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Fig 1. (a) Simulated design of the microstrip sensor, (b) Frequency response of the simulated sensor
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Fig 2. (a) Equivalent LC circuit, (b) Comparison of the frequency response of the equivalent LC circuit and the microstrip design
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Fig 3. (a) Fabricated microstrip sensor, (b) Comparison of the frequency response of the fabricated and Simulated sensors
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Fig 4. (a) Polystyrene test container, (b) Milk samples prepared over 10 consecutive days
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Fig 5. Experiment setup and data recording on the computer
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Table 1. Mean values of the S21 parameter amplitude at different frequencies for 10 milk samples over consecutive days
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Table 2. Mean standard deviation and amplitude difference of S21 between the samples from Day 1 and Day 5
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Introduction: The growing global demand for safe, high-quality food has intensified the need for efficient
quality control in the food industry, particularly for perishable products like milk. As a staple rich in proteins,
fats, lactose, and vitamins, milk is highly susceptible to microbial spoilage, posing health risks, especially for
vulnerable groups such as children and the elderly. Traditional methods for assessing milk quality, primarily
chemical and microbiological tests, are reliable but involve high costs, time-consuming procedures, and sample
destruction, limiting their applicability for real-time monitoring in supply chains. Microwave sensing
technology, particularly microstrip sensors, offers a promising alternative due to its non-invasive nature, rapid
response, and cost-effectiveness. These sensors detect quality changes by analyzing frequency response
variations driven by the dielectric properties of the material under test. Although microwave sensors have been
successfully applied in fields such as biomedicine and the oil industry, their use in food quality monitoring—
particularly for detecting milk spoilage—remains underexplored. This study aims to design, fabricate, and
evaluate a novel microstrip sensor to detect milk spoilage trends in real-time using microwave signals. By
providing a non-destructive, low-cost, and rapid method, this research addresses the limitations of conventional
techniques and contributes to improving food safety and sustainability in the dairy industry.

Materials and methods: A microstrip sensor with two passband regions (1807-2466 MHz and 3604-4426
MHz) was designed using Advanced Design System (ADS) software and fabricated on an RT/Duroid 4003
substrate (dielectric constant 3.55, thickness 0.787 mm). The sensor, with dimensions 40x25 mm2, was modeled
with an equivalent LC circuit to simulate resonance behavior, accounting for parasitic effects. Ten commercial
milk samples (3% fat) were collected over ten consecutive days and stored at a controlled temperature of 21°C.
Each 180 ml sample was placed in a polystyrene container (200 ml capacity, 1 mm wall thickness) positioned in
the sensor’s near-field range to ensure consistent dielectric interaction. The scattering parameter S21
(transmission coefficient) was measured using a NanoVNA vector network analyzer up to 6 GHz, with data
recorded via NanoVNA software and exported to Excel for analysis. Each sample was tested five times,
yielding 50 measurements to minimize noise. The first passband (1807-2466 MHz) was selected for analysis
due to significant S21 variations. Measurements were conducted in a controlled environment to reduce external
interference, with sample temperature verified using a digital thermometer. The sensor’s frequency response
was compared to simulations to validate design accuracy.

Results and discussion: The experiments involved ten milk samples tested over ten days, with S21
measurements revealing significant amplitude changes in the first passband (1807-2466 MHz). The most
pronounced sensitivity was observed at 2166 MHz, where the amplitude difference between the freshest (day
10) and most spoiled (day 1) samples reached 7.02 dB, approximately 105 times the average standard deviation
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(0.067 dB), indicating high resolution and statistical significance. Other frequencies, such as 1807 MHz (5.414
dB difference) and 2106 MHz (1.830 dB difference), also showed reliable trends, while 1987 MHz exhibited
minimal sensitivity (0.089 dB difference). These variations correlate with changes in milk’s dielectric properties
due to microbial activity, such as lactic acid production and pH reduction, which decrease the effective
permittivity. The observed amplitude decrease at 1807 MHz may result from increased wave absorption by
acidic compounds, whereas amplitude increases at 1927 MHz could stem from protein and fat degradation,
reducing permittivity.

The sensor’s high signal-to-noise ratio (up to 105) and low standard deviation (0.017-0.074 dB) confirm its
precision. Compared to traditional chemical tests, which are invasive and time-consuming, this sensor offers
real-time, non-destructive monitoring, aligning with non-invasive glucose detection methods in biomedical
applications. However, its simple, low-cost design enhances industrial applicability, unlike complex setups in
prior studies. The frequency range overlaps with wireless communication bands, potentially causing
interference in industrial settings, which could be mitigated using electromagnetic shielding or frequency filters.
Future enhancements include integrating multi-frequency data with machine learning, such as neural networks,
to improve detection accuracy and identify early spoilage stages. Testing diverse milk types (e.g., low-fat) and
real-world conditions will further validate the method’s generalizability. This sensor’s ability to detect spoilage
trends supports its potential for in-line quality control, reducing food waste and enhancing consumer safety.
Conclusions: This study successfully developed a non-invasive microstrip sensor for real-time milk spoilage
detection, demonstrating significant S21 amplitude changes at 1807, 1867, 2106, and 2166 MHz, with the
highest sensitivity at 2166 MHz (7.02 dB difference, signal-to-noise ratio ~105). The sensor’s low-cost,
compact design (40x25 mm?2) and high precision (standard deviation 0.067 dB) make it a viable alternative to
time-consuming, destructive chemical tests. It enables rapid quality monitoring in dairy supply chains,
potentially reducing waste and ensuring consumer safety. Future research should focus on real-world testing,
diverse milk types, and integration with machine learning for enhanced accuracy. Electromagnetic shielding can
address frequency interference. This research advances microwave sensing in food quality control, offering a
scalable solution for industrial applications.

Keywords: Microstrip sensor, milk spoilage, microwave sensing, milk quality, S21 parameter,
electromagnetic waves
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