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A B S T R A C T   

This article presents a novel real-time meta-material (MM) sensor based on a non-invasive 
method that operates in microwave frequency ranges at 8.524 GHz to measure blood glucose 
levels with quality factor 184 is designed and fabricated. A cross enclosed between two square 
shapes produces a strong interaction between glucose samples and electromagnetic waves. In this 
study, 5 were tested noninvasively using the proposed glucose resonant sensor with a range of 
glucose-level changes from 50 to 130 mg/dL. For this range of glucose-level changes, the fre-
quency detection resolution is 5.06 MHz/(mg/dL), respectively. Despite simulations, fabrication 
procedures (F.P.) have been carried out for more precise result verification. For the purpose of 
qualitative analysis, the proposed MM sensor is considered a viable candidate for determining 
glucose levels.   

1. Introduction 

Heart rates, blood pressure, and other body metrics can be monitored to ensure a healthy life, and early detection of diseases can be 
achieved through regular checkups. In recent years, diabetes has become an increasingly deadly disease, and the world can no longer 
ignore the rise of the disease. A metabolic disorder such as diabetes occurs when the body’s glucose levels are out of balance. In 2017, 
the International Diabetes Federation (I.D.F.) estimated that 451 million adults worldwide had diabetes. If effective prevention 
methods are not adopted, this number is expected to increase to 693 million by 2045 [1]. Undoubtedly, diabetes mellitus (D.M.) is one 
of the most prevalent chronic diseases in the world and poor nutrition is a major contributing factor. People with diabetes tend to 
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experience numerous health problems within their bodies as well as painful treatments for those conditions. In addition, patients with 
diabetes often suffer from issues with different physical organs or diseases due inability to maintain discipline in their daily life routine, 
including coronary artery blockages, peripheral arterial, and cerebrovascular (C.V.As.) disease [2]. 

Furthermore, patients develop skin problems as well as gradually lose their hair. It may become necessary to undergo dialysis at a 
certain point due to the deterioration of kidney function in the body. Consequently, infections, organ failures, etc., spread over time, 
and patients often succumb to them and die quickly. In recent years, non-invasive blood glucose (B.G.) monitoring has gained much 
attention regardless of the currently available invasive techniques [3]. Painless diabetic treatment has become an essential require-
ment of today’s society [4]. Non-invasive glucose measurement can be performed by various advanced electromagnetic (E.M.) 
wave-based technologies, including infrared spectroscopy, photoacoustic spectroscopy, Raman spectroscopy, fluorescence, optical 
coherence tomography (OCT), Terahertz spectroscopy, and microwave sensing [5]. 

A new approach for non-invasive B.G. measurements is now required to make treatment more comfortable and to measure B.G. 
levels more precisely. Recently, many companies and researchers worldwide have been working toward non-invasive measurements of 
B.G [6,7]. The finger model has been used in some studies [8]. There is a significant effect on the sensor’s frequency response due to the 
placement of the sample (fingertip). In Ref. [9] presents a design involving a patch reflector and a dielectric resonator (D.R.), which has 
the appearance of a human thumb. One of the most prominent methods of monitoring B.G. levels is the use of E.M. waves [10]. It is 
based on the premise that the permittivity (ε) of blood or muscle tissues changes as a function of changes in B.G. levels. Besides EM 
sensors, different techniques are also available, such as optical spectroscopy or electrochemical sensors. However, the method based on 
E.M. waves has its advantages with regard to design, ease of use, robustness, fabrication, and cost efficiency [11]. 

The idea of E.M. wave sensing, primarily at microwave frequencies, was discussed in Ref. [12]. Using tissue-mimicking phantoms, 
the researchers purported a patch resonator that simultaneously measures B.G. levels and dielectric properties (K). In this work [13, 
14], sensors were developed to measure glucose concentrations efficiently. In addition, the researchers proposed using a water-glucose 
solution (W.G.S.) and sampled blood serum to develop highly sensitive sensors. In the past years, research groups [15–17] have been 
enthusiastically involved in searching for suitable methodologies and developing a microwave and millimetre wave glucose sensing 
system. The research group has proposed a method for measuring B.G. levels in the human body by using the transmission method at 
mm-wave frequencies. A simple patch resonator was used, which did not achieve sufficient sensitivity but attained good detection 
limits. A major focus of reference [18] was the development of the sensors, with measurements being proof of concept rather than 
actual measurements of diabetes patients or using W.G.S. instead of B.G. solutions. Researchers are investigating the mechanisms by 
which glucose affects the E.M. field in a patient’s blood to develop a non-invasive method for measuring B.G. In the case of micro-
waving, tissue can be penetrated to a depth of several millimetres or more, depending on the experiment’s needs [19]. Another study 
conducted in Ref. [20] also showed that a milli-meter wave frequency measurement of B.G. levels in the human body could be a useful 
tool to assess blood sugar levels accurately. However, the technique is being refined to improve its efficiency. This study measures 
scattering parameters with a Vector Network Analyzer (VNA.) IN5227AU. To simulate scattering parameters, the C.S.T. software 
program is used. The results of the simulation and the experimental studies were in good agreement. In light of the findings of this 
study, the cross-enclosed square slit ring resonator is capable of measuring glucose in water and blood accurately and efficiently. 

Fig. 1. Schematic of proposed glucose sensor design.  
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2. Methodology of design and fabrication 

The purported non-invasive glucose sensor comprises split ring resonators enclosed closed loop; the geometry is depicted in Fig. 1. 
The sensor was designed and numerically investigated by Computer Simulation Technology (C.S.T.) studio suite 2022. The overall 
dimension of the sensor design is 13× 13mm. The sensor is designed on a thin Rogers RT 5880 substrate of height 1.575mm and a patch 
layer that is copper with a thickness of 0.035mm. The details of the geometrical dimensions are displayed in Table 1. This work 
proposes a MM biosensor consisting of a cross-shaped patch crammed between square strips. Also, nozzle patches connecting the 
rectangular sensing area with a radius of 0.20 mm are used. Sensing takes place in a simple cavity within the dielectric substrate. 
Besides containing the sample, it also produces a capacitance that is proportional to the amount of glucose present. Permeability and 
permittivity are two crucial factors controlling the electromagnetic response of a material. The intrinsic properties of a material are 
unique to each material due to its unique composition and atomic configurations [20,21]. MM structures have properties that differ 
from their constituent materials, where the unit cells behave like electric dipoles [22]. 

A MM structure exhibits both negative permittivity and permeability at the same time, which is called left-handed metamaterial 
[23,24]. The mechanism behind the operation of sensors inspired by metamaterials is based on the change in scattering characteristics 
reflection (S11) and transmission (S21); variations in the permittivity (ε), permeability (μ), or refractive index (η) of the MM based 
resonator result in a change in the sensed parameters (dielectric change). Since the inductance (L) and capacitance (C) formed for 
patching depend on lumped components for the microstrip transmission line model, the unit cell sensor was first built using the 
microstrip transmission line model. Broadband hybrid microcircuits work particularly well with lumped elements where low cost, 
smaller size and q factors are essential [22]. The recommended design was developed in response to these concerns, according to the 
study in Ref. [25], along with a comprehensive mathematical model that considers factors such as proximity effects, fringing fields, 
ground planes, parasites, etc. Microstrip patch optimization and formulation were influenced by wavelength and operating frequency 
when considering lumped elements of the design followed in Ref. [26]. Further, these components exhibit distinct characteristics, 
including low Q-factor values and resonance frequencies for S-parameters. The transmission model and our design are illustrated in 
Fig. 1, in which two rectangles enclose a cross shape with higher Q and inductance. Hence, a numerical calculation will be conducted to 
determine the equivalent capacitance and inductance, as suggested in reference [25]. 

L(nН)= 1.25 × 10− 3a
[

Іn
(

a + b
w + t

)

+ 0.078
]

Κg (1)  

Where the value of Kg and C(pF) can be determined by Ref. [25]. 

Kg = 0.57 − 0.145In
ωs

h′ (2)  

C(pF)=
10− 3εrdωl

36πd
(3)  

Where, 
a = Length of the major axis. 
b = Length of the minor axis. 
l = Micro strip line length. 
ω = Micro strip line width. 
t = Micro Stip line thickness. 
εrd = Dielectric Constant. 
d = Distance between mutual straplines. 
ωs = Width of Substrate. 
h′ = Thickness of Substrate. 
A circuit’s capacitance and inductance can be calculated using equations (1) and (3), respectively. Simulation of the proposed 

design is conducted using Computer Simulation Technology (C.S.T.) 2022, a commercially available software package. A description of 
the dimensions of the major element is provided in table No. 1. 

Table 1 
Geometrical dimensions of the proposed structure.  

Parameters Value (mm) Parameters Value (mm) 

a 13 f 1.70 
c 12.60 g 2.20 
b 6.05 H 1 
d 0.50 I 2.60 
e 10.40 J 3  
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3. Discussion and analysis of the results 

3.1. E-field, H-field and surface current analysis 

Over the last 150 years, electromagnetic waves have been extensively studied. The wave nature of light was not understood until 
Maxwell’s equations were developed, although the properties of light have been studied since Ancient Greece [27]. A complete 
description of how the electromagnetic field interacts with the medium can be found in Maxwell’s equations [25]: 

∇×Е = −
∂B
∂t

(4)  

∇×Н = J +
∂D
∂t

(5)  

∇·Е = ρ (6)  

∇·Н = 0 (7) 

For electric and magnetic fields, equations (4)–(6) represent Faraday’s Law of Induction, Ampere-Maxwell’s Law, and Gauss’s Law, 
respectively. Quantities H and E represent magnetic and electric field intensities. They are measured in units of a volt per meter (V/m) 
and amper per meter (A/m). B and D are known as magnetic induction and electric displacement. A relationship exists between electric 
and magnetic flux densities as well as electric and magnetic field intensities, referred to as constitutive relations. It is determined by the 
material in which the field exists and what form it will take. Combining equations (4) and (5) constitutive relations means the 
Helmholtz equation is obtained [25]. 

∇2Е= με ∂2Е
∂t2 (8) 

Further, when only the x-component of the electric field is considered, the Helmholtz equation can be derived. Where wave number 
in the medium can be represented by Ref. [27] k = ω ̅̅̅̅̅με√ . 

∂2Еx

∂z2 =ω2μεЕx (9)   

For sinusoidal waves [27],                                                                                                                                                                 

∇2Е= μσjωЕ + μεj2ω2Е = γ2Е (10) 

Helmholtz’s equation indicates that electric and magnetic fields are affected by the properties of the medium, such as permittivity, 
permeability, and wave number. The equations from (4) to (10) are summarized in Refs. [10,25,26]. Consequently, for a resonance 
frequency of 8.524 GHz, a strong electric field is created by capacitance, as indicated by equation (10) derived from Helmholtz’s 
equation, since the above parameters are nonlinearly related to the propagation constant. There is a similar solution for the distri-
bution of H-fields at resonance frequencies. The homogeneous solution of the field equation distributes the energy of the components 
of a magnetic field since they are mutually coupled. The H-field and EM-field distributions at resonance frequency are depicted in Fig. 2 
(a,b). 

Fig. 2. E M.- field (a), H- field (b) at resonance frequency at 8.524 (GHz).  
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Fig. 3 surface current distributions exhibit a significant distribution with high density that is observed as a resonance frequency. 
Fig. 3 surface current distributions exhibit a significant distribution with high density that is observed as a resonance frequency at 
8.524 GHz. Therefore, a travelling wave may encounter a situation where, at low frequency, the wave has a suitable conductor me-
dium. Still, with increasing frequency, the dielectric property of the same medium declines. The dielectric constant can be determined 
electrostatically by examining the electric dipole moment created by an electron in the presence of a static electric field [10]. 

eЕ=mω2
0Х (11) 

Equations (12) and (13) can represent the dipole moment per unit volume [10]. 

P=NΖРmol ≡ ε0χeЕ (12)  

ε= 1 +
NΖe2

mω2
0ε0

(13) 

This result appears to change when the dielectric constant exhibits a frequency dependence or when there is a time dependence on 
the electric field. It is also worth noting that squares, rectangles, at 135◦ and the central point of the unit cell has a significantly larger 
surface current area than other parts of the unit cell. This results in a higher concentration of current due to a combination of con-
duction and displacement currents. There is an intriguing observation that one can observe at the nozzle point. This is where the 
sensing layer is located. This observation shows that a significant amount of charge elements are travelling back and forth. This could 
result in a change in capacitance at a central location in the sensing area during sample injection so as to identify the parametric 
changes for glucose sensing in the suggested design. 

3.2. Transmission and reflection performance 

The metamaterial biosensor’s basic transmission and reflection coefficients were analyzed in C.S.T. microwave studio using the 
finite integration technique (F.I.T.). Upon the completion of the design, waveguide ports 1 and 2 were subjected to a boundary 
condition in which no restrictions were imposed on the polarization angle. In order to achieve optimal simulation results, normal 
conditions of material properties in terms of permittivity, permeability, temperature, and electrical properties were maintained for all 
simulations. In the unit cell boundary condition, there was an electric field along the X-axis, and a magnetic field along the Y-axis, with 
the Z-axis left open for field propagation. E.M. field interactions within the targeted frequency range are identified based on this design 
sensor’s reflection coefficient (S11) and transmission coefficient (S21). The reflection and transmission coefficient value at resonance 
frequency 8.524 GHz, respectively, is − 24.24 and − 12.37. The reflection and transmission in terms of real and imaginary are depicted 
in Fig. 4(a and b). 

As depicted in Fig. 5 (permittivity and permeability) show the sensor’s essential characteristics and Fig. 6 depicated absorption 
capacity in a simulated environment are illustrated. Reflectance and transmission characteristics were employed to retrieve all of the 
information. To clarify the characteristics of metamaterial-based sensors, it is necessary to point out that conventional microring 
resonators are less sensitive than D.N.G. metamaterials since these materials amplify evanescent waves. Furthermore, using such 
metamaterials has enhanced the system’s Sensitivity. Table 2 shows the unit cell’s double negative (D.N.G.) values at the resonance 
frequency. A look at the D.N.G. characteristic of this proposed design, along with the amount of surface current in the sensing layer 
region at the resonance frequency, will indicate the sensing potentiality of this design and varaiantion in permittivtity show shift in 
reasonace frequecny. 

However, numerical calculations described in Ref. [26] may be used to demonstrate the absorption capabilities of the proposed 

Fig. 3. Surface current distribution at 8.524 GHz.  

M.A. Khalil et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e26646

6

Fig. 4. Reflection and transmission properties (a) real (b) imaginary.  

Fig. 5. Simulation performance of the sensor in terms of permittivity and permeability.  

Fig. 6. Absorption with focused frequency spectrum.  
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structure. It is, therefore, possible to write absorption in the following manner [36]: 

А= e− αd (14)  

Where α is the absorption coefficient at a resonance frequency [36]. So, 

α=
4π
λ

Κ (15)  

Where Κ is called the extension coefficient and is equal to Κ =
̅̅̅̅̅̅εim

√ . 
Based on simulations, we found that the metamaterial-inspired design sensor has suitable properties; by varying the permittivity of 

the sensing layer between 50 and 90, we can check its sensing capability. Consequently, we can assume that glucose is represented in 
the water layer and that the difference in distribution means the split gap remains unchanged. An illustration of simulation perfor-
mance is provided in the following Fig. 7 2-D view and Fig. 8 3-D view. 

As can be seen from the graph, there is a significant shift in the reflection parameter when the permittivity of the sensing layer is 
changed from 50 to 90. On average, there is a shift of 0.037 GHz per step. In order to better understand this, an enlarged image has been 
included. A further study was conducted on split gap variation to obtain a parametric change for this type of performance. The response 
of the reflection parameter is depicted in Fig. 9 by changing the split gap from 1 to 1.5 mm. As the split gap increases, it is evident that 
there is a gradual decrease in shifting value, which shows that a direct impact of mutual capacitance variation on performance can be 
observed. In order to resolve such resonance 

frequency shifting behaviour, P.L.L., which stands for Phase Locked Loop, can be used. The P.L.L. method of deploying wearable 
sensors would impose a size factor on the development of a device in the case of fluid detection or bio-sensing sensors. Therefore, more 
comprehensive bandwidth operation is needed when applying bio-sensing, where P.L.L.s might not perform well [22]. A 
metamaterial-inspired glucose sensor can be used as an alternative to conventional glucose sensors by enhancing the sensor’s precision 
sensing ability. In Table 3, it is shown that the properties of this metamaterial-inspired glucose sensor have been compared to those of a 
generalized view of their properties that has been used in the past. 

3.3. Experimental setups for verification of sensitivity 

An experimental setup has been designed to validate the theoretical results, as shown in the figure, while a simulation setup is 
depicted in Fig. 10. In Fig. 11 (a), the complete simulation step is depicted. While Fig. 11 (b) represents a transparent view of the 
simulation step. At the crosse shape centre, we placed a glucose sample and measured it reflection coefficient. The experimental setup 

Table 2 
Double negative values at the resonance frequency.  

Resonance Frequency (GHz) Permittivity 
ℇ 

Permeability 
μ 

Reflectio Co-efficient 
η 

8.524 − 0.095 − 0.092 0.0312 
11.75 − 0.0043 − 0.0043 0.0036  

Fig. 7. Reflection Coefficient simulation regarding dielectric constant (2-D view).  
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consists of an IN5227AU Vector Network Analyzer, a fabricated unit cell model, coaxial cable, and a sensing area with a glucose 
sample. Fig. 12 decipted simulated and measured result for the reflection cofficient for glucose sample at 50 mg/dL. 

This study obtained five samples aqueous solution, ranging in glucose concentration from 40 to 130 mg/dL. One drop of serum was 
poured at a time onto the sensing area using an injection needle, with each drop containing approximately 30 mg/dL. The sensing area 
of the device was tested with a maximum of five drops. A comparison of simulated and measured reflection coefficient responses is 
shown in Fig. 13. Fig. 14 descipted simulation measurement for five different glucose samples. Based on these plots, the theoretical and 
experimental setups exhibit approximately similar responses. However, the solution is complicated to position in the sensing region, 
which causes a sudden resonance at 8.496 GHz. In Fig. 11(b), it is shown that, regardless of the injection amount per drop (five drops), 
different measured responses are plotted. This indicates that the unit cell is a sensing device. The quality factor is a parameter utilized 
to characterize the efficacy of a resonator. In applications where a resonator is utilized as a sensing mechanism, it is imperative to 
monitor and assess the Q-factor in real time. Sensor performance are also measured in term of quality factor, F.D.R. and measurement 
error. Quality factor can be calculated by using following equation [23]. 

Q ·F · =
λ

FWHM
(16)  

Where λ = C
f where is c and f represent speed of light and reason frequency, and F.W.H.M. represents full width at half maximum. 

Frequency detection Resolution can be calculated as [28]. 

Fig. 8. Reflection Coefficient simulation regarding dielectric constant (3-D view).  

Fig. 9. Responce of reflection parameter by changing split gap.  
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Table 3 
Comparison with counterpart.  

Ref. Size (mm) Materials of Substrate Technique Operating Frequency (GHz) Sensitivity Q-Factor F.R.D. MHz Application Method 

[22] 20 × 20 RO4350B Transmission 2–5 0.037 GHz 30 mg/dL Nil Nil Non-invasive 
[28] 30 × 18 RO4003 Transmission 3–10 3.5 MHz (mg/mL) 180 3.58 Non-invasive 
[29] 40 × 40 Silicon Transmission 50–67 2.2–7.7 mg/mL Nil Nil Non-invasive 
[30] 20 × 20 RO5880 Reflection 16.2 1.4 mg/mL Nil Nil Non-invasive 
[31] 52 × 24 RO5880 Reflection 8.9 150 MHz/mgmL− 1 50 2.56 Non-invasive 
[32] 16 FR-4 Reflection 0.98 150 KHz (mg/mL) 35 0.17 Non-invasive 
[33] 60 × 20 RO3210 Transmission 1.8 3.07 MHz mg/dL Nil Nil non-invasive 
[34] 35 × 35 RT5880 Transmission 1–8 100–500 mg/mL Nil Nil Glucose Sensing 
[35] 20 × 40 AI2O3 Transmission 1–6 50 mg/dL Nil Nil Non-invasive 
This work 6.5 × 6.5 RT5880 Reflection 8–12 0.026MHZ mg/dL 184.04 5.06 Non-invasive Glucose Sensing  
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FRD=
Δf
ΔC

(17) 

Fig. 10. Experimental Step for measurement.  

Fig. 11. (a) Simulation Step for glucose concentration measurement (b) transparent view of simulations step.  

Fig. 12. Simulated vs measured reflection cofficient for glucose sample at 50 mg/dL.  
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Where Δf andΔC denoted the glucose variations and relatvie shift in the resonant frequency. 

4. Conclusions 

A novel real-time metamaterial sensor is presented in this paper based on a non-invasive method operated in microwave fre-
quencies for the measurement of glucose levels. The design and analysis of this sensor were carried out using microwave simulation 
technology (C.S.T.) by evaluating variations in the reflection coefficient at the resonance frequency. According to simulations and 
measurements of glucose concentrations in water, this indicates a potential sensing capability of the sensor in the X-band, which has a 
double negative characteristic and maximum absorption. Additionally, changing the permittivity for concentration level from 50 mg/ 
dL to 130 mg/dL 0.026 GHz pr step shift in resonance frequency. Further, it was found that by increasing the permittivity of the 
concentration level from 50 mg/dL to 130 mg/dL, there would be a shift in resonance frequency of 0.026 GHz per step. Several ad-
vantages are offered by the present metamaterial-based glucose sensor, including the ability to measure glucose levels in a sample in 
real-time, low cost, durability, precision, and the ability to rapidly detect glucose levels in a sample. Despite simulations, fabrication 
procedures have been carried out for more accurate result verification. The suggested sensor can be used for biosensing applications 
and human glycaemia. 

Data availability statement 

Data is available within the article. If someone would like to request this study’s data, please contact Dr. Ahsanul Haque, corre-
sponding author, on a reasonable request. 

Fig. 13. Simulation reflection coefficient for different glucose samples.  

Fig. 14. Measured reflection cofficient for different glucose.  
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