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Microfluidic Half-Mode Substrate 

Integrated Waveguide Sensor Development 

for Non-Destructive Real-time Qualitative 

and Quantitative Evaluation of Liquid 

Foods and Beverages 

Swapnil Shekhar  

Abstract. Quality evaluation involves the systematic assessment of product 

characteristics and is essential to ensuring compliance with predefined standards in 
meeting consumer expectations. The traditional approach to destructive quality 
evaluation destroys the sample and is thus unsuitable for future use. In contrast, non-
destructive quality evaluation assesses attributes without compromising the sample's 
integrity, enabling real-time monitoring. Beverages are liquid consumables and may 
be alcoholic or non-alcoholic in nature. Determining the specific constituents of 
alcoholic and non-alcoholic beverages is of utmost importance for quality control, 
regulatory compliance, consumer safety, and consistency, all achieved through a low-

cost approach to characterisation. Substrate-integrated waveguide (SIW) based 
sensors are precise and compact, with low loss and suitable for both contact and non-
contact detection. SIW-based sensors offer a cost-effective and easily integrable 
solution for real-time quality evaluation. A novel half-mode SIW sensor, based on the 
material-perturbation cavity resonator approach, was designed for real-time 
assessment of its applicability in characterising liquid foods. Selection covers the 
range of most commercially available concentrations of water-soluble beverage 
components. The measured results show a significant shift in the resonant frequency, 

enabling quantitative estimation of the loaded sample under test. The findings suggest 
that the developed sensor can be successfully applied as a precision sensor in a real-
time system. 

Keywords: Cavity resonator, non-destructive evaluation, substrate-integrated 
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1. Introduction 

Concerns about food safety, authenticity, and quality assurance have created 

an increasing demand for non-destructive quality assessment techniques 
suitable for a varied range of food products. From pre-harvest to post-harvest 

processing, storage, transportation, and distribution need to be strengthened 

by developing an appropriate sensing system that provides alerts and 

guidance on the steps required to meet specific consumer needs. Liquid foods 

and beverages, alcoholic and non-alcoholic, are mainly susceptible to 

adulteration, microbial contamination, and spoilage. Since these quality 

changes directly impact consumer acceptance, food characteristics, and 

regulatory compliance, rapid assessment methods are becoming 

indispensable for food industries where subjective quality evaluation 

techniques are in force. 

Traditional advanced analytical methods and conventional approaches, 

although they provide accurate compositional characteristics, require 

extensive sample preparation, sophisticated instrumentation, and skilled 

technicians, and are expensive and time-consuming. Also, most conventional 

techniques are destructive and unsuitable for real-time quality assessment. 

Subsequently, non-destructive testing (NDT) techniques have emerged as 
suitable alternatives, as they are rapid, reagent-free, repeatable, and enable in 

situ quality assessment without damaging the food products. In recent years, 

numerous non-destructive sensing approaches, including electronic nose 

systems, computer vision, machine vision, hyperspectral imaging, impedance 

spectroscopy, and microwave sensing, have been successfully investigated 

for agricultural commodities and processed food products. A comprehensive 

review further established the importance of non-destructive quality 

measurement for fruits and vegetables (Prasad, 2015a, b). 

Recent advances in artificial intelligence, coupled with non-destructive 

assessment data, have significantly expanded the application of non-

destructive food evaluation. Deep learning-based classification of ripening 

bananas (Kapri and Prasad, 2025) and quality assessment of mung beans 

using machine vision (Kaur et al., 2026) have been successfully applied, 

demonstrating that intelligent non-destructive sensing techniques are 

becoming reliable tools for rapid food quality evaluation. Nevertheless, 
optical techniques are primarily suitable for assessing food products based on 

their external features, thereby limiting their applicability to liquid foods and 

beverages, where quality is predominantly determined by internal 

physicochemical properties. 
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Fig. 12. Simulated and measured reflection coefficient for air and 

distilled water using the proposed sensor. 

5. Conclusion  

A dual-port microfluidic extended half-mode substrate integrated waveguide 
cavity resonator sensor is proposed for non-destructive complex permittivity 

measurement of liquid foods and beverages. The sensor incorporates a hole 

near the open edge of the modified cavity, where the electric field intensity 

reaches the maximum value. An open-ended PVC tube is inserted through 

this hole to facilitate the loading of liquid samples into the sensing region. To 

enhance the sensor sensitivity, a copper metal sheath is wrapped around the 

tube, resulting in stronger electromagnetic field confinement and improved 

interaction between the sample and the fields. A prototype of the optimised 

design was fabricated in the form of a sensor and experimentally validated 

for extreme sensing conditions for the sensing performance. The developed 

sensor thus can run in dual mode, namely single frequency mode and 

sweeping mode, for the complex permittivity characterisation of liquid foods 
in even real-time conditions. 

Conflict of Interest 

The authors have disclosed that there are no conflicts of interest to declare. 

Acknowledgments 

The author is thankful to the editor, Prof. Kamlesh Prasad, Department of 

Food Engineering and Technology, and administrators of S.L.I.E.T., 

Longowal, Sangrur, Punjab, India, for extending relevant resources to 
accomplish the present research. 



Microfluidic Half-Mode Substrate……… 144  

References 

Abd Rahman, N., Zakaria, Z., Abd Rahim, R., Alahnomi, R.A., Al-Gburi, 

A.J.A., Alhegazi, A., Abd Rashid, W.N., Bahar, A.A.M., (2022). Liquid 

permittivity sensing using teeth gear-circular substrate integrated 

waveguide. IEEE Sensors Journal 22 (12), 11690-11697. 

https://doi.org/10.1109/JSEN.2022.3166561 

Allah, A.H., Eyebe, G.A., Domingue, F., (2022). Fully 3D-printed 

microfluidic sensor using substrate integrated waveguide technology for 

liquid permittivity characterization. IEEE Sensors Journal 22 (11), 10541-

10550. https://doi.org/10.1109/JSEN.2022.3170507 

Amineh, R.K., Ravan, M., Tandel, D., (2023). Detection of water pollutants 

with a nonuniform array of microwave sensors. IEEE Transactions on 

Instrumentation and Measurement 72, 1-11. 

https://doi.org/10.1109/TIM.2023.3267377 

Bilawal, F., Babaeian, F., Trinh, K.T., Karmakar, N.C., (2023). The art of 

substrate-integrated-waveguide power dividers. IEEE Access 11, 9311-

9325. https://doi.org/10.1109/ACCESS.2023.3239917 

Chen, L.-F., Ong, C.K., Neo, C.P., Varadan, V.V., Varadan, V.K., (2004). 

Microwave electronics: measurement and materials characterization. 

John Wiley & Sons.  

Chen, Y., Huang, J., Xiang, Y., Fu, L., Gu, W., Wu, Y., (2021). A modified 

SIW re-entrant microfluidic microwave sensor for characterizing 

complex permittivity of liquids. IEEE Sensors Journal 21 (13), 14838-

14846. https://doi.org/10.1109/JSEN.2021.3074169 

Chuma, E.L., Iano, Y., Fontgalland, G., Roger, L.L.B., (2018). Microwave 

sensor for liquid dielectric characterization based on metamaterial 

complementary split ring resonator. IEEE Sensors Journal 18 (24), 9978-

9983. https://doi.org/10.1109/JSEN.2018.2872859 

Ebrahimi, A., Scott, J., Ghorbani, K., (2019). Ultrahigh-sensitivity 

microwave sensor for microfluidic complex permittivity measurement. 

IEEE Transactions on microwave theory and techniques 67 (10), 4269-

4277. https://doi.org/10.1109/TMTT.2019.2932737 

Ebrahimi, A., Withayachumnankul, W., Al-Sarawi, S., Abbott, D., (2013). 

High-sensitivity metamaterial-inspired sensor for microfluidic dielectric 

characterization. IEEE Sensors Journal 14 (5), 1345-1351. 

https://doi.org/10.1109/JSEN.2013.2295312 

https://doi.org/10.1109/JSEN.2022.3166561
https://doi.org/10.1109/JSEN.2022.3170507
https://doi.org/10.1109/TIM.2023.3267377
https://doi.org/10.1109/ACCESS.2023.3239917
https://doi.org/10.1109/JSEN.2021.3074169
https://doi.org/10.1109/JSEN.2018.2872859
https://doi.org/10.1109/TMTT.2019.2932737
https://doi.org/10.1109/JSEN.2013.2295312


145  Shekhar 

García, V., Campos-Roca, Y., García, A.G., (2023). Differential sensors in 

substrate integrated waveguide technology loaded with complementary 

split-ring resonators for liquid characterization. IEEE Sensors Journal 24 

(1), 270-277. https://doi.org/10.1109/JSEN.2023.3332437 

Han, X., Peng, P., Fu, C., Qiao, L., Ma, Z., Liu, K., Zhang, S., (2024). Highly 

integrated improved hexagonal CSRR-based fluid sensor for complex 
dielectric parameter detection. IEEE Sensors Journal 24 (13), 20559-

20570. https://doi.org/10.1109/JSEN.2024.3399454 

Inder, B., Maurizio, B., Ramesh, G., (2013). Microstrip Lines and Slotlines, 

Third Edition. Artech.  

Kapri, P., Prasad, K., (2025). Deep Learning as a Non-destructive Machine 

Vision Approach in the Quality Classification of Ripening Banana, Sinha, 

M.M., Pandey, V.S., Sharma, V., Singh, S. (eds) Multifunctional Materials 

for Electronics and Biomedical Devices. AEMTA 2024. Springer 

Proceedings in Materials. Springer, Singapore, pp. 

https://doi.org/10.1007/1978-1981-1096-7606-1004_1057.  

Kaur, K., Goyal, R., Shekhar, S., Nath, A., Prasad, K., (2026). Non-

destructive Machine Vision System for Quality Assessment of Mung 
Bean (Vigna radiata). Food Analytical Methods 19 (7), 216-216. 

https://doi.org/10.1007/s12161-026-03132-6 

Khair, N.S., Yusof, N.A.T., Wahab, Y.A., Bari, B.S., Ayob, N.I., Zolkapli, M., 

(2023). Substrate-integrated waveguide (SIW) microwave sensor theory 

and model in characterising dielectric material: A review. Sensors 

International 4, 100244. https://doi.org/10.1016/j.sintl.2023.100244 

Liu, C., Tong, F., (2015). An SIW resonator sensor for liquid permittivity 

measurements at C band. IEEE Microwave and Wireless Components 

Letters 25 (11), 751-753. https://doi.org/10.1109/LMWC.2015.2479851 

Lobato-Morales, H., Corona-Chávez, A., Murthy, D.V.B., Olvera-Cervantes, 

J.L., (2010). Complex permittivity measurements using cavity 
perturbation technique with substrate integrated waveguide cavities. 

Review of scientific instruments 81 (6). 

https://doi.org/10.1063/1.3442512 

Masoumabad, M.A., Delmonte, N., Silvestri, L., Perregrini, L., Bozzi, M., 

(2023). A simple technique for liquid–liquid percentage determination 

using single-frequency amplitude measurements. IEEE Microwave and 

Wireless Technology Letters 33 (7), 1086-1089. 

https://doi.org/10.1109/LMWT.2023.3261984 

https://doi.org/10.1109/JSEN.2023.3332437
https://doi.org/10.1109/JSEN.2024.3399454
https://doi.org/10.1007/1978-1981-1096-7606-1004_1057
https://doi.org/10.1007/s12161-026-03132-6
https://doi.org/10.1016/j.sintl.2023.100244
https://doi.org/10.1109/LMWC.2015.2479851
https://doi.org/10.1063/1.3442512
https://doi.org/10.1109/LMWT.2023.3261984


Microfluidic Half-Mode Substrate……… 146  

Massoni, E., Siciliano, G., Bozzi, M., Perregrini, L., (2018). Enhanced cavity 

sensor in SIW technology for material characterization. IEEE Microwave 

and Wireless Components Letters 28 (10), 948-950. 

https://doi.org/10.1109/LMWC.2018.2864876 

McKeown, M.S., Julrat, S., Trabelsi, S., Tollner, E.W., (2017). Open 

transverse-slot substrate-integrated waveguide sensor for biomass 
permittivity determination. IEEE Transactions on Instrumentation and 

Measurement 66 (8), 2181-2188. 

https://doi.org/10.1109/TIM.2017.2681358 

Memon, M.U., Lim, S., (2018). Microfluidic high-Q circular substrate-

integrated waveguide (SIW) cavity for radio frequency (RF) chemical 

liquid sensing. Sensors 18 (1), 143. https://doi.org/10.3390/s18010143 

Mohd Bahar, A.A., Zakaria, Z., Md. Arshad, M.K., Isa, A.A.M., Dasril, Y., 

Alahnomi, R.A., (2019). Real time microwave biochemical sensor based 

on circular SIW approach for aqueous dielectric detection. scientific 

reports 9 (1), 5467. https://doi.org/10.1038/s41598-019-41702-3 

Moznebi, A.-R., Laribi, H., Moez, K., Mirzavand, R., (2025). Substrate 

integrated waveguide-based liquid sensor with self-calibration capability. 

IEEE Sensors Journal. https://doi.org/10.1109/JSEN.2025.3546877 

Omer, A.E., Shaker, G., Safavi-Naeini, S., Ngo, K., Shubair, R.M., Alquié, 

G., Deshours, F., Kokabi, H., (2020). Multiple-cell microfluidic dielectric 

resonator for liquid sensing applications. IEEE Sensors Journal 21 (5), 

6094-6104. https://doi.org/10.1109/JSEN.2020.3041700 

Pozar, D.M., (2011). Microwave engineering. John wiley & sons.  

Prasad, K., (2015a). Advances in Nondestructive Quality Measurement of 

Fruits and Vegetables. Postharvest Biology and Technology of 

Horticultural Crops: Principles and Practices for Quality Maintenance, 

51.  

Prasad, K., (2015b). Non-destructive Quality Analysis of Fruits. Postharvest 
Quality Assurance of Fruits: Practical Approaches for Developing 

Countries, 239-258.  

Prasad, K., Pratibha, Singh, S.K., Prasad, K., (2004). Technological aspects 

of microwave applications in fruits and vegetable processing. Processed 

Food Industry 7 (8), 18-24.  

Rocco, G.M., Bozzi, M., Schreurs, D., Perregrini, L., Marconi, S., Alaimo, 

G., Auricchio, F., (2019). 3-D printed microfluidic sensor in SIW 

https://doi.org/10.1109/LMWC.2018.2864876
https://doi.org/10.1109/TIM.2017.2681358
https://doi.org/10.3390/s18010143
https://doi.org/10.1038/s41598-019-41702-3
https://doi.org/10.1109/JSEN.2025.3546877
https://doi.org/10.1109/JSEN.2020.3041700


147  Shekhar 

technology for liquids’ characterization. IEEE Transactions on 

microwave theory and techniques 68 (3), 1175-1184. 

https://doi.org/10.1109/TMTT.2019.2953580 

Saeed, K., Pollard, R.D., Hunter, I.C., (2008). Substrate integrated waveguide 

cavity resonators for complex permittivity characterization of materials. 

IEEE Transactions on microwave theory and techniques 56 (10), 2340-

2347. https://doi.org/10.1109/TMTT.2008.2003523 

Seo, Y., Memon, M.U., Lim, S., (2016). Microfluidic eighth-mode substrate-

integrated-waveguide antenna for compact ethanol chemical sensor 

application. IEEE Transactions on Antennas and Propagation 64 (7), 

3218-3222. https://doi.org/10.1109/TAP.2016.2559581 

Shekhar, S., Kumar, K., Priya, S., Kashyap, N., Singh, S., (2026). Self-

octuplexing substrate-integrated waveguide semi-elliptical-shaped slot 

antenna for multifunctional communication systems. International 

Journal of Microwave and Wireless Technologies 18 (1), 82-98. 

https://doi.org/10.1017/S175907872610302X 

Shekhar, S., Kumar, K., Singh, S., Prasad, K., (2023). Nondestructive 

Evaluation of Fluid Characteristics using compact Quarter-Mode SIW 
Resonator Sensor. Journal of Physics: Conference Series 2663, 012047. 

https://doi.org/10.1088/1742-6596/2663/1/012047 

Shekhar, S., Priya, S., Kumar, K., (2024a). A compact self-quintuplexing 

antenna by HM-SIW cavity. International Journal of Microwave and 

Wireless Technologies 16 (9), 1561-1569. 

https://doi.org/10.1017/S1759078724001259 

Shekhar, S., Priya, S., Kumar, K., Singh, S., (2024b). A compact half-mode 

substrate integrated MIMO antenna for 5G communication, 1 ed. AIP 

Publishing LLC, p. 020033. https://doi.org/10.1063/5.0213273 

Shekhar, S., Shekhar, S., Prasad, K., (2025). Impedance Analyser Fixture for 

Testing Electrical Properties of Solid, Liquid, and Powder Materials. GB 

Patent 6,420,816.  

Silavwe, E., Somjit, N., Robertson, I.D., (2016). A microfluidic-integrated 

SIW lab-on-substrate sensor for microliter liquid characterization. IEEE 

Sensors Journal 16 (21), 7628-7635. 

https://doi.org/10.1109/JSEN.2016.2599099 

Song, J., Huang, J., (2023). A microfluidic antenna-sensor for contactless 

characterization of complex permittivity of liquids. IEEE Sensors Journal 

23 (22), 27251-27261. https://doi.org/10.1109/JSEN.2023.3318213 

https://doi.org/10.1109/TMTT.2019.2953580
https://doi.org/10.1109/TMTT.2008.2003523
https://doi.org/10.1109/TAP.2016.2559581
https://doi.org/10.1017/S175907872610302X
https://doi.org/10.1088/1742-6596/2663/1/012047
https://doi.org/10.1017/S1759078724001259
https://doi.org/10.1063/5.0213273
https://doi.org/10.1109/JSEN.2016.2599099
https://doi.org/10.1109/JSEN.2023.3318213


Microfluidic Half-Mode Substrate……… 148  

Song, X., Vandenbosch, G.A.E., Yan, S., (2025). An enhanced microwave 

differential microfluidic sensing system for detecting small variation of 

dielectric properties. IEEE Sensors Journal. 

https://doi.org/10.1109/JSEN.2025.3536466 

Varshney, P.K., Akhtar, M.J., (2019). A compact planar cylindrical resonant 

RF sensor for the characterization of dielectric samples. Journal of 
Electromagnetic Waves and Applications 33 (13), 1700-1717. 

https://doi.org/10.1080/09205071.2019.1630325 

Wu, W.-J., Zhao, W.-S., (2023). Microwave measurement system for 

characterizing liquid samples based on a modified HMSIW. IEEE Sensors 

Journal 23 (19), 22466-22475. 

https://doi.org/10.1109/JSEN.2023.3307193 

Xu, F., Wu, K., (2005). Guided-wave and leakage characteristics of substrate 

integrated waveguide. IEEE Transactions on microwave theory and 

techniques 53 (1), 66-73. https://doi.org/10.1109/TMTT.2004.839303 

Zhou, K., Wu, K., (2022). Substrate integrated waveguide multiband 

bandpass filters and multiplexers: Current status and future outlook. IEEE 

Journal of Microwaves 3 (1), 466-483. 

https://doi.org/10.1109/JMW.2022.3227131 

 

 

https://doi.org/10.1109/JSEN.2025.3536466
https://doi.org/10.1080/09205071.2019.1630325
https://doi.org/10.1109/JSEN.2023.3307193
https://doi.org/10.1109/TMTT.2004.839303
https://doi.org/10.1109/JMW.2022.3227131

	Front Page
	Prepages
	About the Editor
	Contents
	List of Contributors
	Microfluidic Half-Mode SubstrateIntegrated Waveguide Sensor Developmentfor Non-Destructive Real-time Qualitativeand Quantitative Evaluation of LiquidFoods and Beverages
	INDEX
	FIFATF-2025
	Sponsores
	Back Cover


  ∇ ⋅ B = 0


    𝜇 0


    𝜖  r


    𝜇 ,


  ∇ ⋅ D = ρ


  ∇ ⋅ B = 0


  ∇ × E = −   ∂ B  ∂ t


  ∇ × H =   ∂ D  ∂ t + J


   ∇ 2 𝑬 = 𝜇 𝜖     𝜕 2 𝑬  𝜕   t 2


   ∇ 2 𝑩 = 𝜇 𝜖     𝜕 2 𝑩  𝜕   t 2


   1   μ ϵ


  ∇ ⋅ E = 0


   c v


   χ  e


  t a n 𝛿   =     𝜖 ”  𝜖 ′    


    d  p =   c  2 π f      ϵ ′  (  1 +    (    ϵ  ′ ′   ϵ ′ ) 2 − 1 )


   ϵ ∗ ( ω ) =    ϵ ∞   +      ϵ s   −    ϵ ∞    1   +   j ω τ


   ϵ ∗  ( ω ) =  ϵ ∞ +    ϵ s −  ϵ ∞  1 + ω  τ 2 − j    (  ϵ s −  ϵ ∞ ) ω τ  1 + ω  τ 2


    C 0   =     (  ϵ  o   A )  d


  C   =      ϵ  o    ϵ  r r   A  d


    𝜖  r =   C    C  o


      𝜖  r   −   1    𝜖  r + 2   =     N 𝛼  3  ϵ  o


  ∇ × E = −   ∂ B  ∂ t


    n 2   =     𝜖  r


    S 11 = b     b 1    a 1 ;   S 21 =     b 2    a 2


    S 12 =     b 1    a 2 ;   S 22 =     b 2    a 2


    𝜖  r ′ −   𝜖  r "   =    (     𝜆  o    𝜆  c ) 2 +    (     𝛾 2 d   𝜆  o  2 𝜋 d ) 2


    𝜖  r ′ −   𝜖  r "   =    (     𝜆  o    𝜆  c ) 2 +    (    β 2 d   𝜆  o  2 𝜋 d ) 2


    𝜆 0 =     𝜆  s   1 +     𝜆  s    𝜆  c


    𝜖  r ′ = 1 + 0 . 539  (     V  o    V  s )  〈 ∇ f 〉


    𝜖  r " = 0 . 269  (     V  o    V  s )  〈  1    Q  s −  1    Q  o 〉


  ∇ f =       f  o −   f  s    f  s


  ∇ × B =  μ 0  ϵ 0   ∂ E  ∂ t


   ∇ 2 𝑬 =  μ 0  ϵ 0    ∂ 2 𝑬  ∂   t 2


   ∇ 2 𝑩 =   𝜇 0   𝜖 0     𝜕 2 𝑩  𝜕   t 2


   μ 0  ϵ 0 =  1    c 2


  c =  1    μ 0  ϵ 0 = 3 ×  10 8 m / s


    𝜖 0



