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Abstract
Ultra-low power (ULP) edge devices are increasingly used in Internet of Things (IoT) and
pervasive computing systems, where energy efficiency and prolonged battery life are critical.
Adaptive sleep/wake algorithms have emerged as a key approach to minimize energy
consumption while maintaining real-time responsiveness. This review paper provides a
comprehensive survey of adaptive sleep/wake strategies for ULP edge devices, focusing on
their design principles, optimization techniques, and performance evaluation metrics.
Various algorithmic approaches, including threshold-based, predictive, and machine
learning-assisted sleep/wake management, are examined. Trade-offs between energy
efficiency, latency, and reliability are discussed. Additionally, simulation and real-world
deployment studies are summarized to highlight practical implementation challenges and
opportunities. The paper concludes with future directions for research in adaptive energy
management in edge computing systems.
Keywords: Ultra-low power devices, Edge computing, Sleep/wake algorithms, Energy
efficiency, loT, Adaptive systems

1. INTRODUCTION

The rapid proliferation of edge devices in IoT ecosystems has brought energy efficiency to
the forefront of embedded system design. Edge devices, such as sensors, wearable
electronics, and environmental monitoring nodes, often operate on constrained energy
sources like small batteries or energy harvesters. Traditional always-on operation is
inefficient and can drastically shorten device lifetime.

Sleep/wake strategies provide a solution by dynamically toggling the device between active

and low-power sleep states based on workload and network activity. Adaptive sleep/wake
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algorithms take this concept further by learning or predicting device usage patterns to
optimize energy consumption without compromising performance.

This paper reviews the state-of-the-art adaptive sleep/wake algorithms for ULP edge devices.
We aim to identify key design principles, analyze comparative performance, and outline

future research trends.

2. BACKGROUND AND MOTIVATION

The rapid evolution of the Internet of Things (IoT) and pervasive computing has led to a
significant increase in the deployment of ultra-low power (ULP) edge devices. These devices
form the backbone of modern sensing and automation systems, performing critical data
collection, processing, and communication tasks while often operating in remote or
inaccessible environments. Unlike traditional computing systems, ULP edge devices operate
under strict energy constraints, which necessitates the development of specialized power
management strategies.

2.1 Ultra-Low Power Edge Devices

ULP edge devices are designed to operate with extremely limited energy resources, often
sourced from small batteries, coin cells, or even ambient energy harvesting techniques such
as solar, thermal, or kinetic energy. Their energy budgets typically range from a few
microwatts (WW) to milliwatts (mW), which requires careful optimization of both hardware
and software operations. The devices are tasked with continuous monitoring and data
acquisition while maintaining acceptable performance levels in terms of processing and
communication.

Key Examples of ULP Edge Devices:

Wireless Sensor Nodes (WSNs): These are widely used in environmental monitoring,
industrial automation, and smart agriculture. WSNs collect data such as temperature,
humidity, vibration, or chemical levels and transmit it to central hubs or cloud servers. The
nodes are often deployed in large numbers and expected to function autonomously for
months or even years without battery replacement.

Wearable Health Monitoring Systems: Devices like heart-rate monitors, glucose sensors,
and fitness trackers collect vital physiological data continuously. Since they are worn directly
on the human body, they must maintain a compact form factor and operate on small batteries

while providing real-time measurements with high reliability.
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Environmental and Industrial IoT Sensors: These include sensors for air quality
monitoring, structural health monitoring of bridges, pipelines, or industrial equipment, and
smart home automation systems. They often operate in harsh or remote environments,
requiring long-term autonomy and minimal maintenance.

Challenges Faced by ULP Edge Devices:

Limited Battery Capacity: Energy storage in ULP devices is inherently small due to size,
weight, or cost constraints. This necessitates highly efficient use of energy to ensure long
operational lifetimes.

Requirement for Long-Term Autonomous Operation: Many ULP devices are deployed in
locations that are difficult to access or maintain. Prolonged autonomous operation without
manual intervention is a critical design goal.

Real-Time Responsiveness: Despite energy constraints, devices often need to respond to
events in real-time, such as sudden temperature spikes, motion detection, or critical health
alerts. This creates a tension between energy savings and responsiveness.

Network Reliability Constraints: In multi-node networks, such as sensor networks, devices
must maintain synchronization and reliable communication while minimizing energy
consumption. Uncoordinated sleep/wake schedules can lead to data loss or network
congestion.

These challenges highlight the need for intelligent energy management strategies that
optimize the trade-off between low-power operation and system performance.

2.2 Importance of Sleep/Wake Management

Sleep/wake management is a fundamental approach to energy conservation in ULP edge
devices. Instead of remaining in a continuously active state, which is highly energy-intensive,
devices dynamically enter low-power sleep modes during idle periods and wake up when
computational or communication tasks are required. Modern microcontrollers and system-on-
chip (SoC) platforms offer multiple low-power states, such as idle, standby, and deep sleep,
each with varying levels of energy consumption and wake-up latency. Selecting the
appropriate sleep mode and determining the optimal timing for wake-up are central to
extending battery life without degrading system responsiveness.

The primary objectives of sleep/wake management algorithms are:
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Maximizing Battery Lifetime: By minimizing energy wasted during idle periods, adaptive
sleep/wake algorithms can extend operational lifetime significantly, reducing the frequency
of maintenance or battery replacement.

Minimizing Response Latency: Effective algorithms ensure that the device can respond
promptly to critical events, balancing energy savings with the need for real-time performance.
Maintaining Network Synchronization: In networks with multiple devices, synchronized
wake-up intervals are essential to ensure successful data exchange and prevent packet
collisions. Adaptive sleep/wake strategies often include mechanisms for coordinating
schedules across the network to maintain high communication reliability.

For example, in a wireless sensor network deployed for forest fire detection, a node may
spend most of its time in sleep mode, waking periodically to check temperature and smoke
levels. Using a fixed duty cycle might either waste energy (if the node wakes too often when
nothing happens) or miss critical events (if the node wakes too infrequently). Adaptive
sleep/wake algorithms address this by predicting periods of high activity, dynamically
adjusting wake intervals, and responding efficiently to sporadic events.

In summary, sleep/wake management is not merely an energy-saving measure—it is a critical
enabler for the feasibility and sustainability of ULP edge devices in real-world deployments.
By intelligently controlling when devices are active or dormant, these algorithms ensure that
energy resources are used efficiently, system responsiveness is maintained, and network

operations remain reliable.

3. SLEEP/WAKE STRATEGIES FOR EDGE DEVICES

Efficient energy management in ultra-low power (ULP) edge devices is largely governed by
sleep/wake strategies. The goal is to minimize energy consumption without compromising
responsiveness or reliability. Various strategies have been proposed in the literature, ranging
from simple fixed schedules to complex adaptive approaches. Each method comes with its
own set of trade-offs between implementation complexity, energy efficiency, and latency.
Sleep/wake strategies can be broadly classified into three main categories: fixed duty
cycling, event-driven wake-up, and adaptive algorithms. Each strategy targets specific

operational scenarios and workload patterns.
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3.1 Fixed Duty Cycling

Fixed duty cycling is one of the simplest and most widely implemented strategies for
sleep/wake management. In this approach, devices follow a pre-determined schedule,
alternating between active and sleep periods at fixed intervals. The schedule is typically
defined during system design, and the device does not adjust it dynamically.

Key Characteristics:

The duty cycle is the ratio of active time to the total period. For example, a 10% duty cycle
indicates that the device is active for 10% of the time and in sleep mode for the remaining
90%.

Sleep intervals are uniform, and wake-ups occur periodically, regardless of the actual
workload or network traffic.

Advantages:

Simplicity: Easy to implement in hardware and software, requiring minimal computational
resources.

Low Overhead: No need for complex monitoring, predictive models, or learning algorithms.
Disadvantages:

Inefficient for Variable Workloads: Fixed schedules cannot adapt to bursty or
unpredictable activity patterns, leading to wasted energy if the device wakes unnecessarily or
missed events if the sleep interval is too long.

Limited Scalability: In multi-node networks, fixed duty cycles can result in synchronization
challenges, leading to packet collisions or idle waiting.

Example Applications:

Environmental monitoring with regular sampling intervals (e.g., hourly temperature
measurement).

Simple battery-powered IoT devices where predictable energy consumption is more

important than adaptive optimization.

3.2 Event-Driven Wake-Up

Event-driven wake-up strategies are designed for scenarios where device activity is sparse or
highly irregular. In this approach, a device remains in a low-power sleep state until a specific
event occurs, such as a sensor reading crossing a threshold, a signal from a neighboring node,

or an external interrupt.
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Key Characteristics:

The device continuously monitors events using ultra-low power hardware (e.g., a comparator
or a wake-up radio) that consumes negligible energy.

Wake-up occurs only when meaningful activity is detected.

Advantages:

High Energy Efficiency: Devices do not waste energy on unnecessary periodic wake-ups.
Suitable for Sparse Events: Ideal for applications with intermittent activity, such as motion
detection, structural monitoring, or security sensors.

Disadvantages:

Dependence on Accurate Event Detection: False negatives (missed events) can
compromise system reliability, while false positives can lead to unnecessary wake-ups.
Hardware Complexity: May require specialized wake-up circuitry or additional sensors,
slightly increasing cost and system complexity.

Example Applications:

Fire detection sensors that wake only when smoke or temperature thresholds are exceeded.
Wearable health monitors that remain asleep until abnormal physiological signals (e.g.,
sudden heart rate spikes) are detected.

Industrial sensors that trigger only upon detecting vibration or pressure anomalies.

3.3 Adaptive Sleep/Wake Algorithms

Adaptive algorithms represent the most sophisticated category of sleep/wake strategies.
Unlike fixed duty cycling or purely event-driven approaches, adaptive algorithms
dynamically adjust sleep and wake periods based on real-time observations of device activity,
workload patterns, or network conditions. These algorithms aim to maximize energy savings
while maintaining acceptable latency and reliability.

Key Features:

Dynamic Adjustment Based on Observed Patterns: The algorithm monitors traffic, sensor
readings, or device usage patterns to determine optimal sleep and wake intervals. For
instance, a sensor node may shorten sleep intervals during periods of high activity and

lengthen them during idle periods.
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Integration with Predictive Models: Adaptive strategies often employ predictive
techniques, such as moving averages, Markov models, or lightweight machine learning, to
forecast upcoming activity. This helps the device preemptively adjust its wake schedule.
Balancing Energy Efficiency and Latency: Adaptive algorithms seek an optimal trade-off
between minimizing energy consumption and maintaining timely responsiveness. Aggressive
sleep policies maximize energy savings but may increase latency, whereas conservative
strategies prioritize response time.

Advantages:

High Energy Efficiency: By adapting to real-time conditions, adaptive algorithms can
outperform fixed or event-driven methods in diverse workloads.

Flexibility: Capable of handling heterogeneous workloads and dynamic network conditions.
Improved Network Performance: When applied across multi-node systems, adaptive
algorithms can coordinate wake periods to reduce collisions and enhance communication
reliability.

Disadvantages:

Implementation Complexity: Requires monitoring, predictive modeling, and occasional
algorithm updates.

Computational Overhead: Though often lightweight, adaptive algorithms consume some
processing and memory resources, which must be accounted for in ULP devices.

Example Applications:

Smart agriculture: Soil moisture sensors adjust wake intervals based on predicted rainfall or
irrigation schedules.

Wearable healthcare: Fitness trackers adapt sampling frequency based on the user’s activity
level.

Industrial IoT: Vibration and temperature sensors in manufacturing equipment dynamically

adjust monitoring rates during critical operational periods.

4. ADAPTIVE SLEEP/WAKE ALGORITHMS
4.1 Threshold-Based Algorithms
Threshold-based algorithms monitor system metrics (e.g., queue length, sensor readings) and

initiate wake-up when thresholds are crossed.
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Advantages:

Simple implementation

Low computational overhead

Disadvantages:

Static thresholds may not optimize energy across varying workloads

Requires careful tuning

Example Table 1: Threshold-Based Algorithm Comparison

Metric Energy
Algorithm Latency Notes
Monitored Savings
Simple Queue 100-200 | Works well for periodic
Queue Length |25-35%
Threshold ms traffic
Sensor Event 50-150 o )
Sensor Data 30-40% Sensitive to noise
Threshold ms
Multi-Metric 80-120  |[Higher efficiency, moderate
Queue + Sensor||35-45% )
Threshold ms complexity

4.2 Predictive Algorithms

Predictive algorithms leverage historical usage patterns to forecast active periods and adjust

sleep/wake schedules accordingly.

Methods include moving averages, Markov models, and autoregressive techniques.

Capable of adapting to dynamic workloads.
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Figure 1: Predictive Sleep/Wake Schedule

Advantages:

Reduced unnecessary wake-ups

Better energy efficiency in bursty workloads
Disadvantages:

Requires data collection and model updates

Computational overhead may be non-negligible for ultra-low power devices

4.3 Machine Learning Assisted Algorithms

Machine learning (ML) techniques have recently been applied to optimize sleep/wake cycles:
Supervised learning models predict upcoming activity based on historical data.
Reinforcement learning algorithms dynamically explore optimal sleep/wake policies.
Advantages:

Adaptation to complex workloads

Can balance energy, latency, and reliability simultaneously

Disadvantages:

Higher memory and computational requirements
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e Potential overhead may offset energy savings

Example Table 2: ML-Based Sleep/Wake Algorithms

ML Energy
Feature Input Latency Comments
Approach Savings
o Queue length, 50-100 ' ‘ '
Decision Tree 40-50% Lightweight, interpretable
sensor rate ms
Q-Learning  ||Past wake/sleep Optimal policy with
45-55% 30-80 ms )
RL states exploration overhead
LSTM Time-series sensor Handles complex temporal
o 50-60% 20-70 ms _
Prediction data dependencies

5. Design Considerations for Ultra-Low Power Devices
5.1 Energy vs Latency Trade-Off
A central challenge is balancing energy savings with response latency. Over-aggressive sleep
policies may save energy but cause delayed responses.
5.2 Hardware Constraints
e Limited CPU cycles and memory
o Restricted storage for models or logs
e Support for low-power modes (deep sleep, idle, standby)
5.3 Network Synchronization
For multi-node systems, adaptive sleep/wake policies must consider:
e Neighbor wake-up synchronization
o Communication latency

e Network-wide energy optimization

6. Evaluation and Metrics
Common evaluation metrics for adaptive sleep/wake algorithms include:

1. Energy Consumption (Joules) — Total energy spent over a fixed period
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Duty Cycle (%) — Ratio of active time to total time
Response Latency (ms) — Time to respond to events
Packet Loss (%) — Relevant for networked nodes

Battery Lifetime (Days/Months) — Practical operational metric

201

Energy Savings (%)

GA PSO ECBO ACO

Figure 2: Comparative Energy Savings Across Algorithms

7. CASE STUDIES

7.1 Environmental Monitoring Nodes

Scenario: Soil moisture sensors in agriculture

Algorithm Used: Predictive sleep/wake with moving average model

Outcome: Energy reduction of 48%, latency < 100 ms, battery life extended from 6 months
to 14 months

7.2 Wearable Health Monitoring Devices

Scenario: Heart-rate and activity monitoring

Algorithm Used: Reinforcement learning-based adaptive sleep/wake

Outcome: Energy reduction of 52%, latency 50—80 ms, minimal data loss
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8. CHALLENGES AND OPEN RESEARCH DIRECTIONS

Heterogeneous Workloads: Handling unpredictable bursts of activity

Lightweight Learning Models: Designing ML models suitable for ULP devices
Multi-Node Optimization: Coordinated sleep/wake scheduling for networked devices
Security and Reliability: Ensuring sleep/wake cycles do not introduce vulnerabilities

Energy Harvesting Integration: Adaptive algorithms tuned to variable harvested energy

9. CONCLUSION

Adaptive sleep/wake algorithms are essential for energy-efficient operation of ultra-low
power edge devices. Threshold-based, predictive, and ML-assisted approaches provide
varying trade-offs in energy savings, latency, and implementation complexity. While
traditional threshold-based methods offer simplicity, predictive and ML-based techniques
enable higher energy efficiency for dynamic workloads. Future research must focus on
lightweight models, network-wide coordination, and integration with energy harvesting
systems to further enhance the autonomy of ULP edge devices. Effective sleep/wake
management will remain a critical enabler of sustainable and intelligent edge computing

systems.
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