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Abstract: Power saving has always been an important research direction in the field of microcon-
trollers. Dozens of low power technologies have been proposed to achieve the goal of reducing their
power consumption. However, most of them focus mostly on lowering the consumption rate. It is
well known that energy is the integral of power over time. Thus, our view is that both power and
time should be carefully considered to achieve better energy efficiency. We reviewed some commonly
used low power technologies and proposed our assumptions and strategy for improving energy
efficiency. A series of test sets are designed to validate our hypotheses for improving energy efficiency.
The experimental results suggest that time has no less impact on energy consumption than power. To
support the operation of the processor, some peripheral components consume a constant amount of
power regardless of the clock frequency, but the power consumption will be reduced when the pro-
cessor enters low-power modes. This results in some interesting phenomena that are different from
the usual thinking that energy can be saved by increasing processor clock frequency. For STM32F407
and Xtensa LX6 processors, this article also analyzes and calculates the minimum sleep time required
for achieving energy saving based on our analytical models. Our energy efficiency strategy has
been verified, and in some cases, it can indeed improve energy efficiency. We also proposed some
suggestions on hardware design and software development for better energy efficiency.

Keywords: embedded systems; energy consumption; energy efficiency; internet of things; low
power technology

1. Introduction

With the popularization of the concept of green computing [1], people are paying
more attention to energy efficiency in computing [2]. Nowadays, large quantities of
embedded systems are deployed everywhere in our daily life to satisfy the demands of
modern smart life. Unlike general-purpose computing devices, embedded systems are
often required to satisfy the constraint of low energy consumption. Both the operator
and the users expect these devices to last longer and require little maintenance. Energy
consumption has a significant impact on battery life, thermal design, device stability, and
security. Additionally, energy consumption is an essential index of the performance of
embedded systems. Microcontrollers provide computing and processing capability for
embedded systems and have to follow energy constraints as well. Adegbija et al. [3]
pointed out that IoT processors must be optimized for energy efficiency and configurable to
achieve optimal execution, especially in terms of energy efficiency. Dozens of studies about
low power technology have been performed by other researchers and companies, and to
reduce power consumption, many low power technologies have been proposed as well.
However, because energy consumption is the integral of power over time, power is not the
only impact factor in energy consumption. Although low power technology contributes
greatly to reducing the power consumption of embedded microcontrollers, it also affects
the performance and execution time of applications. In the field of power consumption
modeling, Sun et al. [4], Martinez et al. [5] Yoon et al. [6], and Alawnah et al. [7] also
mentioned that especially for mobile smart devices and IoT devices, the periods of the
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operating time have a non-negligible impact on the energy consumption of embedded
systems. Existing studies focused more on the impact of time overhead introduced by
low-power techniques on system performance. We believe that the energy overhead of
low-power techniques and the effect of time on energy consumption should be taken into
consideration and analyzed when drawing up energy-saving strategies.

In this paper, we reviewed some commonly used low power technologies and methods
and proposed two assumptions about energy consumption. First, since energy is the
integral of power over time, in some cases, energy might be saved even if instant power
consumption increases. Second, the overhead introduced by processor clock frequency
transitions and power mode transitions must be considered when applying dynamic
voltage and frequency scaling (DVFS) and power modes. Several analytical models and a
series of test sets are designed and conducted to validate our assumptions. The test results
show that our assumptions are correct, and in some cases, our ideas can indeed contribute
to improving energy efficiency. Based on the experiment data, we also propose several
suggestions on hardware design and software development for better energy efficiency.

Contributions: This research presents some contributions in the domain of improving
energy efficiency of microcontrollers.

(1) Analytical models are designed to analyze the effect and overhead of different low
power technologies.

(2) A series of tests is conducted, and the power consumption of essential peripheral
components shows its impact on energy consumption.

(3) A method to compare and choose the optimal among different low-power technolo-
gies is proposed to apply low-power technology more appropriately and effectively.

The paper is organized as follows. Section 1 introduces the background issues of
energy efficiency in embedded systems and microcontrollers. Section 2 presents the ex-
isting low-power technologies for embedded systems and microcontrollers, points out
their shortcomings, and presents our ideas. Section 3 contains our analytical models
corresponding to our assumptions. Section 4 contains the measuring methodology and
experimental data used in the study. Section 5 analyzes and discusses the results obtained
from the experiments, as well as the recommended energy efficient strategies in different
scenarios. Sections 6 and 7 provide suggestions for future improvement and directions and
summarize the research.

2. Related Studies and Motivation

In this section, we first investigate existing low-power technologies and methods and
then raise our assumption on improving energy efficiency.

2.1. Related Work

We have searched multiple combinations of keywords such as ‘embedded system
AND low power’, ‘embedded system energy saving’, ‘embedded system extend battery
life’, and ‘embedded system AND energy efficient’ to retrieve the peer-reviewed articles of
journals, conference proceedings, book chapters, and reports from the databases of ACM
Digital Library, IEEE Xplore, Engineering Village, and Web of Science. We also used Google
Scholar as a complementary search engine to find other related documents as well as those
not formally published. On the topic of energy-saving and extending battery life in the
field of embedded systems, research can be roughly divided into two directions: increasing
the energy harvest and decreasing the consumption.

Energy harvesting is a promising technique that takes advantage of environmental or
other energy sources such as solar, wind, thermal gradients, and radiofrequency radiation.
Chandrakasan et al. [8] stated that the ultimate goal of micro-power systems is to power
microsystem devices using energy harvesting techniques such as vibration-to-electric
conversion or through wireless power transmission. Gollakota et al. [9] pointed out that,
with the development of computers, it is possible to power small computing devices using
only incident RF signals. Gudan et al. [10] presented a system for measuring ambient
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RF energy in the 2.4 GHz ISM band and suggested there is enough energy to support
a low duty cycle wireless sensor node system. Li et al. [11] proposed a solar energy
driven, multi-core architecture power management scheme called SolarCore, which is
capable of achieving the optimal operation condition of solar panels autonomously under
various environmental conditions with a high green energy utilization of 82% on average.
Raghunathan et al. [12] presented the design, implementation, and performance evaluation
of Heliomote, a prototype to address the key issues and tradeoffs arisen in the design of
solar energy harvesting and wireless embedded systems.

Dynamic voltage and frequency scaling (DVFS), power mode management (also
known as dynamic power management), and software layer low-power optimizing tech-
niques are the most widely used power-saving approaches. Dynamic processor frequency
is widely used as a power-saving method to decrease power consumption. Hua et al. [13]
studied the optimal number and values of voltage levels for achieving energy efficiency
with minimal area and power overhead of voltage regulators and of voltage transitions.
Gheorghita et al. [14] proposed a technique for saving energy in embedded systems by
using a smaller voltage at a time when less computation power is required.

Choi et al. [15] proposed a DVFS technique that enables one to achieve a precise energy-
performance tradeoff while making use of runtime information about the external memory
access statistics and to choose the optimal CPU clock frequency and the corresponding
minimum voltage level based on the ratio of the on-chip computation time to the off-chip
access time. Saewong et al. [16] proposed four DVFS techniques for saving energy in
embedded systems: using a single frequency for the entire execution, using slack to save
extra energy in low-priority tasks, which are suitable for systems where the overhead of
DVFS is very high, using different optimal frequencies for every task, and minimizing
the energy consumption based on monitoring actual execution times; however, these are
unsuitable for on-line use due to their high complexity. Quan et al. [17] propose two
DVFS algorithms for saving energy in real-time embedded systems; the first algorithm
finds the minimum constant speed, and the processor is shut down when idle, and the
second algorithm produces both a constant speed and a schedule of variable voltages for
minimizing the energy. Kan et al. [18] proposed a DVFS technique for saving energy in
soft real-time embedded systems by choosing the available frequency that is closest to the
optimal frequency for a task.

In embedded SoCs, there usually exist several operating modes or power modes
that can be used to save energy. Different modes require different electric currents to
work with and take different periods of time to return to the normal mode. Generally,
modes that consume less energy will take a longer time to return to normal mode [19]. A
large amount of research has been performed to find the balance of energy-savings and
real-time performance. Li et al. [20] proposed a method for selecting power modes for the
optimal power management of embedded systems under timing and power constraints.
Hoeller et al. [21] proposed an interface for the power management of hardware and
software components. Huang et al. [22] propose an energy-savings technique that works
by adaptively controlling the power mode of the embedded system according to the
historical arrival of tasks. Bhatti et al. [23] present an online framework to integrate DVFS
with a power-mode management (PMM) scheme to save energy in embedded systems.
Niu et al. [24] propose a technique to save both leakage and dynamic energy in embedded
systems by integrating DVFS and PPM. In 2013, Liang et al. [25] proposed a method to save
energy in the user equipment, whereby the user equipment switches to sleep mode during
their nonactivity periods and wakes up when required. They also discussed a strategy to
prolong the sleep period of the sensors for better energy efficiency.

Ahmad et al. [26] assumed that different ARM instructions have similar power con-
sumption and proposed a framework for static-analysis-based smartphone application
energy estimation. Chen [27] conducted a test on ARM926EJS among different types of data,
operators, and function types and obtained a result that achieved the same function using
different instructions that could have different energy consumption. In addition, modern
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compilers such as the GNU C Compiler (GCC) [28] and ARM Compiler (ARMCC) [29]
also provide optimization options, whereby the compiler can attempt to optimize for small
code size and high performance.

However, lowering power consumption does not necessarily mean saving energy.
Chung et al. [30] researched the relationship between energy consumption and the program
executing efficiency and pointed out that, in some situations, the growth rate of the power
consumption is not always as high as that of the program execution efficiency. Thus, in this
situation, the energy consumption can be lowered by improving the program execution effi-
ciency. Dzhagaryan et al. [31] researched the relationship between the processor frequency
and the energy consumed by program execution and pointed out that, with an increment
in the processor frequency, the power consumed by the processor is increased, while the
execution time of a program is reduced. The energy consumed by program execution can
increase or decrease, varying based on the processor frequency. They proposed that the
most energy-efficient processor clock frequency is below the designed maximum frequency,
and the relationship between the energy consumption and frequency presents a U-shaped
curve. In addition, because the voltage transitions can require time on the order of tens of
microseconds [32], Jiangwei et al. [33], Pinheiro et al. [34], and Kuehn et al. [35] pointed
out that the operation of processor frequency scaling can also introduce additional energy
consumption because of the transition time overhead.

These studies have taken the overhead introduced by applying low-power technolo-
gies into account, but they focused more on designing low-power strategies from the
perspective of system performance, especially system capacity and real-time performance.
We believe that the overhead is not only a problem of system performance and energy
consumption; it also has impacts on the DVFS strategy because it could be fairly signifi-
cant and cannot be ignored. In addition, we want to figure out a convenient way to help
determine when and which low-power technique has the best energy efficiency under
specified circumstances.

2.2. Our Assumptions

As mentioned above, many low power technologies have been proposed to reduce the
power consumption of microcontrollers. However, it is known that energy is the integral
of power over time, and both the power consumed, and the execution time will affect the
total energy consumption, illustrated by Equation (1) below:

E =
∫ texecution

t=0
P(t)dt, (1)

Reducing power consumption is not the only way to save energy; saving time should
also contribute to energy saving. Our first assumption was that a higher processor fre-
quency leads to more power consumption but a shorter execution time, so in the case of
computationally intensive tasks, a higher processor clock frequency may not necessarily
mean more energy consumption. In [32–35], it was pointed out that some widely used
low-power technologies such as DVFS and power modes may have heavy overheads
of transitions. We want to figure out a way to determine the application scenarios of
different low-power technologies, so that microcontrollers can always run in the most
energy-efficient way.

Since the use of peripherals is inevitable in real applications, the energy consumption
of the embedded system can be divided into two parts: the energy consumed by the
processor and the energy consumed by the peripherals. To verify our assumptions and
understand the impact of low power technologies on energy consumption, it is essential to
propose corresponding analytical models for each low power technology and analyze their
energy consumption with actual experimental results.
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3. Analytical Models

In this section, we propose analytical models that correspond to our assumptions.
With the help of these models, it is possible to validate and quantify the impact of different
low-power technologies on energy efficiency. To validate our assumptions and determine
the overhead, we decided to take a deep look at energy-savings technologies bottom up.
The whole work is divided into two parts: 1. the relationship between energy consumption
and the processor clock frequency; 2. the overhead introduced by the dynamic processor
frequency or DVFS and the overhead of applying power saving modes.

3.1. How Will Processor Clock Frequency Affect Energy Consumption?

The processor frequency has a significant impact on both the working current and the
code execution time. It is known that the power consumption will increase as the processor
clock frequency increases, and for computationally intensive tasks, the execution time will
be shortened by increasing the processor clock frequency. Except for programs that contain
delays, almost all of the programs can speed up the execution by increasing the processor
frequency, and in ideal situations, the execution time and processor clock frequency will
show an inverse proportional relationship. The STM32F407 used as a target device has a
wide range of processor clock frequency up to 168 MHz. The question of “how [processor
clock frequency will] affect energy consumption” can be translated into whether Equation
(2) holds, where Eaf represents the energy consumption at the adjusted frequency, and Eof
represents the energy consumption at the original frequency. Energy is the time integral of
the power, or the product of power and time if the power is almost constant. We can expand
Equation (2) into Equation (3), where Paf represents the power consumption at the adjusted
frequency, taf represents the execution time at the adjusted frequency, Pof represents the
power consumption at the original frequency, and tof represents the execution time at the
original frequency. To make the comparison more intuitive, Equation (4) is derived. Figure 1
is a schematic diagram of the energy consumption of the application code before and after
adjusting the processor clock frequency.

Eaf < Eof (2)

Paf × taf < Pof × tof (3)

Paf / Pof < tof / taf (4)
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The area formed by the power consumed during the execution is the energy consump-
tion of the program. The blue area is Eof, the energy consumption of the original program,
and the orange area is Eaf, the energy consumption of the optimized program. If the orange
area is smaller than the blue area, then it will be possible to save energy by adjusting
processor frequency. This criterion means that the increment in the power consumption
must be less than the speedup of the execution time.

However, even in a core board, there are many peripheral components that serve the
system and program. These on-board peripheral components, other than the processor, also
consume energy, while the whole system runs in active mode. Therefore, for Equation (3),
in addition to the power consumption of the microcontroller itself, Paf and Pof also include
the power consumed by other peripheral components. If the power consumption of the
peripheral components is separated from the power consumption of the entire system, we
can obtain the following:

Pof = Pofp + Pofpc (5)

Paf = Pafp + Pafpc (6)

Pofp and Pafp stand for the power consumption of the microcontroller itself at the
original clock frequency and the adjusted clock frequency, respectively, and Pofpc and
Pafpc stand for the power consumption of other peripheral components at the original and
adjusted processor clock frequency. Equation (3) can be derived to

(Pafp + Pafpc) × taf < (Pofp + Pofpc) × tof (7)

Pafp × taf + Pafpc × taf < Pofp × tof − Pofpc × tof (8)

Paf × taf − Pof × tof < Pofpc × tof − Pafpc × taf (9)

In this situation, energy will be saved as long as the total energy consumption of the
processor and peripheral components at the adjusted frequency is less than that at the
original frequency.

3.2. How Will Overhead Affect Energy Consumption?

DVFS and power-saving modes are commonly used low power technologies. The
STM32F407 used as the target device supports the runtime processor frequency transitions.
By modifying Phase-Locked Loop (PLL) parameters and setting PLL as the clock source, the
clock frequency of the STM32F407 processor can be up to 168 MHz. During the transition,
the high-speed internal crystal oscillator (HSI) or high-speed external crystal oscillator
(HSE) is used as the clock source, and now PLL parameters can be modified. After setting
the PLL parameters, the PLL output is enabled, and when it is ready, the clock source is
switched to PLL output. If peripherals are required, SysTick, the peripheral clock, and all
the peripherals need to get reinitialized as well. It can be seen that adjusting the processor
clock frequency may take a lot of time, so the impact of the overhead of processor clock
frequency transitions on the energy consumption should be calculated.

In addition, the STM32F407 processor also comes with three power-saving modes:
sleep mode, stop mode, and standby mode. It is evident that entering and waking up
from power-saving modes will introduce energy consumption overhead, and the overhead
should be calculated as well. Utilizing DVFS technology and applying power-saving
modes have many similarities: they change the power consumption of the microcontroller,
and both of them introduce a certain amount of overhead. The impact of their overhead
on energy consumption can be studied in a similar way. Whether applying low power
technologies such as DVFS and power-saving modes will contribute to energy saving can
be expressed as Equation (10), where Elp represents the energy consumption after low
power technologies applied, Eoh represents the overhead energy consumption of applying
low power technologies, and Eori represents the energy consumption under the original
condition. In Equation (11), the energy consumption is expressed by the product of power
and time. Thus, we derive Equation (12), and the key to this question is whether the energy
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saved by applying low power technologies can cover the overhead that is introduced.
Figure 2 shows schematic diagrams of the energy consumption of applying DVFS and
power-saving modes.

Elp + Eoh < Eori (10)

Plp × tlp + Poh × toh < Pori × tori (11)

Poh × toh < Pori × tori − Plp × tlp (12)

The total energy consumption of an embedded system after low power technologies
being applied is made up of two parts: Eoh, the overhead (the red area), and Elp, the energy
consumption of the system (the orange area). Energy can be saved when the sum of the
red and orange area is smaller than the blue area, Eori, the energy consumption under the
original condition. The overhead of DVFS in (a) includes two processor clock frequency
transitions. The first transition is to adjust the frequency to the target frequency, and the
second is to reset the frequency to the previous frequency. However, the overhead of
applying a power-saving mode in (b) is slightly different from that of DVFS: the energy
consumed to enter the power-saving mode and the energy consumed to wake up. There
will be at most one system clock reconfiguration when waking up.
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If the overhead introduced by applying low power technologies is significant enough,
we must consider whether the energy saved by using these technologies is sufficient to
cover their overheads. In this case, a minimum time for which the system is required to
stay in power-saving modes is

tmin =
Eoh

Pori − Poh
(13)

For two different power-saving modes A and B, if Mode A has a better power-saving
effect and less overhead, Mode A should always be the best choice. However, if the
overhead of Mode A is higher than that of Mode B, the minimum time for which applying
Mode A will have a better energy-saving effect is

tmin =
EohA − EohB
PlpB − PlpA

(14)

4. Experiments and Results

In this study, an STM32F407 core board was used as the target hardware. It is designed
by STMicroelectronics, and made in China. To validate our assumptions and ideas, a series
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of test sets was designed to demonstrate the relationship between energy consumption
and time. The experiments were performed on the STM32F407 core board to study energy
consumption behaviors. In this section, we will introduce our measuring methodology,
present our measuring results, and analyze the measuring results to show the ability to
improve energy efficiency with different methods.

4.1. Measuring Methodology

In our previous papers [36,37], a design of the energy consumption measuring plat-
form for embedded systems was proposed. In this platform, a KEITHLY 2280S-32-6 type
high precision digital power supply was used to provide power consumption data, which
is a product of Tektronix. The sampling rate of the KEITHLY 2280S-32-6 type high precision
digital power supply can reach 25 kHz when the measuring resolution is set to 31/2 digits,
and the sampling rate is 5 kHz when the resolution is 41/2 digits [38]. The digital power
supply was equipped with General Purpose Interface Bus (GPIB or IEEE 488 bus), Ethernet,
and Universal Serial Bus (USB) interfaces, and it supports queries using commands such
as Standard Commands for Programmable Instruments (SCPI); as a result, the real-time
power consumption data of the core board can be easily obtained. Its output voltage is set
to 5.000 V in this study.

STM32F407 is a widely used microcontroller based on ARM® Cortex®-M4, and its
operating frequency can reach up to 168 MHz. Its working current is approximately
238 µA/MHz, according to STMicroelectronics’s website [39]. The ESP32 module is a
low-power, feature-rich MCU with integrated Wi-Fi and Bluetooth connectivity for a
wide range of applications developed by Espressif-System and manufactured by Taiwan
Semiconductor Manufacturing Company, Limited (TSMC). It is equipped with an Xtensa®

32-bit LX6 processor. In this study, an STM32F407 core board and an ESP32 module were
used as the target devices. The core board was equipped with the STM32F407 processor, the
lead-out pins, and essential peripheral components that support the basic functionalities of
the board. Figures 3 and 4 show the setup and connection of our measuring platform.
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4.2. Processor Clock Frequencies and Energy Consumption

The STM32F407 processor used as target hardware has an adjustable processor clock
frequency of up to 168 MHz. In this subsection, the only variable is the processor clock
frequency. Each test case is compiled with the exact same compiler optimization options
and executed at different processor clock frequencies. The working current, execution
time, and energy consumption under these circumstances are collected and compared. The
working current of the microcontroller itself in Figure 5 shows an almost perfect linear
increment with the processor clock frequency, and the approximate fitted line is

I(mA) = 0.2509 × f(MHz), R2 = 0.9961 (15)
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According to STMicroelectronics’ website, the working current of the STM32F407 pro-
cessor is approximately 238 µA/MHz, and our result is consistent with the data provided
by the chip vendor. Figure 5 also shows the execution time of a typical test case at different
processor clock frequencies. The execution time decreases as the processor clock frequency
increases, and it exhibits an inverse proportional relationship. The energy consumption of
the microcontroller itself can be obtained by combining the execution time and the working
current. Figure 6 shows the energy consumed by the microcontroller itself of a test case
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at different processor clock frequencies. Although the working current increases with an
increase in the processor clock frequency, the execution time is shortened with an increase
in the processor clock frequency. As a result, the energy consumption of the microcontroller
itself is hardly related to the processor clock frequency based on this test. The energy
consumption of the microcontroller itself can be approximately calculated by

E = U × I × t = 5.000V × (0.2509 × f) × (148.77 × f−1.005) = 186.632 × f−0.005 (16)

As mentioned in Section 3.1, the existence of peripheral components in actual applica-
tions is inevitable. Figures 7 and 8 show the execution time, the working current, and the
energy consumption of the whole system.
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Figure 8. The relation between the energy consumption and the processor frequency of the entire
core board.

It can be seen that, for the whole core board, the working current and the processor
clock frequency still show a linear increment. Further, the slope, which is the working
current per MHz processor clock frequency, is very close to that of the microcontroller
itself. It can be concluded that the working current of the peripheral components on the
core board will remain at a stable value regardless of how the processor clock frequency
changes. Thus, the power consumption of peripheral components is a relatively constant
value. The energy consumption of the whole system can be approximately calculated by

E = U × I × t = 5.000 V × (0.2428 × f + 9.0039) × (148.77 × f−1.005) = 180.607 × f−0.005 + 6697.551 × f−1.005 (17)

It can be seen that Equation (17) is monotonically decreasing.
In this case, the energy consumption of the system consists of two parts: the energy

consumed by the microcontroller itself and the energy consumed by the peripheral compo-
nents. The peripheral component consumed an electric current of approximately 9 mA. By
combining the results in Figures 6 and 8, we listed the energy consumed by the whole sys-
tem, the microcontroller itself, and the peripheral components in Table 1. The STM32F407
processor will use the 16 MHz HSE as the processor clock if the clock configuration does
not present; thus, the 16 MHz is regarded as the baseline frequency for the table data.

Table 1. Energy consumption of the whole system and peripherals at different processor clock
frequencies.

HCLK
(MHz)

Execution
Time (ms)

Energy Consumption (mJ) Energy
Saved (%)Total Processor Peripherals

4 37.680 1.672 0.168 1.504 −197.0
8 18.693 0.929 0.169 0.760 −65.0

16 9.350 0.563 0.223 0.340 0
32 4.660 0.414 0.217 0.197 26.5
48 3.106 0.330 0.198 0.132 41.4
64 2.326 0.282 0.188 0.094 49.9
96 1.553 0.244 0.181 0.063 56.7

128 1.165 0.230 0.183 0.047 59.1
168 0.887 0.222 0.186 0.036 60.6
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According to these results, it is apparent that, in embedded systems with peripheral
components, the energy consumption of computationally intensive tasks is monotonically
decreasing as the processor clock frequency increases. With a higher processor clock fre-
quency, energy is saved because the power-on duration of the peripheral components
is shortened.

4.3. DVFS, Power Modes, and Their Overheads

A series of test cases are designed to investigate how much time and energy the
processor will consume during processor clock frequency transitions. A rich set of test
cases for DVFS technology is designed. The results are shown in Figure 9. According to
our test results, some conclusions can be drawn:

(1) The time overhead of processor clock frequency transitions is relatively fixed, regard-
less of the difference between the previous and the latter processor frequency.

(2) The time overhead for STM32F407 to switch the processor frequency can be as high
as approximately 70 ms.

(3) Considering that the peripheral clock of STM32F407 is obtained by dividing the
HCLK, adjusting the processor frequency not only brings time overhead but also
makes the peripherals unable to work and communicate during this period. After the
processor frequency is changed, APB1 and APB2 must be reinitialized to work with
the peripherals again, making the situation even worse.
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The working current during the transition of the processor clock frequency is about
12.053 mA, among which about 4.075 mA is consumed by the processor, and the remaining
7.978 mA is consumed by peripheral components. Thus, the energy consumption of the
processor clock frequency transition is about 4.218 mJ each time.

STM32F407 offers three different power-saving modes: sleep mode, stop mode, and
standby mode. There are different regulator options in sleep mode and stop mode. Differ-
ent power-saving modes with varying regulator options have different power domains
turned off, which results in varying energy-saving effects. Table 2 shows the working
current and power consumption of STM32F407 in different power modes with different
regulator options.
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Table 2. Working current of the core board in different power modes.

Mode Regulator Working Current (mA) Power Consumption (mW)

Normal N/A 12.81379 64.06895

Sleep Main 6.25984 31.29220
Low power 6.22557 31.12785

Stop Main 4.82017 24.10085
Low power 4.56274 22.81370

Standby N/A 0.92958 4.64790

The experiment results in the previous subsection show that the power consumption
of the peripheral components will not vary with different processor clock frequencies.
However, from the table above, it can be seen that the power consumption of the peripheral
components shows a significant change with the processor power-saving modes. The
results show that standby mode has the best energy-saving performance, while sleep mode
has the lowest. However, with different power domains turned off, the data loss and
time cost for returning to normal mode are also different. According to the STM32F407
datasheet and user manual, standby mode can be regarded as ‘power off’ to some degree,
which means that all data in the random access memory (RAM) and registers will be lost
and can only be woken up by registered external interruptions. Stop mode will keep data
in RAM and registers but will turn off the main clock generator; thus, the clock (as well as
the peripheral clock) needs to be reconfigured after being woken up. We also measured the
time taken to return to normal mode from sleep, stop, and standby modes with the help of
external hardware, and the results are listed in Table 3.

Table 3. Time required to return from different power modes.

Power Mode Return Time (µs)

Sleep 0.6745
Stop 5.517 (clock reconfigure excluded)

Standby 23.61 (clock reconfigure excluded)

If the DVFS technology is used to reduce power consumption when the system is
idle by reducing processor clock frequency, it will require two frequency transitions as
well as the overhead. The total overhead of time and energy will be about 140 ms and
8.4316 mJ. Moreover, DVFS technology will not affect the power consumption of peripheral
components even though they are idle. Unlike the cost of DVFS, the cost of entering and
waking up from energy-saving mode is much smaller, and it is even ignorable. Not only
the power consumption of the processor but also that of peripheral components will be
reduced in power-saving modes. However, at the same time, we also noticed that the
processor clock would be turned off after entering stop or standby mode, and it will be
reset to use HSE as the clock source after waking up. To satisfy the needs of the computing
performance, the system clock requires reinitialization. Even in this case, the processor
clock frequency transition is required only once, which is half of DVFS. This step will
introduce an overhead of approximately 70 ms and 4.218 mJ, which is similar to that of
processor clock frequency transitions.

As a low power MCU, the ESP32/Xtensa processor provides two low-power modes,
namely light-sleep mode, and deep-sleep mode. In light-sleep mode, the RF module, the
CPU and part of the system clock are suspended. In deep-sleep mode, all modules are
closed except for RTC modules, and the wake-up procedure of deep-sleep mode is similar
to the system reboot. Compared with light-sleep mode, it takes much longer to wait for the
system clock to stabilize after waking up from deep-sleep mode. The working current of
the ESP32 module and the wake-up time from these low-power modes to active mode are
measured, and the results are listed in Table 4.
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Table 4. Working current, power consumption, and wake-up time of the ESP32 module in different
power modes.

Mode Working Current (mA) Power Consumption (mW) Wake-Up Time (ms)

Active 50.23 251.15 N/A
Light sleep 12.21 61.05 0.44
Deep sleep 11.07 55.35 115

The waking-up period can be quite notable; thus, the working current during these
periods is also measured. The results are 34.57 mA for light-sleep mode and 47.64 mA for
deep-sleep mode. Consequently, the one-time energy overhead for applying light-sleep
mode and deep-sleep mode is 0.078 mJ and 27.393 mJ, respectively.

5. Analysis and Suggestions

Based on our analytical models and test results, in this section, we will discuss how to
achieve higher energy efficiency on embedded SoCs.

The electric current consumed while working shows a linear increase with an increase
in the processor frequency, and the execution time shows an inverse proportional decrease
with an increase in the processor frequency. According to the results shown in Figure 6,
under ideal circumstances, when the processor is executing computationally intensive
tasks, the energy consumption of the processor is not related to the clock frequency of the
processor. In other words, regardless of whether the processor clock frequency increases or
decreases, the processor will complete the ideal computationally intensive task with the
same energy consumption, which means that Eaf should be equal to Eof in Equation (2).

In the meantime, the power consumption of peripheral components remains basically
constant despite different processor clock frequencies. Moreover, when the whole system
enters power-saving modes, the power consumption of peripheral components is also
decreased. Thus, as long as the existence of peripheral components and their power
consumption is inevitable, the energy consumed by the whole system can be saved by
increasing the processor clock frequency. Although increasing the processor clock frequency
cannot reduce the energy consumed by the microcontroller itself in executing applications,
it can shorten the power-on period of both the processor and peripheral components,
thereby reducing the energy consumed by the peripheral components. In other words, for
computationally intensive tasks, running at low frequency cannot save energy due to the
increment of the energy consumed by the peripheral components.

Since the working current in each status is relatively constant, the energy consumption
in Equation (1) can be converted into Equation (18), the sum of the energy consumption of
several statuses. The energy consumption of each status is the product of the voltage, the
working current, and the duration.

E(µJ) = Σ[U(V) × I(mA) × t(ms)] (18)

Take a periodic task whose task period is 100 ms as an example. The task runs on a
device that is powered by a DC 5 V power supply. When the processor clock frequency
is set at 16 MHz, it takes 50 ms to complete, and the system enters sleep mode in the
remaining 50 ms. The energy consumption per task period is

E16MHz = 5 × 12.05 × 50 + 5 × 6.23 × 50 = 4570 µJ (19)

If the processor clock frequency is configured to 128 MHz, the task will complete in
6.25 ms, and the sleep stage will last 93.75 ms. In this case, the energy consumption per
task cycle is

E128MHz = 5 × 39.49 × 6.25 + 5 × 6.23 × 93.75 = 4154.375 µJ (20)
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Our results show that the transition of the processor clock frequency requires a consid-
erable amount of time and significant energy overhead, approximately 70 ms, and 4.218 mJ
each time. Thus, the DVFS technology must be carefully considered before being used.
It will not only introduce additional overhead on energy consumption but also affect the
real-time performance of the entire embedded system. If the energy saved by adjusting pro-
cessor clock frequency is less than 4.218 mJ, or the system cannot tolerate an unresponsive
period of 70 ms, utilizing DVFS technology is neither worthwhile nor suitable.

This also applies to power-saving modes. Different power-saving modes have different
effects on saving energy and have different overheads on returning to normal mode. It
should be noted that, when waking up from stop and standby mode, the system clock and
peripheral IO clocks should be reinitialized, or it could stay at a default clock frequency.
According to Table 3, the overhead of sleep mode is only 0.6745 µs, and it can be ignored,
so sleep mode can be applied anywhere needed. Although stop mode and standby mode
have a much better energy-saving effect than sleep mode does, if clock reconfiguration is
required after waking up, sleep mode is more applicable for “short sleep”. From Table 2,
the power consumption of sleep mode and stop mode is about 31.1 mW and 22.8 mW. To
calculate the minimum time for stop mode, Equation (13) is referenced:

tstopmin =
Eoh

Psleep − Pstop
=

4.218 mJ
31.1 mW − 22.8 mW

= 508 ms (21)

This means only when the “sleep time” is longer than 508 ms can stop mode save
more energy than sleep mode. Although standby mode has an extremely low power
consumption of about 4.65 mW, all the data stored in registers and RAM will be lost. The
application scenarios of standby mode are more restrictive. Even if the side effects of
standby mode are ignored, compared with sleep mode,

tstandbymin =
Eoh

Psleep − Pstandby
=

4.218 mJ
31.1 mW − 4.65 mW

= 159 ms (22)

The sleep time has to be longer than 159 ms to show the advantage of standby mode.
Since sleep mode does not require system clock reconfiguration, it can be applied almost
anywhere needed, and stop mode and standby mode can also be applied wherever HSI or
HSE is used as the system clock source. However, when PLL is used as the system clock
source, due to the energy consumed by clock reconfiguration, stop mode and standby mode
require a minimum sleep period of about 508 ms and 159 ms, respectively. Otherwise, the
energy saved will not cover the overhead of clock reconfiguration. Table 5 indicates which
power-saving mode will have the best energy-saving effect under different conditions.

Table 5. Best choice of STM32F407 power-saving modes under different conditions.

Clock Source and
Frequency

Memory Loss
Acceptable? Sleep Time (ms) Best Choice

HSI/HSE
Yes Any Standby mode
No Any Stop mode

PLL
Yes

<159 Sleep mode
≥159 Standby mode

No
<508 Sleep mode
≥508 Stop mode

For the ESP32 module, the time required to wake up from light-sleep mode is sig-
nificantly less than the time to wake up from deep-sleep mode. Although the light-sleep
mode contributes less to power saving, the connection to the AP is maintained in this mode.
Thus, if it is required to maintain the connection to the AP, the deep-sleep mode cannot
be used. Our results show that waking up from deep-sleep mode requires a considerable
amount of time and significant energy overhead, approximately 115 ms, and 27.393 mJ
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each time. Thus, the application of deep-sleep mode should be strictly limited. Referring
to Equation (13), the minimum sleep time for deep-sleep mode can be calculated as

tdeep−sleepmin =
Eoh−down − Eoh−light

Pdeep−sleep − Plight−sleep
=

27.393 mJ − 0.078 mJ
61.05 mW − 55.35 mW

≈ 4.792 s (23)

The application of deep-sleep mode should be carefully considered, as it will not
only introduce additional overhead on energy consumption but also affect the real-time
performance of the entire system. This means that, if the sleep time in deep-sleep mode
is shorter than 4.792 s, the energy consumption cannot be saved. Table 6 lists out which
low-power mode of the ESP32 module will achieve the best energy-saving effect under
different conditions.

Table 6. Best choice of ESP32 low-power modes under different conditions.

Sleep Time (s) Best Choice

<4.792 Light sleep
≥4.792 Deep sleep

6. Future Directions

Two widely used embedded microcontrollers of different types and architectures
were selected for this study. According to the experiment results, our analytical models
work well with both processors. However, we do not have the conditions to significantly
change the ambient temperature, and the temperature of the STM32F407 processor never
exceeded 35 ◦C by its self-heating. Thus, the effects of environmental temperature on
power and energy consumption have not been fully measured and analyzed. Due to the
diversity of operating environments, we believe that it is worthwhile to select a wider
range of microcontrollers of different types and architectures, as well as in various external
environments, to take a deeper look.

7. Discussion and Conclusions

In this paper, we review many power-saving technologies and propose our assump-
tions on their impacts on energy consumption. To validate our assumptions, we designed
two analytical models and a rich set of test cases. The experiment results proved our
assumptions are correct, and we drew some conclusions about the application scenarios of
power-saving technologies.

According to our experiment results, we can answer the questions that we raised: first,
in the case of computationally intensive tasks, the energy consumption of the processor
is not related to processor clock frequency; however, due to the existence of on-board
peripheral components, increasing processor clock frequency will help to reduce the total
energy consumption of the whole system, since increasing frequency will shorten the power-
on time of the system. Second, the time and energy overheads of clock reconfiguration
introduced by applying DVFS or waking up from some power-saving modes are fairly
significant. For example, the STM32F407 processor used in this paper requires a “long
sleep” to cover the overheads, which are approximately 70 ms and 4.218 mJ. We have also
drawn equations for calculating the minimum sleep time, through which we can find the
most appropriate and energy-efficient power-saving technology in a specified situation.

Hardware designers should try their best to allow all peripheral components to
be powered off separately. Software developers should consider having these peripheral
components powered off or deactivated once the peripheral components have finished their
jobs or are temporarily not required. The results also present some interesting information.
Unlike conventional ideas, increasing the processor clock frequency results in higher power
consumption, but it does not necessarily mean more energy consumption or poorer energy
efficiency. In this way, if two processors have similar working currents per MHz processor
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clock frequency, choosing the one with a higher designed frequency may help achieve
better energy efficiency.
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