \ "’ﬁ\ ® 100 nA power down (RAM retained)
_ i ; -0.3LLAstande\\“..\f"S ,Ha"\;{\ﬁ |,|V\A
= Peripherals optimized to reduce f =110 uA / MIPS from(RAM n ¥
power and minimize CPU usage =220 A / MIPS from Flash

: : v/ Instant-on stable high-speed clock
®» [ntelligent, low power peripherals

can operate independently of CPU
and let the system stay in a lower
power mode longer
www.ti.com/ulp

v 1.8-3.6V single-supply operation

v Zero-power, always-on BOR

v’ <50nA pin leakage

v/ CPU that minimizes cycles per task
v Low-power intelligent peripherals

‘ ® ADC that automatically transfers data
¢ ( W

B Timers that consume negligible power
: (/ ~> = ; \')

® 100 nA analog comparators
v’ Performance over required operating

|
) V‘\I\ conditions



http://www.ti.com/ulp

Low Power Modes (LPM)
Elocaywyn

What if we could “stop” the CPU if there is nothing to do?
- l.e. when we use timers to count time

Active Mode

LPM2 i fin
The question is: How do you “wake-up”

the CPU to do things?




MSP430 Low Power Modes

CPU Off Active Off

DCO on P & DCO on —> All

ACLKon J}_S* ACLK on “Z_ | Clocks Off
45nA 220pA <lus 100nA

LPMO ‘7 h- T m-;@;"'; L PM4
Vo = N e N !  RAM/SFR retained

Stand-by
g unction
ACLK on « LCD driver

0.3pA « RAM/SFR retained

Specific values vary by device



Ultra-Low Power Activity Profile

4 )

Active

Average

Low
Power
Mode

= Minimize active time
®» Maximize time in Low Power Modes
® [nterrupt driven performance on-demand with <1us wakeup time

®» Always-On, Zero-Power Brownout Reset (BOR)




Low Power Modes (LPM)
Elocaywyn

H petaywyr o€ katdotaon YaunAng KatavaAlwon Koo Tilel (yia va eAeyxei n
EOWTEPLKY) KATAOTAON, ELOIKA OE OLOYETEVON):

®» Xpovo.
®» Evépyela.
[Ipemel va amo@aciotel av agllel | aAAayn KATACTAONG.

MTopel va xpnopomonOel Staypapua KATAOTACEWY EVEPYELXS (power State
machine). KdBe xataotaon cUVSEETAL 6TO SIAYPAUUN, CUVOEETAL UE ULX KATACTAOT)
Aettovpytlag tov CPU.

H aAAayn kataotaons Koo Tilel, ylotl amatteltal va eEAeyx0el KATAAANAX 1] ECWTEPLK)
Aoywkn ™G CPU (yia va unv aAdotwBovv ta Sedouéva).

H exkivnomn mpémeL va YIVEL TPOOEKTIKA YIA VA ATTO@EVYHOVV VTTEPTATELS TTOV O
TPOKAAEGOVV SUCGAELTOVPYIA.



0.4 uA

32768 MSP430 Leave On the Slow Clock
ACLK ¢ Low power clock and peripherals
= , —> interrupt CPU only for processing
low-power peripherals
' On-Demand CPU Clock

“mlml ¢ DCO starts immediately

# CPU processes data and quickly
returns to Low Power Mode

MCLK
CPU and peripherals
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Low Power Mode Configuration

Reserved SCG1|SCGO gﬁg gig GIE| N Z | C
R2/SR
ActiveMode i0 0 0 O i ~ 250uA
LPMO 0 0 0 1 i ~ 35uA
LPM3 1 1 0 1 ~0.8uA
LPM4 i1 1 1 1 i ~ 0.1uA
bis.w  #CPUOFF, SR ; LPMO

LPM in Assembly



Using Low Power Modes are easy

ULP i1s Easy!

void main(void)
{
WDT_init(); // initialize Watchdog Timer
while(1)
{
__bis_SR_register(LPM3_bits + GIE);
activeMode();
}
}

#pragma vector=WDT_VECTOR
__interrupt void watchdog_timer (void)

{
)

__bic_SR_register_on_exit(LPM3_bits);

/I Enter LPM3, enable interrupts
/l'in active mode. Do stuff!

/I Clear LPM3 bits from O(SR), Leave LPM3, enter active mode




Operating
Mode

Active
LPMO
LPM1
LPM2
LPM3
LPM3.5
LPM4

LPM4.5

Low Power Modes (LPM)
MSP430

Interrupt Sources

SMCLK
ACLK
RAM

etention
BOR

Self Wakeup

& @
LILILCIEIE]D
mm Timers, ADC, DMA, WDT, 1/0,
EIEBERENER oot nterrupt, com

Serial, RTC, other...

External Interrupt, RTC
External Interrupt

External Interrupt




Low Power Modes (LPM)

main()

{
initGpio() ;
initClocks () ;
initTimers () ;

while (1) {

— _1ow _power_mode_3() ; m

Lo £ilter();

#pragma vector = TIMER1 A0
__interrupt ISR()

K
1. (getsample();

- _low_power_mode_off_pn_exit();

} // Return from interrupt (RETI) V

MSP430

Executing LPM3 function puts
the processor standby

Unless an interrupt occurs, CPU
will stay asleep

Since ISR exits from LPM, we
need additional code (such as a
while{} loop)

An interrupt wakes the CPU

Status Register (SR) is saved to
stack (including LPM bits)

Exiting ISR routine:
+ ‘exit’ fcn modifies saved SR
(clearing LPM) before restore

« RETI instruction restores SR
from stack

« With LPM “oft”, CPU returns
to instruction after LPM
intrinsic; e.g. filter()



Low Power Modes (LPM)
MSP430

NO LPM:

If MCLK = 25MHz -> 25 MPIS ? And

0,18mA*25= 4,5mA perpetually -> 4,5mAh/hour
With 1000mAh battery -> ~10 days operation

With LPM:
Assume ~1000 instructions per repeat (if time stuck ==1)
Then 1000 instructions/25MHz -> 40 pSec!!

Apa 4,5mA yia 40 pusec kal HeTa 1,9pA yia 999960usec!!

With 1000mAh battery -> ~?? Days

(4,5mA*40*10°sec+1,9*103mA*999960*10°sec)/1sec
=~2080*%10°mA=~ 2*103mA average -> 2¥103mAh/hour

AnA. 1000mAh/ 2¥103mA = 500.000hours= 57years!!!



Low Power Modes (LPM)

FR58xx
24 MHz 16 MHz
Performance (max) 16 MHz 25 MHz e ) el
Flex Unified Memory No No FRAM (16K) FRAM (64K)
Active AM 230 pA (1IMHZ 180 pA/MHz § 100 pA/MHz <100 pA/MHz
Standb LPM3 0.7 A 1.9 uA 6.3 HA 0.7 pA
RTC LPM3.5 2.1 pA 1.5 pA 0.4 pA
Off LPM4 0.1 pA 1.1 yA 5.9 pA 0.6 pA
LPMA4.5 0.2 uA 0.3 A 0.1 uA
Standb 1.5 ps 3.3 18 78 us <10 ps
Y ’ or 150 us
- 2000 ps 310 ps 150 ps

The LPM's are great, but how do | get there?



Low Power Modes (LPM)
MSP430

Enter LPMx C Compiler Intrinsic Writing to SR with Intrinsic
LPMO _low_power_mode _0(); _bis_SR_register( GIE + LPMO_bits );
LPM1 _low_power mode 1(); _bis SR _register( GIE + LPM1_bits );
LPM2 _low_power_mode 2(); _bis SR _register( GIE + LPM2_bits );
LPM3 _low_power_mode 3(); _bis SR register( GIE + LPM3_bits );
LPMA4 _low_power_mode 4(); _bis SR register( GIE + LPM4 _bits );

¢ As written, both intrinsic functions enable interrupts and the
associated low-power mode

¢ bis (and bic) instructions mimic assembly language:
* bis = bit set
* bic = bit clear

¢ bis/bic intrisics allows greater flexibility in selecting bits to set/clear

How do | exit LPMx?
Can | automatically reenter LPM?



