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Abstract: In this work we present a development of a reusable wireless non-enzyme glucose sensor 

based on the resonant inductor-capacitor (LC) passive circuit fabricated explicitly on a low-cost FR4 

substrate. In our experiments, glucose/water solutions with varying concentrations have been 

utilized to evaluate the characteristics of the proposed structure. The obtained results showed that 

the fabricated sensor’s effectiveness in accurately identifying glucose concentrations ranging from 

0.1 mM to 100 mM. The sensor’s sensitivities were estimated to be 9.595 MHz/mM, 0.7659 

MHz/mM, and 0.2709 MHz/mM for 0.1 to 0.9 mM, 1 to 10 mM, and 10 to 100 mM glucose 

concentration ranges, respectively. The sensor’s limit of detection (LOD) was calculated to be 0.105 

mM for the glucose range from 0.1 to 0.9 mM. In particular, the sensitivity changes most 

significantly within the glucose concentration range of 0.1 to 0.9 mM, indicating that the sensor is 

particularly effective at detecting lower glucose concentrations. The obtained characteristics suggest 

that this sensor is suitable for applications requiring precise measurements of glucose solution. 

Keywords: Radio frequency resonator, non-invasive glucose biosensor, quantitative detection, LC 

passive sensor, series resonance, wireless. 

1. Introduction * 

Diabetes mellitus encompasses several conditions characterized by the body's impaired ability to 

process blood sugar (glucose), which is vital for energizing the muscle cells and tissues and serves as 

the primary fuel for the brain [1]. The primary causes of diabetes differ depending on the type. However, 

all forms of diabetes result in elevated blood sugar levels, which can cause significant health issues if 

not managed properly. Therefore, it is essential to devise a method that enables precise glucose detection 
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for the effective treatment and management of diabetes. Currently, invasive blood glucose detection 

technologies dominate the market due to their convenience and practicality, making them the preferred 

method for both hospital settings and household glucometers [2]. This method involves drawing a blood 

sample and then analyzing it ex vivo to measure the glucose concentration. In hospitals, blood is typically 

drawn from patients in the morning after an overnight fast and analyzed using automatic biochemical 

analyzers to ensure accurate results. While this approach provides precise measurements that are crucial 

for diagnosing diabetes, it is not suitable for continuous monitoring of diabetic patients. Nowadays, non-

invasive blood glucose monitoring involves measuring blood glucose levels without harming human 

tissues, as suggested by the term. This technology encompasses a variety of detection methods, typically 

categorized into optical, microwave, electrochemical, and radio frequency (RF) techniques. Among 

these techniques, a biosensor for glucose detection that utilizing RF techniques has garnered significant 

interest and is considered a strong and promising contender for the development of third-generation 

glucose biosensors [3-5]. RF biosensors present several benefits over other biosensor types [6]. Firstly, 

they differ from electrochemical biosensors, which are limited by environmental conditions and tend to 

degrade over time. RF biosensors are immune to environmental influences such as external light, 

temperature, and humidity, ensuring stable performance in complex, long-term settings. Secondly, RF 

biosensors can rapidly detect biomarkers in real-time, eliminating the need for any pre-stabilization 

period. Thirdly, detection speed with RF biosensors depends only on the sweep period of the vector 

network analyzer, which means they can provide results much faster. Finally, RF biosensors allow for 

label-free detection; they do not require the addition of special markers for sensing, as the substance to 

be tested is placed directly in the sensor's detection zone. This facilitates a more straightforward and 

efficient detection process [7]. Especially there have been several studies using a wireless resonant LC 

passive circuit for sensing glucose concentrations and providing highly reliable results that can be 

integrated into tags [8-10]. The diagram of the wireless LC passive sensor is shown in Fig. 1 

 

Figure 1. The working principle diagram of the wireless LC passive sensor. 

In this work, a wireless LC passive non-enzyme glucose sensor has been developed. This sensor 

incorporates specially designed interdigitated electrode (IDE) capacitors, essential to its functionality. 

A significant finding from the study is that glucose concentrations show a direct correlation with the 
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resonance frequency of the LC passive circuit. This relationship indicates that changes in either 

parameter can be precisely utilized to determine different glucose levels, thus confirming the sensor's 

ability to monitor glucose accurately. These results underscore the practical utility of this innovative 

sensor in continuous glucose monitoring and suggest its potential to transform the field of non-invasive 

glucose testing. The design of this sensor leverages capacitors made using printed circuit board (PCB) 

technology, which accelerates the fabrication process and reduces costs compared to other glucose 

sensing methods. Besides, this study highlights the advantages of non-enzymatic sensing. Unlike 

traditional glucose sensors that rely on enzymatic reactions, which can degrade over time affecting 

sensor stability and lifespan, a non-enzymatic sensor utilizing a resonant LC passive circuit is not subject 

to enzyme-related degradation. This key feature significantly enhances the sensor's durability and 

reliability, making it an attractive option for long-term glucose monitoring. Moreover, the wireless 

nature of this sensor enhances its integration into wearable devices, enabling continuous, real-time 

monitoring without the need for direct physical connections. This feature can significantly boost patient 

compliance and comfort by allowing users to monitor their glucose levels more discreetly and 

conveniently, thus encouraging more consistent use and better management of their condition. 

2. Working Principle and Sensor Design 

2.1. Working Principle of a Wireless Resonant LC Passive Sensor 

The suggested design utilizes a mix of interdigitated electrode capacitors and LC passive sensing 

methods for contact glucose detection. This approach relies on measuring shifts in the resonant 

frequency of the LC passive circuit. This wireless LC passive sensor operates through the mutual 

inductance coupling between the primary and secondary inductors. This coupling allows the sensor to 

identify changes in environmental conditions or the properties of objects by monitoring fluctuations in 

the mutual inductances, as illustrated in Fig. 1. 

 

Figure 2. Circuit diagram of the passive LC wireless sensor.  

Figure 2 shows the circuit diagram of the sensor. The primary inductor L1 is wireless magnetically 

linked with the secondary inductor L2. As the energy transmitter, the primary inductor L1 dispatches 

power to the secondary inductor L2, which acts as the signal receiver. This setup reflects the resonance 

frequency of the LC sensing circuit, which is constituted by the detection pathway involving inductor 

L2 and the sensing capacitor C2. This configuration allows precise monitoring and analysis of resonance 

frequency changes, enhancing the sensor's responsiveness and accuracy in detecting environmental 
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variations. R1 and R2 represent the parasitic resistances associated with the respective inductors in this 

configuration. The input impedance Zi, defined as the total impedance between points A and B, results 

from the combined impedances of the reader path ZR and the detection path Zd. This relationship is 

formalized in Eq. (1). The impedance model facilitates the analysis of how energy is transmitted and 

received within the system, impacting the overall sensitivity and accuracy of the sensor [11, 12]. 

𝑍𝑖  =  𝑍𝑅 + 𝑍𝑑 =  𝑅1 + 𝑗𝜔𝐿1 +  
(𝜔𝑀)2

𝑅2 + 𝑗𝜔𝐿2 − 𝑗 (
1

𝜔𝐶2
)
   (1) 

In Eq. (1), ω represents the angular frequency (rad/s), and M denotes the mutual inductance (H), R1 

and R2 are series resistors (Ω) of coils. As illustrated in Equation 1, Zi depends on the frequency, mutual 

inductance, and sensing capacitance. A periodic sweeping of frequency around the sensor’s natural 

frequency is utilized to accurately track frequency variations rather than measuring the voltage change 

at a specific frequency. This method ensures more precise detection of resonance frequency shifts. 

Additionally, the mutual inductance, influenced by factors such as the setup's geometry, the distance 

between the coils (d), and the magnetic permeability of the inductance coil, plays a crucial role in 

determining the input impedance. Notably, with a constant geometry, the mutual inductance M decreases 

as the coupling distance d increases, which in turn affects the sensor's performance and sensitivity [11, 

12]. Theoretically, the resonance frequency fres of the detection path and the quality factor 𝑄 can be 

described by the following expressions [13]: 

𝑓𝑟𝑒𝑠  =  
1

2𝜋√𝐿2𝐶2

 (2) 

𝑄 =  
1

𝑅2

 ×  √
𝐿2

𝐶2

 (3) 

An alternating signal with a frequency sweep is applied to the primary inductor L1, which transmits 

electromagnetic energy to the detection path via the secondary inductor L2. Within this frequency sweep, 

when the frequency reaches the point corresponding to the resonance frequency of the detection path, 

there will be a significant alteration in the input impedance of the primary inductor L1. This change in 

impedance affects the input reflection coefficient S11, which quantifies the ratio of reflected power to 

incident power. Any alterations in the dielectric medium between the electrodes can lead to variations 

in capacitance C2, prompting a shift in the LC circuit's resonance frequency, which is determined by the 

minimum point of the S11 parameter. This shift in resonance frequency can be thoroughly investigated 

and identified by analyzing the changes in the reflection coefficient S11 on L1 measured by the network 

analyzer device. This method allows precise monitoring and detection of environmental changes or 

material characteristics within the sensor’s proximity. The sensing capacitor can be constructed using a 

capacitively coupled contact electrode structure, which allows it to leverage the benefits outlined earlier. 

The proposed structure employs frequency shift measurement techniques to enhance performance. It 

achieves precise measurements by translating environmental changes between the sensing electrodes 

into the device's resonance frequency shifts. In this work, the LC passive sensing structure was adopted 

and integrated with a uniquely designed IDE capacitor structure. This approach, which combines 

traditional techniques with advanced structural design, is employed to enhance the capabilities and 

effectiveness of the sensor. To construct a sensing system, the sensing inductor was serially connected 

to an IDE capacitor structure. As previously mentioned, alterations in the dielectric medium between 

the electrodes of the IDE capacitor result in changes in capacitance, which, in turn, lead to variations in 

the resonance frequency of the LC circuit 
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2.2. Sensor Design 

The sensor’s structure introduced in this research includes a planar square spiral inductor (L2) 

connecting with an IDE capacitor that acts as the sensing element. While another planar square spiral 

inductor is used as a read-out antenna (L1) for S11 measurement. Figure 3 shows the structure of the 

proposed LC passive wireless sensor.  

 

Figure 3. Design of a non-enzyme glucose sensor based on the wireless LC passive circuit. 

The sensing system includes two copper electrodes wrapped around the interface of the printed 

circuit board (PCB) and two inductors designated for transmitting and receiving radiation. These 

inductors are positioned separately with air space between them of 2.0 mm. An IDE capacitor was 

incorporated between two sections of a square-shaped spiral inductor L2, creating a compact resonator 

LC passive tank. The gap between the sensor electrodes in the IDE was initially set at 0.1 mm. 

3. Experiment 

3.1. LC Passive Circuit Fabrication 

Fabrication process of these devices is combined with the advanced 3D printing technology with 

standard printed circuit board (PCB) techniques. This innovative approach offers several advantages 

over traditional fabrication methods, including cost-effectiveness, simplicity, and notably faster 

production times. In this work, the microelectrode structure was intricately patterned onto commercial 

copper-FR4 substrates and then coated with a layer of tin (Sn) plating, all achieved through precise PCB 

methodologies. Figure 4a shows the primary inductor used as a read-out antenna L1. This coil is a planar 

spiral square antenna with 5 turns; its turn width is 1.0 mm, the spacing between turns is 1.0 mm, and 

the outer diameter is 21.0 mm; therefore, the inductance of this antenna is calculated to be 0.61 μH. 

Figure 4b shows the resonant LC passive circuit, including a coil L2 connected with an IDE capacitor. 

The L2 is a planar spiral rectangular coil with 10 turns; its length and width are 7.9 mm and 6.3 mm, its 

turn width is 0.1 mm; the designed spacing between turns is 0.1 mm, and the inductance of the L2 coil 

is calculated to be 0.43 μH. The IDE capacitor is designed with an area of 1.5 x 1.9 mm with 10 fingers, 

as illustrated in Figure 4b.  
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Figure 4. Practical LC wireless passive sensor structure. (a) The fabricated L1 antenna.  

(b) The fabricated resonant LC passive circuit. 

3.2. Preparation of Glucose Solution 

The solutions utilized for experiments were of deionized water (DI) combined with glucose powder 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Different electrical properties, including 

electrical conductivity and electrical permeability were studied. This work involved preparing mixtures 

with concentrations ranging from 0.1 to 0.9 mM, 1 to 9 mM, and 10 to 100 mM. All samples were 

prepared at 25 °C and stored between 0-4 °C until measurements. 

3.3. Experiment Setup for Glucose Concentration Measurement 

 

Figure 5. Experimental setup. 

IDE 

Capacitor 

(a) 
(b) 
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The experimental setup depicted in Figure 5 was meticulously organized to ensure precise 

measurements. An ENA series network analyzer (Agilent E5061A ENA Series) measured the reflection 

coefficient S11 across a range of sweeping frequencies, allowing for detailed analysis. The LC passive 

sensor and a critical componentwere efficiently developed using rapid prototyping techniques, which 

involved a meticulously designed 3D-printed mold, ensuring high precision and consistency in the 

sensor's fabrication. Additionally, glucose solution was applied directly onto the IDE capacitor position 

of the sensor using a pipette, ensuring be controlled for the precision application. 

4. Results and Discussion 

To evaluate the change of the resonant frequency on the conductivity of the solution filled in the 

IDE capacitor, the glucose solution with different concentrations ranging from 1 mM to 100 mM was 

prepared and injected into the IDE sensing area. The reflection coefficient S11 was measured, and the 

resonant frequency of the sensing resonant structure was derived by extracting the frequency value in 

whose reflection coefficient S11 achieves minima attenuation. Figure 6a illustrates the variation in 

resonance frequency as the chip undergoes filling with different concentrations of glucose, ranging from 

0.1 mM to 0.9 mM. Besides, the dependence of the resonance frequency and reflection coefficient S11 

on the concentration of Glucose is shown in Figure 6b. Figure 6a presents the internal normalized 

reflectivity measurement, highlighting the frequency range of 600 MHz to 700 MHz, indicating 

glucose's presence on the sensor electrode surface. Figure 6a details the gradual decrease in resonance 

frequency with increasing glucose concentration. Specifically, the experimental results show that as 

glucose concentration increases from 0.1 mM to 0.9 mM, the resonance frequency of the detection path 

decreases from 645.46 MHz to 637.89 MHz.  

 

   (a)                                                                                             (b) 

Figure 6. a) The dependence of the reflection coefficient S11 on excitation frequency was examined  

for glucose concentrations from 0.1 mM to 0.9 mM (b) Regression analysis assessed  

the shift in resonance frequency and the magnitude of S11. 
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The shift in the resonant frequency and changes in the measured S11 parameters result from the 

interaction between the resonator's inductor and capacitor and the glucose solution under test, influenced 

by the glucose permittivity. The sensor's resonant frequency experienced the most significant downward 

shift when the glucose concentration was decreased; this behavior is similar to other research [10, 14]. 

The regression analysis shows a strong linear correlation (r² = 0.98462) between glucose concentration 

and the shift in resonant frequency, with the linear regression equation expressed as follows: 

𝑌1 [𝑀𝐻𝑧] = 646.610 − 9.595 × 𝑋 [𝑚𝑀] (4) 

Here, Y represents the resonant frequency of the fabricated sensor, and X represents the glucose 

concentration. Consequently, the sensor demonstrated a sensitivity of 9.595 MHz/mM. 

 

(a)                                                                                             (b)  

Figure 7. (a) The relationship between the reflection coefficient S11 and excitation frequency was analyzed for 

glucose concentrations ranging from 1.0 mM to 9.0 mM (b) Regression analysis evaluated the shift in resonance 

frequency and the magnitude of S11. 

The change in resonance frequency was examined for glucose solution with concentrations ranging 

from 1 mM to 9 mM. The reflection coefficient S11 was measured, and the sensor's resonant frequency 

was determined by identifying the frequency at which the reflection coefficient S11 reached its minimum 

attenuation. Figure 7 illustrates the variation in resonance frequency as the sensor is filled with different 

glucose concentrations. Experimental results specifically demonstrate that as glucose concentration 

increases from 1.0 mM to 9.0 mM, the resonance frequency of the detection line decreases from 636.875 

MHz to 630.815 MHz. The resonator frequencies experienced the most significant downward shift at 

the highest glucose concentration. Regression analysis reveals a strong linear correlation (r² = 0.98462) 

between glucose concentration and the change in the resonant frequency of the fabricated sensor, with 

the linear regression equation presented as follows: 

𝑌2 [𝑀𝐻𝑧] = 637.618 − 0.7659 × 𝑋 [𝑚𝑀] (5) 

Equation 6 indicates that the sensor exhibited a sensitivity of 0.7659 MHz/mM.  
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(a)                                                                                             (b) 

Figure 8. (a) The analysis examined the relationship between the reflection coefficient S11 and excitation 

frequency for glucose concentrations varying from 10 mM to 100 mM (b) A regression analysis assessed the 

shift in resonance frequency and the changes in the magnitude of S11. 

Finally, the change in resonance frequency was examined based on the conductivity of glucose 

solutions contained in the IDE capacitor, with concentrations ranging from 10 mM to 100 mM. Figure 

8 illustrates the variation in resonance frequency as the chip is filled with different glucose 

concentrations. This analysis reveals that as the glucose concentration increases, there is a notable shift 

in the resonance frequency and a corresponding change in the reflection coefficient S11, underscoring 

the sensor's sensitivity to varying glucose levels. Experimental results specifically demonstrate that as 

glucose concentration increases from 10 mM to 100 mM, the resonance frequency of the detection line 

decreases from 629.3 MHz to 619.2 MHz. It was observed that higher glucose concentrations caused 

the resonance frequency to shift further towards a lower frequency. Moreover, the interaction between 

the resonator's inductor and capacitor with the tested material, influenced by the glucose solution's 

permittivity, results in changing of the resonant frequency and measured S11-parameters. Among the 

materials tested, the 1 mM glucose solution caused the most significant downward shift in the resonant 

frequency due to its lower viscosity. Consequently, the resonator's resonant frequency experienced a 

downward shift at the lower glucose concentration. This outcome was expected, given that the dielectric 

constant of glucose decreases as its concentration increases. Regression analysis reveals a strong linear 

correlation (r² = 0.98541) between glucose concentration and the shift in resonant frequency, with the 

linear regression equation as follows: 

𝑌3 [𝑀𝐻𝑧] = 629.872 − 0.2709 × 𝑋 [𝑚𝑀] (6) 

Equation 7 indicates that the sensor exhibited a sensitivity of 0.2709 MHz/mM. Notably, a strong 

linear correlation exists between glucose concentration and resonance frequency.  

From Eqs (5), (6) and (7), it is evident that each concentration region yields different sensitivities, 

and the sensitivity tends to decrease as glucose concentration increases. The sensitivity changes most 

significantly when the glucose concentration ranges from 0.1 to 0.9 mM, and the limit of detection 

(LOD) of the sensor in this range is calculated to be 0.105 mM using the formula of 3σ/m, where σ is 

the standard deviation of blank solution and m is the slope of the linear regression [15]. These obtained 
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parameters of the fabricated sensor suggest that it is particularly effective in detecting lower glucose 

concentrations, making it suitable for applications requiring precise measurement in this concentration range. 

5. Conclusion  

In this work, an integrated LC passive biosensor for glucose concentration measurement based on a 

frequency resonator was successfully fabricated on commercial FR4 substrates. Experimental results 

showed that the resonant frequency of the sensor resonator decreases when the glucose concentration 

increases from 0.1 mM to 100 mM. Notably, the sensor's sensitivity differed in different concentration 

regions, with a general trend of decreasing sensitivity as glucose concentration increased. The sensor’s 

sensitivities were estimated to be 9.595 MHz/mM, 0.7659 MHz/mM, and 0.2709 MHz/mM for 0.1 to 

0.9 mM, 1 to 10 mM, and 10 to 100 mM glucose concentration ranges, respectively. The sensor’s limit 

of detection (LOD) was calculated to be of 0.105 mM for the glucose range from 0.1 to 0.9 mM. In 

particular, the concentration changes most significantly in the glucose concentration range located at 0.1 

mM to 0.9 mM. The results demonstrate that the proposed resonant sensor structure is effective and 

suitable for precision measurements within this concentration range. The study highlights the potential 

of the wireless non-enzyme glucose sensor based on a resonant LC passive circuit as a significant 

innovation in biomedical device technology for glucose monitoring. Due to utilizing a non-enzymatic 

approach, this sensor offers advantages in terms of stability and durability compared to traditional 

enzyme-based glucose sensors. Its versatility also paves the way for new possibilities in advanced 

diagnostics and health monitoring.  
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