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This article presents a novel cylindrical dielectric resonator antenna (CDRA) integrated with an artificial magnetic conductor (AMC) for non-invasive monitoring of blood glucose levels (BGL) in humans. A compact, economical, and highly sensitive RF-based sensing structure for continuous glucose monitoring that resolves the drawbacks of traditional invasive techniques was developed in this work. The suggested CDRA functions within the industrial, scientific, and medical (ISM) band (2.4–2.5 GHz) and incorporates a defective ground structure (DGS) to attain resonance at 2.4 and 2.52 GHz, offering an impedance bandwidth of 300 MHz. The antenna is small, measuring 30 mm × 30 mm × 6 mm, with an initial gain of 3.6 dBi. A beehive-shaped AMC is positioned at the back of the CDRA to improve its radiation characteristics, enhancing directivity by reducing side lobe levels and increasing the gain to 7.69 dBi. The proposed CDRA is simulated using the “Hugo” bio model (38-year-old male) available in CST MWS software. It demonstrates a specific absorption rate (SAR) of 0.036 W/kg, which is within the acceptable limits of 1.6 W/kg for human exposure. The proposed CDRA was also simulated for operation with varying glucose concentrations, and a correlation between S parameter variation and glucose variation was observed. The Debye model is used to determine the dielectric characteristics of human blood for BGL values of 80 mg/dL, 110 mg/dL, 130 mg/dL, 150 mg/dL, and 170 mg/dL. The proposed CDRA was validated for radiation parameters, and the measured values matched well with the simulated ones. The proposed CDRA shows a sensitivity of 4.5 × 10−3 dB/mg/dL. The results show that the proposed CDRA is a good candidate for measuring BGL values in humans.
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1 INTRODUCTION
Diabetes is one of the most common chronic diseases in the world. The daily count of patients suffering from this disease is increasing at an alarming rate. Diabetes demands regular medical attention and risk-reduction tactics. More than 9% of the global population is diagnosed with diabetes, with approximately 23% going undiagnosed (Narayan et al., 2000). Diabetes is the seventh biggest contributing cause of death, according to recent reports from the American Diabetes Association (Kaul et al., 2013) and the World Health Organization (WHO). Timely diagnosis and treatment are vital for patients with diabetes. So, research for early detection, novel preventative measures, and improved treatments is in high demand. Early detection of prediabetes and monitoring of blood glucose levels (BGLs) of the body could help in treatment or prevent diabetes altogether if patients adopt healthier practices. The idea of BGL monitoring is both affordable and practical in developing nations. However, the conventional method of finger pricking to measure BGL is painful and prone to risk of infection. A non-invasive, safe, and painless method for BGL monitoring eases the process. Various non-invasive methods, such as thermal (Oliver et al., 2009; Cho et al., 2004; Tang et al., 2008), optical (Rawer et al., 2004; Malik and Coté, 2010; Nicolai et al., 2007), and electromagnetic methods (Gourzi et al., 2005; Tura et al., 2010; So et al., 2012), are currently being studied for BGL monitoring. However, these methods are expensive and require large instruments to carry out the measurements. BGL monitoring through RF/microwaves is a new method that is better than the existing methods for BGL monitoring (Satish et al., 2021; Kandwal et al., 2021; Rahayu et al., 2023). The RF sensors required for the measurements are small and, hence, easy to handle. Moreover, the process of RF measurement of BGL is cheap and simple. These factors make RF/microwave-based sensing devices for monitoring BGL popular and in high demand.
The setup for the RF/microwave sensing of BGL requires an antenna. The antenna radiates, and when a human body is placed near the antenna, the body reflects the radiation at a specific frequency known as the resonant frequency. The value of the return loss and the resonant frequency when an antenna is in proximity to a human body is different from when an antenna radiates in a free space. This difference varies with the blood glucose concentration of the body. This is explained in more detail in the later sections. The difference in return loss and resonant frequency is correlated with the actual BGL, and the readings are measured. This process is an easy, inexpensive, and quick method to measure BGL in humans.
The prime concern for this RF/microwave BGL sensing method is antenna design. The antenna must be miniaturized so that it is portable. The specific absorption rating (SAR) must be well within the prescribed limits so that the radiations are not harmful to the human body. The radiation penetration must be deep enough to reach the blood layer of the human body. For this, the gain of the antenna must be enough so that the major lobe of the antenna has a high magnitude to reach the appropriate distance in the human body for BGL measurement.
The above-mentioned points were considered while designing the sensor for BGL monitoring in this work. An electromagnetic (EM) sensor designed for this purpose consisted of an antenna and an artificial magnetic conductor (AMC). The sensor had a low profile and showed a gain of 3.6 dBi and an SAR of 0.036 W/kg.
The overall article is organized as follows. The detailed design with a numerical analysis of the proposed EM sensor is given in Section 2. Section 3 discusses the simulated results of the sensor. Section 4 is dedicated to the SAR results and penetration depth of the proposed sensor. The simulated results of the proposed sensor on a human phantom with different BGL values are presented in Section 5, whereas Section 6 provides the measured results of the proposed sensor on different aqueous glucose solutions and a comparison of simulated and measured results. Section 7 concludes the article.
2 MATERIAL AND METHODS
2.1 Proposed antenna design geometry
Some important requirements for BGL measurement using an RF system for an antenna are that it should operate in the industrial, scientific, and medical (ISM) band with multiple resonance frequencies, be highly sensitive (high Q factor), and have high near-field gain. To achieve the above characteristics, a cylindrically shaped dielectric resonator antenna (CDRA) has been proposed. It has been designed and simulated using CST MWS. In microwave-circuit applications, dielectric resonators have been utilized as high Q-factor elements ever since low-loss ceramics were developed (Peng et al., 2004; Kremer et al., 2021; Kajfez and Kishk, 2002). The ceramic structures were enclosed in metal cavities to minimize the radiation and maximize the Q-factor-crucial factors for filter or oscillator designs. It was later discovered that these dielectric resonators behave as efficient radiators when the metal shielding is removed and could be stimulated through appropriate feeding. The dielectric constant might be reduced to keep this radiation stable across a large frequency range. Various research done in the past concluded that dielectric resonator antennas (DRA) provide an alternative to conventional, low-gain patch antennas (Keyrouz and Caratelli, 2016; Guha and Kumar, 2016). Because the DRAs are made using ceramics, they possess lower loss than their metallic counterpart, as dielectric loss is much lower than ohmic loss. DRAs can be of various sizes, such as rectangular, cylindrical, spherical, etc. Among these shapes, cylindrical DRs are a popular choice in industrial sectors due to their well-established manufacturing process (Vahora and Pandya, 2020). Hence, in our work, CDRAs are chosen as an EM radiator for BGL monitoring. The following subsections describe the design procedure of the CDRA for BGL monitoring purposes.
2.2 DRA design procedure
The proposed CDRA is designed and simulated using CST MWS, with open boundary conditions and a time domain solver. The CDRA was made of alumina ([image: image] = 9.9 and [image: image] = 0.001). It was designed on a low-loss Rogers substrate (RT/duroid 5880) of [image: image] = 2.2 and [image: image] = 0.009. The CDRA was fed through a microstrip feedline made up of copper. The substrate was backed by a complete ground plane.
This design process starts by selecting the initial dimensions of CDRA. These are selected according to the dielectric wave-guide model (DWM) equation, as mentioned in Equation 1, for a resonant frequency of 2.45 GHz (Iqbal et al., 2019).
[image: image]
Using this equation, the radius (r) of CDRA was calculated for the height (h) = 6 mm. This height was selected based on the availability of the material. The calculated radius was 25 mm. However, this radius exceeds the overall target dimension of the proposed antenna, which was [image: image]. According to the target dimension, the maximum radius can be 15 mm. However, there must be some space between the edges of the substrate and the antenna. This space provides the freedom to change the position of the antenna from the center (0,0) to any other position (x, y). It has been reported that decentralized DRAs show better performance than centralized ones. Hence, the radius of the CDRA was chosen as 12 mm. For this r (12 mm) and h (6 mm), the excited resonant frequency was calculated as 9 GHz. Figures 1A–D show the geometry and the S11 results of the designed CDRA with full ground plane (Step 1).
[image: Figure 1]FIGURE 1 | (A) Front, (B) feedline, (C) back, (D) simulated results of the CDRA (first step).
As the CDRA designed in this work is for biomedical purposes (BGL monitoring), the target frequency band selected for the antenna resonance is the ISM band (2.4–2.5 GHz). A defected ground structure (DGS) is used to excite the target band instead of a full ground plane. Additionally, changes to the microstrip feedline enhance impedance bandwidth. These steps help us achieve the target frequency band (ISM band) with a higher impedance bandwidth. The design procedure for DGS is discussed in the following subsections.
2.3 DGS design procedure
DGS refers to a single or small number of compact geometrical slots that are implanted on the ground planes of microwave circuits. DGS is combined with planar transmission lines, including microstrip lines, coplanar waveguides, and conductor-backed coplanar waveguides, on the ground plane. These slots on the ground plane disturb its current distribution and, hence, alter the properties of transmission lines by adding new parameters to the transmission line parameters, such as slot capacitance, inductance, and resistance. The change in the equivalent inductance and capacitance alters the resonance of the LC circuit of the antenna and, hence, can be used to change the resonant frequency of the antenna to any target frequency. This resonant frequency of the LC circuit can be kept near the resonant frequencies excited by the antenna to improve the operational bandwidth. Equations 2–4 correlate the values of L and C for specific slot geometry with the resonant frequency of the antenna (Kaur and Kaur, 2022a).
[image: image]
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Equations 2–4 are used to calculate the dimensions of the slots in the ground plane. Figure 2 shows the step-by-step evolution of the DGS. Step I shows the full ground plane and the S11 vs. frequency plot. In the second step, a rectangular slot was cut from the ground plane using Equations 2–4. Because the slots are rectangular, the capacitance was calculated using the basic formula, [image: image], where A is the area of the slot, and [image: image] is the thickness of the substrate. This slot reduced the resonant frequency to 10 GHz–4 GHz. To further reduce the resonant frequency, in Step III, two additional slots were cut at the bottom corners of the first slot based on the surface current distribution shown in Figure 3. As is visible from the surface current distribution of Step II, the bottom corners of the slot have a high surface current density at our desired frequency of 2.4 GHz; hence the slots shift the resonant frequency to the lower side. However, the desired frequency band is still not covered, so an additional slot is added to the middle of the lower side of the first slot. This helps the antenna to resonate in the desired ISM band of 2.4–2.5 GHz. Steps V and VI help in improving impedance matching and bandwidth. This defected ground geometry and optimized flared feedline help in exciting two resonant frequencies of 2.4 GHz and 2.526 GHz.
[image: Figure 2]FIGURE 2 | Evolution of the designed CDRA: (A) Step I, (B) Step II, (C) Step III, (D) Step IV, (E) Step V, and (F) Step VI (optimized flared feedline).
[image: Figure 3]FIGURE 3 | Surface current distribution of the designed CDRA at step II at 2.45 GHz. The circle encloses the maximum current density.
3 SIMULATED RESULTS OF THE DESIGNED CDRA
Figure 4 shows the final CDRA geometry with the dimensions labeled. Table 1 shows the physical dimensions associated with the CDRA design. Figure 5A shows the S11 parameter graph of the final antenna design (Step VI). An impedance bandwidth from 2.35 GHz to 2.6 GHz is exhibited by the final optimized antenna design. Table 1 discusses various parameters and their respective dimensions associated with the designed CDRA.
[image: Figure 4]FIGURE 4 | (A) Perspective view, (B) defected ground plane, and (C) optimized flared feedline of the designed CDRA (final step).
TABLE 1 | Parameters and dimensions associated with the designed CDRA.
[image: Table 1][image: Figure 5]FIGURE 5 | (A) Simulated S11 results of the final design. (B) Directivity pattern of the designed CDRA at 2.4 GHz.
Figure 5B shows the simulated directivity pattern of the designed CDRA backed by the designed DGS at the resonant frequency of 2.4 GHz. From the pattern, we can infer that the CDRA shows a bidirectional pattern of radiation with a gain calculated as 3.58 dBi at 2.4 GHz. Figure 6A shows the E-field pattern of the CDRA at its resonant frequency, that is, 2.4 GHz. Figure 6A shows the E-field at the top of the DR (z = H = 6 mm) and at 2.4 GHz. With reference to Figure 6A, the typical HEM11δ -mode field distributions are observed. Figure 6B shows the surface current distribution of the designed CDRA at the resonant frequency of 2.4 GHz. The surface current plot explains the radiation pattern of the CDRA. The directions of the surface current at the opposite ends of the feed are opposite to each other. This leads to the bidirectional radiation pattern of the CDRA. An artificial magnetic conductor (AMC) was designed to improve the radiation properties of the CDRA. The following section describes the design procedure of the AMC.
[image: Figure 6]FIGURE 6 | (A) E-field distribution of the designed CDRA at 2.4 GHz. (B) Surface current distribution of the designed CDRA at 2.4 GHz.
4 AMC DESIGN PROCEDURE AND SIMULATION RESULTS
Electromagnetic bandgap (EBG) structures have gained increasing attention in many antenna designs in recent years (Ashyap et al., 2020; Dewan et al., 2017a). The remarkable characteristics, which include high-impedance surfaces within a restricted frequency range and restricting the propagation of surface waves within the bandgap frequency range, are the cause of their popularity. Photonic bandgap structures, which are realized in periodic configurations, serve as the foundation for the performance of EBGs. Applications of EBG structures reveal a variety of intriguing features (Dewan et al., 2017a). It is commonly known that the original current and the image current produced by a perfect magnetic conductor (PMC) are in parallel. Over the intended frequency range, AMC structures exhibit behavior like PMCs with an in-phase reflection coefficient (Dewan et al., 2017b). These reflected waves, which are generated by the AMC, constructively interfere with the source wave. The combined effect from both the reflected wave and source wave improves the radiation efficiency and gain of the antenna (Kumar et al., 2020). Periodic patches printed with or without vias on a grounded substrate make up AMCs.
In this work, a beehive-shaped metasurface is designed to enhance the radiation performance of the designed CDRA. This metasurface, shown in Figure 7A, was designed on a FR-4 substrate of thickness = 3.2 mm. The back of the AMC is a full ground plane. The ground plane and the beehive structure are made of copper. The designed procedures start with selecting the unit cell geometry on the requisite material.
[image: Figure 7]FIGURE 7 | (A) Designed AMC unit cell, (B) 3 × 3 AMC, and (C) phase of reflected current vs. frequency of the designed AMC unit cell.
A hexagon beehive-shaped structure is chosen as the design for AMC, as these are compact. Because they have less space between the sides of the hexagon (unit cell of metasurface), the resultant magnetic coupling is higher than the rest of the split-ring resonator (SRR) structures. Figure 7B shows the unit cell and the 3 × 3 AMC structure designed in this work. Table 2 describes the physical dimensions associated with the designed AMC.
TABLE 2 | Parameters and dimensions associated with the designed AMC.
[image: Table 2]The reflection phase vs. frequency plot (Figure 7C) shows that the designed AMC generates reflected waves that are similar in the direction of the original current in the target operating band of 2.4–2.5 GHz. The bandwidth of AMC is from −90[image: image] (2.3 GHz) to +90[image: image] (2.6 GHz), with 0[image: image] as the designated resonant frequency (2.48 GHz).
5 SIMULATED RESULTS OF THE DESIGNED CDRA INTEGRATED WITH THE AMC
Figure 8A shows the perspective view of the designed CDRA backed by the designed beehive-shaped AMC. Figure 8B shows the simulated return loss vs. frequency plot. As is evident from Figure 8B, the CDRA + AMC operated in the ISM band, resonating at 2.584 GHz.
[image: Figure 8]FIGURE 8 | (A) Designed CDRA backed by the designed AMC at an optimized “dist” = 6 mm. (B) Simulated S11 result of the structure (CDRA + AMC). (C) Directivity pattern of the structure (CDRA + AMC).
Figure 8C shows the simulated directivity pattern of the designed CDRA backed by the designed AMC. From the pattern, we can infer that after adding the AMC to the CDRA, the whole structure showed improved radiation characteristics. The AMC reduces the back scattering of the radiation and, hence, improves the front-to-back ratio. The directivity was improved to 7.69 dBi.
6 FABRICATION AND MEASUREMENT OF THE DESIGNED CDRA
The proposed antenna is fabricated and experimentally tested for validation of its radiation properties, such as impedance bandwidth and gain, so that it can be successfully used in blood glucose monitoring applications.
6.1 Fabrication of CDRA
Figure 9 shows the cylindrical DRA prototype fabricated on a Rogers RT/duroid 5880 substrate (thickness = 0.8 mm). The ground plane is made up of copper (0.035 mm) and has slots etched into it, making it a DGS. A flared feedline of copper is printed on top of the substrate, as shown in Figures 9A, B, respectively. As shown in Figure 9C, a cylindrical DRA of alumina (h = 4 mm) is mounted on top of the feedline. The waterjet cutting technique is used to form the DR of alumina (εr = 9.8 and h = 6 mm) into the desired cylindrical shape. An instant glue (Panacol Vitralite) is then used to paste the DR over the feedline. The termination of the feedline is attached to a subminiature connector with an input impedance of 50 Ω. Agilent’s VNA E−5063 A is used to test the manufactured prototype, covering a frequency range of 0.1 MHz–18 GHz.
[image: Figure 9]FIGURE 9 | (A) Defected ground plane, (B) flared feedline, (C) CDRA placed above feedline, and (D) measurement setup for S11 results.
6.2 Measured results of CDRA
The measurement setup for the fabricated antenna’s11 parameter is shown in Figure 9D. The combined plots of the measured (2.37–2.75 GHz) and simulated (2.348–2.618 GHz) impedance bandwidth are compared in Figure 10A. According to the observed results, the CDRA shows two resonant peaks in the operating frequency band, with an error of 1.6% between the simulated and measured results, at 2.44 GHz and 2.67 GHz, respectively. The broadband gain of the proposed DRA over the 2–4 GHz operating frequency range was measured in an anechoic chamber with a standard horn antenna acting as the transmitter. The gain calculations were made using Friss transmission equations. The measured broadband gain of the antenna is shown in Figure 10B. At a frequency of 3 GHz, the DRA displays a peak gain of 3.48 dBi. Figure 10C shows the combined polar plots of the simulated and measured E-fields at phi = 0. The two experimentally observed findings show some differences, which can be explained by either reflecting objects placed near the VNA during the testing or due to the alignment errors of the antenna’s layers during manufacturing.
[image: Figure 10]FIGURE 10 | (A) Simulated and measured S11 of the designed CDRA vs. frequency plot, (B) simulated and measured gain of the designed CDRA vs. frequency plot, and (C) simulated and measured E-field pattern of the designed CDRA at phi = 0.
7 BLOOD GLUCOSE MONITORING USING PROPOSED CDRA
The Debye model provides a precise and efficient depiction of biological tissues across a broad frequency range. Recently, this model has been employed to simplify the analysis of experimental data acquired from diverse human tissues such as the brain, fat, breast, skin, bone, liver, and others The Debye Equation 5 is a mathematical model that describes the frequency-dependent behavior of complex impedance in biological tissues (Karacolak et al., 2013). It is commonly used to represent the electrical properties of tissues, considering their capacitive and resistive characteristics.
[image: image]
In this equation, Z(ω) represents the complex impedance at a given angular frequency ω, R is the DC resistance, Q is the Debye parameter, which depends on the relaxation time, τ is the characteristic relaxation time, and α is the shape parameter that determines how the relaxation time must be distributed. This equation allows for a more accurate representation of the impedance response of biological tissues over a wide range of frequencies, providing insights into their electrical behavior. The equation is useful in various biomedical applications, such as bioimpedance measurements, tissue characterization, and modeling of electrical stimulation.
Karacolak et al. (2013) use the Cole–Cole model for dielectric properties of blood plasma, which are dependent on glucose levels for CBGM. They show a correlation between electrical properties (relative permittivity, [image: image], and conductivity, σ) of blood plasma and plasma glucose concentration. This model provides a mathematical framework that describes the frequency-dependent behavior of the complex impedance of the blood plasma. This model is applied to characterize the relationship between glucose concentration and the dielectric properties of blood plasma. It allows for the estimation of glucose levels based on the measured impedance at various frequencies.
In this study, it is assumed that other minerals present in the blood plasma, such as calcium, chloride, potassium, and magnesium, have negligible impact on the electrical properties (Karacolak et al., 2013).
It is evident from the study that the dielectric constant and the conductivity are inversely related to the glucose concentration of the sample. This difference is more apparent in the higher frequency range.
In the proposed research work, the dielectric parameters, namely, the dielectric constant ([image: image] and dielectric loss ([image: image] or [image: image], are derived from the complex dielectric Debye equation using Equation 6 (Karacolak et al., 2013):
[image: image]
Where [image: image] is permittivity at infinite frequency, [image: image] is static permittivity, [image: image] is angular frequency, [image: image] is relaxation time, [image: image] is static conductance, and [image: image] is permittivity of free space.
Static conductance is omitted for materials with low conductivity. Equations Equations 7–9 are the equations for calculating [image: image], [image: image] and [image: image]
[image: image]
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Where X is glucose concentration in mg/dL. Table 3 lists the different coefficients for Equations 7–9.
TABLE 3 | Coefficients for the Debye model.
[image: Table 3]Table 4 shows the dielectric parameters calculated for glucose levels of 80 mg/dL (normal), 110 mg/dL, 130 mg/dL, 150 mg/dL, and 170 mg/dL (hyper-glycemic). Table 4 shows [image: image] and [image: image] for the above-mentioned glucose levels at the resonant frequency of 2.4 GHz .
TABLE 4 | Dielectric parameters calculated for different BGLs at 2.4 GHz.
[image: Table 4]A human phantom with skin, fat, and blood tissue layers was then designed using CST software for in-silico analysis.
8 CDRA AS A BLOOD GLUCOSE MONITORING SENSOR
The proposed BGL monitoring purpose uses the CDRA near the bio mimic of human tissues. For an RF device to be used in such proximity to the human body, a specific absorption rate of less than or equal to 1.6 W/kg per 1 g of human tissue must be reported to ensure its safety for human exposure (Kaur K. and Kaur A., 2022).
Equation 10 below gives the expression for SAR as
[image: image]
Where ρ is the volume density of the tissue in Kg, σ is the conductivity of the bio mimic of human forearm tissues in S/m, and E is the measure of the electric field incident on the phantom.
Table 5 discusses the dielectric parameters of various human tissues at 2.4 GHz. A human phantom consisting of these human tissues (skin, fat, and blood) was designed as shown in Figure 11A. Figure 11B shows the placement of the designed CDRA near the bio phantom. Figure 11C shows the SAR plot of the human phantom at the resonant frequency of 2.4 GHz when the designed CDRA is fed 1 mW of power.
TABLE 5 | Electrical parameters for different body tissues used for designing the human phantom.
[image: Table 5][image: Figure 11]FIGURE 11 | (A) Perspective view of the designed human bio phantom. (B) Placement of the designed CDRA with human phantom. (C) Simulated SAR of the designed phantom when exposed to designed CDRA at 2.4 GHz.
The CDRA sensor was then also simulated for better validation using the forearm of the bio model, named “Hugo,” provided by the CST MWS. “Hugo” is a 38-year-old male model consisting of 31 human-mimicking tissues. Figure 12 shows the placement of the antenna with respect to the bio model and its corresponding simulated SAR results.
[image: Figure 12]FIGURE 12 | (A) Placement of the designed CDRA on the arm of “Hugo” bio model. (B) Calculated SAR of the Hugo’s arm when exposed to the designed CDRA at 2.4 GHz.
After the SAR analysis, the CDRA was then simulated with bio phantoms with different blood glucose values. Figure 13 shows the simulated S11 results when the dielectric parameters of the blood layer were changed according to the glucose level as calculated in Section 7 using the Cole–Cole model. Table 6 shows the simulated S11 values for different BGLs. Based on these values, the sensitivity of the CDRA as a BGL monitoring device was calculated as [image: image] dB/mg/dL.
[image: Figure 13]FIGURE 13 | Simulated S11 values for different BGL values (zoomed view of the S11 parameter plot).
TABLE 6 | Simulated S11 results for different BGL values.
[image: Table 6]9 CONCLUSION
A novel RF structure consisting of a cylindrical dielectric resonator antenna (CDRA) and an artificial magnetic conductor (AMC) operating in the ISM band (2.4–2.5 GHz) was designed in this literature. This structure can be used in various biomedical applications, such as monitoring blood glucose levels. The overall structure showed a gain of 7.7 dBi with an impedance bandwidth of 330 MHz. The antenna was tested with the “Hugo” bio model (38-year-old male) provided by CST MWS, and SAR was simulated. The antenna showed a permissible value of SAR of 0.036 W/kg. For BGL monitoring, the antenna is simulated and analyzed for different BGL values. For this purpose, the Debye model is referred to for extracting the dielectric properties of human blood for different glucose levels. The proposed BGL monitoring structure showed a sensitivity of [image: image] dB/mg/dL. The proposed sensor has a simple design and is quite economical, which makes it a good choice for a preliminary monitoring device for hyperglycemia.
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