MICROCHIP

AN1416

L ow-Power Design Guide

Authors: Brant Ivey
Microchip Technology Inc.

INTRODUCTION

Low-power applications represent a significant portion
of the future market for embedded systems. Every
year, more designers are required to make designs
portable, wireless and energy efficient. This document
seeks to simplify the transition to low-power applica-
tions by providing a single location for the foundations
of low-power design for embedded systems. The
examples discussed in this document will focus on
power consumption from the viewpoint of the microcon-
troller (MCU). As the brain of the application, the MCU
typically consumes the most power and has the most
control over the system power consumption.

As with all designs, it is important for the designer of a
low-power embedded system to consider trade-offs
between power consumption, and other factors, such as
cost, size and complexity. While some low-power tech-
niques can be used with no cost to the system, others
may require trade-offs. This guide will give examples of
these trade-offs where applicable. However, it is not
feasible to discuss all possible trade-offs, so an embed-
ded designer should keep in mind the possible system
level impacts of power-saving techniques.

This design guide will refer to Low-Power modes
available on PIC® MCUs, but will not go into detail
about these features. For information about the
Low-Power modes available on PIC MCU devices,
refer to AN1267, “nanoWatt and nanoWatt XLP™
Technologies: An Introduction to Microchip’s
Low-Power Devices” (DS01267).

LOW-POWER BASICS

The definition of low power varies significantly from
application to application. In some systems, there is
plenty of energy available to run from, but the
low-power designer is attempting to minimize operating
costs or maximize efficiency. While in other applica-
tions, there may be a limited power supply, such as a
coin cell battery, which determines the power con-
sumption requirements of the system. These systems
require different focuses to minimize power. It is impor-
tant to consider and understand what causes power
consumption and where to focus power minimization
efforts to create an effective low-power system.

Main Sources of Power Consumption

In CMOS devices, such as microcontrollers, the total
power consumption can be broken down into two broad
categories: dynamic power and static power. Dynamic
power is the power consumed when the microcontroller
is running and performing its programmed tasks. Static
power is the power consumed, when not running code,
that occurs simply by applying voltage to a device.

DYNAMIC POWER

Dynamic power consumption is the current which is
consumed during the normal operation of an MCU. It
includes the power lost in switching CMOS circuits and
the bias currents for the active analog circuits of the
device, such as A/Ds or oscillators.

To understand where switching losses originate from,
consider a CMOS inverter, as shown in Figure 1.

FIGURE 1: CMOS INVERTER DYNAMIC
POWER CONSUMPTION
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This inverter will consume little to no power when the
input is at VDD or Vss. However, when the signal
switches from VDD to Vss, there is a transition period
where the PMOS and NMOS will both be biased in the
linear region, allowing current to flow from VDD to
ground. Also note, in a real system there is some
amount of load capacitance on the output bus. There is
additional current consumption associated with the
charging and discharging of this bus capacitance when
the logic level changes.
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The average power consumed by dynamic switching
losses of a single gate can be defined by the following
equation:

EQUATION 1: DYNAMIC POWER

CONSUMPTION

P=V2xfxC

Where V is the system voltage, f is the switching
frequency and C is the load capacitance.

Note that this equation is for a single CMOS device, not
the entire MCU. When considering the entire MCU, this
equation will be multiplied by a scaling factor (c), which
varies depending on the switching frequency of all of
the gates in the device.

Equation 1 reveals a few important points to consider
about how to control dynamic power consumption. The
first point to consider is that voltage is the most significant
factor in dynamic power consumption because the
voltage term is squared. Reducing the system operating
voltage will have a significant impact on power consump-
tion. Another major consideration is which of these
components can be modified in a system. Every
embedded system has different requirements which
will limit the ability of a designer to adjust the voltage,
frequency or load capacitance.

For example, the embedded system designer has
limited control over C, the internal load capacitance.
The capacitance is a function of the internal MCU lay-
out and design. It is up to the MCU manufacturer to limit
the switching of load capacitance by utilizing proper
low-power IC design techniques, such as properly gat-
ing clock signals. The only control the system designer
has over internal load capacitance is the ability to
enable and disable MCU features individually. A savvy
low-power designer should ensure that, at any point in
a program, only the currently needed features of the
MCU are enabled and all others are turned off.

A designer does have control over the external load
capacitance of a signal that is routed to an 1/O pin.
These capacitances can be much larger than the inter-
nal capacitance of the device and can cause significant
losses. For this reason, it is important for a designer to
review a design for stray capacitance on digital switch-
ing. Refer to the “Hardware Design” section for more
details on I/O low-power design techniques.

Operating voltage is primarily defined by the process
technology used in the manufacture of the MCU. As pro-
cess geometries shrink, the operating voltage decreases
and the device consumes lower dynamic power. An
embedded system designer can utilize this knowledge by
selecting MCUs which are capable of operating at lower
voltages. However, if the minimum system voltage is
defined by some other component of the system, such as
a sensor or communications interface, this will require a
cost versus power trade-off. This would require an
additional voltage regulator for the MCU power, which

would increase system cost. Interestingly, in some
cases, it can be more power efficient to run at a higher
voltage if it allows for the removal of a regulator. In this
case, the power lost in the regulator is higher than the
increase in dynamic current from operating at a higher
voltage.

Frequency is typically the most variable of the factors
contributing to dynamic power, and as such, is usually
the component adjusted by embedded designers to
actively control power consumption. The optimal
operating frequency for a system is determined by a
combination of factors:

« Communications or sampling speed requirements
* Processing performance
e Maximum peak current allowed

As the power equation indicates, lower frequencies will
result in lower dynamic current. However, it is important
to keep in mind that execution speed is also a factor in
power consumption. In some cases, it may be optimal to
run at a higher frequency and finish an operation more
quickly to allow the system to return to Sleep for minimal
power use. Also, consider that at low frequencies,
dynamic switching current may no longer dominate
system power consumption. Instead, the static power
consumption used in biasing the analog circuits on the
MCU will dominate. This can limit the effectiveness of
reducing frequency as a power-saving technique. At this
point, the designer should focus on techniques to reduce
static power.

STATIC POWER

Static power consumption encompasses all of the
power required to maintain proper system operation
while code is not actively running. This typically
includes bias currents for analog circuits, low-power
timekeeping oscillators and leakage current. Static
power is a major concern for battery-based systems,
which spend significant portions of the application
lifetime in Sleep mode.

Analog circuits, such as voltage regulators and
Brown-out Resets (BOR), require a certain amount of
bias current in order to maintain acceptable accuracy as
temperature and voltage vary. In order to offset the cur-
rent consumption of many of these modules, the best
techniques are to utilize flexibility built into the MCU to
enable and disable analog blocks, as necessary, or to
utilize lower power and lower accuracy modes.
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Timekeepers, such as the Watchdog Timers (WDT) and
Real-Time Clock/Calendars (RTCC), are also usually
considered part of the system’s static power consump-
tion. Even though these modules are actively switching
and could be thought of as dynamic because they are
always running at a constant frequency, and consume
very little power, it makes more sense to include them in
static power calculations. Nonetheless, as dynamic
circuits, they follow the same rules for power optimiza-
tion, as mentioned in the “Dynamic Power” section and
are primarily affected by voltage, frequency and capaci-
tance. By nature, these oscillators are low-frequency
and low-power oscillators. For instance, 32 kHz crystal
drivers are usually designed to allow the crystal to oper-
ate with as little peak-to-peak voltage as possible, while
maintaining stable oscillation. Refer to the “Low-Power
Crystal Design” section for more information on
reducing crystal oscillator power consumption.

FIGURE 2: NMOS TRANSISTOR
LEAKAGE CURRENTS
VG
[
Vss Gate VDD
L T
= Source Drain
Sub-Threshold
Leakage v
Gate Leakage
Substrate
==

Leakage current is caused by the non-ideal operation of
the MOSFETs used in CMOS devices. As process tech-
nologies shrink and transistors become smaller, there
are several aspects of the FET which no longer behave
as they would in an ideal system. Current begins to leak
from the FET drain to the source, even when the gate is
below the conducting threshold. This current is called
sub-threshold leakage. Sub-threshold leakage occurs
because the drain and source are physically closer in a
narrower transistor. The narrower a transistor is, the
larger this leakage becomes. Additionally, leakage is
affected by temperature and voltage. For MCUs, using
small processes at high temperatures and maximum
voltage, leakage can amount to many pA of current.

Similar to dynamic power, some of the aspects of
leakage power are outside of the control of the embed-
ded system designer. Selecting an MCU with a larger
process technology will reduce leakage, but with the
trade-off of having higher dynamic current consump-
tion. Temperature is also out of the designer’s control,
set by the requirements of the system. Generally, the
best option for reducing leakage is to reduce voltage
and power off unneeded circuits. Some PIC® MCUs
provide features, such as Deep Sleep, which power
down additional circuits in the device to reduce the
power consumption below typical Sleep levels.

PROCESS TECHNOLOGY TRADE-OFF
CONSIDERATIONS

A critical trade-off becomes apparent when trying to opti-
mize both dynamic and static power. Smaller process
technologies have considerably lower dynamic power,
but at the cost of much higher leakage current. Table 1
shows a comparison of some commonly used process
technologies, and the relative static and dynamic power
consumption for each technology. In some cases, as a
result of this trade-off, it can be difficult for a designer to
determine which is more important to reducing power
consumption for a system. In order to select the correct
MCU, which will minimize power for a particular system,
it is important for the designer to know whether dynamic
or static power has a more significant impact on the
system. This process is called ‘Power Budgeting’ and is
discussed in detail in the “Measuring Power Con-
sumption” section. This trade-off between dynamic and
static power is what makes MCU design optimizations
matter. MCU manufacturers are constantly searching for
ways to maintain low leakage as process technologies
continue to shrink.

TABLE 1: COMPARISON OF PROCESS
TECHNOLOGY POWER
CONSUMPTION

Process Lﬁitvigre Dgg\e,\vn;ric Core
Technology (Normalized) | (Normalized) Voltage

0.35 um 0.5 2.8 3.0V

0.25 um .75 2 2.5V

0.18 um 1 1 1.8v

130 nm 15 .75 1.5V
90 nm 2 0.44 1.2v
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WHAT IS LOW POWER?

Low power means different things for different systems.
Some applications focus on dynamic power consumption
as they must remain running constantly, such as a power
supply. For these applications, the only concern is how to
reduce dynamic power as much as possible to improve
efficiency. On the other hand, a battery-powered applica-
tion would typically be more concerned with the Sleep
mode power consumption, as it tends to spend most of
its time in Sleep mode.

However, these Run and Sleep mode power consump-
tions are not the only aspects that are important to power
consumption. For example, wake-up time can have a
crucial impact on systems with a low active duty cycle.
Consider a system which only remains awake for 10 us

to read and store an input before returning to Sleep. In
this example, it is not feasible to start up a crystal oscil-
lator which could take milliseconds before it is stable.
The MCU must be able to wake-up and operate in a few
microseconds to effectively manage the application.

To understand the importance of the various aspects of
the system’s power consumption, the example applica-
tion, shown in Figure 3, will be used to show various
low-power design techniques and trade-offs. A data
logging sensor takes a sample every 100 mS and then
stores the data to EEPROM once a full page of data is
available (32 samples). The system runs for 50 uS to
take a sample and for 5 mS to store the data to
EEPROM. The sensor is using the PIC16LF1826, a 3V
XLP PIC microcontroller.

FIGURE 3: LOW-POWER SYSTEM EXAMPLE
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Measuring Power Consumption

When measuring the overall power consumption of a
system, there are two values which are of primary con-
cern: average power consumption and maximum
power consumption. Average power consumption is
the sum of the total energy consumed by the system in
Dynamic and Static Power modes, divided by the aver-
age system loop time, as shown in Figure 4. Average
power is important because it provides a single value,
which can be used to accurately determine battery life
or the total energy use of the system.

FIGURE 4: CALCULATING SYSTEM AVERAGE POWER CONSUMPTION
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Maximum power consumption is the worst-case power
draw required by the system. It is important to deter-
mine maximum power consumption in order to properly
design the system power supply. For example, many
batteries perform differently depending on the rate of
current draw from the battery, and it is important to
know what current levels the system’s battery is
capable of handling.

While measuring power consumption may seem
straightforward, accurately capturing average power
can be complex for many systems. Most embedded
applications do not spend enough time doing a specific
task for an ammeter to accurately measure and display
the current without modifying the code to wait in a par-
ticular state. An oscilloscope can be used to get an idea
of the current profile, but may not be able to accurately
capture the power consumption for Low-Power modes.
As a result, it is often necessary to combine multiple
measurement methods in order to accurately model the
power consumption of a system in all modes.

MEASURING STATIC POWER

There are a few concerns to consider when measuring
static power consumption. First, ensure that the
ammeter used for testing has a high enough resolution
to accurately measure the MCU’s power consumption.
For many nanoWatt XLP MCUs, the static power can be
lower than 100 nA, which can be outside the maximum
resolution for most handheld multimeters and some
bench DMMs.

Another concern is the voltage drop out of the ammeter.
When set to a low-current range for measuring static
power, there will usually be a notable voltage drop across
the meter. This can interfere with voltage-sensitive
circuits, and often, a Brown-out Reset will occur in an
MCU if a short, high-power pulse develops. This voltage
drop is frequently not specified in the product documen-
tation and must usually be measured by using a second
multimeter or oscilloscope.

© 2011 Microchip Technology Inc.
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Generally, it is not feasible to measure static power with
an oscilloscope. For currents under 10 pA, a shunt resis-
tor of at least 5 kOhm must be used in order to create a
measurable voltage drop. Using this large of a resistor is
likely to interfere with proper operation of the system
when not in the low-power state.

In the event that there is no ammeter available that is
capable of accurately measuring a very low-power appli-
cation, an alternate method can be used, utilizing a
capacitor. When operating in a Low-Power mode, an
MCU will act as a constant-current sink. Using the equa-
tion for constant-current discharge from a capacitor, it is
relatively easy to measure the power consumption of a
low-power system. Connect a capacitor, such as a low
leakage 10 uF ceramic capacitor, to the application, as
shown in Figure 5, with switches to disconnect the
capacitor from the voltage supply and the application.
FIGURE 5: LOW-POWER
MEASUREMENT,
CAPACITOR METHOD

Charge Discharge
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To measure low power in the capacitor method:

1. Connect both switches to run the system and
allow the capacitor to charge to Vbbp from the
voltage source.

2. Disconnect the voltage source (and any voltage
meters) and allow the application to run from the
capacitor for a set amount of time. This time
should be long enough to allow the capacitor to
discharge by about 100 mV. Make sure to dis-
connect the capacitor before the voltage has
dropped below the normal operating range of
the application.

3. Disconnect the capacitor from the application
and connect a voltage meter to measure the
remaining voltage on the capacitor.

4. Using Equation 2, calculate the current for a
capacitor under constant-current discharge,
based on the delta voltage and discharge time.

Note:  Some capacitor types have significant
leakage current which could cause error in
this method. To account for the leakage
current, repeat the experiment for the
same time period with no load on the
capacitor to determine the amount of
voltage change from leakage.

For example, if a system is run from a 10 uF capacitor
for 10 seconds, and experiences a voltage drop of
100 mV, using Equation 2 indicates that the system
consumes an average of 100 nA over that 10 seconds.

EQUATION 2: CONSTANT-CURRENT
DISCHARGE FROM A
CAPACITOR

MEASURING DYNAMIC POWER

Using an ammeter to measure dynamic power under
normal system operating conditions is usually not very
useful. This is because the sampling speed of most
ammeters is not fast enough to accurately measure the
real-time power consumption of the system, as it is
executing code and changing states. To accurately
measure dynamic power with an ammeter, it is neces-
sary to modify the system code to hold it in a particular
state in order to measure the power. This provides
accurate data for the current consumption of each state,
but doesn't provide the execution time information
needed to calculate the average power consumption of
the system.

An effective way to measure dynamic power consump-
tion is to use an oscilloscope to measure voltage
across a shunt resistor. The oscilloscope will allow a
designer to determine the changes in power consump-
tion as the system steps through various states during
operation, as well as measure the time spent in each
state. This facilitates the creation of a complete profile
of the application’s power consumption. It is important
to size the shunt resistor appropriately. It should be
large enough to provide measurable resolution on the
scope, but small enough not to cause a system
brown-out in high-power states. Usually, a 10-100 ohm
resistor is appropriate for dynamic power measurements.

CREATING A POWER PROFILE

Once data is collected for both static and dynamic
power, the data can be used to create a power profile
for the system. The purpose of a power profile is to
provide the designer with a clear image of where the
primary sources of power use are in the system so that
it can be optimized. To create a power profile:

1. Break down the application into states based on
varying power consumption.

2. Measure the power and execution time of each
state.

3. Determine the total energy consumed in each
state by multiplying power and time.

DS01416A-page 6
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TABLE 2: EXAMPLE POWER PROFILE CALCULATION
Mode Time for Current (uA) Charge
Mode
32 Samples (ms) By Device Mode Total (WA x ms)
Sleep
MCU Sleep 0.8
Sensor Off 3200 0 0.8 2560.0
EEPROM Off 0
Initialize
MCU Wake-up 0.8
Sensor Off 0.32 0 0.8000 0.26
EEPROM Off 0
Sample Sensor
MCU Run 150
Sensor On 1.28 16.5 166.5 213.12
EEPROM Off 0
Scaling
MCU Run 1300
Sensor Off 0.32 0 1300 416.00
EEPROM Off 0
Storing
MCU Run 150
Sensor Off 5 0 1150 5750.00
EEPROM On 1000
TOTAL 3206.92 — — 8939.38
Average Current (uA), Total 2788
Charge/Total Time '
Peak Current (uA) 1300

Once the profile is complete, the task of optimizing the
application is much simpler. The profile clearly indi-
cates which states of the system consume the most
power so that the designer can focus his efforts on
reducing the power of these states. The power profile
also simplifies the calculation of the system average
power and the maximum power. Consider the profile in
Table 2, which is based on the example application
from Figure 3. For each Microcontroller mode, the exe-
cution time is calculated and current consumption is
broken down by device. Note that in this profile, the
worst power consumers are the Storing and Sleep
modes. A designer, using this system, should focus
power reduction efforts on these two modes first, as
they have the highest impact on the system.

Performance vs. Power

There are always trade-offs between performance and
power consumption in an embedded system. The key to
low-power design is creating a system which utilizes the
strengths and features of the controller to get the most
performance within the power budget. Some critical
aspects to consider when designing for performance are:
* Wake-up Time

* Oscillator Speed

« Instruction Set Architecture (ISA)

+ Peripheral Features

» Executing from Flash vs. RAM

© 2011 Microchip Technology Inc.

DS01416A-page 7



AN1416

Wake-up Time

Wake-up time is critical for systems with short active
times, as the wake-up process often consumes a
similar amount of current as normal operation.

The primary component of wake-up time is the Oscillator
Start-up Time (OST). Typical start-up times for various
common clock sources on PIC MCUs are shown in
Table 3. Note that most high-accuracy and high-speed
sources, such as crystals and Phase-Locked Loop (PLL)

oscillators, have long start-up times. One method, which
allows a system to use a slow start-up source with a fast
wake-up time, is the Two-Speed Start-up feature on
many PIC MCUs. Two-Speed Start-up initially wakes up
from the internal RC oscillator, which typically starts up
in a few ps. The system runs from this oscillator until the
primary clock source stabilizes, reducing total operating
time by running any code that is not timing critical, as
shown in Figure 6.

FIGURE 6: TWO-SPEED SCOPE
M Pos: 1.000ms CURS0R
Type
Time
Source
e Ul e
- INTRC+PLL
Doy 2igpeed
- Startup
B ]
CHYT 200¥  CHZ 200V
TABLE 3: TYPICAL WAKE-UP TIMES FOR Clock Speeds and Power Efficiency
VARIOUS OSCILLATORS i
One of the most common questions about low-power
Oscillator Frequency Start-up Time desigq a§ks: What is the best.freque.ncy to run atin order
(ms) to minimize power consumption? Is it better to run at the
_ lowest speed possible or to run at high speed and then
Inter_nal FastRC 8 MHz 001-.010 Sleep afterward? While this will vary by MCU, usually
Oscillator ; - .
higher speeds are more efficient than low speeds. This
Low-Power RC 31kHz 0.3 occurs primarily because of the fixed current of initially
Oscillator powering the oscillator and the MCU. At low frequencies,
Primary Crystal 8 MHz 0.5-1.0 this fixed bias current represents a significant portion of
Internal RC + PLL 32 MHz 1.0 the total power consumption. However, at higher
(8 MHz x 4) frequencies, it becomes negligible. The result is that the
- higher frequencies typically have lower pA/MHz, allow-
Primary Crystal + PLL 32 MHz 1.5-2.0 ing for more efficient operation. Refer to Figure 7 to see
(8 MHz x 4) . .
how higher speeds can be more efficient.
Secondary Crystal 32.768 kHz 100-1000
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FIGURE 7:
OF HIGH SPEEDS

DYNAMIC CURRENT vs. OSCILLATOR SPEED, DEMONSTRATING EFFICIENCY
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There are a couple of caveats to this rule to consider. If
the power source is low impedance and capable of
handling high currents without an issue, it remains true.
However, for higher impedance sources, such as coin
cell batteries, it no longer holds. With lower current
power sources, the internal impedance of the power
supply will reduce the effective power output to the
MCU when high current is consumed. This can result in
the reduction of the battery life below the rated capac-
ity. It can also cause unreliable system operation due to
unexpected Brown-out Resets when the battery’'s
output voltage drops, due to the high-current load.

Second, at higher speeds, the system voltage often
becomes important. Many MCUs are not capable of
operating at full speed through the entire voltage range
of the device. Therefore, when running at high speed
from a battery-powered application, it is necessary to
monitor VDD to determine if the battery voltage is
dropping close to the minimum level required for
full-speed operation. If VDD drops below this voltage, it
can cause code mis-execution. Most MCUs provide a
Low-Voltage Detect (LVD) feature, which will interrupt
the device if VDD drops close to this range. This will
allow the firmware to reduce the operating frequency at
low voltage, allowing the system to extend its lifetime.

Instruction Set Architecture (ISA)

The primary dynamic power specification, advertised
by MCU manufacturers, is pA/IMHz or pA/MIPS. Unfor-
tunately, as many designers have discovered, neither
of these specifications are very accurate as they don’t
take into account the MCU’s CPU architecture. To truly
compare power consumption, it is necessary to con-
sider how much actual work is performed per unit of
energy consumed. Different architectures will perform
varying amounts of work in a single clock cycle. This
makes the Instruction Set Architecture of an MCU an
important component of power consumption. Clocking
scheme, cycles per instruction and available instruc-
tions all have a major impact on the performance of the
device, which directly affects the amount of work done
in one cycle, and therefore, the power consumption.

The first major considerations are the MCU clock ratio
and cycles per instruction. The clock ratio is the ratio of
the input system clock frequency (Fosc) to the internal
instruction clock frequency (Fcy or SYSCLK). Eight-bit
PIC MCUs have a divide-by-4 architecture, while 16-bit
PIC MCUs have a divide-by-2 architecture. PIC32
devices have a 1-to-1 clock ratio. It is important to con-
sider the clock ratio when checking the specifications
for a device. In some cases, devices specify power
consumption based on Fosc and others based on Fcy.
Devices which specify Fosc will refer to the speed in
MHz (e.g., 8 MHz), while a device specifying Fcy will
use MIPS (e.g., 8 MIPS).

© 2011 Microchip Technology Inc.
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However, clock ratio cannot be considered alone when
comparing power consumption. The other important
component to the equation is cycles per instruction. All
PIC MCUs are RISC architectures, with most of the
instructions taking one cycle to execute. Even so, many
other MCUs (even some which advertise as RISC)
require multiple cycles per instruction. This difference
can make it very difficult to directly compare power con-
sumption between different architectures. In some
cases, if the majority of the instructions on an MCU
require a given cycle count, an average cycle/instruction
value can be calculated and used for power compari-
sons; others are complex enough that this is not possible.
If this is the case, it is generally only possible to compare
power consumption by using a benchmarking test.

Benchmarking is the only complete method to compare
devices which take Instruction Set Architecture into
account. It is also the most time-intensive method to
compare devices. For a simple benchmark, there are
some open source benchmark standards, which can be
used to do get an initial comparison. By combining
benchmark completion times with data sheet power
consumption specifications, it is often possible to get a
reasonable comparison of device power consumption.
Even so, these benchmarks usually utilize only the CPU
of a device and do not exercise device peripherals or
advanced features. An ideal comparison is to use a
simplified application, which performs the major time or

power consuming portions of a system, and performs a
power budget analysis using this simplified system as a
more accurate benchmark.

Properly Utilizing Peripherals

Peripheral features on a microcontroller can help sub-
stantially reduce power consumption. However, often it
can be deceiving which peripherals consume high
power and which are low power. For example, when
comparing a UART to an SPI, many designers would
choose the UART as the lower power module. Because
it requires fewer toggling 1/0Os and runs at a lower
speed, this limited speed actually makes the UART
worse for power consumption, as an SPI is usually able
to complete a transaction much more quickly than a
UART. While the SPI may consume more power during
the transaction, afterward the device can go to Sleep
and eliminate the highest source of power consump-
tion, the CPU. Table 4 provides a list of some of the
common features on MCUs and gives a rough baseline
for their estimated power consumption. Of course, this
will vary by vendor, peripheral settings and by applica-
tion, but it should provide a basis for determining which
module to use when multiple choices are available.

The following sections provide some further tips on
how to effectively use various peripherals to reduce the
power consumption of a system.

TABLE 4: POWER CONSUMPTION OF COMMON PERIPHERALS
Serial Communications Current Time to Send Total Charge
(nA) 10 Bytes (ms) (A x ms)
UART (57.6k) 200 1.74 347.22
12C™ (400 kHz) 1000 0.25 250.00
SPI (4 MHz) 700 0.02 14.00
Analog Modules Current Time to Convert Total Charge
(nA) 10 Samples (ms) (WA x ms)
Low-Speed A/D (100 ksps maximum) 250 0.1 25
High-Speed A/D (500 ksps maximum) 1000 0.02 20
Low-Speed Comparator 10
High-Speed Comparator 100
DAC/CVREF 5
Low-Power Modules Current
(HA)
Brown-out Reset (BOR) 5
Watchdog Timer (WDT) 0.5-1.0
Real-Time Clock and Calendar 0.5-1.0
(RTCC)
Timer (31 kHz) 0.5-1.0
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ANALOG-TO-DIGITAL CONVERTERS (A/D)

The Analog-to-Digital Converter (A/D) is primarily an
analog module and many of the circuits used to per-
form conversions do not vary significantly with speed,
such as reference voltage circuits, signal amplifiers,
signal buffers, etc. Because these analog circuits make
up the bulk of power consumption for the A/D, it is
usually beneficial to run an A/D at a higher speed than
necessary for the application, disabling it in-between
samples. The A/D should be set to use the fastest con-
version clock possible and reduce the sampling time to
the minimum necessary to maintain measurement
accuracy.

DMA AND FIFO BUFFERS

A Direct Memory Access (DMA) controller is a powerful
tool to reduce power consumption. The DMA improves
performance by off-loading data transfer tasks from the
CPU. Any features which can reduce CPU run time can
help to drastically reduce power consumption, as clock-
ing the CPU is the most power-intensive task in an
MCU.

Many peripherals, capable of operating in Sleep, have
built-in FIFO buffers which reduce power by enabling
longer Sleep times. The FIFOs will store received or
sampled data and will interrupt once the buffer is full.
This allows the device to only wake up once to process
the data. This consumes much less power than fully
waking up a device to allow the CPU to handle each
individual transfer.

BROWN-OUT RESET (BOR)

Brown-out Reset (BOR) protection circuits are a
double-edged sword for low-power applications. On one
hand, they protect the application from mis-execution as
batteries die, or when high transient currents cause dips
on the voltage supply. On the other hand, they tend to
consume high power while a device is in Low-Power
modes. An average BOR, in order to maintain accuracy,
typically has a bias current of about 5 pA.

It is important to utilize flexible features on a BOR in
order to have the best power performance. Some
useful power reducing BOR features are:

* Automatically disabled BOR in Sleep mode.
Many PIC MCUs have the ability to automatically
disable the BOR when the device enters
Low-Power mode. Because the primary purpose of
a BOR is to protect the device from
mis-execution of code at low voltage, it is often no
longer needed when the CPU is not running.
Therefore, it is valuable to have a module that is
automatically disabled in Sleep and automatically
re-enabled when waking up the CPU.

» Accuracy and power setting controls. Some
PIC MCUs have a BOR with programmable cur-
rent consumption. This allows a designer to
choose the current range, which makes the most
sense for the system, based on the accuracy and
voltage levels required.

* Low-Power BOR or “Deep Sleep” BOR mode.
Sometimes an application doesn’t require protec-
tion from mis-execution in the form of a constantly
active BOR. However, completely disabling the
BOR circuit can leave an MCU vulnerable to
lock-up if the supply voltage drops close to the
transistor threshold voltage, without dropping all
the way to ground. As a result, many newer PIC
MCUs have a Low-Power BOR (LPBOR), which
provides downside protection to ensure the MCU
will always have a Power-on Reset (POR). This
mode typically consumes about 50 nA to enable,
considerably less than a full-fledged BOR.

© 2011 Microchip Technology Inc.
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WAKE-UP SOURCES

The proper selection of wake-up sources is often an
overlooked MCU feature, which can help reduce power
consumption. Modern MCUs have a wide variety of
wake-up sources and can wake up from almost any
peripheral module on the device. While many applica-
tions will traditionally wake up, based on a timer to
check for events, power can be reduced by enabling a
peripheral, which is specifically capable of capturing a
particular event. For example, I°C™ and SPI modules
can receive data while asleep, then wake up the device
afterward. This can save power over having to wake
the device every few milliseconds to check for incoming
transmissions.

Another example is the value of a Real-Time Clock
(RTC) versus using a timer module for wake-up. Keep-
ing time with a timer module usually requires waking a
device, once every second, to update the clock and
check for an alarm condition. However, a Real-Time
Clock and Calendar (RTCC) will allow the device to
keep time and remain asleep until the alarm occurs,
reducing power.

Executing from Flash vs. RAM

Powering and reading the Flash memory of an MCU is
one of the most significant contributions to power
consumption. Reading from RAM consumes less power
than Flash. To take advantage of this difference, many
high-end MCUSs, such as the PIC32, provide an option to
execute code from RAM to help reduce dynamic power
consumption. However, there are trade-offs and over-
head to consider in order to determine if it is applicable
to a particular application.

In order to run from RAM, the code must be copied from
Flash to RAM. This task consumes significant time and
power. In order to be worthwhile, the functions run from
RAM, which generally should be limited in size or
should be computationally-intensive functions.

A potential trade-off to consider is that for some device
architectures, running from RAM can reduce perfor-
mance due to the limitations of using a single memory
bus for execution and operation. For example, the
Harvard architecture used in PIC32 devices, normally
uses one memory bus to read from Flash and another
to read from RAM. This allows the device to run at high
speed without stalling the processor. However, when
operating from RAM, only a single memory bus is used,
which can force the processor to stall during some
instructions which write to RAM. Make note of these
potential differences on a device when calculating the
value of executing from RAM.

DS01416A-page 12
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SOFTWARE DESIGN

Software design has a critical impact on low-power
system design. Selecting the best low-power devices, and
optimizing hardware for low power, can easily be wasted
if the proper techniques are not utilized when writing sys-
tem software. The following sections provide some
general tips for reducing power consumption in software.

Conditional Code Execution

One software technique, which can be effectively used
in many applications, is to utilize a conditional wake-up
and code execution structure. For example, Figure 8
shows a graph of the power consumption of the sensor
presented in Figure 3. The sensor system takes
32 samples before writing to the EEPROM. This allows
the system to minimize power by running for a very

FIGURE 8: SENSOR POWER CONSUMPTION

short time on most wake-up events and ensuring that
the high-current operation of writing to Flash is done as
infrequently as possible. If each sample was written
individually, the system would consume significantly
more current.

Additionally, this system uses a varying system clock to
further improve power. This system uses a lower speed
clock source, during the sampling and storing
processes, and only uses the high-speed clock for the
scaling process. This is because the sampling and stor-
ing times are fixed by the A/D and EEPROM which are
used in the system. Reducing the frequency during this
time, reduces current consumption without increasing
run time. The scaling time depends only on the perfor-
mance of the MCU and varies with operating frequency.
Therefore, during this time, it is optimal to run quickly
allowing the system to return to Sleep afterward.
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Idle and Doze

Generally, it is easy to tell when Low-Power modes,
such as Sleep, should be used in an application, as
there is an obvious down time when the system can
enter Sleep mode. Dynamic power-saving modes, Idle
and Doze, tend to be less obvious. For example, some
cases when a system should use Idle or Doze mode are:

* Replacing Wait loops. Low-power applications
should avoid loops where the CPU is performing
time-wasting actions, such as polling a bit.
System designers should replace these loops with
a call to Idle mode, such as follows:

Replace:
whi | e(! ADCl nt errupt Fl ag) ;

With:
whi | e(! ADCI nt er r upt Fl ag)
{
Idle(); //wake on ADC interrupt
}

This will have the same effect in the code, but at a
much lower power cost, as the CPU will not be
clocked until the A/D interrupt wakes up the device.
Note that this will not impact other functionality of the
device, as other interrupts can wake up the device
and be handled properly, with the device returning to
Idle afterwards. In cases where the CPU needs to
perform some processing while waiting on the flag,
consider using Doze mode rather than Idle to run the
CPU at a slower speed while waiting.

* Running high-speed peripherals. Consider the
scenario where a system’s primary job is to main-
tain a high-resolution PWM output. The
high-resolution requirement will force the system to
maintain a high-speed clock. In this case, Sleep
mode cannot be used to reduce power consump-
tion due to the need to maintain the PWM. Similarly,
Idle mode may not be feasible because the CPU
will need to monitor the system state to update the
PWM, as necessary. Even so, it is unlikely that the
CPU will need to run at the same speed as the
PWM in order to perform this job. In this case, Doze
mode is an ideal option, allowing the CPU to
perform the necessary tasks at low speed.

Interrupts vs. Polling

In the effort to wipe out power draining Wait loops from
the system, a low-power system designer should
consider switching from a polling-based system to an
interrupt-based system. Utilizing interrupts allows the

system to use power-saving modes, such as Sleep and
Idle, much more frequently in place of waiting for an
event with polling. Consider the sensor presented in
Figure 3 and detailed in Table 2. If this application
required a significant amount of processing time for
each sample, it would not make sense to wait in Idle
mode, polling the A/D flag while taking the sample.
Instead, an interrupt-based method could be used so
that the system could process the previous sample
while taking the current one. If the system is simple and
doesn’t require much processing, or have background
tasks which need to run frequently, polling can be the
better option as it allows simpler, more compact code
without any additional current consumption.

Power Optimization and ‘C’

‘C’ is a great tool for writing embedded programs, but
compared to Assembly, C takes away much of the
designer’s control over the code. As a result, some engi-
neers are hesitant to use C in applications which require
minimal power consumption, preferring to use Assembly
to manually optimize the code.

While it is true that code written by highly experienced
engineers using Assembly will almost always be more
efficient than C, current compilers have optimizations
that minimize the differences. As a result, it is often
worthwhile to use C for the code portability and mainte-
nance improvements it offers over Assembly. In fact, as
the complexity of a project increases, the likelihood that
the C compiler will be more efficient than handwritten
Assembly increases as well. Assembly has the most
value when used for very small programs or small sec-
tions of larger programs, which are processing-intensive
and can be more easily hand optimized.

There are optimizations which can be done by the
programmer, in C or Assembly, which cannot be
performed by a compiler optimizer. One example of an
optimization, which can drastically improve code, is to
simplify program flow for common cases. Consider the
case where an A/D sample has been completed and it is
identical to a previous sample. Optimized code would
compare the current sample to the previous sample, as
well as other common values prior to performing
time-intensive processing steps. If the new sample
matches one of these values, the code can use a precal-
culated result and avoid significant processing time. In
some cases, this modification to the program architec-
ture can drastically reduce total execution time. Most
applications include some cases that appear much
more frequently than others in many of the application’s
functions, which can take advantage of this method.
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HARDWARE DESIGN

Board Level Considerations

Designing low-power hardware follows a few, very
straightforward requirements:

» Maximize impedance in current paths

« Minimize impedance in high-speed switching
paths

* Minimize leakage currents

* Minimize operating duty cycles

The following recommendations utilize these rules, in
various circuits of a system, to minimize the power
impact of those components.

PUSH BUTTONS

The primary problem with push button power consump-
tion is that buttons typically interact in the very slow
human time domain, rather than the high-speed
embedded system domain. A very quick button press
will still take hundreds of milliseconds. With a 10 kOhm
pull-up on a button, this means hundreds of milli-
seconds of 300 pA of power, which is considerable in a
low-power system. Increasing the value of the pull-up
can help to reduce power, but at high resistances, may
reduce noise immunity. Additionally, increasing the size
of the pull-up increases the time constant of the signal,
which increases the rise time before high voltage is
detected.

A better method is to use the MCU's internal pull-up
resistors as the voltage source for a push button.
Because the internal pull-up can be enabled and dis-
abled, dynamically in code, as soon as the button press
is detected, the MCU can disable the pull-up, removing
the current path to ground. This improves the push but-
ton circuit in other ways as well, as it provides a simple
debouncing and reduces the external component
count. For a button which needs to be able to detect a
push-and-hold state, the pull-up can be periodically
re-enabled to determine if the button is being held.

LEDs

LEDs are a power consumption problem for similar
reasons as buttons. They consume high power to run
(2 mA-50 mA) and must be run for long periods of time
in order to be useful to a user. The following are two of
the main techniques for reducing LED power
consumption:

* Drive the LED at a lower duty cycle using a PWM.
This gives the code some degree of control over
the LED power consumption by being able to
dynamically reduce the brightness, if necessary.

 Drive the LED at lower current levels by increas-
ing the size of the current-limiting resistor. This is
an especially useful technique with newer, high
brightness and high-efficiency LEDs. These LEDs
can be blindingly bright when driven at the rated
current levels. However, for a system which
doesn't require a bright LED, they can be driven
at much lower currents and still remain highly
visible. While a 2 mA LED might not be very
visible below this rating, a high brightness LED,
rated for 20 mA, can often still be highly visible
when driven under 1 mA.

CONNECTING AND CONTROLLING I/O PINS

In many applications, incorrect use of the 1/0 pins is a
common source of unexpected, high-power consump-
tion. There are a few rules for using a bidirectional 1/0
pin on a PIC microcontroller to minimize power
consumption.

Unused Port Pins

By default, PIC microcontroller /O pins power up as
inputs. A digital input pin consumes the least amount of
power when the input voltage is near VDD or Vss. If the
input is at some voltage between VDD and Vss, the
transistors inside the digital input buffer are biased in
the linear region and they will consume a significant
amount of current. On an unused I/O pin, which is left
floating, the voltage on the pin can drift to VDD/2 or
oscillate, causing the unused I/O pin to consume signif-
icant power. The I/O pin can use as much as 100 pA if
a switching signal is coupled onto the pin.

An unused I/O pin should be left unconnected, but con-
figured as an output pin, driving to either state (high or
low), or configured as an input with an external resistor
(about 10 kQ) pulling it to VDD or Vss. If such a pin can
be configured as an analog input, the digital input buffer
is turned off, preventing the excess current consump-
tion caused by a floating signal. Any of these methods
will prevent the floating node case, minimizing power.

© 2011 Microchip Technology Inc.
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Analog Inputs

Analog inputs have a very high impedance so they con-
sume very little current. They will consume less current
than a digital input if the applied voltage would normally
be centered between VDD and Vss. Sometimes, it is
appropriate and possible to configure digital inputs as
analog inputs when the digital input must go to a
low-power state.

Digital Inputs and Outputs

As long as a digital input is pulled to VDD or Vss, only
the pin input leakage current will be consumed.

There is no additional current consumed by a digital
output pin, other than the current going through the pin
to power the external circuit. Close attention should be
paid to the external circuits to ensure that the output is
being driven to the state which causes the lowest
power consumption. If an external circuit is powered
down, make sure that any I/O pin connected to it is
driven low to prevent sinking current through the
disabled circuit.

For digital inputs and outputs with high switching fre-
guencies, make sure that there is no stray capacitance
on the bus by minimizing trace length and eliminating
unnecessary components.

SIZING PULL-UP RESISTORS

I/O lines with pull-up or pull-down resistors can be a
high source of power drain in an application and are
often targeted as a source of power optimization. As
noted before, push buttons and LEDs have power con-
sumption set by the size of the resistor used. For a
low-power application, the general rule is to use
pull-ups that are as large as possible. However, a
designer should take note of the effect this will have on
the circuit. For example, on an 1°C module, the pull-up
size determines the maximum speed of the bus. Using
pull-ups that are too large will increase the time con-
stant of the bus and slow down communications. This
could result in a net increase in current consumption.

CAPACITOR LEAKAGE CURRENT

All capacitors have a small amount of charge loss
through the dielectric, even after fully charging. This
loss is typically referred to as the ‘capacitor’s leakage
current’. The amount of leakage current varies by
capacitor size and type. Typically, tantalum and electro-
lytic caps are high leakage, and ceramic and film
capacitors are low leakage.

TABLE 5: LEAKAGE CURRENTS FOR
COMMON CAPACITORS
Capacitor Leakage (10 uF)
Electrolytic 5 uA
Tantalum 1uA
Ceramic 20 nA
Film 5nA

Leakage specifications vary for different capacitors. In
some cases, leakage current is specified directly. In
other cases, it is determined by the capacitor’s Insulation
Resistance (IR). The Insulation Resistance is typically
specified in either Megaohms or Megaohms x Mega-
farads. To determine the leakage current in the latter
case, use the following formula:

EQUATION 3: CAPACITOR LEAKAGE
CURRENT CALCULATION

VxC

I (nA) = ————————
IR (M£2 x MF)

Note that the initial leakage current for some capacitors
can be higher as the chemicals in the dielectric are polar-
ized. The current will start high and drop to the rated
leakage value as the capacitor is held at full charge.
When selecting capacitors for a low-power system,
wherever possible, it is best to select capacitors with low
leakage current.

Powering External Circuits

The MCU is only a single component in a complete sys-
tem and all devices in the system will contribute to the
system’s total power consumption. While many modern
ICs are designed with Low-Power modes, other com-
ponents have different standards for what low power
means. While an MCU might have a Sleep mode with
power consumption near 100 nA, often devices, such
as external transceivers, consume a few microamps in
Standby mode. As a result, it is often desirable to allow
the MCU to control power to external circuits in a sys-
tem in order to minimize total power consumption.
Some external circuits, which an MCU can easily
control that consume high power, are analog voltage
dividers, LCD backlights, sensors and transceivers
(e.g., RF and RS-232). Consider the system shown in
Figure 9. By modifying the system so that the voltage
divider (R1) and serial EEPROM (U2) are controlled by
the MCU’s I/O (RAO and RBO, respectively), the system
leakage current can be substantially reduced. For
high-power devices, which cannot be driven by the
MCU’s I/O directly, use the PIC device to drive a
MOSFET and power the circuit. Making these modifica-
tions causes the design to resemble the optimized
low-power system from Figure 3.
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FIGURE 9: NON-OPTIMIZED LOW-POWER SENSOR SYSTEM
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There are a few concerns to be aware of when utilizing
this technique. First, ensure that all I/O pins, connected
to the disabled external circuits, are in the proper states
before powering components on or off. Ordinarily, the
best procedure for handling the 1/O is the following:

» Powering on a device:
1. Tri-state all connected I/O.

2. Power on the external device and wait for the
device to start up.

3. Configure the /O to the operational state.
« Powering off a device:

1. Tri-state all connected I/O.

2. Power off the external device.

3. Configure the I/O to drive low as outputs.

The 1/O pins are tri-stated, prior to changing the state of
the device, to ensure that there are no bus conflicts
while the system is powering up or down. When an
external circuit is disabled, it is good practice to drive
the connected I/O pins low as outputs to ensure that
those lines are not allowed to float.

When using this technique, consider the cost of repow-
ering a device versus the static power consumption.
For an external device with high inrush current, large
capacitors to charge, or long power-on times, there is a
high-current consumption associated with power-on.
The charge lost having to repower these components
can cause more current consumption than is saved by
powering it down. Make sure to perform a power bud-
get on the full system to determine which state is lower
power.

Power Supply Design

The selection and design of a power supply for a
low-power system can have major impacts on the power
consumption of the system. Linear regulators, switching
regulators and other PMICs all require some amount of
power to operate, and many are tuned for systems with
high-power requirements. For battery-powered systems,
it may not be feasible or desirable to use a regulator at
all in the power supply.

Switching regulators usually provide greater efficiency
for applications, operating at higher power levels. This
makes them ideal for line powered, low-power systems,
which focus on increasing efficiency and reducing
dynamic power consumption. Even so, they tend to have
very low efficiency at low supply currents. A boost regu-
lator, that can be 95% efficient at 50 mA, is likely to have
efficiency around 20% or lower at a load current of
10 pA. Keep this in mind when designing a low-power
system, which may spend most of its time asleep, as it
can result in a linear regulator being a more efficient
choice overall.

In some cases, it can be ideal to run a battery-powered
system without a regulator. In particular: LiFeS2
(Lithium AA Batteries), LiMnO2 (Coin Cells) and Alka-
line batteries all operate within the 1.8-3.6V operating
range of most low-power microcontrollers. Refer to the
battery section of this document for more details on
these battery chemistries. By designing a system
capable of operating directly from the battery,
significant gains in system lifetime are possible.
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Consider a low-power system designed to run from two
alkaline AA batteries. These batteries have a linear dis-
charge curve and will discharge from 3.6V to 2.7V over
the first 50% of the battery life. Using a low dropout 2.5V
regulator, only about half of the battery capacity will be
used before the regulator is below the minimum operating
voltage. The charge remaining in the batteries from 2.7V
down to 1.8V cannot be used, wasting half of the battery
capacity. Additionally, there will be some amount of quies-
cent current consumption by the regulator during
operation, further reducing the effective battery life. There
are two major trade-offs of operating without a regulator.
One is the loss of a consistent voltage reference for the
application. However, most modern MCUs have an inter-
nal reference voltage that can be used in place of the
regulator to determine the current VDD voltage and per-
form analog conversions. The other trade-off is that all of
the components of the application will need to support a
wider voltage range, which can increase costs.

Low-Power Crystal Design

One of the major impacts of the attempts to reduce MCU
power consumption has been in the drivers for
low-power 32.768 kHz crystals. In order to minimize cur-
rent consumption, the drive strengths for a typical crystal
driver have become very low, so much so, that now a
crystal can effectively be run at current levels below
1 pA. The result of this, is that the crystal circuit design
must be done very carefully, and be well tested to ensure
that it will start up correctly and run accurately.

The basics of low-power crystal design are to place the
crystal as close as possible to the MCU and if possible,
surround the crystal driver circuit with a ground ring to
prevent coupled noise.

Additionally, it is very important to ensure that the tank
capacitors are properly sized for both the crystal and the
driver. Note that this is a major change from many older
crystal designs. The average load capacitance for a
32 kHz crystal is typically 12.5 pF, which results in tank
capacitors of about 22 pF. However, as the crystal driver
currents have dropped, they may no longer effectively
start a crystal with this high of a load capacitance.
Low-power crystals with ideal load capacitances, from
3.7 pF to 6 pF, should be used in these systems to get
more reliable operation at low power.

For a more complete analysis of how to design
low-power crystal driver circuits, refer to AN1288,
“Design Practices for Low-Power External Oscillators”,
ANS849, “Basic PICmicro® Oscillator Design” and
AN949, “Making Your Oscillator Work”.

BATTERY CONSIDERATIONS

A large number of low-power systems are mobile or
remote devices running from battery power. The follow-
ing sections will provide an introduction to designing a
battery-based application, focusing on some of the key
design decisions when using a battery.

Battery Chemistries

Battery chemistry has a major impact on the specifica-
tions and performance of a battery. Each chemistry has
a specific voltage discharge profile, internal impedance
and self-discharge current. Some of the most common
primary battery (non-rechargeable) chemistries are
Alkaline (standard AA/AAA), lithium-manganese diox-
ide (coin cells) and lithium-iron disulfide (lithium
AA/AAA). The most common rechargeable chemistries
are nickel-metal hydride (rechargeable AA/AAA) and
Lithium lon. Table 6 shows a summary of the
characteristics of the various battery chemistries.

The voltage profile describes how the output voltage of
the battery changes as it is discharged. Most batteries
will provide graphs in the data sheet, showing the voltage
profile at specific discharge currents. The voltage profile
affects the regulation and operating voltage requirements
of a system. For example, alkaline batteries have a slop-
ing discharge curve which will drop linearly as the battery
is used. Applications which require a steady voltage will
need a regulator to ensure a consistent operating volt-
age. By contrast, most lithium chemistries have very flat
discharge curves. They will output a constant voltage
until the end of the battery life when the voltage output will
rapidly drop off. The flat discharge curve lithium chemis-
tries are harder to fuel gauge since it is no longer feasible
to measure battery voltage to determine remaining
charge. However, a system will be able to use a higher
percentage of the energy in the battery, before the
voltage drops too low, compared with alkaline batteries.

The internal impedance of a battery is a result of the
chemical nature of batteries. Because they require a
chemical reaction to release energy, batteries cannot
react instantaneously to the electrical needs of a
system. As a result, a short pulse of high current on a
battery will often result in a sharp drop in the output
voltage, which a designer must consider when creating
a battery-based system. This is particularly true of lith-
ium coin cell batteries, which often have current limits
around 10 mA, due to the high internal resistance.
Operating above this limit will waste a large amount of
the capacity of the battery as voltage drops across the
internal resistance.

Self-discharge current is caused by the ongoing chem-
ical reaction inside the battery. Even when no current is
being drawn from a battery, the internal chemical reac-
tion is taking place. This means that some of the battery
capacity is lost over time. Alkaline batteries and most
secondary batteries have high self-discharge currents,
which can make them unsuitable for very long lifetime
applications. Lithium primary batteries have very low
self-discharge, typically less than 1% of battery life per
year. Battery manufacturers usually specify
self-discharge as a component of shelf life, indicating
the number of years a battery can remain unused and
retain most of its capacity (typically 80%).
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TABLE 6: ELECTRICAL CHARACTERISTICS OF COMMON BATTERY CHEMISTRIES
. Typical Form Nominal Voltage Self-Discharge | Nominal Internal
Chemistry Type Factor \Voltage Profile (%/mo) Resistance
Alkaline Primary AAJAAA 1.5V Sloped 0.08% 150-300 mQ
Li/MnO, Primary Coin Cell 3.0V Flat 0.05% 10k-40k mQ
Li/FeS, Primary AA/AAA 1.5V Flat 0.30% 90-150 mQ
Lithium-ion Secondary Varies 3.6V Flat 20% 30-40 mQ
Ni/MH Secondary AAJAAA 1.2v Sloped 30% 30-40 mQ2

times for typical battery types using the average power
consumption of the system, described in the power
budgeting example from Table 4. The equation for
calculating battery life is given in Equation 4:

Estimating Battery Life

Using the average current from the calculated power
budget, it is possible to determine how long a battery
will be able to power the application. Table 7 shows life-

EQUATION 4: BATTERY OPERATING LIFETIME CALCULATIONS
. _ Capacity (mAh)
Life (hours) = System Current + Battery Self-Discharge Current (mA)
TABLE 7: BATTERY LIFE ESTIMATIONS FOR LOW-POWER SENSOR
Battery Capacity (mAh) Self-Discharge (%/yr) Battery Life (years)
CR2032 220 1% 8.3
Lithium AAA 1150 1% 36.7(
Alkaline AAA 1150 4% 1750
Li-ion® 850 20% 4.4
Note 1: This time exceeds the typical shelf life of the battery, indicating the battery may physically fail before fully
discharging.

2: Capacity varies by size; value used is typical.

In order to simplify the process of power budgeting and
battery life estimation, Microchip provides a tool, the
XLP Battery Life Estimator, which can be used to get a
basic calculation of battery life based on the battery
being used and the system power profile. This tool sup-
ports most nanoWatt XLP PIC MCU devices and can be
configured for a wide range of battery types. The tool
can be downloaded from www.microchip.com/ble.

Note that Equation 4 is a simple tool meant for gener-
ating an initial estimation. Reviewing the results of the
equation in Table 4 for the AAA sized batteries shows
that it predicts a lifetime that exceeds the typical shelf
lives for these battery types. It is possible that the bat-
tery will physically fail via other means, such as the
packaging leaking, before it is fully discharged. A
designer should be aware of all of the limitations of a
battery when calculating its design lifetime.
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CONCLUSION

Low-power design is a complex topic, far beyond what
can be covered in a single document. This application
note provides an introduction to many of the topics
which a low-power system designer would encounter
during the design process. A designer must be aware
of the sources of power consumption in a system, key
power related specifications of components, hardware
and software power optimization techniques, and the
relationship between power and performance. With
knowledge of the low-power design aspects, which are
critical for their applications, designers can focus on
diving deeper into these topics in order to create a truly
power optimized system.
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Note the following details of the code protection feature on Microchip devices:

. Microchip products meet the specification contained in their particular Microchip Data Sheet.

. Microchip believes that its family of products is one of the most secure families of its kind on the market today, when used in the

intended manner and under normal conditions.

. There are dishonest and possibly illegal methods used to breach the code protection feature. All of these methods, to our
knowledge, require using the Microchip products in a manner outside the operating specifications contained in Microchip’s Data
Sheets. Most likely, the person doing so is engaged in theft of intellectual property.

. Microchip is willing to work with the customer who is concerned about the integrity of their code.

. Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their code. Code protection does not

mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the code protection features of our
products. Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act. If such acts
allow unauthorized access to your software or other copyrighted work, you may have a right to sue for relief under that Act.
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arising from this information and its use. Use of Microchip
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hold harmless Microchip from any and all damages, claims,
suits, or expenses resulting from such use. No licenses are
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intellectual property rights.
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