Embedded systems power
consumption issues

Text: Chapter 3.7
STM32L100RC Technical Reference Manual, Chapter 5
STM32L4x5 and STM32L4x6 Reference Manual, Chap. 5.3




CPU power consumption

» Most modern CPUs are designed with power
consumption in mind to some degree.

» Power vs. energy:
heat depends on power consumption;

battery life depends on energy consumption.



CMOS power consumption

» Voltage drops: power consumption proportional to V2.
» Toggling: more activity means more power.

» Leakage: basic circuit characteristics; can be eliminated by
disconnecting power.

» Dynamic power consumption: occurs during switching of
ON/OFF of n and p networks

» Static power consumption:“leakage” current (Ippg)
during quiescent period (no switching), when one of n
and p network should be OFF



CPU power-saving strategies

» Reduce power supply voltage (reduce V?).
» Run at lower clock frequency.
Reduce dynamic energy consumption.

» Disable function units when not in use.
Reduce dynamic energy consumed.

Ex. Disable clocks that control switching in units

» Disconnect parts from power supply when not in use

Reduce both static and dynamic power.



Power management styles

» Static power management: does not depend on CPU
activity.

Example: user-activated power-down mode.

Initiate with some instruction/control register

Interrupt to exit this mode

» Dynamic power management: based on CPU activity.

Example: disabling of function units.



Application: PowerPC 603 energy features

» Provides doze, nap, sleep modes.

» Dynamic power management features:
Uses static logic.
Can shut down unused execution units.

Cache organized into subarrays to minimize amount of active
circuitry.
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PowerPC 603 activity

» Percentage of time units are idle for SPEC
integer/floating-point:

unit Specint92 Specfp92

D cache 29% 28%
| cache 29% 1 7%
load/store 35% 1 7%
fixed-point 38% 76%
floating-point 99% 30%
system register 89% 97%
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Power-down costs

» Going into a power-down mode costs:
time;
energy.

» Must determine if going into mode is worthwhile.

» Can model CPU power states with power state machine.



Application: NXP LPC 1311
» LPC 1311 has an ARM Cortex-M3 CPU

» Four power-management modes:
Run: normal operation.

Sleep: stops CPU clock, with CPU and peripheral logic still

powered. Peripherals may initiate interrupts that wake up the
CPU.

Deep sleep: stops CPU clock, powers down most analog
blocks, maintains CPU and peripheral registers and SRAM
values.

Deep power-down: power and clocks shut down to entire chip,
registers and SRAM not maintained.
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LPC1311 power state machine

@ deep sleep M deep power-down

I:)sleep = 6.6 mW I:)deep sleep = 89 “A I:)deep power-down = 667 nA
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STM32L100RC Ultra-low-power MCU

» ARM Cortex-M3 CPU
» Designed for low-power applications

» Low-power modes:
0.35pa standby mode (3 wakeup pins)
|.3pa standby mode + real-time clock
0.65pa stop mode (16 wakeup lines)
| .5pa stop mode + real-time clock
| |pa low-power run mode

238 mMA/MHz run mode

8 us wakeup time



STM32L1xxx performance vs. Vyy and Vigre
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STM32L1xx low-power modes

» Low power run mode: regulator in low power mode,
limited clock frequency, limited #peripherals running

» Sleep mode: Cortex-M3 core stopped, peripherals still
running

» Low power sleep mode: Cortex-M3 core stopped, limited
clock frequency, limited # peripherals running, regulator in
low power mode, RAM in power down, flash stopped

» Stop mode: all clocks stopped, regulator in low power
mode

» Standby mode:VCORE domain powered off

Source: STM32L100RC Reference Manual



STM32L1xx low power modes
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Conserve power in run mode

» Reduce system clock frequencies
» Turn off clocks to unused peripherals

» Configure voltage regulator for low-power mode



Sleep mode

» Enter by executing WFI (wait for interrupt) or WFE (wait
for event) instruction

Can select immediate entry to sleep mode, or entry upon
completion of the lowest-priority interrupt handler

“Low power sleep mode” if voltage regulator configured for low
power mode

» All I/O pins retain their functionality
» Exit sleep mode by any NVIC interrupt request or event
» Wakeup time shortest of the low-power modes



Stop mode

» Based on Cortex-M3 “deepsleep” mode, combined with
peripheral clock gating

All core clocks stopped and oscillators disabled
Flash memory enters low power mode

Can also configure other power-saving options

Enter via WFI/WFE, but with SLEEPDEEP bit and other
options set in system control register

v v Vv v

» Exit by triggering any EXTI

» Longer recovery time than sleep mode



Standby mode

» Lowest power consumption

» Uses Cortex-M3 “deepsleep” mode with voltage regulator
disabled

» Core domain powered off, oscillators switched off, SRAM
and register contents are lost (except RTC)

» Enter via WFI, with configuration options set in system
control register

» Exit via WKUP pin or RTC alarm

» Longer recovery time



STM32L4x6 Low-Power Modes

» Seven low-power modes

Figure 13. Low-power modes possible transitions
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STM32L4x6 Low-Power Modes

4

4

Sleep mode: CPU clock off, all peripherals can run and wake up
the CPU when an interrupt or an event occurs.

Low-power run mode:When system clock < 2 MHz. Regulator
is in low-power mode to minimize the regulator's operating
current.

Low-power sleep mode: Entered from the Low-power run
mode: Cortex®-M4 is off.

Stop 0, Stop |, Stop 2 modes: SRAMs and register contents

retained. All Vcore clocks stopped and clock generators
disabled (except LS| and LSE). Subsets of peripherals and RTC
can run.

Standby mode:Vcore domain powered off. SRAM2 can be
preserved. RTC can remain active.

Shutdown mode:Vcore domain powered off. All clocks
stopped. LSE can run.



Cortex-MO: Sleep Mode Related Instructions

Wait for interrupt.

WFI . T e F . .
Stops program execution until an interrupt arrives or until the processor enters a debug state

Wait for event.

WFE . . . " . . .
Stops the program execution until an event arrives (internal event register is set) or until the processor enters a debug state

SEV Send event to all processors in multiprocessing environment (including itself).
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There are a number of sleep mode-related instructions supported in the Cortex-M0 processor. These include:

The WFI instructions that halt execution until an exception arrives, apart from the case when it is masked by the exception mask registers or a debug entry request, if debug is enabled. There are other interrupts cases that cause the processor to wake up. 

The WFE instruction has an almost identical functionality like WFI, except that it can also be awakened by events. An event can be an interrupt or the use of the SEV instruction as we will see later.

(Both WFI and WFE are intended for power saving only and can be treated as an NOP instruction.)

The SEV instruction causes an event to be signaled to all processors in a multiprocessor system. It also sets the local event register.




Low-Power Requirements

The low-power requirements of systems vary but can be
summarized as follows:

Low operating power

Low standby power

High energy efficiency

Wakeup latency
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The low-power requirements of systems vary, but can be summarized as follows: 

Low operating power: the power consumed during a normal operation of the system needs to be minimized. A significant portion of the operation’s power loss is caused by data transition activities.  

Low standby power: the power consumed when the system is on standby mode needs to be minimized. A significant portion of the power loss while on standby is caused by leakage currents. 

High energy efficiency: the number of operations that can be carried by a processor for each energy unit needs to be maximized. There are a number of metrics to estimate energy efficiency. For example, we could use a benchmark such as Dhrystone (DMIPS) and estimate the energy efficiency as of DMIPS/mW.

Wakeup latency: this is a measure of how long it will take the processor to exit the sleep mode. 




Cortex-MO Low Power Features

Two architectural sleep modes:
Normal sleep and deep sleep

Two instructions for entering sleep modes:
WEFE and WFI

Sleep-on-exit feature

Allow processor to stay in sleep mode as much as possible.
Wakeup interrupt controller (WIC)

An optional feature allows the clock of the processor to be completely removed during deep sleep.
Low-power design implementation

Since the gate count is very low, the static leakage power is tiny compared to other 32-bit processors.
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The Cortex-M0 processor is designed to target smaller embedded systems to meet ultra-low-power and high energy efficiency requirements.

The Cortex-M0 is a 32-bit processor, but only requires 12k gates, making it smaller than many 16-bit processors and much smaller than other 32-bit processors. Since the gate count is very low, the static leakage power is tiny compared to other 32-bit processors. On the other hand, the 32-bit architecture gives Cortex-M0 higher processing capability, which significantly reduces the operation duty cycle.

The Cortex-M0 is enhanced with two architectural sleep modes, which are supported by two instructions for entering sleep modes. The hardware architecture has an optional block called WIC. The latter allows the clock of the processor to be completely removed during deep sleep. This will save a great amount of dynamic power.
 



Cortex-MO Sleep Mode

The Cortex-MO0 processor supports two sleep modes:
Normal sleep: switch off some of the clock signals.

Deep sleep: reduce voltage supplies to the memory blocks and switch
off additional components.

To enter a sleep mode:
Use WFE instruction.
Use WFI instruction.
Use the sleep-on-exit feature.
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Sleep-on-Exit Feature

The sleep-on-exit feature allows the processor to enter a

sleep mode as soon as all the exception handlers are
completed.

The power consumption is reduced since:

The execution of unnecessary programs in the main thread is
avoided.

The unnecessary stacking and unstacking operation is avoided.
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The sleep-on-exit feature is typically used in interrupt-driven applications as this maximizes the amount of time the processor can stay in sleep mode.




How to Enable Sleep Features

The sleep features can be programmed by accessing the system control register (SCR) in the in the
system control block (at address OxEOOOED |0).

SCR
0 Reserved -
I SleepOnExit Sleep-on-exit enable bit
2 SleepDeep Sleep mode type bit, 0: normal sleep; |: deep sleep
3 Reserved -
4 SeVOnPend Send event on pend bit, enable generation of event by a new interrupt
pending status
[31:5] Reserved -

SCR can be accessed by register symbol “SCB->SCR,”’ for example:
- SCB -> SCR = I<l; //[Enable sleep-on-exit bit
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The sleep-on-exit feature is enabled by setting the bit[1]. To enable normal sleep mode we need to set bit[2] to zero. For deep sleep mode, we set the same bit to logic one. The Cortex-M0 also has a send-event-on-pend feature, which allows any interrupts (including disabled ones) to wake up the processor that stays in the sleep mode by executing the WFE instruction. This feature is controlled by bit[4] in the SCR register. When SEVONPEND bit is set, if an interrupt switches from inactive to pending state, an event will be generated, and the processor will be woken up from WFE sleep.




Processor Wakeup Conditions

The processor can exit the sleep mode on different conditions.

IRQ priority > current level

IRQ priority > current level 0 I No No
WEFE

IRQ priority < current level 0 - No No

IRQ priority < current level I - Yes No

IRQ priority > current level - 0 Yes Yes
WFI IRQ priority > current level - I Yes No

IRQ priority < current level -- -- No No
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The wakeup conditions after the execution of WFE or WFI instructions have both similarities and differences. Similarities include waking up on interrupt requests that are enabled and have a higher priority than the current level, and also the processor can be awakened by debug events.

One differences is that the execution of WFE does not enter sleep if the event register was set to 1, whereas execution of WFI always results in sleep. Also, a new pending disable interrupt can wake up the processor from WFE sleep if SEVONPEND is set. In addition, WFE can be awakened by an external event signal. This is not the case for WFI. And finally, WFI can be awakened by an enabled interrupt request when PRIMASK is set, which is different from the WFE instruction.



Wakeup Interrupt Controller

Arm Cortex-MO Microprocessor

Interrupt

Requests
and NMI

Nested Vector
Interrupt Processor Debug
Controller Core Subsystem

(NVIC)
1 Wakeup 1
I Interrupt .
: Controller (WIC) 1 Internal Bus System
L o o o e o e ey e e
Power i E
Management AHB-Lite
Interface Bus Interface

JTA
Deb

G/Serial-Wire
ug Interface

&

Memory and Peripherals


Presenter
Presentation Notes
The WIC is an optional unit, mainly used in low-power systems. In these applications, the processor can enter standby state while most of its parts are powered down. 



Wakeup Interrupt Controller

Usually requires a system-level power management unit
(PMU)

When an interrupt is detected, the WIC sends a request to a
PMU in the microcontroller to restore power and clock
signals to the processor; and then the processor can wake up
and process the interrupt request.

The WIC does not require extra programmable registers.

IRQ & NMI

----------------------------------- |T?-()-<-&-@K/I-I“- > Cortex-MO0
» WIC < -
M
*Wake up > NV I C
Power control q
PMU <

Deep sleep
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The WIC block is used to decrease the power consumed by the processor.  The WIC unit is only activated in deep sleep mode (i.e., when the SLEEPDEEP bit is set).



()

nter and Exit Deep Sleep Mode

WEFI instruction is Processor informs
Processor sends mask

executed for deep information to WIC. PMU to put into low Processor deep sleep
sleep mode. power state.

WIC wakes up WIC first detects

IRQ, and informs
PMU to put power
back to normal state.

processor to start the

IRQ occurs.
ISR operation.

WEFI PMU put processor into PMU put processor back to
(deep sleep) low power state. IRQ normal power.
( Main thread X Mask WIC X Inform PMU ) ------------------------- )( WIC detects, informs PMU X ISR )
Deep sleep
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Developing Low-Power Applications

Despite the low-power features of the processor, various things
can reduce power consumption of an application:

Run the processor at a suitable clock frequency.

Disable a peripheral when not used.

For interrupt-driven applications, the processor should stay in sleep
mode as much as possible; e.g., use sleep-on-exit.

Optimize the application code for speed to reduce active cycles (this
may be at the cost of a larger code size).

Turn off some of the clock signals or power supply when that piece of
circuit is not used.
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