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ABSTRACT

In battery-powered Internet of Things (IoT) devices, energy efficiency is a significant limiting
factor for operation time, particularly in remote or infrastructure-scarce environments. This
paper explores the effects of high-performance sleep modes on microcontroller-based IoT device
power usage. Microcontroller as sensor node has ready build in power saving features which is
sleep mode. This save more operation cost because no need external system to reduce the power.
This power optimization is directly on the microcontroller itself not just in the network layer with
ESP32 as a platform, INA219 sensor is used to capture current for every situation and DHT11
sensor is used to read temperature. It compares three operating modes: continuous active mode
(no sleep implementation), fixed scheduled sleep (in which there are periodic low-power states),
and an adaptive threshold-based sleep approach that selectively triggers sleep in response to
temperature changes. The results from the experiments demonstrate that the threshold-based
deep sleep strategy provides a 78.24% energy saving over the active baseline and performs better
than fixed scheduled strategies with guaranteed data integrity. These findings indicate the
promise of context-aware adaptive sleep algorithms for reducing microcontroller power
consumption without degrading system responsiveness. The solution outlined is a viable way
forward for energy-resilient loT deployments with minimal infrastructure support.

Keywords: Internet of Things, Energy Efficient, Context-Aware Adaptive Sleep Algorithms,
Battery Extension, Microcontroller

1. INTRODUCTION

Internet of Things (I1oT) has revolutionized modern industries by enabling real-time data collection and
automation. However, the continuous operation of IoT devices leads to high power consumption, which
can limit their efficiency, particularly in battery-powered applications and using coin battery such as animal
monitoring tag, medical wearable, smart watch and also pest detection traps. There are many approaches
to optimize power in IoT system such as hardware and software techniques in every layer in IoT
architecture from sensor (sensing layer) to end user (application layer) as Figure 1. Most previous work
such as [1], [2], [3], [4], [5], [6] overcome power consumption issues in between layer A: data
processing layer and application layer or layer B: sensor layers and network layers as in figure 1.
They consider data traffic, quantity of sensor nodes, transmission ranges and behaviour among
sensor nodes not specifically in [oT device itself that process data to be sent to application layer
(refer to figure 1). For example, [1] adapts deep reinforcement learning (DRL) according to the
restoration mechanism, which the controller performs sleep scheduling to achieve high accuracy
of the restored environmental map without energy outage of IoT devices. The framework
approaches in a big monitoring environment which considers many sensor nodes and also not
exactly approach in IoT device. It also had to add external devices such as energy harvesting
module which costing more instead using the ready features like sleep mode in IoT devices
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Figure 1. [oT Architecture Layers and Components [7]

[8] lists research works of variety areas using sleep strategy such as WSN - Wireless Sensor Node,
WUR - Wake Up Radio, small cell and microcontroller itself. From the result and discussion, there
is no research applying sleep strategy to minimize the power on both microcontroller and the
system itself. Furthermore, most sleep mode is implemented using fix scheduled and less of
adaptive sleep strategy such as threshold-based or environmental-based applied to reduce the
power optimization on microcontroller-based IoT devices. Consequently, this paper will fill the
gap which the power optimization is done on microcontroller-based IoT device itself. There are
variety IoT device base available in the market such as FPGA - Field-Programmable Gate Array,
DSP - Digital Signal Processor and microcontrollers [9], [10], [11]. Nonetheless, the majority of
IoT systems utilize microcontrollers as platforms for many functions, including automation, data
analytics, remote control, and real-time monitoring. This is due to the microcontroller being a
significantly lower-cost technology compared to FPGA, DSP, and other alternatives.

Additionally, the microcontroller has various power modes features such as deep sleep mode,
light sleep mode and hibernate mode to optimize energy consumption, particularly in battery-
operated applications such as agriculture monitoring in the middle of outdoor field and solar
monitoring in a large outdoor field. Even the wired-operated system in building need this power
optimization to achieve SDG - Sustainable Development Goal 7 which is affordable and clean
energy [12]. Because of microcontroller-based [oT has many benefits, a microcontroller, ESP32
is chosen. Three power mode of ESP32 are analysed in this paper which are unoptimized/active
mode, deep sleep mode and light sleep mode. Furthermore, deep sleep mode and light sleep mode
are analysed in two strategies which are fix scheduled sleep and threshold-based sleep.
Subsequently, this chapter will discuss the most used power mode of familiar microcontroller-
based IoT device in Table 1.
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2. LITERATURE REVIEW

2.1 Power Mode Of Variety Microcontrollers

Table 1 categorizes the power modes of commonly used microcontrollers in IoT applications
based on their energy-saving capabilities. Active Mode represents the normal operating state
where the microcontroller is fully functional. Light Sleep / Idle Mode reduces power consumption
by lowering the clock speed or disabling certain peripherals while keeping the CPU active, which
is useful for applications requiring rapid wake-ups [13], [14]. Deep Sleep / Stop Mode further
minimizes energy use by shutting down more components, retaining only essential functions
such as RTC - Real-Time Clock and RAM, making it suitable for battery-powered [oT devices
requiring periodic operation [15], [16], [17] . Hibernation / Power-down Mode is the lowest
power state, where the microcontroller turns off most functions, often requiring an external
interrupt or a hardware reset to wake up, optimizing long-term deployments in remote sensor
networks [18], [19].

Table 1 Power mode in variety microcontrollers [20], [21]

Microcontroller Active Light Sleep / Idle Deep Sleep / Stop Hibernation / Power-down
Mode Mode Mode Mode
ESP32 Active Light Sleep Deep Sleep Hibernation
ESP8266 Active Modem Sleep, Light  Deep Sleep Hibernation
Sleep
STM32 Run Mode Sleep Mode Stop Mode Standby Mode, Shutdown
Mode
ATmega328P Active Idle Mode Power-save Mode Power-down Mode
Mode
Nordic nRF52 Active System ON Sleep System OFF Sleep System OFF Mode with RAM
Mode retention
TI MSP430 Active LPMO (Low Power LPM1, LPM2, LPM4 (Deep Sleep)
Mode Mode 0) LPM3

Recent studies highlight the importance of sleep mode to balance power efficiency and
performance. For example, [22] demonstrated that deep sleep modes in ESP32-based IoT devices
could extend battery life by up to 83% in low-data applications. Similarly, [23], [24] explored how
STM32's stop mode significantly reduces power draw in IoT deployments. Moreover, [25]
investigated hibernation strategies in Nordic Semiconductor’s nRF52 series, revealing that
strategic wake-up scheduling can optimize energy consumption for smart city applications. Next,
fix scheduled sleep and adaptive threshold-based sleep are reflected by example of previous
works.

2.2 Fix Scheduled Sleep Strategy

There are two main sleep strategies often used which are fix scheduled sleep and adaptive
threshold-based sleep. Fix scheduled sleep is a strategy that microcontroller drives to sleep mode
at the set time without considering the environmental influence. It can save more energy but it
can cause more data missing. It because of microcontroller will go sleep although the monitored
data changed significantly. For instance, a study by [26] demonstrated that enabling deep sleep
mode in an ESP32-based [oT system reduced energy consumption by 83.38%, leading to a fivefold
increase in battery runtime. Similarly, [27] designed an IoT-based smart monitoring system for
hydroelectric generators, employing deep sleep mode to minimize power consumption while
continuously monitoring parameters such as pH levels, voltage, and current. In addition to
environmental monitoring, power efficiency is a key factor in the design of wearable IoT devices,
particularly in healthcare applications that require continuous operation.
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[28] proposed a hybrid approach combining both hardware and software optimizations to
minimize energy consumption in wearable devices for Alzheimer’s patient care. Their method
involved selecting low-power components and implementing deep sleep mode, reducing power
draw to an average of 9.16 mA, thereby extending battery life to 38.2 hours. [29] investigated the
use of second-generation photovoltaic (PV) cells to power a LoRa-based IoT system,
demonstrating that a CdTe PV module with 16% efficiency could sustain an ESP32-based LoRa
node. Their findings showed that in deep sleep mode, the node consumed only 165uW of power,
allowing for continuous operation with supplementary energy storage. While this approach
offers a promising solution for ultra-low power applications, it also underscores a limitation of
fixed scheduled sleep—relying solely on predefined sleep intervals without considering variable
energy availability from renewable sources may lead to inefficient power utilization.

2.4 Adaptive Threshold-Based Sleep Strategy

The research on energy-efficient microcontrollers highlights the significance of adaptive
threshold-based sleep strategies in optimizing power consumption, particularly in I[oT
applications. Adaptive threshold-based sleep strategy concerns environmental factor. It does not
go to sleep periodically. It considers the significant changes of the important data such as
temperature, humidity and also pressure, depends on the requirement of the system. [30] adapt
the sleep strategy with the amount of received and stored energy. The microcontroller will wake
up when the capacitor achieved the desired charge. [31] conducted a comprehensive analysis of
the Renesas DA16200 microcontroller, comparing its energy efficiency with the ESP8266 under
identical conditions. Their study emphasized the importance of transient current profiling and
operational mode analysis in understanding power consumption patterns. Similarly, [32]
designed a solar-powered automatic weather station using the ESP32, incorporating deep sleep
mode and periodic data transmission to optimize energy use. The findings indicate that adaptive
sleep based on data acceptance can significantly extend battery life while maintaining a high data
acceptance rate. However, while these studies demonstrate the effectiveness of sleep modes in
reducing power consumption, they do not address the trade-offs between energy savings and
system responsiveness, which are critical considerations in real-time applications.

Beyond conventional microcontroller-based sleep strategies, research has explored more
innovative power optimization techniques, such as leveraging energy harvesting and adaptive
activation mechanisms. [33] investigated the feasibility of hydraulic energy harvesting for loT
flow measurement devices, demonstrating how integrating microturbines with low-power sleep
modes can achieve energy self-sufficiency. Their work highlights the potential of alternative
energy sources in enhancing device sustainability. Similarly, [34] implemented an
adaptive sleep strategy in a LoRa-based robotic arm control system, where the
microcontroller remains in continuous sleep mode and only activates upon detecting a
signal transmission event. Also, this method reduces unnecessary power drain and
extends operational longevity. While these approaches showcase the potential of adaptive power
management, they introduce design complexities, such as optimizing wake-up thresholds and
ensuring consistent energy availability, which require further refinement.

Despite extensive research on power optimization in IoT systems, much of the existing work has
concentrated on fixed sleep scheduling, hardware-level optimizations, or network-layer
adjustments. Fixed sleep scheduling approaches, while simple, fail to adapt to dynamic workloads
and environmental conditions, leading to either wasted energy during idle states or missed
opportunities for timely data transmission. Hardware-level solutions often demand additional
components or design changes, increasing cost and complexity, whereas network-level
approaches primarily target communication efficiency rather than device-level energy
management. For ESP32-based IoT devices which widely adopted due to their Wi-Fi and sensor
integration, research has shown that built-in deep sleep and light sleep modes provide significant
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power savings. However, studies often lack a comparative evaluation of different sleep strategies
under environmental contextual aware parameters such as temperature changes. Consequently,
there is limited understanding of how an adaptive threshold-based strategy performs relative to
conventional approaches in balancing energy savings and data availability.

Addressing this gap is crucial because 10T deployments are increasingly deployed in energy-
constrained and remote environments, where extending device lifetime directly reduces
maintenance costs and enhances sustainability. An adaptive threshold sleep strategy has the
potential to optimize power consumption without sacrificing responsiveness, making it
especially relevant for real-world IoT applications such as environmental monitoring, smart
agriculture, and healthcare. By systematically conducting a comparative power analysis of
adaptive threshold sleep against fixed and unoptimized strategies on the ESP32 platform, this
research will contribute novel insights into the trade-offs between power efficiency. Moreover, it
provides a practical framework for developers and system designers to implement context-aware
energy management in loT devices, aligning with broader sustainability goals such as reducing
battery waste, lowering carbon footprint and supporting SDG 7: Affordable and Clean Energy.

3. METHODOLOGY
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Figure 2. Block diagram of power analysis setup using current sensor, INA219.
This research starting with setting up a microcontroller-based IoT testbed (ESP32 is selected)
which consist of two sides which are power measurement system and device under test as Figure
3. Power measurement system consist of microcontroller ESP32 connected to current sensor
(INA219) and personal computer (PC) while device under test comprise of microcontroller ESP32
connected to DHT11, temperature sensor and cloud. The detail of this setup will be explained
using Figure 2.

Current data are stored in personal computer through USB connection by using PLX DAQ
software to interface ESP32 and Microsoft Excel. While Google Sheet is used as cloud database to
store temperature data using WiFi connection and Google Apps Script as interface. Refer to Figure
3, Vece, GND, SCL, and SDA connections between the ESP32 and INA219 indicates the use of an 12C
communication protocol for data exchange. Then, positive probe and negative probe of current
sensor, INA219 are connected serially between power supply and ESP32 to collect recent
electrical current from another ESP32 that executes temperature data logging to cloud through
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Wi-Fi. This cloud purposes for remote monitoring, where data can be accessed and analysed from
any location. In this research, Google Sheet is used. At the same time, the current data will be sent
to database in PC using USB cable. These steps will be repeated for three power mode situations:
unoptimized, fix scheduled sleep and threshold based adaptive sleep strategy. Then, the data will
be analysed in aspect of current consumption and quality of data which consider the missing of
significant data. In this research, temperature data will be used and the changes between recent
temperature and previous temperature will be considered.

Vec

KN currenT
E£SP32 SENSOR
(POWER | SDA |
MEASUREMENT
SYSTEM)

ESP32
(DEVICE UNDER

TEST)

TEMPERATURE
SENSOR

Figure 3. Connection among current sensor, ESP32- Temperature logger and ESP32- Current
Logger.

Next, the flowcharts of current measurement for three power mode situations: unoptimized, fix
scheduled sleep and threshold based adaptive sleep strategy are explained.

3.1 Current Measurement System

System initialization
Time=0

.

_»| Read and send electrical current of DUT
to PC

,//J\\\

1 - 2
——=—_ Time=1s? B

"

\N?J:
l/ End )

Figure 4. Current measurement flow chart
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The process of current measurement as in Figure 4 is running parallel with every experiment
running. The experiments including unoptimized system, fix scheduled sleep and threshold-
based sleep. The INA219 streams one current sample per second (fs=1Hz). Then, the current will
be sent to Microsoft Excel through a software called PLX-DAQ in personal computer (PC). One
current sample per second is decided to observe current without missing any situation especially
the important event such as WiFi is turned on and data is sending. To calculate average of current,
14, Eq. (1) is used.

N
I —121 (1)
k=1

where [, is the kth one-second sample and N=7200 for a two-hour run.
Next, power, Py, is considered by Eq. (2).

P, =V xI (2)
where V= 5V.

So that, the total energy, E calculated using simplified formula, Eq. (5).

N
E = z P, At (3)
k=1

N
E= VAtz I 4)
k=1
Simplify as:
E=V XNAt X I, (5
where At = 1s.

Then, percentage of power saving is determined by Eq. (6).

Istrategy

Saving (%) = [1 - l x 100 (6)

Iunoptimized

where Ig4rqtegy iS current consumption of sleep strategies such as fix scheduled sleep and
threshold-based sleep strategy.

3.2  Unoptimized System

Figure 5 shows the flowchart of unoptimized system. This system will collect temperature data
for every 5 minutes for 2 hours according to the minimum cycle time to capture temperature in
[35] and send to cloud database, Google Sheet. At the same time, the electrical current reading is
sent to PC for every 1 second as the current measurement flowchart in Figure 4. This is to prepare
for data analysis among three strategies: unoptimized, fix scheduled sleep and threshold based
adaptive sleep.
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System initialization
Time=0
v ' v

Read and send temperature data to cloud Capture current

Delay = Sminutes?

End

Figure 5. Unoptimized system flowchart.
3.3 Fix Scheduled Sleep

Refer to Figure 6, the data will be collected and send to cloud database, Google Sheet. Then, the
system will go to sleep for 5 minutes in duration 2 hours. At the same time, the electrical current
reading is sent to PC for every 1 second as the current measurement flowchart in Figure 4. It
means that no data collection but the electrical current will still be observed. This sleep including
two sets experiment which are light sleep and deep sleep.

System initialization
Time=0
v i v

Read and send temperature data to cloud Capture current

Sleep = Sminutes?

End

Figure 6. Fix scheduled sleep flowchart.
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3.4 Threshold Based Adaptive Sleep

Threshold based adaptive sleep strategy acts as in Figure 7. When current temperature, X¢ is not
equal to previous temperature, Xp, the latest temperature will be sent to cloud database. Else,
microcontroller will go to sleep by timer, 5 minutes. So that, the significant data won’t be missed
because microcontroller do not sleep when there is significant change. At the same time, the
electrical current reading is sent to PC for every 1 second as the current measurement flowchart
in Figure 4. This observation is divided into two parts which are deep sleep and light sleep
implementation. It's because both sleep mode have their own benefits. So that, the best power
consumption for both sleep mode can be determined.

System initialization

4'r » Capture current
Read and send sensor datato |«
cloud
No
Go to sleep for
Sminutes
Yes
Send sensor data to database >

Figure 7. Threshold based adaptive sleep strategy flowchart.

4. RESULTS AND DISCUSSION

The experimental result given in Table 2 describes the impact of various power mode and sleep
strategies on energy consumption of a microcontroller-based [oT system which has made
significant missing factors a part of consideration. The power mode involves unoptimized system,
fix scheduled deep sleep, fix scheduled light sleep, threshold deep sleep and threshold light sleep
strategy.

4.1. Current Observation

The unoptimized mode achieves maximum energy usage at 1256.964 Joules and it becomes the
reference to be compared with others. The fixed scheduled deep sleep reduces to extremely low
energy usage at 283.606 Joules which 77.44% reduction in energy from unoptimized mode.
However, this mode tends to have high data loss, and it may influence its reliability. Fixed
scheduled light sleep consumes 318.973 Joules with 74.62% savings in energy but experiences
considerable data loss.
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Table 2 Comparison of energy consumption among variety power mode

Strategy Average of Energy Comparison with Significant Data
energy inan  Saved Fixed Scheduled missing possibility?
hour (Joule) (%) Sleep

Unoptimized 1256.964 0.00 - No

Fix Scheduled - Deep 283.606 77.44 0.00 Yes

Sleep

Fix Scheduled - Light 318.973 74.62 12.47 Yes

Sleep

Threshold - Deep Sleep  273.518 78.24 3.56 No

Threshold - Light Sleep  312.734 75.12 10.27 No

On the other hand, Figure 8 shows the threshold-based deep sleep scheme experiences the
maximum energy saving of 78.24%, and consumes 273.518 Joules, with no considerable data loss,
and hence is an acceptable choice. The threshold-based light sleep strategy employs 312.734
Joules, achieving a 75.12% savings in energy, losing very little data, further contributing to its
reliability.

Energy Saved

80.00 77.44 74.62 824 75.12

70.00

== 60.00
®
-

g 50.00

é 40 .00

w3000

20.00

10.00

0.00
1.00
Scheduled Adaptive Adaptive - Light

Unoptimized Fix Scheduled - Fix
Deep Sleep Light Sleep Deep Sleep Sleep

Power mode

Figure 8. Percentage of energy saved of various power mode strategies compared to
unoptimized system on a microcontroller-based [oT system

Table 2 also presents the comparative analysis of power consumption of different sleep strategies
in a microcontroller-based IoT system such as fix-scheduled sleep and threshold-based sleep. The
fixed scheduled deep sleep mode is used as the reference with 0.00% power consumption. The
fixed scheduled light sleep mode demonstrates a significant increase in power consumption up
to 12.47%, which validates that light sleep in a fixed schedule is less power-efficient due to
frequent wake-ups. The threshold-based deep sleep mode, however, has improved power
efficiency as it reduces energy consumption by 3.56%, which shows that an adaptive approach
can be more effective at power optimization than a fixed schedule. The threshold-based light
sleep mode still consumes 10.27% more energy than the baseline but performs better than the
fixed scheduled light sleep mode.

Now, let say battery 5000mAh LiPo Battery [36] is used to expect battery life and it is calculated
asin Eq. (7) [37]:

Expected Battery Life
Battery Capacity(mAH) (7)

~ Current C onsumption (mA)
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Table 3 Significant impact of different sleep strategies on the expected battery life

Strategy Expected Battery Life
imized - 5000
Unoptimized - no sleep ——— = 3 days 2 hours 35 minutes 58 seconds
67.02
i - 5000
Fix Scheduled - Deep Sleep —— = 13 days 5 hours 26 minutes 21 seconds
15.75
i - Li 5000
FixScheduled - Light Sleep ——— = 11 days 18 hours 9 minutes 19 seconds
17.72
- 5000
Threshold - Deep Sleep 1520 - 13 days 17 hours 2 minutes 45 seconds
Threshold - Light S1 5000
resho '8 eep 1737 = 11 days 23 hours 47 minutes 4 seconds

The results presented in Table 3 clearly demonstrate the significant impact of different sleep
strategies on the expected battery life of microcontroller-based 10T devices. In the unoptimized
case, where no sleep mode is applied, the device consumes an average current of 67.02 mA,
leading to a battery life of only about 3 days. This short operational period highlights the
inefficiency of keeping the device fully active at all times, as continuous operation results in rapid
battery depletion. Such an approach may be acceptable for short-term experimental setups but is
unsustainable for long-term IoT deployments, especially in remote or battery-powered
environments.

When fixed scheduled sleep strategies are introduced, a notable improvement in energy
efficiency is observed. By applying deep sleep on a fixed schedule, the average current
consumption drops to 15.75 mA, extending the battery life to more than 13 days. In comparison,
fixed scheduled light sleep achieves slightly lower efficiency, with a current consumption of 17.72
mA and an expected battery life of about 11 days and 18 hours. These findings suggest that while
both fixed sleep approaches are effective in prolonging device operation, deep sleep is more
advantageous due to its lower current draw, making it preferable for energy-critical [oT systems.

The threshold-based strategies further enhance performance by adapting the sleep-wake cycle
to environmental or operational conditions rather than relying on a rigid schedule. Threshold-
based deep sleep records the best performance overall, with an expected battery life of almost 14
days, reflecting its ability to minimize unnecessary wake-ups while maximizing time spent in low-
power states. Meanwhile, threshold-based light sleep achieves close to 12 days of battery life,
slightly outperforming the fixed scheduled light sleep strategy due to its adaptive behaviour.
These results highlight the importance of context-aware power management, where adaptive
strategies offer superior efficiency compared to static scheduling. Overall, the analysis
confirmsthat adopting deep sleep modes and threshold-based mechanisms significantly
optimizes battery usage, thereby extending the sustainability and practicality of [oT deployments.

357



Siti Maryam Zainol et al. /Adaptive Threshold Sleep Strategy for ESP32-Based IoT: A Comparative Power Analysis

Figure 9. Current consumption of Unoptimized (No Sleep), Fixed Light Sleep (FLS), Fixed Deep
Sleep (FDS), Threshold Light Sleep (TLS) and Threshold Deep Sleep (TDS)

Figure 9 presents comparative current consumption profiles for five operating modes:
Unoptimized (No Sleep), Fixed Light Sleep (FLS), Fixed Deep Sleep (FDS), Threshold Light Sleep
(TLS), and Threshold Deep Sleep (TDS) over a 3600-second interval. The Unoptimized mode is
seen to have a constantly high baseline current, 70 mA with frequent current spikes in excess of
150 mA, indicative of continuous operation and frequent Wi-Fi transmissions regardless of data
significance. In contrast, the two fixed-schedule methods (FLS and FDS) reduce the baseline
consumption and add periodic intervals of high current peaks, corresponding to periodic wake-
up events every 5 minutes. FDS is observed to have slightly lower idle current and shorter peak
duration than FLS, reflective of the deeper power-down state. More significantly, however, the
threshold-based methods (TLS and TDS) produce much flatter current profiles with fewer spikes,
particularly TDS, which is an almost constant low-current line with very occasional transmission
events. This clearly illustrates the advantage of adaptive, context-aware sleep policies in
eliminating redundant wake-ups and conserving energy. TLS, while somewhat more active than
TDS, nonetheless illustrates improved efficiency relative to both fixed methods. These results
validate the hypothesis that threshold-driven methods, by linking activity to actual
environmental change, yield more efficient energy utilization without impacting responsiveness
as a key requirement for long-life, autonomous IoT deployments.

Figure 10. Zoomed waveform comparison of current consumption between Fixed Light Sleep
(FLS) and Fixed Deep Sleep (FDS)
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Next, current consumption using deep sleep mode and light sleep mode are compared by zooming
the waveform of three distinct wake/sleep cycles on an ESP32 as Figure 10. This waveform is
taken from observation of fix scheduled sleep strategy. Light sleep (red line) has a higher idle
current (20 - 30 mA) with wider wake windows and smoother transitions, indicating partial
peripheral retention and faster stabilization. While deep sleep (blue) has abrupt transitions with
narrow current spikes which up to 200 mA followed by nearly zero idle current because of
characteristic of full reinitialization and Wi-Fi handshake after deep sleep.

Figure 11. Current consumption of Fixed Deep Sleep (FDS) and Threshold Deep Sleep (TDS)

Figure 11 compares live consumption profiles of FDS (blue line) and TDS (yellow line) approaches
during a one-hour (3600second) logging session. For FDS mode, current spikes occur at regular
5-minute intervals, illustrating periodic wake-up and transmission activity regardless of
environmental change. Each spike is up to about 190-200 mA, indicating full Wi-Fi wake-up and
sensor readout. Between wake intervals, the system deep sleeps, with minimal idle current close
to 0 mA. For comparison, the TDS profile illustrates far fewer and more random current peaks,
only when temperature change is observed—illustrating the adaptive nature of the threshold
logic. Most of the TDS plot is flat, around the 20mA level, indicating extended deep sleep intervals.
This confirms that TDS effectively eliminates unnecessary wake-ups and transmissions when
environmental conditions have remained steady. Interestingly, both modes benefit from the deep
sleep capability of the ESP32, but TDS achieves more energy saving by dynamically associating
activity with substantial data change. The randomness of TDS peaks also illustrates real-world
environmental fluctuation, further confirming the effectiveness of threshold-triggered operation
over fixed scheduling for IoT systems aiming for long-term battery independence.

;;;;;;

Figure 12. Current consumption of Fixed Light Sleep (FLS) and Threshold Light Sleep (TLS)

Figure 12 plots the side-by-side current consumption of FLS and TLS over a 3600-second
operation window. The FLS plot (in red) is characterized by periodic 5-minute spikes in current
consumption, with amplitudes of more than 200 mA, reflecting fixed periodic wake-up cycles
independent of real environmental changes. In between activations during idle periods, current
consumption stays moderately high which between 18 - 20 mA, which is the elevated baseline
consumption of the light sleep mode over deep sleep. On the other hand, TLS (in purple) presents
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a leaner current profile with fewer and aperiodic spikes corresponding to detected temperature
changes. Baseline current is slightly higher but steadier, while peak activity is significantly lower
and less frequent compared to FLS. This adaptive performance in TLS demonstrates its efficiency
in balancing system responsiveness with the elimination of redundant operations.

Compared with the previous deep sleep graph (Figure 11), itis clear that both deep sleep methods
(FDS and TDS) provide lower idle current levels than their light sleep equivalents. Yet, whereas
TDS provides minimal activity and maximum savings, TLS offers a compromise, trading power
efficiency for quicker wake-up times and faster network rejoining, which is useful for applications
needing semi-frequent responsiveness. The basic trade-off of light sleep, lower latency but higher
standby consumption. It is demonstrated by the higher baseline of TLS relative to TDS. By linking
power consumption to actual sensing requirements, threshold-based implementations of both
sleep modes (TLS and TDS) ultimately perform better than fixed alternatives, with TDS offering
the highest overall efficiency.

4.2. Temperature Observation

Threshold-based temperature transmission as in figure 16 and 17 is the best method in terms of
data reliability and energy saving. Unlike the unoptimized method as in Figure 13, which
transmits data every five minutes regardless of change, and the fixed scheduled sleep method as
in Figure 14 and 15, which periodically transmits data after sleeping for a predetermined time,
the threshold-based method records temperature only if there is a significant change compare to
previous temperature. Therefore, redundant transmissions of stable temperature are avoided
and only meaningful data is sent to the cloud.

Temperature Sent to Cloud using Unoptimized System, No Sleep
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Figure 13. Temperature sent to cloud using unoptimized on a microcontroller-based IoT
system
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Temperature Sent to Cloud using Fix Scheduled Deep Sleep Strategy
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Figure 14. Temperature sent to cloud using fix scheduled deep sleep on a microcontroller-
based IoT system

Temperature Sent to Cloud using Fix Scheduled Light Sleep Strategy
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Figure 15. Temperature sent to cloud using fix scheduled light sleep on a microcontroller-based
[oT system
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Figure 16. Temperature sent to cloud using threshold-based- deep sleep on a microcontroller-
based IoT system
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Figure 17. Temperature sent to cloud using threshold-based- light sleep on a microcontroller-
based IoT system

In this way, data reliability is enhanced as redundant recordings are reduced and significant
variations are given priority. In addition, this approach minimizes the possibility of missing
crucial data because any substantial temperature change is recorded instantly while minute,
insignificant changes are ignored. In terms of energy efficiency, the threshold approach is much
better than the other two approaches by allowing the device to remain in the sleep mode for
longer periods when the temperature is stable. This achieves a tremendous power saving, and
thus it is the most suitable method for battery-powered loT devices.
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5. CONCLUSION

This study filled the gap by regulating data transmission and sleep behaviour based on
meaningful changes in sensed temperature, aligning well with autonomous IoT deployments.
Rather than most of previous studies only focus on maximizing energy utilization from weak or
intermittent sources and event transmission without sleep and also the big system such as sensor
nodes sleep. This study also confirms that adaptive sleep mechanisms which is threshold-based
deep sleep significantly enhance the energy efficiency and data trade off of microcontroller-based
IoT devices. Threshold-based deep sleep is identified as the most energy-conserving approach
among the power modes tested, with 78.24% of energy savings while providing assured data
delivery. Although fixed scheduled sleep mechanisms also provide significant power savings, they
have a potential of losing critical data and hence are less desirable for sensitive or real-time IoT
applications. Threshold-based light sleep provides a balanced approach, achieving significant
energy saving with no appreciable loss of data but threshold-based deep sleep does more power
saving. The findings establish that the implementation of adaptive threshold-based sleep
mechanisms plays a vital role in optimizing power consumption in [oT devices with stable data
communication. The research can be further extended to include machine learning algorithms in
dynamically adapting sleep mechanisms based on real-time data traffic and environmental
conditions for further efficiency and reliability of IoT deployments.
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