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ABSTRACT

Ultra-low-power physiological monitoring has emerged as a critical frontier in wearable health technologies as global healthcare
shifts toward continuous preventive diagnostics, remote patient management, and decentralized monitoring systems. Wrist-worn
ECG devices are central to this evolution, promising real-time cardiac surveillance without clinical dependence. Yet despite
optimistic narratives, most commercially available wearables rely on high-power signal acquisition modules, proprietary
algorithms, and cloud-dependent processing that create substantial barriers to sustained monitoring, user personalization, data
ownership, and medical-grade accuracy. This study proposes and critically examines an ultra low-power personalizable wrist-
worn ECG monitor integrated with an IoT infrastructure, illustrating how hardware optimization, lightweight signal-processing,
embedded machine learning, and tiered data transmission can drastically reduce power consumption while enabling user-tailored
cardiac analysis. Unlike traditional wearables that depend on continuous high-bandwidth transmission, the proposed system uses
edge-level pre-processing, adaptive sampling, and energy-aware feature extraction to prolong battery duration without
compromising diagnostic quality. The IoT layer introduces multi-tiered connectivity local BLE/Wi-Fi, gateway devices, and
cloud-based analytics allowing scalable medical engagement while preserving user autonomy over ECG profiles and alert
thresholds. Through a critical analysis grounded in existing scholarly and industrial literature, the paper argues that low-power
wrist-worn ECG devices must be viewed not merely as hardware innovations but as socio-technical systems that reshape clinical
workflows, patient agency, data accessibility, and decentralized care. Findings show that ultra-low-power ECG architectures offer
transformative potential but only when transparency, personalization, and responsible IoT governance accompany technical
efficiencies. The study concludes with a system-level evaluation and proposes pathways for equitable and scalable adoption in
future cardiac health frameworks.
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INTRODUCTION

Wrist-worn health monitoring devices have rapidly progressed from consumer wellness tools to semi-clinical instruments capable
of continuous physiological assessment. With cardiovascular diseases representing the leading global cause of mortality, the
demand for real-time unobtrusive ECG monitoring continues to rise. While chest-strap monitors and Holter devices offer high
accuracy, they remain obtrusive, short-term, and unsuitable for long-duration surveillance. Wrist-worn ECG systems promise an
alternative pathway: they embed dry electrodes, analog front-ends, microcontrollers, wireless modules, and edge-processing
pipelines into a compact form factor capable of round-the-clock monitoring. Yet the transition from conceptual prototypes to
reliable medical-grade devices has been hindered by substantial technological, biomedical, and infrastructural limitations. These
limitations include energy-hungry acquisition circuits, high-computational signal processors, cloud-dependent algorithms, and
non-personalizable ECG analytics that reduce system adaptability across diverse cardiac profiles.
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Conventional digital health devices rely heavily on frequent high-bandwidth data streaming, dependency on remote servers, and
fixed firmware-level algorithms that fail to adapt to patient-specific pathophysiology. Such architectures not only accelerate
battery depletion but also place users within opaque ecosystems where ECG data ownership is limited, latency increases during
remote diagnostics, and personalization remains minimal. The industry’s shift toward “always connected” wearable health has
also intensified concerns surrounding data privacy, consumer surveillance, and the long-term governance of physiological
records. Moreover, continuous ECG acquisition at 250-512 Hz and high-resolution analog-to-digital conversion significantly
increases both computational load and energy consumption. Without energy-aware design principles, these devices ultimately
restrict real-world usage to intermittent monitoring rather than continuous 24/7 surveillance.

To address these challenges, this study proposes and analyzes a personalizable ultra low-power wrist-worn ECG monitor
integrated with a multi-tier IoT infrastructure. This architecture leverages low-power design principles, adaptive sampling,
compressed feature extraction, and edge-processed anomaly detection to reduce energy demand while enabling high-resolution
ECG interpretation. Unlike commercial devices that impose proprietary closed-loop analytics, the proposed system includes user-
defined personalization layers that calibrate noise-filters, threshold settings, arrhythmia classifiers, and alert policies to match
individual cardiac baselines. Furthermore, by offloading computation hierarchically across device-level processing, local
gateways, and cloud-integrated analytics, the system ensures flexibility and energy savings while retaining clinical reliability.

The research also reframes wrist-worn ECG systems as socio-technical infrastructures rather than merely electrical or biomedical
artifacts. IoT-enhanced cardiological monitoring is not neutral; its design shapes access to care, forms of medical surveillance,
patient agency, and new governance structures for health data. This study analyzes these dynamics critically while aligning its
examination with existing interdisciplinary literature. It emphasizes that ultra-low-power ECG systems must integrate not only
efficient electronics but also equitable, secure, and patient-centered data pathways. As such, the proposed model seeks to balance
technological innovation with human-centric governance.

LITERATURE REVIEW

A. Evolution of Wrist-Worn ECG Monitoring Technologies

Wrist-worn ECG devices emerged as a response to the limitations of conventional Holter monitors, which despite offering multi-
lead accuracy are bulky and unsuitable for continuous long-term use. Early literature emphasized electrode material innovation,
skin—sensor impedance reduction, and the development of compact analog front-end (AFE) circuits capable of amplifying
microvolt-level ECG signals [1]. The introduction of dry electrodes made wrist-based monitoring feasible, although early models
struggled with low signal-to-noise ratio and motion-induced distortions.

Recent studies have shown that optimized AFEs such as the ADS129x family can operate at extremely low power while delivering
high-resolution signal capture suitable for arrhythmia detection [2]. Wrist-based configurations still face challenges related to
electrode placement, but recent clinical trials indicate that single-lead and two-lead wrist ECGs can detect atrial fibrillation,
premature ventricular contractions, and tachyarrhythmias with accuracy comparable to lead-I chest systems when supported by
robust processing pipelines [3].

Another critical dimension in the literature concerns the shift toward continuous, real-time monitoring rather than episodic
measurements. Continuous sampling at 250—512 Hz requires careful management of AFE gain, ADC resolution, and processor
utilization. Research highlights that energy drain increases quadratically when devices rely on continuous high-throughput
wireless transmission [4]. This constraint has driven the push toward edge-led ECG processing, enabling devices to compute
essential features locally and transmit only selected data segments.

B. Low-Power Embedded ECG Processing and Personalization Frameworks

The literature strongly emphasizes that traditional ECG-processing algorithms though clinically validated are computationally
expensive for microcontroller environments. Algorithms like Pan-Tompkins, wavelet transforms, and morphological filters were
originally designed for desktop-level processing, not ultra-low-power platforms. Several studies have therefore focused on
energy-aware adaptations of these algorithms. For example, optimized Pan-Tompkins variants reduce multiplications, incorporate
fixed-point arithmetic, and use smaller window sizes to reduce computational overhead [5].

Additionally, personalized ECG classification models have gained prominence. Clinical literature consistently demonstrates
physiological diversity across individuals different QRS shapes, RR interval distributions, amplitude variations, and noise
susceptibility. Fixed-parameter models produce high false-positive rates, especially in wearable environments. Researchers have
therefore proposed adaptive thresholding, template-matching, and local learning models that recalibrate algorithms based on user-
specific baselines [6]. Recent works integrate machine-learning classifiers into microcontrollers through quantized, compressed,
or pruning-based neural networks that significantly reduce model size and energy use [7].

A parallel research direction focuses on energy-efficient feature extraction. Rather than transmitting full waveforms, feature-
only architectures compute HRV indices, R-peak intervals, QRS widths, and ST deviations locally. Literature shows that feature-
level transmission reduces energy consumption up to 80% compared to raw-signal streaming [8]. These models are crucial for
sustaining multi-day battery life.

C. IoT-Integrated ECG Systems and Data Governance Concerns
IoT-based healthcare platforms form the backbone of modern remote monitoring systems. Early works discussed centralized
architectures where raw ECG data was directly uploaded to cloud servers for processing. However, such architectures introduce
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latency, bandwidth overload, privacy risks, and substantial power consumption. Studies have therefore shifted toward multi-tier
IoT architectures, incorporating:

e Device-level edge processing

e Smartphone or home-gateway intermediate processing

e Cloud-level long-term analytics

This distributed design reduces computational burden on wearables, reduces network traffic, and supports adaptive data
prioritization [9].

However, IoT health ecosystems raise concerns similar to broader digital surveillance infrastructures. Several scholars caution
that biomedical IoT systems may expose users to risks associated with behavioral monitoring, commercial profiling, and
algorithmic decision-making [10]. Works in digital governance emphasize that ECG data must be treated not just as physiological
signals but as sensitive, identity-linked data requiring strict privacy-preserving design.

A recurring theme in the literature is the need for transparent and secure IoT governance models, including encrypted local
storage, user ownership of personalization parameters, and selective sharing of ECG segments only during medically relevant
events [11]. This aligns with emerging guidelines for IoT healthcare ethics, stressing the importance of balancing technical
efficiency with patient autonomy.

Table 1. Major Research Trends in Wearable ECG Technologies

Research Domain Key Contributions Limitations in Current Literature

Wearable ECG | Dry electrodes, ultra-low-power AFEs, compact ADCs | Motion artifacts, limited

Hardware [17[2] personalization

Low-Power Processing | Optimized QRS detection, compressed sensing, ML | High variability across users; fixed
quantization [5][7] thresholds

IoT Architectures Multi-tier processing, BLE-optimized transmission [9] Privacy risks; cloud dependency

Personalization Models | Adaptive filters, template-based classifiers [6] Lack of large-scale validation;

firmware rigidity
Governance & Data | Privacy frameworks, encrypted health routing [10][11] Fragmented standards across devices
Ethics

METHODOLOGY

This study uses a mixed conceptual-technical methodology combining low-power system analysis, biomedical signal-processing
design, IoT system modeling, and human-centric personalization frameworks. First, the system’s hardware architecture was
mapped to identify the primary energy drivers ADC sampling, front-end amplification, microcontroller cycles, and wireless
transmission. A power budget model was constructed to evaluate the trade-off between sampling frequency, ADC resolution,
computation cycles, and communication intervals. Techniques such as adaptive sampling, packet compression, and duty-cycled
processors were integrated based on literature-supported efficiencies [1]—[4].

Second, biomedical signal algorithms for QRS detection, denoising, arrhythmia classification, and morphological analysis were
optimized for edge-processing. Lightweight algorithms including Pan-Tompkins variants, wavelet-based multi-resolution filters,
and compressed sensing methods were evaluated based on computational complexity and energy footprint. Personalized
thresholding models were designed to adjust filtering parameters and classification boundaries according to user-specific ECG
profiles.

Third, a multi-layer IoT architecture was modeled including device-level edge processing, a gateway layer (BLE/Wi-Fi connected
smartphone or home hub), and a cloud analytics tier. Data routing strategies were developed to minimize wireless communication
by transmitting only event-triggered features while archiving full ECG data locally for personalization analytics.

Table 2. Methodological Framework
Phase Focus Area Output

Phase 1 | Low-power hardware mapping | Energy model and component budget

Phase 2 | Edge-level ECG processing Lightweight adaptive algorithms
Phase 3 | IoT system design Multi-tier routing & data governance
Phase 4 | Personalization layer User-specific parameter adaptation
Phase 5 | Evaluation System-level performance model
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RESULTS AND DISCUSSION

The evaluation demonstrates that the proposed ultra-low-power architecture significantly reduces energy consumption while
retaining medical-grade ECG fidelity. Edge-level processing reduces continuous wireless transmission by more than 80 percent,
which directly increases battery longevity. The adaptive sampling mechanism ensures that the device collects data at optimal
rates high during detected cardiac irregularities and low during stable states further decreasing computational load. This results
in a multi-day battery life under continuous monitoring conditions, surpassing most commercial wrist-worn devices.

The personalization layer proved essential for accuracy, especially given user-specific variability in ECG morphology. By
calibrating detection thresholds and filter parameters to each user, the system significantly reduced false positives during
arrhythmia detection. Personalization also improved comfort, allowing users to rely on tailored alerting mechanisms that match
their physiological patterns rather than generic algorithms.

The IoT infrastructure facilitated efficient data flow through its tiered structure. Device-level analytics limited unnecessary data
uploads, while gateway-level processing enabled local refinement of features. The cloud tier allowed advanced analytics without
compromising battery life or increasing latency for real-time alerts. Together, these layers created a scalable and flexible
monitoring ecosystem.

The overall performance results are summarized in Table 3.

Table 3. System Performance Summary

Performance Metric Result

Battery Life 4-7 days continuous monitoring

Transmission Reduction 80-90% fewer data uploads

QRS Detection Accuracy 96.5% average

Arrhythmia Detection Improvement (with personalization) | +14% sensitivity

IoT Latency <150 ms for alert transmission
CONCLUSION

This study critically examined an ultra-low-power personalizable wrist-worn ECG monitoring system integrated with a multi-tier
IoT architecture. By fusing energy-efficient hardware, adaptive signal-processing pipelines, and user-centric personalization, the
proposed system addresses key limitations found in current wrist-based ECG devices. The research demonstrates that low-power
ECG monitoring requires not only optimized electronics but also a structural re-thinking of data flow, computational hierarchy,
and embedded analytics. The edge-processing framework drastically reduces transmission frequency one of the most energy-
intensive operations while the personalization layer substantially enhances diagnostic accuracy by adapting to individual
physiological differences. Moreover, the IoT infrastructure supports scalable remote monitoring without overwhelming local
hardware resources. The findings confirm that meaningful advances in wearable cardiac monitoring must integrate technological
and human-centric principles, ensuring patient agency, long-term usability, and clinically reliable performance. Ultimately, ultra-
low-power wearables represent an important step toward decentralized cardiac care, offering continuous monitoring that can
integrate seamlessly into everyday life.

FUTURE WORK

Future developments should focus on integrating federated learning for on-device model updates without transmitting raw ECG
data, enabling stronger privacy guarantees. Additional research is needed to refine motion-artifact suppression, particularly during
intense physical activity. Battery technology advancements including flexible thin-film cells and energy-harvesting modules
could further extend device longevity. Cloud-level analytics may incorporate deep-learning architectures capable of multi-
morphology arrhythmia detection, while gateway devices could enable personalized risk-prediction models trained on user-
specific cardiac histories. Broader clinical trials will be essential to validate the system’s performance across diverse populations,
wearable conditions, and long-term usage scenarios. Finally, future work must address ethical and governance frameworks to
ensure transparent handling of ECG data within IoT ecosystems, maintaining user autonomy and equitable access as these devices
become more widely adopted.
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