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ABSTRACT In many areas of science, Arduino based data loggers have become common enabling
instruments because of their low cost and ease of use. However, battery life is commonly the limiting factor
- particularly in respect of writing data to embedded SD cards. In this paper, various methods by which to
optimise an SD card based data logger using an Arduino UNO, Atmega328P at 5 V at 16 MHz and the
Atmega328P at 3.3 V at 8 MHz is explored. With the bare Atmega328P chip in sleep mode, the lifetime of
a 2400 mAH battery can theoretically exceed 10 years, although this is reduced to only 3 months following
the introduction of an SD card. The exact power consumption of an Arduino/SD card during saving events
is analysed for the first time and is found to take up to 200 ms with current spikes up to 80 mA for every
initialisation and saving event dramatically increasing the average current consumption of fast data loggers.
Through the use of a power control MOSFET with proper initialisation and timing of SD saving events,
it is found that the Atmega328P can be set up to measure data once every two seconds whilst also ensuring
a battery lifetime of one year. With the novel techniques presented here, a new method for maximising
the lifetime of Atmega328P microcontroller circuits for environmental data logging applications has been
achieved; allowing researchers to record data using a cheap and reproducible system.

INDEX TERMS Data acquisition, data handling, lifetime estimation, low power electronics,
microcontrollers.

I. INTRODUCTION
As research progresses, the standard method for monitoring
the characteristics of environments has become the use of sen-
sors connected to battery powered microcontroller based data
loggers [1]–[3]. Unlike the older custom built data loggers,
the attractiveness of using battery powered microcontroller
based data loggers is their simplicity in design and low cost
- allowing them to be easily utilised economically in a wide
range of applications without being cost heavy.

When considering which microcontroller to use for
such applications, researchers are spoilt for choice with
many cheap and easily programmable controllers available.
Recently, due to the ever growing collection of Arduino based
devices [4], the Atmega328P is fast becoming a recognised
microcontroller that is at the heart of many private and
industrial based research projects due to ease of use and
flexible design [5], [6].

The associate editor coordinating the review of this manuscript and
approving it for publication was Vyasa Sai.

Despite widespread use in a range of applications such as
combat submarine navigation [2], solar panel monitoring [5],
wind turbine control [7], livestock behavioural tracking [8]
and radiation monitoring [9], there is yet to be a universally
established method for acquiring and saving data in micro-
controller projects and this can be seen when examining the
variety of topologies and their implementations. The three
most common memory storage devices for data logging are
the electronic erasable and programmable read-only memory
(EEPROM), the secure digital (SD) card, or the universal
serial bus USB) flash drive. All of these can be implemented
into microprocessor based logging projects, but offer varying
properties. EEPROMs usually offer superbly low current lev-
els but are limited to memory capacities in the MB range.
USB drives offer memory capacities up to 100’s of GB,
but use a considerable amount of power; typically drawing
20-40 mA when idle [10]. SD cards are the best of both
worlds, with GB saving capacities, fast saving times in
the mA range and are capable of begin reduced to µA power
consumption when not in use.
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TABLE 1. Comparison of microcontrollers with SPI interface.

SD cards are the most convenient method for saving data
in data logger projects that require monitoring periods of
months or years. Despite being less power hungry than USB
drives, they are typically the most power hungry aspect of a
project [17] often limiting the minimum achievable current
to the mA’s range if not properly initialised and thus limiting
the lifetime of battery powered loggers. However, there are
many methods by which the power consumption of an SD
card can be reduced by orders of magnitude. These include
reducing the operating voltage from 5 to 3.3 V, lowering
the operating frequency, only powering the SD card during
a save event and so on. However, the applicability of these
various techniques in microprocessor based data logger is not
well studied. In previous work [18], an onboard EEPROM
was used to reduce the frequency by which data was written
to an SD card thereby significantly reducing the average
current consumption of the circuit although no comparison
was made to the current consumption without the use of the
EEPROM. To the authors knowledge, this is the only attempt
to actively address the power consumption of SD based data
loggers and a detailed comparison of the effects of altering
the supply voltage, and the frequency of the microcontroller,
sensor measurements and number of measurements before
saving, whether compared individually or collectively, has yet
to be performed. As such, there is no well-established low
power method for saving data to SD cards in microprocessor
based data loggers which can cause long delays during the
development of data logging projects.

In this paper, in order to maximise the lifetime of battery
powered data logging projects, the power consumption of
an SD card and the various methods by which to reduce
the overall power consumption of the data logger circuit are
compared. Prior to comparing the power consumption levels
with the SD card, the power consumption of an Arduino
UNO R3 and a bare Atmega328P are compared directly to
determine the minimal achievable current for each topology,
from which, the UNO is shown to be limited to a maximum
battery lifetime of 3 days whilst the bare microcontroller
can theoretically exceed 10 years. Following this, using an
example project as a baseline, the power consumption of a
data logging project that wakes every 2 seconds to measure
a single sensor is compared at 5 V at 16 MHz and 3.3 V at
8 MHz. By analysing the transient waveforms of each topol-
ogy, a significant increase in the average current consumption
can be seen following the introduction of an SD card. Finally,

it is shown how the power consumption of the data logging
project can be reduced significantly using a power control
MOSFET and a threshold string-length method, reducing the
original power consumption by over an order of magnitude,
and thus greatly increasing the maximum achievable lifetime
of the data logging circuit.

A. CHOICE OF MICROCONTROLLER
A wide family of micrcontrollers exists that can be used
for monitoring environmental, industrial, or commercial data
logging applications. The two most common microcon-
trollers that are used for data logging applications are the
Atmega328P [1], [5] and the Atmega2450 [2], [3]. In order
to read/write data from/to an SD card, a microcontroller must
have an SPI interface and a sufficient flash and SRAMmem-
ory size. A comparison of commonly used microcontrollers
that are suitable for data logging applications can be seen
in Table 1.

Of all the microcontrollers, considering the active state
current, it can readily be seen that the active current draw from
the LPC1768FBD is over an order of magnitude greater than
all over microcontrollers but achieves the best sleep current
of 40 nA. Second to the LPC1768FBD is the Atmega328P,
although this also has the second greatest current consump-
tion in the active on-state. In terms of memory size, all of
the microcontrollers listed are capable of supporting SPI
interface with an SD card although it can be seen that the
LPC1768FBD and the ATSAMD21G18 provided the greatest
flash and SRAM sizes which could be needed for larger
datalogging applications.

As it will be shown throughout this work, the overall
limiting factor to battery life in data loggers comes from
the introduction of the SD card which raises the active and
sleep current of the circuit to peak values of 80 mA and
0.8mA respectively which, excluding the active current of the
LPC1768FBD, is far greater than the active and sleep current
of each microcontroller. Here, we focus on programming the
Atmega328P due to it’s commercial familiarity and as this
allows for a direct comparison of the current draw from the
Arduino UNO board and the microcontroller. Despite this,
each microcontroller listed in Table 1 has been shown to be
suitable for datalogging applications [9], [19]–[21] and the
methods presented here can be applied to all microcontrollers
to maximise the battery life of data logging applications with
SD cards.
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FIGURE 1. Arduino UNO R3 and Atmega328P pin out. Digital pins 11-13 are used for the serial peripheral interface (SPI) connections to the micro
SD card.

II. ARDUINO UNO AND THE Atmega328P
The Arduino boards were first introduced in 2005 resulting
from the Interaction Design Institute Ivrea graduate pro-
gramme in Ivrea, Italy. The standard boards essentially act
as a wrapper for Atmel microprocessors allowing hobbyists
and researchers to quickly develop microcontroller projects.
A picture of the current iteration of the Arduino UNO
board [22] can be seen in Fig. 1 which is based on the
Atmega328P microcontroller.

The standard Arduino Uno board comes attached with
multiple discrete devices including capacitors, resistors and
voltage regulators as well as other components which
are crucial for programming and operation such as the
Atmega16U2 IC/USB controller, voltage regulators and
16 MHz crystal. When developing projects, the majority
of these components are required for uploading sketches
to the Atmega328P microcontroller, but once programmed,
the majority of these components are not required.

The attractiveness of the UNO in comparison to bare
Atmega328P chip is in the ease of programming. Due to the
Atmega16U2 IC/USB microcontroller, sketches can quickly
be uploaded from the computer to the Arduino UNO board
in a matter of seconds. In contrast, when using the bare
Atmega328P microcontroller, sketches must be uploaded
using either a separate Arduino as an in-circuit serial (ISP)
programmer, or through a FTDI programmer [23] a technique
which can be prone to time-out failures and potential chip
damage if not wired up correctly.

As such, the UNO is definitely the better choice for intro-
ductory users to projects, but the suitability of using the UNO
for battery powered projects, especially when compared to
using the Atmega328P as a standalone chip, is yet to be
compared.

III. METHOD
In order to determine the power consumption of the Arduino
UNO board in comparison to the standalone Atmega328P

chip, the effects of the various power saving methods covered
in the Atmega328P datasheet were compared [11]. Firstly,
to ascertain the total power consumption of the discrete com-
ponents on the UNO board, the Atmega328P was powered
at 5 V with a 16 MHz crystal oscillator. Following this,
the power was reduced to 3.3 V (the typical voltage for low
power SD applications) and the crystal was replaced with an
8 MHz crystal. For all cases, the power was supplied from
a Keithley 2410 sourcemeter and the current was measured
from the on screen value once a steady state value had been
achieved.

Following the power consumption comparison, anAdafruit
MicroSD breakout board+was used as the interface between
the SPI pins of the Arduino/Atmega328P chip and the micro
SD card [24]. The advantage of using the Adafruit breakout
board is that it provides both 5 V and 3.3 V power lines
depending on the logic level of the circuit which might be
used for an associated sensor.

In order to determine the power consumption of the SD
card during writing events, an Adafruit PCF8523 real time
clock (RTC) was used to trigger the Arduino every 2 seconds.
The RTCwas powered from a separate coin cell to ensure that
the RTC does not contribute to the overall power consumption
of the circuit. For each topology, the power consumption
and time taken during SD write events and sleep mode is
measured using an RIGOL DS1074 oscilloscope.

With all of the waveform diagrams, the total power con-
sumption is compared with a focus towards determining the
lifetime of a battery powered data logger.

IV. POWER CONSUMPTION: ARDUINO VS Atmega328P
In order for the added power consumption of an SD card
to be contextualised, the power consumption of the Arduino
board and Atmega328P microcontroller must be determined.
For a fair comparison, the Atmega328P chip was measured
twice, once at an operating voltage of 5 V with a crystal
frequency of 16 MHz, mimicking the operating conditions
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FIGURE 2. Current drawn from power supply from the Arduino UNO ( ), Atmega328P at 5 V at 16 MHz ( ), and the Atmega328P at 3.3V at 8 MHz ( )
during standby (left) and ‘‘power-down’’ sleep mode (right).

of the Arduino UNO, and once again at 3.3 V at 8 MHz for
comparison.

For each circuit topology, the draw current of the circuit
was determined using a script that ran the following sequence:

1) setup input/output (IO) pins
2) turn on LED
3) wait 1 second
4) turn off LED
5) wait 1 second
6) go to sleep

where the current was measured at steps 5) and 6).
By reading through the Atmega328P datasheet [11], a con-

siderable number of recommendations on how to use the
microcontroller can be found for power saving methods.
In order to implement to majority of the power reduction
techniques, the microcontroller must be put into the ‘‘power-
down’’ sleep mode by setting the correct bits in the sleep
mode control register (SMCR):

SMCR |= bit(SM1) | bit(SE);
__asm__ __volatile__("sleep");

from which the device can only be re-activated if an interrupt
has been set up on digital pins 2 or 3 or if the reset pin
is activated. In power-down mode, all internal oscillators
are halted preventing operation of all the internal registers
effectively halting all operations.

In further reducing power consumption, the Atmega328P
datasheet recommends further options to help reduce power
consumption during sleep mode including:

1) Disable all digital inputs on the analogue input pins and
set all unused digital pins to outputs

2) Disable the ADC through the ADCSRA register
3) Disable brown out detection (BOD) using the MCUCR

register (note: this step must be performed just before
executing the ‘‘sleep’’ command)

all of which can be implemented using:

// Set digital pins 0-13~to output
for(int i = 0;i<14;i++){

pinMode(i,OUTPUT);
}

// Disable digital pins 14-19~on ADC
DIDR1 = bit(AIN1D)|bit(AIN0D);
DIDR0 = bit(ADC5D)|bit(ADC4D)|bit(ADC3D)|
bit(ADC2D)|bit(ADC1D)|bit(ADC0D);

// Turn off ADC
ADCSRA &=~bit(ADEN);

// Disable BOD
MCUCR |= bit(BODS) | bit(BODSE);
MCUCR = (MCUCR &~bit(BODS)) | bit(BODSE);

When the microcontroller has been triggered, it is important
to re-enable the ADC in order to measure any sensors using:

ADCSRA |= bit(ADEN);

If this is not performed, any subsequent ADC measurements
will return the last value that was measured by the ADC
before being disabled.

A comparison of the current consumption of the three
microcontroller topologies can be seen in Fig. 2 where each
power saving technique is also compared. It can be seen that,
when the device is in the active mode and is waiting for
commands, there is no difference in the current consumption
from turning off the ADC and disabling the BOD, but setting
all of the IO pins reduces to current consumption of the
Atmega328P by close to 50 %.

In sleep mode, the reverse is true, and it can be seen
that setting the IO pins has no effect on the current con-
sumption in sleep mode, but disabling the BOD and the
ADC reduces the current draw by 2 and 3 orders of mag-
nitude for the Atmega328P. For the Arduino UNO, the par-
asitic leakage from the discrete components can be seen
clearly. Even when all of the various sleep modes are
combined, the minimal achievable output current is limit-
ted to 28 mA. In contrast, when combining all of the
power saving techniques, the minimal achievable sleep cur-
rent for the Atmega328P microcontroller was measured at
120 and 97 nA respectively, which is ideal for battery
applications.
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FIGURE 3. Connections from adafruit SD and RTC modules. On the
Arduino/Atmega328P, the analogue pins A4 and A5 also act as the serial
data (SDA) and serial clock (SCL) pins respectively.

V. SAVING TO THE SD CARD
When using the SD card, the standard method for saving data
to the card is to initialise the SD card during the setup phase
of the programme, from which, any data can then be saved to
the SD card in a user specified file format.

To compare the power consumption of the SD card,
the SD card was measured on the Arduino UNO and both
Atmega328P circuits. For the test, the following pseudocode
was executed:

1) Setup IO, RTC and initialise SD card
2) Begin main loop:

a) Read voltage at analogPin A0
b) Save data to SD card
c) go to sleep

from which, the main loop was repeated whenever the micro-
controller was triggered by the RTC.

The setup for the circuit can be seen in Fig 3. During the
setup phase, the PCF8523 is programmed to send a falling
edge pulse to digital pin 2 of the Arduino/Atmega328P.When
the microcontroller detects the pulse, it wakes up and repeats
steps 2) - 4). A plot of the recorded waveforms from the
Arduino and Atmega328P circuits can be seen in Fig 4.
The measured waveforms include the falling edge trigger on
digital pin 2 from the RTC, the voltage on the chip select (CS)
pin of the SD card, and the calculated current draw from each
circuit. In order to measure the current draw of the circuits
for each topology, a 10 � shunt resistor was placed in series
between the power supply and the circuit. The voltage drop
over the shunt resistor was measured, from which, the result-
ing current draw of the circuit was calculated using

I =
Vsupply − Vmeasured

10
(1)

where Vsupply was increased from 5 and 3.3 V to 5.5 and 3.5 V
to minimise the effect of the shunt resistor voltage drop on the
circuit operation.

From the data, it can be seen that there is a clear delay
incurred when operating the microcontroller at 8 MHz as
opposed to 16 MHz. The 16 MHz devices take 9-10 ms to
complete writing to the SD card whilst the 8 MHz device
takes 15 ms. Aside from the writing to the SD card, it can
be seen that there is an increased delay between the falling
edge of the RTC trigger and the falling edge of the CS. This
is expected, as the microcontroller is running at half the clock
speed.

FIGURE 4. From top to bottom, transient voltage response of the UNO,
Atmega328P at 5 V at 16 MHz, the Atmega328P at 3.3 V at 8 MHz and the
calculated transient current response of the three circuits.

Observing the transient current waveforms, the differences
in current consumption between the three circuits can be
seen clearly. During the writing phase, both the UNO and
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TABLE 2. Topology lifetime calculation.

the Atmega328P draw close to 80 mA at peak whilst the
Atmega328P running at 3.3 V at 8 MHz draws 55 mA at
peak. Aside from the current consumption during the SD
write phase, the advantage of moving from the UNO to the
Atmega328P is also indicated in the data. Although the UNO
has one of the shortest writing times, the current level rests at
33 mA even when the device has entered sleep mode. On the
other hand, even with the introduction of the SD card reader,
the Atmega328P at 5 V at 16 MHz and 3.3 V at 8 MHz have
sleep currents of 0.8 and 0.75 mA respectively.

VI. CIRCUIT LIFETIME
Although sleep currents of 0.8 and 0.75 mA for the microcon-
troller topoligies are two orders of magnitude lower than the
sleep current of the Arduino UNO, this is still much greater
compared to the sleep current without the SD card reader.
When considering data logging applications, the lifetime of a
battery can be calculated using:

L = 0.7
Battery capacity

Iload
(2)

where L is the battery lifetime and Iload is the current draw
from the battery by the load [25]. Here, we also use the
commonly used pre-factor of 0.7 [26] for safety in the bat-
tery lifetime calculations to take into account the potential
increase in circuit current consumption due to temperature,
noise, and so on.When considering data logging applications,
the current draw from the load becomes time dependent and
must be calculated using

Iload =
1
T

∫ T

0
i(t) dt (3)

where i(t) is the time dependent current draw of the circuit
and T is the period. When considering the total current from
the supply, as the current draw from circuit during sleep is
time independent, the current can be split into two separate
terms such that

Iload =
1
T

(∫ t1

0
Isleep dt +

∫ T

t1
Iactive dt

)
=

1
T

(
Isleept1+

∫ T

t1
Iactive dt

)
(4)

where t1 is the time at which the microcontroller wakes to
measure the device, Iactive and Isleep are the current consump-
tions of the circuit when the microcontroller is awake and
in the power-down sleep mode respectively. It can readily be

seen from Eq. (4) that as the measuring period of the circuit
increases, so too will the lifetime of the circuit.

For the three circuits considered here, the introduction of
the Micro SD card reader raised the minimum sleep current
for the Arduino UNO, Atmega328P at 5 V at 16 MHz and
the Atmega328P at 3.3 V at 8 MHz from 28 mA, 120 nA and
97 nA to 30mA, 800µA and 750µA respectively. A compar-
ison of how this effects the claculated lifetimes can be seen
in Table 2. Although the increase in sleep current is negligible
for the Arduino UNO, both the microcontroller topoligies
experience an increase in leakage current by 3 orders of
magnitude. Although the lifetime for the UNO will have a
negligible reduction, using Eq. (2), the lifetime of the two
Atmega328P circuits experience a reduction in lifetime from
over 10 years each to 97 and 87 days when using a 2400mAH
battery.

It is important to note that the lifetime calculated for
the microcontrollers without the SD card are based on the
sleep current of the microcontroller circuits with no exter-
nal measurement/saving components, as such, these values
should be contextualised as a maximum achievable lifetime
for the microcontrollers and is not realistically achievable for
most applications. Despite this, the reduction in the lifetime
of the microcontroller circuits from over 10 years to close
to 3 months is significant and detrimental for long term
applications.

For a good selection of applications, a lifetime of 3 months
when powered from 2 batteries is acceptable as this can be
doubled to half a year by placing another set of batteries in
parallel and so on, but for long term data gathering experi-
ments such as sub-sea data loggers, this is less than ideal from
a physical device size and cost point of view.

VII. MOSFET POWER SAVING
The added leakage current from the SD card reader reduces
the potential lifetime of the Atmega328P microcontroller cir-
cuits from over 10 years to 3 months. The cause of the added
leakage is due to the SD card remaining powered at all times
even when the microcontroller is in sleep mode. To remove
this leakage from the sleep mode current, a BS170 N-channel
MOSFET [27] was placed between the ground pin of the SD
card reader and ground of the circuit.

In order to allow the SD card to be powered using
a MOSFET, the card must be initialised on every wake
cycle [18]. As such, the psuedocode for the microcontrollers
was changed to:

1) Setup IO and RTC
2) Begin main loop:

a) Read voltage at analogue Pin A0
b) Initialise SD card
c) Save data to SD card
d) go to sleep

from which, the main loop was repeated whenever the micro-
controller was triggered by the RTC. The effect of using the
MOSFET on the UNO was not explored as the minimum
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current achievable with the board cannot be reduced
below 28 mA.

A plot of the waveforms for an SD save event after the
SD card has been powered using the MOSFET can be seen
in Fig. 5. From the data, it can be seen that the period of
time that the microcontroller is awake has increased from
∼20 ms to over 150 ms for both the 16 MHz and 8 MHz
microcontrollers. The cause in the extended wake period is
due to the SD card initialisation phase that must be performed
at the beginning of every wake cycle.

With the MOSFET, the sleep current of the microcon-
trollers drops from 800 and 750 µA to 21.1 and 18.6 µA
respectively. Although the sleep current is much lower,
the average current drawn from both circuits exceed the
previous setup due to the extended SD active time. From
Eq. 4, the predicted lifetime of this setup is calculated at
16 and 24 days for the Atmega328P at 5 V at 16MHz
and 3.3 V at 8 MHz respectively, a reduction by over two
months compared to leaving the SD card powered at all
times.

A. MEASURING PERIOD AND PERIODIC SAVING
As shown in the previous section, when using a measuring
period of 2 seconds, the average current draw from the micro-
controllers increases when using aMOSFET to power the SD
card reader due to the extended period of time needed to ini-
tialise the SD card. In order to deal with this, two techniques
can be employed; increase the saving period and/or save data
to the SD card periodically.

The average current draw from the circuit is given by Eq. 4
and it can be seen that the battery life can be extended from
reducing the measuring frequency, although this can reduce
the quality of data from a research standpoint. Aside from
reducing the measuring frequency, another technique that can
be used is to take advantage of the Atmega328P’s ability
to store variables between sleep modes in the internal static
random access memory (SRAM).

When the Atmega328P enters sleep mode, it stores all of
the current variables in memory and all of these variables are
available for use during the next wake cycle. As such, it is
possible to save multiple measurements in a single event as
apposed to writing to the card after awake RTC wake cycle.

To demonstrate this, the code on the microcontrollers was
adapted to only save to the SD card after a global string vari-
able had exceeded a certain length, as such, the psuedocode
was changed to:

1) Setup IO and RTC
2) Declare global string: dataString
3) Begin main loop:

a) Measure analogue pin A0
b) Append time and measurement to dataString
c) if length(dataString) > safety cap: initialise and

save to SD card and clear the variable for next
RTC cycle

d) Go to sleep

FIGURE 5. From top to bottom, transient voltage response of the
Atmega328P at 5 V at 16 MHz, the Atmega328P at 3.3 V at 8 MHz and the
calculated transient current response of the two circuits.

now, the data will only be saved to the SD if the length of
dataString exceeds a threshold value which can be chosen by
the user. As an example, we have set the safety cap to ensure
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FIGURE 6. Comparison of the CS patterns on the SD card when using the MOSFET to save every time (left) compared to saving once every 6 RTC cycles
(right).

that the Atmega328P will only save once every 6 RTC cycles,
as illustrated in Fig. 6. From both plots, it can be seen that by
using the threshold saving technique, the CS of the SD only
becomes active once every 6 RTC cycles, greatly reducing the
average load current of the circuit.

By using the threshold string length method, the total
trigger time of the device is effectively increased by a factor
equal to the number of clock cycles needed to save to the
SD. Using the MOSFET, the average current consumption
for the Atmega328P at 5 V at 16 MHz and at 3.3 V at
8 MHz decreased from 4.31 and 3.43 mA to 750 and 590 µA
respectively, which is a lower average current compared to
keeping the SD powered at all times.

B. LIFETIME ESTIMATION
Throughout, the assumption of the setup here is that the
microcontroller would be used for applications that require
measuring sensors every 2 seconds. In reality, data logging
applications have been able to gather valuable data from
environments using much longer periods of measuring every
30 seconds or even 1-2 minutes [28], [29].

The effect of increasing themeasuring time period between
each measurement on the battery lifetime can be determined
using Eq. (2).

For the microcontrollers, the mean mean current and time
required to save data to the SD card when using theMOSFET
was 8.74 and 6.82mA for 0.23 and 0.24 s for the Atmega328P
at 5 V at 16 MHz and at 3.3 V at 8 MHz respectively. Using
these values, the mean load current of the two circuits can be
calculated using:

Iload(5 V ) =
1
NT

[
(NT − 0.23)2.11× 10−6 + 0.00201

]
(5a)

Iload(3.3 V ) =
1
NT

[
(NT − 0.24)1.86× 10−6 + 0.00164

]
(5b)

where T is the period and N is the number of RTC cycles
per saving to the SD. Using Eq. (5), the lifetime of the
device can also be estimated using Eq. (2). A plot of the
mean load current and resulting calculated lifetimes can be
seen in Fig. 7. From the data, it can be seen that using the
SRAM within the Atmega328P to store data over multiple
RTC cycles increases the lifetime of the device by an order of
magnitude when the measuring period is below 10 seconds.
It can also be seen that, as the RTC trigger period is increased,
the reduction in load current and resultant increase in battery
lifetime begins to plateau above 15 seconds when saving
every time or after 6 RTC cycles. Comparing the devices
directly, it can be seen that moving from 5 V at 16 MHz
to 3.3 V at 8 MHz does not result in a significant increase
in lifetime. From 1 to 60 seconds, reducing the operating
voltage and frequency from 5 V at 16 MHz to the 3.3 V at
8 MHz increases the lifetime of the circuit by 15 to 20% in
comparison to using the 5 V supply. Although this increase is
not significant, there is still a significant advantage to using
theAtmega328P at 8MHz near 3.3V in that it can be powered
using 2 AA batteries as apposed to using 4 AA batteries with
a 5 V regulator.

For data logging applications, it can be seen that the battery
lifetime is increased significantly when using the SRAM
within the Atmega328P to ensure that the data is periodically
written to the SD card. Analysing the lifetime data in Fig. 7,
in order to ensure measurements for one year, the minimum
RTC periodwhen saving every time (N = 1) is 12 seconds for
the microcontroller at 5 V at 16 MHz and 10 seconds at 3.3 V
at 8 MHz. When using the SRAM to reduce the saving period
to every 6 RTC cycles, the minimummeasurement period can
be reduced to 2 and 1.7 seconds for the two circuits whilst still
ensuring a battery lifetime of one year.

C. SENSOR MEASURING TIME CONSIDERATIONS
Within this work, current draw of the circuit when writing
data to the SD card has been assumed to be the only signif-
icant source of current when the microcontroller is awake.
Depending on the application, some external sensors require

VOLUME 8, 2020 214839



L. J. Bradley, N. G. Wright: Optimising SD Saving Events to Maximise Battery Lifetime for ArduinoTM/Atmega328P Data Loggers

FIGURE 7. Calculated mean load current and resultant lifetime of 2400 mAH battery for the Atmega328P microcontroller circuits when using the MOSFET
to power the SD card during write events. The factor N indicates the number of RTC cycles per SD write event.

stabilisation periods of 1-2 seconds and this will significantly
effect the lifetime calculations here.

Aside from external sensor stabilisation, the added time
for additional ADC measurements can also increase the total
active state time. For the Atmega328P, a single ADC mea-
surement will take 25 ADC clock cycles after the ADC is
switched on and 13 cycles for every subsequentmeasurement.
By default, the ADC of the Atmega328P is set to operate at
1/128th of the crystal oscillator frequency, that is, the operat-
ing frequency of the ADC is 125 and 62.5 KHz when using
the 16 and 8 MHz crystal oscillator. With this, the total time
for the ADC to perform a measurement at any pin would be:

t16 MHz =
25+ 13(A− 1)

125 KHz
(6a)

t8 MHz =
25+ 13(A− 1)

62.5 KHz
(6b)

where A is the number of measurements assuming it has just
been enabled. As such, a single measurement for every wake
cycle will take 200 and 400 µs when using the 16 and 8 MHz
crystal oscillators and will increase by 104 and 208 µs for
each subsequent measurement. Although this time is negli-
gible in comparison to the length of time to write to the SD
card, this can quickly add up if more sensor are added and
if multiple ADC measurements are needed on sensors that
require averaging to reduce noise.

The time required to measure sensors and whether or not
any averaging techniques are requires is beyond the scope of
this work as this is both application and sensor dependent.
As well as this, the added current draw from using sophisti-
cated sensors with built in operational amplifiers and filters
could contribute to the overall current consumption of the
circuit and total wake time. Once again, this is beyond the
scope of the work covered here, but these aspects should be
taken into consideration when determining the lifetime of
data logging applications and can easily be included into the
calculations presented here if the current and active time of
the sensors are known.

VIII. CONCLUSION
In this paper, the lifetime of an Arduino UNO, Atmega328P
at 5 V at 16MHz and the Atmega328P at 3.3 V at 8MHzwith
and without an SD card reader has been measured. Without
the SD card, the Atmega328P was capable of reaching sleep
currents of 120 and 96 µA when powered at 5 V at 16 MHz
and 3.3 V at 8 MHz respectively, whilst the UNO was only
capable of achieving a minimum current of 28 mA when in
sleep mode.

Following the introduction of an SD card reader, it was
found that the sleep current for the Arduino UNO,
Atmega328P at 5 V at 16 MHz and the Atmega328P at 3.3 V
at 8 MHz increased to 30, 0.8 and 0.75 mA respectively, dra-
matically reducing the maximum achievable battery lifetime.
By introducing a BS170 power control N-channel MOSFET,
the sleep current for the Atmega328P microcontroller at 5 V
at 16 MHz and 3.3 V at 8 MHz was reduced to 21.1 and
18.6µA, although the increased time required to initialise the
SD to allow the saving of data resulted in an increase in mean
current draw of the circuit to 4.31 and 3.43 mA respectively.

With further analysis, it was found that the increase in load
current was due to the increased SD write time which can
be circumvented by increasing the period between measure-
ment and/or taking advantage of the Atmega328Ps built in
SRAM. By using both of these methods it was found that
the Atmega328P at 5 V at 16 MHz and 3.3 V at 8 MHz is
capable of logging data for a period of 1 year if the measuring
period is reduced to 12 and 10 seconds respectively. By taking
advantage of the SRAM within the microcontroller, this can
be further reduced to 2 and 1.7 seconds respectively. In future
work, a comparison between the Atmega328P and alternative
microcontrollers with superior SRAMand faster clock speeds
should be performed as this could achieve superior character-
istics to that of the Atmega328P.

With the techniques presented here, a standard method for
producing a microcontroller based data logger that can record
data for 1 year down to a measurement period of 1.7 seconds
has been achieved. The methods here are easily repeatable
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and only require a microcontroller with SPI interface, 2/4 AA
batteries, 8/16MHz crystal, RTC and the Adafruit SD card
reader with SD card to be recreated - all of which can be
purchased for ∼£30.
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