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Abstract—Developing ultra-low-power devices requires
low-power components, algorithms, and communication pro-
tocols. For environmental monitoring along the supply chain,
products may travel a long way from the distributor to
the customer. In addition, extreme climatic circumstances,
such as temperatures below 0°C, affect battery capacity.
In order to monitor package’s environment, it is crucial to
ensure that all embedded system parts use as little energy
as possible. This paper addresses how much power the
SPI and 12C communication protocols use. These protocols
are widely used in low-power embedded devices for sensor
communication. Based on its results, this research article
presented recommendations for developing ultra-low power
embedded devices that use the SPI/I2C protocol.
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I. INTRODUCTION

Inter Integrated Circuit (I2C) and Serial Peripheral
Interface (SPI) communication protocols are typically used
in modern embedded systems to communicate with on-
board peripherals at low or medium data transfer rates.
Article [1] discusses the different parameters that must be
considered while picking a protocol, including features,
advantages, disadvantages, the number of devices, data
transfer rate, and power consumption.

I2C is a serial communication protocol invented by
Philips labs that allows numerous devices to be linked to
a single bus, with one device acting as the controller and
the others as targets. [2C is commonly used for low-speed
devices, like microcontrollers, sensors, actuators, real-time
clocks, monitoring devices, power management devices,
memories, and so on, to communicate with each other. 12C
allows for the connection of up to 128 devices to a single
bus, and it is able to support communication speeds of up
to 3.4 Mbps. The I2C standard’s most recent modifications
are in [2].

SPI is a synchronous serial communication protocol
originally developed by Motorola that permits several
devices to be linked to a single bus, with one device acting
as the controller and the others functioning as targets. On
an embedded system, SPI is often used for communication
between high-speed devices, including control devices,
cameras, display controllers, communications, and mem-
ory banks. Supported are communication speeds of up to
60 Mbps. The number of target devices on a bus can range
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from one to several hundred, but is typically restricted to
a dozen (e.g., four, eight, or sixteen). Certain specialised
hardware implementations may be able to accommodate
numerous target devices, each with its own chip-select pin.
Consequently, the number of available input/output (I/0)
pins on a microcontroller represents significant constraints.
It is possible to utilise additional hardware, like an I/O
expander or a multiplexer, to overcome the constraint on
the number of available I/O pins [3].

12C is commonly used for connecting low-speed de-
vices, whereas SPI is used for connecting high-speed
devices. I2C is simpler, more straightforward, and slower
than SPI, which is more complicated, sophisticated, and
faster. Although both protocols coexist and are utilised for
inter-chip communication, designers of ultra-low power
embedded systems should consider the energy consump-
tion of the implemented design.

I12C communication protocol’s main advantages are:

e communication requires only two wires, and the
microcontroller requires fewer pins

o multi-target functionality enables communication
with multiple target devices which are connected to
the same bus

o easy to implement and does not require any special
hardware or software

« supports data transfer rates of up to 3.4 Mbps

« supports multi-controller systems and is adaptable to
a broad range of applications

o flow control and error handling, which results in a
more reliable protocol.

12C communication protocol’s main disadvantages are:

o half-duplex communication, in which only one direc-
tion of communication is possible at once

« restricted communication range, not suitable for long-
distance use

¢ in a multi-controller system, there is a possibility of
address collision between devices

o a maximum of 128 devices are allowed

o comparatively slower than other communication tech-
nologies such as SPI or RS-232

« limited data transfer capabilities may not be suitable
for applications requiring high speeds.
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SPI communication protocol’s main advantages are:

o full-duplex communication permits the simultaneous
transfer of data in both directions

« well-defined interface and intuitive signalling

o It enables data transfer rates ranging from a few
kilobits per second to 60 Mbps, making it suited for
high-speed applications

o addressing-free, making it an efficient protocol for
communicating with a single peripheral device

« supports numerous target devices, allowing a single
controller to communicate with multiple targets.

SPI communication protocol’s main disadvantages are:

« restricted communications up to a few metres in range

o chip select lines determine the maximum number of
devices connected to the bus

o cach extra target device adds four new wires to the
circuit board layout

« needs additional circuitry or software to detect and
repair faults since it lacks a built-in error detection
mechanism.

The current state-of-the-art in low-power 12C and SPI
communication focuses on reducing power consumption
while preserving or enhancing communication speed and
reliability. This is accomplished by combining hardware
and software optimisation with low-power FPGA (Field-
Programmable Gate Array) components.

Authors in [4] accurately simulated a reduced power
model for low-power systems using peripherals. The
method can be applied to various instruction sets and pe-
ripherals. Power supply fluctuations and number-rounding
inaccuracies generate energy estimating issues, according
to the research. This work introduces a new power mea-
suring method using high-precision power measurement
hardware and low-level software control to accurately
evaluate power consumption.

In [5], the authors proposed a low-power synchronous
data line protocol design that attempts to reduce energy
consumption by utilising only two data lines, which is
beneficial for PCB design. The proposed system consumed
12 mW, while the standard 3-Wire SPI design consumed
19 mW of power, which is a significant improvement. It
also enables simplex and half-duplex data transfer at the
same rate. The design was validated using FPGA as the
controller and the chip as the target.

The authors of [6] provide an exhaustive evaluation of
current power efficiency techniques and introduce new
ones focused on lowering the quantity of data delivered
and processed by devices. It aims to improve the power
efficiency of the I2C communication protocol by reducing
leakage current. The 1Turbo approach formulates optimal
pull-up resistors. With increasing SDA and SCL pull-up
resistance values, energy usage is significantly reduced as
the current decreases.

Gated and non-gated low-power SPI switch interfaces
have been compared by researchers in [7]. The authors in-
tend to reduce the SPI switch interface’s power consump-
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tion while preserving its performance. The paper describes
the design and implementation of the FPGA XP2 low-
power SPI switch interface. The results demonstrate that
the proposed low-power SPI switch interface consumes
much less power than existing methods while maintaining
high performance.

The authors of [8] compare the power consumption of
various serial interfaces, such as Universal asynchronous
receiver-transmitter (UART), SPI, 12C, and others, in order
to identify the most power-efficient approach. The report
compares the results of a comprehensive analysis of the
power consumption of several serial interfaces under var-
ious scenarios. The results suggest that the 12C interface
is the most power-efficient alternative for low-data-rate
applications, but the SPI interface is better suited for high-
data-rate applications. Also, the authors present various
optimisation strategies to improve the power efficiency of
serial interfaces.

The paper [9] describes the implementation of both
the 12C and SPI protocols on an FPGA. The authors
evaluate these two FPGA-implemented protocols’ perfor-
mance, energy consumption, and design complexity. While
implementing these protocols on an FPGA, the authors
also discuss the design tradeoffs and difficulties involved.
The results indicate that the SPI protocol has superior
performance and lower power consumption per Mbps than
the 12C protocol, although the 12C protocol has a simpler
design.

The framework implementation in [10] involves the
implementation of the Flex-SPI protocol into a software
architecture, which provides a basis for communication
between various devices. The Flex-SPI protocol is char-
acterised by a comprehensive study of its performance,
reliability, and power consumption. The energy consump-
tion analysis of the Flex-SPI protocol involves measuring
the power utilised by the communication link in various
data transfer scenarios. This information is then compared
to the I12C standard’s energy consumption.

In [11], the energy consumption of SPI and I2C with
various pull-up resistors was compared. They determined
that a pull-up resistor higher than 47 k) would require a
reduction in parasitic bus capacitance to function properly.
SPI transfer was finished approximately 200 milliseconds
faster than predicted, but 12C took 50 ms longer (with
accounted NACK and CONTINUE commands on the bus).
The influence of bus capacitance on the communication
protocol causes the timing disparity.

In [12], the authors suggest a design for a digital circuit
that can convert signals between the SPI and 12C com-
munication protocols, presenting a novel approach to SPI
and I2C. The control module employs state machines to
regulate the data transmission between the two interfaces
and guarantees that the communication adheres to the
protocol specifications of each interface. The simulation
results demonstrate that the conversion circuit can convert
signals between the two protocols while preserving the
data’s integrity.
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This article compares the power consumption of 12C
and SPI communications on the same chip (eg. register
write, register read, ...). This operation can be carried out
using a microcontroller connected to a chip supporting the
12C and SPI communication protocols.

The rest of the paper is organised as follows. Section II
defines the experimental setup used to perform measure-
ments. Results and discussions are presented in Section
III, while Section IV concludes the paper and gives future
remarks.

II. SETUP
Two hardware configurations are compared:

1) microcontroller connected to I2C devices (Fig. 1)
2) microcontroller connected to SPI devices (Fig. 2).

I2C contains two pull-up resistors, the resistance of
which influences the energy consumption results. Energy
consumption of pull-up resistors decreases with decreasing
resistance values adjusted to the level of reliable signal
integrity for the I2C connection with the wire length
chosen.

I2C bus impedance and signal rise time decrease with
lower pull-up resistor values but it might affect signal
quality causing voltage drops and bus noise. Lowering
the pull-up resistor increases data transmission rate, but
it must be done carefully to avoid damaging the bus and
devices. Reading bus devices datasheets and specs makes
it easier to choose a pull-up resistors value.

Only one device is connected to the SPI or 12C bus
when measurements are performed.

Table I gives a list of structural characteristics in order
to properly specify the setup. It is important to note that 47
kQ pull-up resistors are the most energy-efficient option
for I2C connections as per [11]. Well estimated pull-up
resistors may be a deciding factor in terms of power usage
throughout the hardware design phase.

The chip select (CS) pin of the controller is set to push-
pull GPIO mode. Typically, pull-up resistors on chip select
lines are advised for systems where chip select pins of
the controller may enter an undefined state. Added pull-
up resistor would increase power consumption, which is
undesirable for this research.

TABLE I: The characteristics of the measuring setup.

Characheristic Value

MCU model STM32L010K4T6
12C/SPI device LPS22HBTR
Device type MEMS pressure sensor
MCU operating frequency [KHz] 1048
Operating voltage [V] 33

12C pull — up resistor values [kS] 47

Used wire lenght [cm] 15

SPI clock polarity (CPOL) High

SPI clock phase (CPHA) 2 Edge

GW Instek PSB-1400L
Keysight 34465A

Power supply
M easuring multimeter
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Fig. 2: SPI configuration diagram.

III. EXPERIMENTAL RESULTS

The power consumption of I2C and SPI interfaces
depends on several factors, including clock frequency,
voltage level, and implementation details. I2C often con-
sumes less power than SPI due to its slower clock speed
and more efficient data transport protocols. However, the
actual power consumption of I2C versus SPI can vary
considerably based on the application and other variables,
such as power control tools, which can have a substantial
impact. However, it is recommended to consult the utilised
devices’ datasheets to ascertain each interface’s actual
power consumption.

Current measurements were performed with Keysight
34465A 6 Y2 digit multimeter (listed in Tab. I) that
provides high level of accuracy, speed and resolution. The
microcontroller model and clock frequency are shown in
Tab. I, as well as the sensor used as the target device.

According to the measured values in Tab. II and Tab. III,
the distinction between open drain output and push-pull
output is apparent. When the I2C bus idles, both SDA and
SCL signals are in the logic high. In that period, the lowest
energy consumption is achieved. This is due to the 12C
bus consuming energy on every logic low signal, which
happens when sending or receiving data.

Because of different data transfer approaches, I12C uses
KHz while SPI uses KBit/s as a measure of transfer
speed. 12C utilizes synchronous communication, in which
a controller handles the timing of data delivery. With
12C, the controller transmits a clock signal to the target
device(s), which transmit or receive data. According to the
standard, since the frequency of the clock signal directly
correlates to the transfer speed, the KHz measure is used.
SPI is also a synchronous serial communication protocol,
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TABLE II: Current consumption during SPI
communication with the device’s registers.

SPI
Communication Read Write
speed [KBit/s] current [uA]  current [pA]

idle 458,92 458,92

4,093 269,57 606,45

8,187 270,07 686,12
16,375 271,44 867,54
32,75 273,59 1.124,30

65,5 274,02 1.231,91

131 275,26 1.001,59

TABLE III: Current consumption during 12C
communication with the device’s registers.

12C
Communication Read Write
speed [KHz] current [pA]  current [pA]

idle 270,05 270,05

4 523,49 539,17

8 505,96 519,05

16 475,77 486,67

32 441,18 456,16

65 403,80 417,72

131 376,97 404,45

but it is designed to operate at much higher speed rates
compared to I2C. The duplex property of the SPI protocol
enables data to be sent simultaneously. Read and write
operations do not require equal clock signal cycles. Hence
the transfer rate is measured in KBit/s.

According to SPI communication measurements, results
have shown that reading data consumes less energy than
writing data. For a read operation, the controller sends a
data request, and the target device sends back the requested
data by shifting it out on the MISO (Master In Slave
Out) line. For the write operation, the controller sends
both the address of the register and the data which will
be written into the register. Since the target device has to
write received data into the register, power consumption
for the write operation rises. As a result, a read operation
typically consumes less power than a write operation.

IV. CONCLUSION

When designing ultra-low power embedded systems,
it is recommended that all on-board peripherals use
minimum energy. One of the aspects that affect energy
consumption is the communication protocol used. This
paper analyses the energy consumption of SPI and 12C
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communication protocols with speeds in the range of 100
KHz.

Based on the results, a conclusion can be made for three
scenarios which can occur when utilizing SPI or 12C.

o« Communication occurs sometimes, and the communi-
cation line spends in the idle mode most of the time.
In this case I2C is more suitable when it comes to
energy consumption.

o SPI is used to continuously retrieve data (i.e. mea-
surements from sensor) without frequent register
writes. In this case SPI is more suitable when it comes
to energy consumption.

o Communication is balanced, a number of register
reads and register writes are equally represented. In
this case I2C is more suitable when it comes to energy
consumption.

In applications with multiple I2C devices, results may
vary due to the calculated resistance of pull-up resistors.
It is also worth noting that number of read and write
operations can also impact energy consumption when
using SPI communication protocol, which isn’t the case
for 12C communication protocol.

Due to SPI not having a formal standard, and possible
variations and options of SPI configuration, the results
of this study are not uniform across the board. More
experimental cases should be evaluated for modes which
are not assessed in this research. Options such as SPI clock
polarity (CPOL), clock phase (CPHA), and other types
of SPI configurations, such as daisy chain or expander
configuration should be considered.

Future work will include research for developing new
ultra-low power communication protocol and developing
methods for improving energy consumption in embedded
systems.
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