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Abstract- Recent advancements in VLSI technology have 

significantly transformed biomedical signal processing 

systems by enabling ultralow-power, compact, and intelligent 

hardware platforms for continuous health monitoring. In 

particular, electrocardiogram (ECG) and 

electroencephalogram (EEG) signal processing applications 

have benefited from the development of energy-efficient 

application-specific integrated circuits (ASICs), mixed-signal 

system-on-chips (SoCs), and FPGA accelerators. Ultralow-

power ECG application-specific integrated circuits (ASICs) 

operating in the nanowatt range demonstrate robustness 

against motion artifacts and support long-term wearable 

monitoring [1]. Energy-efficient application-specific 

integrated circuits fabricated using deep-submicron CMOS 

technologies further enable real-time cardiovascular disease 

detection with minimal power consumption [2]. 

 

Recent research has also highlighted the integration 

of artificial intelligence techniques, such as convolutional 

neural networks (CNNs), long short-term memory (LSTM) 

networks, and data-efficient neural models into VLSI 

architectures for accurate heartbeat and arrhythmia 

classification [3], [14], [15]. In addition, low-power EEG 

acquisition SoCs with on-chip feature extraction and 

compression engines have been developed to support 

ambulatory and implantable neural monitoring systems [8], 

[9]. FPGA-based accelerators provide flexible platforms for 

real-time biomedical signal analysis and serve as comparative 

benchmarks for application-specific integrated circuit (ASIC) 

designs [21], [25]. This paper presents a comprehensive 

review of VLSI-based biomedical signal processing systems, 

focusing on architectural trends, power-area trade-offs, AI-

enabled hardware, challenges, and future research directions 

for next-generation wearable and implantable healthcare 

devices. 
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I. INTRODUCTION 

 

 Biomedical signal processing plays a vital role in 

modern healthcare by enabling the early diagnosis, continuous 

monitoring, and real-time analysis of physiological signals, 

such as ECG and EEG. The increasing prevalence of 

cardiovascular and neurological disorders has intensified the 

demand for portable, wearable, and implantable medical 

devices capable of long-term monitoring under strict power 

and size constraints. Conventional software-based processing 

approaches often fail to meet these requirements because of 

their high power consumption and latency. Consequently, 

VLSI-based hardware implementations have emerged as key 

enablers for efficient biomedical signal processing systems 

[16], [17]. 

 

Ultra-low-power ECG processing has been a major 

research focus in recent years. A landmark contribution was 

the development of a 58 nW ECG ASIC with motion-tolerant 

heartbeat timing extraction, which demonstrated reliable 

performance under motion artifacts and baseline variations, 

making it suitable for wearable cardiovascular monitoring [1]. 

Similarly, energy-efficient ECG feature detection ASICs 

fabricated using 130-nm CMOS technology have shown 

promising results in cardiovascular disease detection while 

maintaining minimal power consumption and silicon area [2]. 

These designs highlight the effectiveness of application-

specific architectures in achieving high performance under 

stringent energy requirements. 

 

To further enhance diagnostic accuracy, recent 

studies have incorporated machine learning and artificial 

intelligence techniques directly into the VLSI architecture. 

CNN- and LSTM-based ECG classification chips enable real-

time arrhythmia detection and heartbeat classification on 

hardware platforms, reducing the reliance on cloud-based 

processing [3], [14]. Data-efficient neural architectures, such 

as data-shifting and spiking neural networks, offer additional 

reductions in computational complexity and power 

consumption, making them suitable for always-on biomedical 

applications [15], [23]. In parallel, mixed-signal SoCs 

integrating analog front-end circuits, digital signal processing 

blocks, and wireless communication modules have been 
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developed for portable ECG monitoring systems [4]–[6]. 

Bluetooth-enabled ECG systems support real-time data 

transmission to external devices while maintaining low-power 

operation [5]. For EEG applications, micropower-acquisition 

SoCs with integrated feature extraction and compression 

engines enable long-term neural monitoring with reduced data 

bandwidth and storage requirements [8], [9], [12]. 

 

FPGA-based biomedical signal processing systems 

continue to play an important role in rapid prototyping and 

performance evaluations. FPGA implementations of heartbeat 

monitoring and CNN accelerators provide flexibility and 

scalability, allowing researchers to explore architectural trade-

offs before migrating to ASIC designs [21], [25]. Additionally, 

VLSI architectures for biomedical signal compression, 

systolic-array-based digital filtering, and imaging systems 

contribute to reducing power consumption and improving 

system efficiency [7], [18], [19]. 

 

This paper reviews and analyzes recent developments 

in VLSI-based biomedical signal processing systems, 

emphasizing ECG and EEG applications, low-power design 

methodologies, AI-enabled hardware architectures and 

system-level integration. The objective of this study is to 

identify key trends, challenges, and future research directions 

for the development of next-generation intelligent healthcare 

systems 

 

II. LITERATURE REVIEW 

 

Extensive research has been conducted on VLSI-

based biomedical signal processing systems, with a strong 

emphasis on ECG and EEG applications. Ultralow-power 

ECG ASICs represent a foundational contribution to wearable 

healthcare. The motion-tolerant 58 nW ECG ASIC reported in 

[1] demonstrated reliable heartbeat timing extraction even 

under severe motion artifacts, addressing one of the major 

challenges in ambulatory monitoring. Similarly, energy-

efficient ECG feature detection ASICs fabricated using 130-

nm CMOS technology achieved accurate cardiovascular 

disease detection with minimal power and silicon-area 

overheads [2]. 

 

Recent studies have explored the integration of 

artificial intelligence directly into VLSI architectures to 

improve their diagnostic performance. CNN-based abnormal 

heartbeat detection chips enable the on-chip classification of 

ECG signals with high accuracy and reduced latency [3]. 

LSTM-based ECG processors further enhance temporal 

feature learning for real-time arrhythmia detection [14]. Data-

efficient neural models, such as data-shifting neural networks 

and spiking neural networks, significantly reduce memory 

access and computational requirements, making them well-

suited for ultra-low-power biomedical systems [15], [23]. 

 

Mixed-signal and reconfigurable SoCs have emerged 

as effective solutions for portable ECG monitoring. Low-

power analog front-end circuits and reconfigurable digital 

filters efficiently handle noise suppression and signal 

conditioning [4]. Configurable mixed-signal SoCs that 

integrate acquisition, processing, and control units have 

demonstrated flexibility across multiple biomedical 

applications [6]. Bluetooth-enabled ECG systems extend these 

platforms by enabling wireless connectivity while maintaining 

low-power operation [5]. 

 

EEG signal processing has also benefited from VLSI 

innovation. Micro-power EEG acquisition SoCs with 

integrated feature extraction processors enable long-term 

ambulatory and implantable monitoring [9]. To address 

bandwidth and storage limitations, several VLSI architectures 

for lossless EEG and turning-angle-based signal compression 

have been proposed [7], [8]. Additionally, pipeline VLSI 

designs for fast singular value decomposition (SVD) support 

real-time multichannel EEG processing [12]. 

 

FPGA-based implementations continue to play an 

important role in biomedical-signal-processing research. 

FPGA-based heartbeat monitoring systems and CNN 

accelerators offer design flexibility and serve as benchmarking 

platforms for ASIC implementations [21], [25]. Survey and 

review papers further consolidate these developments by 

highlighting the trends, challenges, and architectural trade-offs 

in VLSI-based biomedical applications [16], [17], [19]. 

 

III. STUDIES AND FINDINGS 

 

The reviewed literature demonstrates that VLSI-

based biomedical signal processing systems achieve 

substantial improvements in terms of power efficiency, 

processing speed, and integration density. Ultralow-power 

ECG ASICs operating in the nanowatt range enable 

continuous wearable monitoring for extended periods without 

frequent battery replacement [1]. Energy-efficient disease 

detection ASICs achieve real-time performance while 

maintaining high sensitivity and specificity for cardiovascular 

abnormalities [2]. 

 

AI-enabled VLSI architectures significantly enhance 

the classification accuracy compared with traditional signal 

processing methods. CNN-, LSTM-, and DSNN-based 

hardware designs achieve robust arrhythmia detection with 

reduced latency by performing inference directly on-chip [3], 

[14], [15]. Compression engines and optimized data-path 
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architectures further reduce memory access and transmission 

energy, contributing to the overall system efficiency [7], [22]. 

Mixed-signal SoCs successfully integrate analog front ends, 

digital processing units, and wireless communication modules 

on a single chip, thereby reducing system complexity and 

power consumption [5], [6]. EEG processing systems 

demonstrate effective on-chip feature extraction and 

compression, enabling scalable multichannel neural 

monitoring [8], [9], [12]. FPGA-based accelerators exhibit 

competitive performance and provide valuable insights into 

architectural optimization before ASIC implementation [21], 

[25]. 

 

IV. CHALLENGES  & CONSTRAINS 

 

Despite significant progress, several challenges 

remain in the design of VLSI-based biomedical-signal-

processing systems. Ultralow-power operation often leads to 

trade-offs between signal quality, processing accuracy, and 

robustness against noise and motion artifacts [1], [4]. Analog 

front-end design for ECG and EEG signals is particularly 

challenging because of the low signal amplitudes and 

susceptibility to interference. 

 

The integration of AI models into VLSI architectures 

introduces challenges related to hardware complexity, memory 

requirements and scalability. Although CNN and LSTM 

models improve accuracy, they increase area and power 

consumption if not carefully optimized [3], [14]. Additionally, 

the variability in biomedical signals across patients 

necessitates adaptive and reconfigurable hardware 

architectures, thereby increasing the design complexity [6], 

[15]. 

 

From a system perspective, wireless communication 

modules add additional power overhead and raise concerns 

regarding data security and reliability [5]. Although FPGA-

based systems are flexible, they consume more power than 

ASIC implementations and are less suitable for long-term 

wearable or implantable applications [21]. Furthermore, the 

validation and regulatory approval of medical-grade hardware 

remain time-consuming and costly processes [16], [17]. 

 

V. FUTURE SCOPE 

 

Future research on VLSI-based biomedical signal 

processing is expected to focus on the co-design of hardware 

and algorithms to further reduce power consumption while 

improving accuracy. Emerging neuromorphic and spiking 

neural network architectures offer promising directions for 

ultralow-power, event-driven biomedical signal processing 

[23]. Advances in technology scaling and 3D integration may 

enable higher levels of system integration in wearable and 

implantable devices. 

 

Adaptive and reconfigurable SoCs capable of 

supporting multiple biomedical modalities, such as ECG, 

EEG, and EMG, on a single platform represent another 

important research direction [6], [24]. The integration of 

energy-harvesting techniques and near-threshold computing 

can further extend the device lifetime for continuous 

monitoring applications [1], [20]. Additionally, hybrid ASIC–

FPGA platforms may provide an optimal balance between 

flexibility and power efficiency during the development and 

deployment phases [25]. 

 

VI. CONCLUSION 

 

This study presents a comprehensive review of VLSI-

based biomedical signal processing systems, focusing on ECG 

and EEG applications. The reviewed works demonstrate that 

ultra-low-power application-specific integrated circuits 

(ASICs), mixed-signal system-on-chips (SoCs), and AI-

enabled VLSI architectures are key enablers for next-

generation wearable and implantable healthcare devices. 

Innovations in compression techniques, neural network 

hardware, and system integration have significantly improved 

power efficiency and real-time processing capabilities [1]–

[25]. 

 

Despite the challenges related to power–accuracy 

trade-offs, hardware complexity, and system validation, 

ongoing research is addressing these limitations through novel 

architectures and co-design methodologies. Overall, VLSI-

based biomedical signal processing remains a rapidly evolving 

field with strong potential to revolutionize continuous health 

monitoring and personalized medicine. 

 

Despite existing challenges related to power–

accuracy trade-offs, hardware complexity, and system 

validation, ongoing research continues to address these 

limitations through novel architectures and co-design 

methodologies. Overall, VLSI-based biomedical signal 

processing remains a rapidly evolving field with strong 

potential to revolutionize continuous health monitoring and 

personalized medicine. 
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