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Abstract 

This study presents a biosensor working at a frequency of 3.5 GHz, which is designed 
as a square ring metamaterial resonator. This study aimed to evaluate the impact 
of blood amount on the metamaterial-based resonator sensor’s sensitivity. The 
structure was constructed using Rogers-RT5880 material, with an overall area 
of 85.71 mm × 85.71 mm2. The simulation of the design involved modelling the blood 
samples using Debye 1st-order equations. The empirical results observed a noticeable 
shift towards a lower frequency range in the response and changes in the magnitude, 
corresponding to an increase in the blood sample’s glucose concentration and thick-
ness. Following this, the experiment was designed to corroborate the simulated results. 
The sensor achieved the highest sensitivity of 0.23 dB per 100 mg/dl change in glu-
cose level when the thickness of blood was 0.1 mm. It was concluded from the results 
that the increase in the volume of blood increases the sensor’s sensitivity. However, 
a trade-off mark is necessary in which an optimum sensitivity is achieved with blood 
volume as minimum as possible so that a noninvasive biosensor can be designed.
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Introduction
Diabetes mellitus (DM) is one of the leading causes of global casualties. It is esti-
mated that DM reduces the life of the average person by roughly 4–8  years [1]. 
Effective management of diabetes management critically requires frequent glucose 
measurements. According to healthcare guidelines, glucose needs to be monitored 
four times a day, which may increase up to ten times in case of poor diabetic condi-
tions [2]. Several methods have been proposed to date for glucose monitoring that 
employ optical, electrochemical, and microwave technologies. Optical technology is 
used in terms of polarized optical rotation, near-infrared reflectance spectroscopy 
(NIRS), optical coherence tomography (OCT), fluorescence, Raman spectroscopy, 
etc. [3–7]. In recent times, radio frequency (RF)/microwave technology has been 
presented extensively for minimal bio-sensing, which relies on the principle of die-
lectric characterization. This means these systems detect permittivity changes due 
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to the changes in glucose concentration of target cells or tissues [8]. In addition, this 
technology offers harmless penetration of electromagnetic (EM) waves in contrast to 
X-rays and other ionizing radiations. Microwave devices are useful in the near-field 
monitoring of biomaterials [9]. The interest in the characterization of EM properties 
has increased exponentially in the last decade beyond glucose sensing in a variety 
of industrial, agricultural, chemical, and medical applications. Microwave detection 
techniques have proved to be portable, cost-effective, label-free, and able to inte-
grate with advanced systems such as the Internet of Things (IoT) [10–12]. Among 
the characterization methods, resonant-based biosensors offer quick and effec-
tive dielectric permittivity measurements with good accuracy and precision in the 
sensing measurements [13]. The principle of these structures relies on the traces of 
resonance and changes in its quality factor, resonant frequency, and amplitude with 
respect to the dielectric variations in biological tissues. Recently studied biosensors 
based on transmission and/or reflection coefficient mechanisms include mediator-
free resonators [14], substrate-integrated waveguide cavity resonators [15], closed-
loop enclosed split ring resonators [16], microstrip antenna-driven ring resonators 
[17], plasmonic metamaterial-based sensor [18], and microstrip line [19]. In glu-
cose sensing, a major pitfall has been sensitivity, the effect of environmental inter-
ferences, and cross-sensitivity. Nevertheless, major contributions have been made 
by various authors in these aspects. For example, a T-shaped patterned signal line-
based sensor was presented in [20] to detect glucose concentration in blood. The 
transmission line pattern was created to enhance the sensitivity via greater inter-
action of fields with the subject under test. A model of in  vitro glucose measure-
ment was presented in [21] using a cavity sensor, which could detect D-glucose in 
pig blood from a concentration of 150 to 550  mg/dl. However, it was realized that 
glucose concentrations are highly affected by temperature variations. In this aspect, 
the realization of compact, high-sensitive, low-cost, miniaturized glucose sensing 
has been studied by various authors who integrated artificially engineered materi-
als having unique properties in microwave circuits [22–24]. The sensitivity of the 
microwave sensors has been reported to increase with the incorporation of the met-
amaterial due to the integrated system’s stronger electric field and magnetic field 
interaction with the sample under test (SUT). For the detection and rapid monitor-
ing of blood glucose concentration with high sensitivity, a new metamaterial-based 
sensor is proposed in this paper. Measurement of the concentration of glucose in the 
blood with the help of a metamaterial sensor can be considered an efficient method 
that potentially fulfils its criteria of being highly sensitive [3]. This technique is 
based on the blood’s dielectric response to changing glucose concentration [25]. A 
major drawback experienced in glucose sensing is the amount of blood required to 
estimate the corresponding glucose level. Therefore, in this study, an effort has been 
made to analyze to what extent does volume of blood affects the sensitivity of met-
amaterial-based sensor in detecting blood glucose. For that purpose, a metamate-
rial-based sensor operating at 3.5-GHz frequency has been designed and tested on 
blood. Later, sensitivity analysis is conducted to determine the sensor’s sensitivity 
based on the glucose level of the blood as well as its volume.
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Methods
3D design and simulation setup

Figure  1 depicts the proposed square ring resonator design with two microstrip lines 
operating at 3.5 GHz. The sensor structure is constructed on Rogers-RT5880 with a die-
lectric constant (ε) of 2.2 and tangent loss (δ) of 0.0009. The sensor has been designed on 
a conventional metal-dielectric-metal configuration with the top layer of copper being 
designed as a resonator and the bottom layer acting as a conductor. The thickness of 
the substrate (h) is 1.47 mm, whereas copper metal has a thickness (t) of 0.035 mm. A 
feed transmission line is connected to a resonating structure whose width (WT) was 
calculated using Eq.  1. The optimal dimension of the proposed design is depicted in 
Table 1. The proposed design was simulated and analyzed using CST Studio simulation 
software (Fig. 2). A pair of ports were designed at ends of feed transmission lines, and 
simulation was carried out in time domain from 1 to 5 GHz frequency.

Blood and other aqueous fluids exhibit dispersion characteristics with frequency-
dependent electromagnetic properties. This section will examine the relationship between 
the frequency and complex permittivity of the blood. The mathematical characterization of 
the phenomenon was achieved through the utilization of the Debye models. The complex 

(1)WT =
7.48× h

e
Z0

√
εr+1.41

87

− 1.25× t

Fig. 1  Proposed microstrip square ring resonator. a Top view and b bottom view for resonance at 3.5 GHz

Table 1  The proposed dimension in mm

Parameter Dimension 
in mm

L 85.71

RL 30

WT 3.65

G 4

h 1.47

t 0.035
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permittivity of any material can be characterized using Debye parameters, as demonstrated 
in Eq. 2 [26].

where τ is the relaxation time in picoseconds, whereas static permittivity and high-fre-
quency permittivity are expressed by εs and ε∞ , respectively. In this work, single-order 
Debye model parameters were used to model the blood’s dielectric characteristics in 
simulations as a function of glucose concentration. Debye parameters of samples as a 
function of glucose concentrations were calculated using Eqs. (3–4) [27].

(2)ε(ω) = ε∞ +
εs − ε∞

1+ jωτ

(3)ε∞(G) = 5.38+ G × 30× 10
−3

(4)εs(G) = 80.68+ G × 0.207× 10
−3

(5)τ(G) = 9.68+ G × 0.23× 10
−3

Fig. 2  Simulation setup with two ports
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where G is the glucose concentration in milligrams per deciliter (mg/dl). The blood’s dis-
persive characteristics as a function of glucose content are modelled for glucose con-
centrations of 80, 100, 120, and 140 mg/dl. The results are then fitted to the single-pole 
Debye empirical model in CST Studio Suite software for sensor simulations to evaluate 
their performance.

Validation of metamaterial‑based resonator structure

Metamaterial is a term used for artificially developed materials exhibiting unnatural 
properties. These materials offer negative permittivity and permeability simultane-
ously. A robust retrieval method [28] was used to extract the constitutive parameters 
(permittivity and permeability) of the metamaterial structure. As illustrated in Fig. 3, the 
designed structure for the proposed resonator produces a negative refractive index when 
its permeability and permittivity are negative at its resonance frequency (3.5 GHz). As a 
result, the proposed design displays the metamaterial’s double-negative features (DNG).

Fabrication and measurement setup

To validate the simulated result, the proposed structure was fabricated, and the struc-
ture’s fabrication is depicted in Fig. 4. As the figure shows, the resonator is connected to 
two subminiature version-A (SMA) connectors via a feed transmission line. Later, the 
SMA connectors were connected to the Rohde and Schwarz ZNB20 Vector Network 
Analyzer (VNA) to carry out the measurements. The reflection coefficient response, S11, 
of the resonator was observed through the VNA, as depicted previously in Fig. 5. Sam-
ples were obtained using the finger prick technique. Four individuals served as volun-
teers, resulting in a total of four blood samples. The demographic information of the 
volunteer, including age, height, weight, and blood glucose levels, was collected. The 
primary point of reference for assessing glucose levels was glucometer. Next, blood 
glucose levels were assessed through the designed metamaterial resonator sensor. The 

Fig. 3  The permittivity and permeability of the proposed resonator
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resonator’s gap was filled with the blood samples, and responses of S-parameters were 
analyzed.

Results and discussion
The electric field was analyzed to understand the designed operating principle. As 
depicted in Fig. 6, the electric field distribution was observed through Port 1 at the reso-
nance frequency of 3.5 GHz without the absence of a sample. The graphs illustrate that 
the electric field intensity is mainly concentrated on the transmitted side of every port. 
Moreover, the gap created in the square ring resonator is a primary area of interest in 
the electric field distribution. The field strength level observed near the gap provides 
evidence supporting this hypothesis. Consequently, the resonator’s gap can identify the 
changes in dielectric characteristics with the highest sensitivity.

Simulated and measured results

The metamaterial-based resonator is essentially a capacitive resonance unit with high 
efficiency in the microwave frequency band. With electromagnetic excitation, the 
induced current will be generated on the metal, which causes the inductive effect, while 
a gap/cut in the shape of a resonator results in a capacitive coupling effect. Therefore, 
the resonant frequency of the unit cell modelled can be expressed in terms of equivalent 
capacitance (Cc) and inductance (L0) as given in Eq. (6).

The reflection coefficient (S11) of the design is shown in Fig. 7, where a comparison is 
made between simulated and measured results. The structure resonates at approximately 

(6)f =
1

√
L0Cc

Fig. 4  Proposed resonator with probe connection
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Fig. 5  Measurement setup

Fig. 6  Electric field distribution on Port 1
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3.508  GHz. The results show a good agreement between the simulated data and the 
measurement results. A small discrepancy is observed between simulated and measured 
results, which is mainly contributed by the environmental factors and soldering of the 
SMA connectors to the feed transmission lines.

The performance of the fabricated resonator was evaluated through the testing of the 
blood of four volunteers with different blood glucose levels. The glucose level of blood 
was obtained using the finger prick technique and tested with an Accu-Chek glucometer, 
as shown in Fig. 8. Table 2 shows that the volunteers in this study are male whose glu-
cose level, age, height, and weight were recorded. The glucose levels of the volunteers are 
assessed utilizing a glucose meter and acquired in units of millimoles per liter (mmol/L). 
The glucose unit was converted to milligrams per deciliter (mg/dL) to compare unit val-
ues within measurement and simulation. Following the acquisition of results, the blood 
sample underwent an examination on the designed sensor to observe the changes in the 
reflection coefficient (S11). Coincidently, the glucose level readings obtained from the 

Fig. 7  The simulated and measured reflection coefficient (S11) of the proposed structure without sample

Fig. 8  The glucose level of the samples
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glucose meter device returned approximately equal to the glucose concentration levels 
assumed during simulations. Following the acquisition of glucometer readings, the sen-
sor’s resonance was analyzed on the application of those blood samples.

The blood sample was placed in the gap of the square resonator, as shown in Fig. 9. 
The changes can be observed in terms of resonance frequency and its magnitude with 
respect to the changes in glucose level, as depicted in Fig.  10. In the context of this 
measurement situation, it is not feasible to quantify blood thickness directly. How-
ever, it is possible to deduce that the small number of blood droplets on the sen-
sor impacts the resonance frequency and magnitude. For this reason, the resonance 
recorded for sample 1 with a glucose level of 79.2 and sample 4 with a glucose level 
of 140.2 has almost the same resonance frequency at 3.46  GHz which could happen 
due to the higher volume of sample 1. Meanwhile, sample 2 has the highest resonance 
frequency which is 3.48 GHz, and sample 3 has the lowest resonance frequency which 
is 3.42 GHz. However, it can be realized from the results that with the shifting of reso-
nance towards lower frequencies, the magnitude of resonances tends to be increasing 
consistently. It shows that the shift in resonance could be obtained linearly with respect 
to glucose levels provided that the volume of the blood sample is as accurate as possible. 
This phenomenon of decreasing resonance with increased glucose concentration has 

Table 2  The data of the volunteers

Sample Gender Age Height (cm) Weight (kg) Glucose level 
(mmol/L)

Glucose 
level (mg/
dL)

1 Male 28 165 65 4.6 79.2

2 Male 25 168 60 5.7 102.6

3 Male 25 172 70 6.5 117

4 Male 42 168 60 7.8 140.4

Fig. 9  Resonator testing with a blood sample
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also been reported in previous studies [16, 29, 30]. Additional analysis was conducted 
by varying the thickness of the sample to 0.035 mm, 0.05 mm, and 0.1 mm in the simu-
lations. Figures 11, 12, 13, and 14 represent the comparison of the simulated and meas-
ured results. The volume of the sample at a constant glucose level shifts the resonance 
towards a lower frequency. The sample’s thickness of 0.1 mm has the lowest resonance, 

Fig. 10  Measured reflection coefficient responses of different blood samples

Fig. 11  Comparison between measured and simulated reflection coefficient responses of different blood 
thickness at 80 mg/dL
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and 0.035 mm thickness has the highest resonance at all glucose levels recorded in this 
study. Even though the sample’s thickness cannot be quantified, the observed results 
appear to follow the simulation patterns, in which the resonance frequency shifts to 
lower frequencies as the blood glucose level increases.

Fig. 12  Comparison between measured and simulated reflection coefficient responses of different blood 
thickness at 100 mg/dL

Fig. 13  Comparison between measured and simulated reflection coefficient responses of different blood 
thickness at 120 mg/dL



Page 12 of 16Mustafa Kamal et al. Journal of Engineering and Applied Science           (2024) 71:66 

Sensitivity analysis

In this section, the sensitivity of the sensor is determined depending on the glucose level 
as well as the volume of blood. The sensitivity can be calculated by using Eq. 7:

where �f sh represents the highest shift in resonant frequency and �f sl represents the 
lowest shift in resonant frequency, �Uh represents the highest change in unit (either 
glucose or volume), and �Ul represents the lowest change in units. The highest and 
lowest thickness of glucose values considered in this study are 1.0 mm and 0.035 mm, 
respectively, and their corresponding resonances are 3.372 GHz and 3.436 GHz. Con-
sidering the resonance to be at 3.508 GHz, the sensitivity in terms of the thickness of 
blood is determined as 0.066 per unit change in mm. On the other hand, even though 
there is no clear shift in resonance when the glucose level is changed, a distinct change 
in the magnitude of the reflection coefficient can be seen. Therefore, the designed sen-
sor’s sensitivity based on glucose levels is calculated using S11 magnitude at each reso-
nance frequency observed for different samples. In that case, �f sh can be replaced by 
dBsh and dBsl which represents the magnitude of S11 at resonances of the highest glucose 
level (140 mg/dl) and lowest glucose level (80 mg/dl). If a blood sample of 0.1 mm thick-
ness is to be assumed, the sensor’s sensitivity is determined as 0.23 dB per 100 mg/dl 
change in glucose level. In case blood samples of 0.5  mm thickness are assumed, the 
sensitivity is calculated as 0.12 dB per 100 mg/dl change in glucose level, and sensitiv-
ity in case of 0.035 mm thickness of blood is 0.095 dB per 100 mg/dl change in glucose 
level. This shows that the increase in the volume of blood increases the sensitivity of 
the sensor. Moreover, for further examination of these results, a linear regression model 

(7)S = lim
�(Uh−Ul)→0

�f sh −�f sl
�Uh −�Ul

Fig. 14  Comparison between measured and simulated reflection coefficient responses of different blood 
thickness at 140 mg/dL
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is presented, which can be useful for the data that are not used in this study based on 
the fitting curve. Figure 15 shows the fitting curve of the change in S11 magnitude with 
respect to the changes in glucose levels at various thicknesses of the blood sample. 
The R2 value for the regression model applied is 1 which shows perfect linearity in the 
changes in magnitude of S11 with respect to the changes in glucose levels. In Table 3, 
the performance of the designed sensor is compared with the state-of-the-art sensors. It 
can be seen that the sensitivity of the designed sensor is better than most of the sensors. 
However, it was also apparent that the increase in volume increases the sensitivity of 
glucose detection, which is why the sensitivity reported in [31] and [27] is better. On the 
other hand, an increase in frequency also leads to sensitivity enhancement. Therefore, 
the sensitivity reported in [32] is significantly higher than other reported sensors.

Fig. 15  Fitting curve for the different thickness of blood sample

Table 3  Comparison of the designed sensor with state-of-the-art sensors

Reference Operating frequency (GHz) Glucose range (mg/dl) Sensing parameter Sensitivity 
(dB/100 mg/dl)

 [27] 3.1 60–300 S21 1.67

 [33] 2.4–2.9 0–400 S21 0.0075

 [31] 2 0–250 S21 0.71

 [32] 25.56 50–120 S21 2.7

 [34] 6.5 0–40,000 S21 0.19

 [35] 2.35 70–130 S11 0.2

This paper 3.5 80–140 S11 0. 23
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Conclusions
The numerical methodology employed in this study involves the utilization of a pro-
posed resonator that relies on a metamaterial (MTM) design for blood detection. By 
monitoring the variation in S11, the proposed configuration has the potential to dif-
ferentiate between different blood glucose concentrations. The proposed structure 
of the resonator was designed and subjected to experimental evaluation. An effort 
was made to analyze the effect of the blood’s volume on the sensitivity of the sensor, 
which showed the direct relationship of the sensor’s sensitivity with the blood’s vol-
ume. However, a trade-off mark should be decided when it is a matter of health, and 
blood used for testing is as minimal as possible so that noninvasive glucose monitor-
ing could be possible. The proposed design indicates the predicted model is reliable. 
In future, the design can be improved by resizing and integrating it with the commu-
nication module for commercialization purposes.
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