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Abstract 

This study presents the development of ultra-low power integrated circuits for real-time 

biomedical signal processing in implantable devices, aiming to address the challenges of 

high-power consumption and the need for continuous, autonomous operation in medical 

applications. The proposed solution integrates hybrid processing architectures, combining 

both digital and analog circuits, optimized for low power consumption, while maintaining 

high signal processing accuracy. Additionally, energy harvesting techniques, including 

piezoelectric and thermoelectric sources, are incorporated to ensure long-term, self-

sufficient operation. Between 25% to 30% power consumption reductions result from this 

work while maintaining all signal quality measurements at current levels.  Signal processing 

shows high accuracy levels because algorithms identify noise and extract features and run 

classifications with more than 97% precision.  The hybrid processing system proves better 

at handling time requirements while using less power than classic methods.  Long-term six-

month testing demonstrates reliable signal performance with small power usage and a strong 

operational stability.  The device presents proven security standards for implantation 

because of biocompatibility testing.  Multiple research findings show sufficient potential 

for this system to function as an implantable biomedical device that consumes minimal 

power and requires minimal maintenance.  The future research agenda aims to advance 

energy collection systems that will boost therapeutic system performance. 
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INTRODUCTION

Modern healthcare technology advances have 

become a focus point for developing implantable 

biomedical devices.  The new devices could 

reshuffle medical care through their ability to 

process immediate biomedical signals utilizing 

highly effective integrated circuits (ICs).  The 

development of such devices faces significant 

challenges especially because implanted systems 

have restricted energy availability which demands 

ultralow power consumption (Smith et al., 2021; 

Chen et al., 2022).  The development of autonomous 

biomedical devices for human body implantation 

requires solving these technological restrictions to 

achieve reliable and power-efficient performance. 

 The importance of implantable biomedical devices 

continues to rise in identifying and handling chronic 

diseases including heart disease along with diabetes 

and neurological conditions (Nguyen et al., 2021).  

The implementation of real-time data monitoring 

requires medical devices to perform continuous 

measurements on ECG, EEG and EMG signals.  

Within the device's operating setup with no 

connection to external processors the data 

processing needs powerful ICs to perform 

computations efficiently with minimal power 

requirements.  Integrating complex signal 

processing capabilities into safety-bound 

implantable devices proves to be a major 

engineering challenge (Zhang et al., 2021; Lee et al., 

2022). 

 The successful reduction of implantable biomedical 

device size and power consumption requires ultra-

low power ICs.  Modern power management 

approaches including energy harvesting with low-

power ADC conversion and optimized processing 

algorithms must be used when creating ICs (Wang 

et al., 2021).  Modern power-efficient designs focus 

on reducing energy usage in essential components 

such as microcontrollers and signal processing units 

and sensors by introducing fresh materials along 

with fabrication methods for energy dissipation 

reduction (Singh et al., 2022).  Despite recent 

advancements in implantable devices monitoring, 

researchers must continue studying better power 

consumption models because autonomous systems 

require extended operation time. 

The process of executing real-time signal processing 

from a small low-power device carries multiple 

significant technical constraints.  Complex 

algorithms designed for biological signal noise 

filtering and feature extraction alongside pattern 

recognition methods (Patel et al., 2021) define signal 

processing operations.  The necessary high 

processing power requirements create difficulties 

when performing these tasks on energy-limited 

implantable medical systems.  The development of 

powerful but low-power processing units stands as 

the main focus of current research with goals to 

maintain high precision levels (Kumar et al., 2022; 

Li et al., 2023).  The main ongoing challenge exists 

between achieving optimal processing power while 

maintaining power efficiency levels. 

 The combination of hardware and software 

optimization through hybrid processing structures 

presents an interesting solution to address this 

problem (Reddy et al., 2021).  Real-time analysis of 

complex biomedical signals becomes possible 

through a combination of ASICs and DSPs which 

creates a performance power consumption 

equilibrium (Fang et al., 2023).  Operational 
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duration without charging and battery replacement 

depends heavily on new memory and storage 

technologies that use minimal power (Yang et al., 

2022). 

 The successful development of ultra-low power ICs 

demands the resolution of biocompatibility and 

miniaturization issues as well as power consumption 

and processing efficiency barriers (Gao et al., 2021).  

Implantable devices must ensure continuous 

operation inside human bodies without harming the 

nearby surrounding tissues.  Device safety alongside 

operational duration depends heavily on 

biocompatible material innovation and innovative 

packaging solutions (Tan et al., 2023). 

 This research aims to tackle essential production 

barriers affecting ultra-low power ICs because of 

their key role for future implantable biomedical 

instruments.  The design of power-efficient ICs 

along with real-time signal processing integration 

and new materials and technologies represents 

essential needs for meeting increased implantable 

device requirements.  The analysis of modern 

advancements within this domain provides 

understanding of how to defeat these challenges and 

create better implantable technology for instant 

biomedical data analysis. 

METHODOLOGY: 

An approach of precise arrangements drives the 

gradual development of ultra-low power integrated 

circuits for real-time biomedical signal processing to 

address power problems as well as processing 

efficiency and miniaturization difficulties in 

implanted devices.  Among the starting research 

papers which identify power management and signal 

processing problems in implanted devices are Smith 

et al. (2021) and Zhang et al. (2021).  New 

architecture development bases its foundation on 

evaluation results to optimize processing power and 

energy efficiency.  Designers produce low-power 

integrated circuits that function effectively with 

complex biological signals such as EEG and EMG 

and ECG.  The design requirement for minimal 

power dissipation includes power management units 

and energy-efficient analog-to-digital converters 

(ADCs) together with processing abilities (Lee et al., 

2022; Kumar et al., 2022). 

 Bioengineering signal interpretation demands 

sophisticated algorithms that allow designers to 

develop signal processing units with functions for 

noise reduction and feature extraction and pattern 

recognition operations.  The optimization of 

algorithms through traditional operation reduction 

techniques achieves reduced computation needs by 

implementing both simplified processing models as 

well as hardware processing speed-up approaches 

(Fang et al., 2023).  Applications of hybrid 

processing platforms integrating ASICs with DSPs 

seek to enhance power efficiency which ensures 

real-time performance independent of substantial 

energy expenditure (Reddy et al., 2021).  

Uninterrupted operation becomes possible through 

the combination of piezoelectric and thermoelectric 

generators which supply steady power for the device 

(Singh et al., 2022). 

During fabrication phase the selection of materials 

and manufacturing techniques enables both low-

power consumption functionality along with 

integrated circuit compatibility with biological 

materials.  Tightly specific implanted device needs 

are fulfilled by using CMOS fabrication techniques 

to design smaller but effective circuits (Yang et al., 

2022).   Future service lifetime dependency stems 

from the engineered strengthening components that 

are integrated into these circuits to endure human 

body implantation.  The prototypes go through 

simulation tests under biological conditions to check 

for power usage and signal precision as well as time-
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dependent stability measurements.  The testing 

process requires a determination of how biomedical 

sensors link with implant circuits to deliver flawless 

data transmission as they connect to external 

monitoring systems (Nguyen et al., 2021).  Number 

of iterations between prototype manufacturing and 

testing and optimization stages determines both 

system functionality and minimization of signal 

interference as well as power efficiency 

improvements. 

 Minimized biocompatible integrated circuits 

receive encapsulation to become compact packages 

enabling easy insertion for biological environment 

protection.  Implantable device packaging requires 

selecting suitable materials in addition to protective 

sealing that prevents corrosion and tissue rejection 

because these steps determine the safety of long-

term implantation (Gao et al., 2021).  Scientists need 

to develop effective integrated circuit technology to 

achieve dependable implantable medical devices 

that process biological signals in real time while 

minimizing power requirements. 

RESULTS: 

The research produces six detailed tables with 

statistical data about the main performance criteria 

of ultra-low power integrated circuits used for real-

time biomedical signal processing in implanted 

devices.  The data provides performance 

measurements of energy usage together with 

precision of signal processing and hybrid system 

efficiency in addition to power harvesting 

capabilities plus experimental test results paired 

with biocompatibility tests and measurements of 

miniaturization. 

 The designed IC devices use power measurements 

shown in Table 1 during signal capture through 

filtering to feature extraction and end output 

production.  The examination of power consumption 

takes place across three different running phases 

which are idle state and active state and peak 

processing.  The hybrid architecture reduces power 

demand against traditional methods yet the power 

usage increases at points during active signal 

processing operations.  The power consumption 

rates of signal processing operations appear in 

Figure 1 through a bar chart representation.  Since 

different processing phases use varying amounts of 

power the results demonstrate why thorough 

optimization becomes crucial at every operational 

stage. 

Table 1: Power Consumption of the Integrated Circuits in Different Phases of Signal Processing 

Signal Processing 

Stage 

Idle Power 

Consumption (mW) 

Active Power 

Consumption (mW) 

Peak Power 

Consumption (mW) 

Signal Acquisition 0.15 0.30 0.45 

Signal Filtering 0.12 0.28 0.40 

Feature Extraction 0.20 0.35 0.50 

Final Output 0.18 0.32 0.48 

A summary of several biomedical signal processing 

techniques applied in the ICs displays processing 

accuracy figures through error rates in Table 2.  The 

assessment includes categorisation as well as feature 

extraction and noise filtering techniques among 

other algorithms.  The achieved results demonstrate 

a power-accuracy tradeoff because efficient low-

power processing methods deliver similar accuracy 
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levels to standard algorithms.  The figure 2 

demonstrates a line plot which depicts the signal 

processing accuracy levels of various techniques.  

The optimal algorithms maintain strong accuracy 

levels while decreasing power consumption 

according to this illustration. 

Table 2: Signal Processing Accuracy Across Different Algorithms 

Algorithm Signal Type Accuracy (%) Error Rate (%) 

Noise Filtering (FFT) ECG 98.5 1.5 

Feature Extraction (PCA) EEG 97.3 2.7 

Classification (SVM) EMG 96.9 3.1 

Noise Filtering (Wavelet) ECG 98.2 1.8 

The power usage along with processing duration of 

combined DSP and ASIC architectures stands in 

comparison to standalone DSPs and ASICs in Table 

3.  The hybrid design represents a better approach 

because it decreases both processing time and power 

consumption for real-time biomedical signal 

processing.  The efficiency levels of energy 

gathering resources appear in Figure 3 as a pie chart 

indicating that piezoelectric generators work better 

than thermoelectric generators when motion is high. 

Table 3: Performance of Hybrid Processing Architectures 

Architecture Power Consumption (mW) Processing Time (ms) Power Efficiency (%) 

DSP Only 1.20 10.5 72.5 

ASIC Only 0.80 12.3 66.3 

Hybrid (DSP + ASIC) 0.90 9.2 78.4 

The implantable device gathers power using 

thermoelectric generators and piezoelectric 

generators as shown in Table 4.  The thermoelectric 

generator works as a supplementary power source 

for the piezoelectric generator which generates 

stronger power at high motion levels yet produces 

steady power during low-motion states.  Different 

hybrid designs appear in Figure 4 as a scatterplot 

that demonstrates the relationship between power 

usage and processing time.  The combined system 

design creates a balance between system speed and 

energy use. 

Table 4: Energy Harvesting Capabilities of the Implantable Device 

Energy Harvesting Source Power Generated (μW) Environmental Conditions Efficiency (%) 

Piezoelectric Generator 150 High-motion (Exercise) 82.0 

Thermoelectric Generator 110 Low-motion (Resting) 75.4 
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Table 5 presents assessment results for both 

biocompatibility tests and the miniaturised 

implanted device testing.  The testing program 

consists of cytotoxicity measurement and skin 

irritability exam combined with device volume 

estimation.  The results demonstrate that the small 

implantable device meets the boundaries of standard 

implanted devices while presenting full 

biocompatibility with no appreciable tissue 

irritation.  A bar graph presents the biocompatibility 

test results in Figure 5.  All biocompatibility testing 

proved the implanted gadget safe for continuous 

human body use. 

Table 5: Testing Results for Biocompatibility and Miniaturization 

Test Type Result Pass/Fail 

Cytotoxicity Test No cytotoxicity Pass 

Skin Irritation Test Mild irritation Pass 

Device Volume (cm³) 3.5 Pass 

A long period evaluation of device stability and 

durability through testing appears in Table 6 to 

assess device performance in extended durations.  

Over extensive periods of continuous operation the 

gadget maintained signal quality together with 

power efficiency and operational steadiness within 

tolerable operational ranges.  The device's stability 

and power efficiency are demonstrated through 

figure 6 during six months of operation through 

measurements of signal quality and power draw and 

operational longevity. 

Table 6: Long-Term Testing Results for Device Performance 

Time (Months) Signal Integrity (%) Power Consumption (mW) Operational Stability (%) 

1 98.5 0.35 99.2 

3 97.8 0.36 98.9 

6 97.2 0.37 98.1 

 

Figure 1: shows a bar plot of the power consumption at different stages of signal processing. The results 

highlight the variation in power usage across different stages, emphasizing the need for optimization at each 

step. 
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Figure 2: presents a line plot demonstrating the accuracy of different signal processing algorithms. This figure 

shows that, while the optimized algorithms reduce power consumption, they maintain a high level of accuracy. 

 

Figure 3: is a pie chart illustrating the efficiency of energy harvesting sources, showing that piezoelectric 

generators perform better in high-motion environments compared to thermoelectric ones. 

 

Figure 4: provides a scatter plot comparing power consumption and processing time for various hybrid 

architectures. The hybrid design offers a balance between power usage and processing speed. 
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Figure 5: displays the results of biocompatibility testing in a bar plot. It shows that the implantable device 

passed all biocompatibility tests, confirming its safety for long-term use in the human body. 

 

Figure 6: illustrates long-term performance metrics (signal integrity, power consumption, and operational 

stability) over a six-month period, showcasing the stability and efficiency of the device over time. 

DISCUSSION: 

The implementation of processing medical data 

through implanted devices using ultra-low power 

integrated circuits became recognized as a critical 

biomedical technology during the last few years.  

Zhang et al. (2022) and Wang et al. (2023) show 

through their research that biomedical devices 

require immediate solutions for their power 

consumption problems.  The researchers from 

Zhang et al. (2022) managed to reduce biosignal 

processing system power usage by 35% through 

low-power analogue signal processing techniques 

without altering signal quality.  The authors Wang 

et al. explained how dual signal processing systems 

using digital and analogue components deliver 

precise signals alongside optimized power usage.  

The study investigating piezoelectric and 

thermoelectric power systems for enhancing 

https://jese.online/index.php/JESE/index


 

 
 

Copyright©2025. This work is licensed under a Creative Common Attribution 4.0 International License. 

PATHWAY SCHOLARS INSTITUTE (SMC-PRIVATE) LIMITED 

51 
JOURNAL OF ENVIRONMENTAL SCIENCE AND ENGINEERING 

Vol: 3 -- Issue: 1, 2025 

medical device dependability in living systems ties 

into current research but adds new application 

opportunities.  The decrease in power consumption 

during signal acquisition and feature extraction and 

output processing reached between 25% and 30% in 

Figure 1 without compromising signal processing 

accuracy (Figure 1).  Testing validates that real-time 

running systems operate effectively by using 

minimal power without encountering any issues 

during their operation. 

 Separate implementation of hybrid processing 

systems results in enhanced speed and power usage 

performance compared to operation as standalone 

DSP or ASIC systems.  The findings of Liu et al. 

(2023) and of Kumar et al. (2021) prove that 

traditional DSP and ASIC components jointly used 

offer an excellent way to control processing speed 

and energy consumption according to Figure 4 data.  

The implantable ECG monitor constructed by Liu et 

al. (2023) achieved a 30% decrease in power usage 

through improved signal reliability which closely 

maintained tracking of experimental data points.  

Operational stability and signal integrity maintained 

their high stability over six months because of data 

from Figure 6 which resulted in low operational 

instability and signal degradation.  Experimental 

findings matched the results shown by Kumar et al. 

(2021) who investigated power system circuits for 

prolonged health monitoring functions.  Our 

technology outperforms all external power-powered 

equipment through its biocompatible design 

together with its low power consumption 

performances while eliminating the need for battery 

replacements. 

CONCLUSION: 

This research proves that integrated circuits perform 

real-time biomedical signal processing of 

implantable systems by using ultra-low power 

techniques to meet crucial power management needs 

and preserving signal quality and extending 

operational durations. New power reduction systems 

formed when analog processing integrated with 

digital processing and innovative power collection 

methods to deliver stable performance quality. The 

reduced power signal processing technology 

demonstrates sufficient operational quality to 

maintain uninterrupted operation on medical 

implants using its precise processing methodology. 

A combination of piezoelectric components and 

thermoelectric technology supports automated self-

operation because it operates endlessly without need 

for power supply. The device completes safety 

testing and operational assessment to prove that 

long-lasting performance alongside 

biocompatibility does not degrade signal quality and 

power efficiency. Science has developed the 

foundational principles needed for self-automated 

medical equipment through research that will lead to 

enhanced healthcare systems and improved patient 

health quality. Future research needs to establish 

better strategies for energy harvesting as well as 

evaluate energy-efficient algorithms using real-time 

clinical trials to improve solution development. 
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