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This paper presents a novel non-invasive microwave sensor designed for selective multi-component liquid
analysis. The proposed sensor integrates a spoof surface-based whispering-gallery mode resonator coupled to
a transmission line, enabling precise detection of volumetric concentrations in liquid mixtures by analyzing
spectral responses over a broad frequency range. The study examines five mutually soluble liquids blended
in varying proportions while maintaining a constant total volume. A multivariable regression-based machine
learning model predicts the volumetric concentration of each component, utilizing resonance frequencies
and their corresponding amplitudes as input features. Principal component analysis (PCA) is employed to
assess feature significance. The sensor achieves a root mean square error (RMSE) of 0.025 in its predictions.
Additionally, an edge computing system incorporating a Raspberry Pi 4 automates real-time data processing,
facilitating rapid and efficient liquid composition analysis. The portable setup ensures low-latency making it
highly suitable for laboratory environments requiring precise and automated multi-liquid assessment.

1. Introduction chemically inert behavior. Microwave sensing is an advancing technol-

ogy that holds great promise and is increasingly utilized in various

The field of sensors has recently garnered significant attention
across various domains. Numerous research groups have introduced
diverse sensors for a wide range of applications [1,2]. Among these,
biochemical sensors have seen a notable surge in interest due to their
versatile applications, such as drug analysis, food quality assessment
and environmental monitoring [3,4]. Researchers are actively explor-
ing new methods to develop biochemical sensors with improved per-
formance, with a particular focus on creating miniaturized, highly
sensitive and label-free sensors. These enable real-time monitoring
and detection of bio molecules, bypassing the need for costly and
complex experimental workflows associated with label-driven sensing.
To achieve accurate real-time prompt decisions in lab-on-chip sen-
sor setups, sensitivity and miniaturization are crucial specifications.
Consequently, various biochemical sensors have been developed us-
ing various methods such as optical, electrochemical, ultrasonic, and
microwave techniques [5,6].

Planar microwave bio-sensors stand out as particularly adaptable
owing to their intrinsic benefits, including low power consumption, and
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industrial and healthcare applications, such as fluid level detection,
solution measurement, moisture assessment [7], food contamination
detection [8], healthcare and multi component liquid sensing. The pre-
cise analysis of multi-component liquid mixtures, particularly the vol-
umetric concentration of alcohols, is crucial for various scientific and
industrial applications [9,10]. These mixtures often contain multiple
alcohols in varying proportions, necessitating accurate quantification
to ensure quality, safety, and functionality in the final products. Tradi-
tional methods for analyzing such mixtures are often time-consuming,
and reliant on costly instrumentation. Microwave sensors have emerged
as a game-changing technology, offering real-time, non-invasive, and
highly accurate analysis [11-15]. By leveraging their sensitivity to
changes in the dielectric properties of materials, microwave sensors
provide detailed insights into the composition of complex mixtures
without extensive sample preparation. Their precision, scalability, and
ability to perform continuous monitoring position them as a superior
alternative to conventional analytical techniques [16-19].
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