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Abstract: This article reports a microstrip spurline sensor for glucose concentration monitoring. The microstrip spurline sensor is a low-cost 

and easy-to-fabricate device that uses printed circuit board (PCB) technology. It consists of a combination of four spurlines and transmission 

lines. The four spurlines are used to reject unwanted frequencies, while the transmission lines allow the desired frequencies to pass through. 

The resonance frequency (Fr) and reflection coefficient (S11) were recorded through meticulous simulations and experiments over a 

frequency range from 1.5 GHz to 4 GHz. In addition, the sensor was used to detect changes in glucose concentration, ranging from 0 mg/dL 

to 150 mg/dL. The findings of this study show that the antenna-based sensor proposed in this research can effectively measure glucose 

levels across the diabetes range, from hypoglycemia to normoglycemia to hyperglycemia, with a high degree of sensitivity of 

7.82 x 10-3 dB/(mg/dL) and 233.33 kHz/(mg/dL). 
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1. INTRODUCTION 

Diabetes, a chronic metabolic disorder affecting millions 

of people worldwide [1], makes the measurement of glucose 

concentration essential for accurate diagnosis and effective 

management [2]. Traditional methods of glucose 

measurement, such as blood glucose meters, are invasive and 

require frequent blood sampling, which can be inconvenient 

and painful [3]. A plethora of noninvasive glucose 

measurement techniques exist, including near-infrared (NIR) 

spectroscopy [4], mid-infrared (MIR) spectroscopy [5], 

photoacoustic (PA) spectroscopy [6], Raman spectroscopy 

[7], fluorescence spectroscopy [8], optical coherence 

tomography (OCT) [9], terahertz (THz) spectroscopy [10], 

and microwave sensing, all of which have been extensively 

researched. Microwave sensors offer a non-invasive 

alternative for glucose measurement, which has gained 

significant attention in recent years [11]. Microwave sensors 

use the interaction between microwave radiation and the 

sample to measure the physical properties of the sample [12]. 

Due to the lower energy per photon and less atmospheric 

scattering, microwave radiation can penetrate deeper into the 

tissue, enabling more accurate measurement of blood glucose 

data [13]. The design of microwave sensors is intricately 

linked to the dielectric properties of tissues, as reflected, 

transmitted, and absorbed microwaves interact closely with 

them. These properties are affected by glucose fluctuations, 

as the relative permittivity varies accordingly [14], [15]. 

Glucose molecules have high relative permittivity, which 

makes them an ideal candidate for microwave-based sensing 

[16]. Several techniques have been developed for measuring 

glucose concentration using microwave sensors that measure 

the complex permittivity of the sample [17]-[25]. 

Nevertheless, the identification of the precise correlation 

between glucose levels and effective permittivity remains a 

critical challenge for microwave sensors. Ongoing research 

endeavors are focused on improving the selectivity [26]-[28] 

and sensitivity [29], [30] of microwave sensors. Regarding 

selectivity, the dielectric properties of tissues represent an 

average value, and their fluctuations could be attributed to a 

variety of tissue components. Therefore, further studies may 

be required to determine how the changes in dielectric 

properties correspond to blood glucose levels [31]-[38]. In 

this paper, a compact microwave sensor for monitoring 

glucose concentration is proposed. The sensor uses four 

spurlines of appropriate length inserted into a patch antenna, 

which enables effective rejection bandwidth and deeper 

rejection of the proposed filter. The proposed design is 

described in detail, and simulations and experiments are 

performed. Finally, the simulated and experimental results 

are presented and discussed. 

     Journal homepage:  https://content.sciendo.com 

https://content.sciendo.com/view/journals/msr/msr-overview.xml


MEASUREMENT SCIENCE REVIEW, 23, (2023), No. 4, 168-175 

169 

2. MATERIALS AND METHODS 

A. Design and fabrication of the sensor 

The architecture of the sensor consists of two double 

spurline filters, shown in Fig. 1(a). Fig. 1(b) shows both the 

top and bottom views of the proposed sensor fabrication 

process. The proposed sensor was fabricated using the 

photolithography technique, which is a simple process.  

 
(a) 

   
(b) 

 
(c) 

Fig. 1.  The proposed microwave sensor, (a) schematic and (b) 

fabricated sensors and (c) S11 spectra and electric field distribution, 

the geometrical parameters of a proposed sensor were W1 = 35 mm, 

Wf = 5 mm, L1 = 32 mm, GND = 15 mm, P = 1 mm, LSP = 5 mm, 

G = 1 mm, W2 = 1 mm, W3 = 1 mm, W4 = 1 mm, W5 = 1 mm, 

S = 1 mm. 

A DiClad880 substrate with thickness of 1.6 mm, a double-

sided copper thickness of 35 μm, a relative permittivity (εr) of 

2.2, and a loss tangent of 0.0009 was used to fabricate the 

sensor device. The sensor was fabricated on a printed circuit 

board (PCB) using a negative dry film photoresist technique. 

Fig. 1(c) shows the spectra of the reflection coefficients, 

ranging from 1.5 GHz to 4 GHz, for both the simulated and 

experimental results. The simulated reflection coefficient was 

determined to be -18.99 dB, while the experimental reflection 

coefficient was -18.60 dB, indicating a difference of 2.07%. 

The simulated resonance frequency (Fr) was determined to be 

3.12 GHz, while the experimental Fr was measured at 

3.22 GHz, resulting in a difference of 3.11%. The electric 

field distribution at a 0 degree phase angle of the proposed 

sensor is shown in the inset image in Fig. 1(c) by full-wave 

electromagnetic simulation. The analysis revealed that the 

strength of the electric field was concentrated from the two 

double spurlines to the top end of the sensor. 

B. Sample under test area 

Fig. 2 shows a simulation depicting the effect of sample 

area (WSUT × LSUT) on the reflection coefficient (S11) spectra 

of spurline microstrip sensors, where WSUT is the width of the 

sample under test (SUT), which is an aqueous solution, and 

LSUT is the length of the SUT. The WSUT is fixed (6 mm), 

while the LSUT can be set to various values. The LSUT ranges 

in size from 0.5 to 15.5 in steps of 1.0 mm.  

 
(a) 

 
(b) 

Fig. 2.  The simulation involves analyzing S11 spectra with varying 

area of the SUT (a) the sensor's structure with varying LSUT and (b) 

S11 spectra with varying LSUT from 0.5 to 15.5 mm with an increase 

step of 1.0 mm, where LSUT is the length of the SUT, GSUT = 0.5 mm, 

and WSUT = 6 mm. 
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Fig. 2(a) shows the structure of the sensor and the location 

where the aqueous test medium (permittivity (εr) = 78.4) was 

introduced. On the other hand, Fig. 2(b) shows the S11 spectra 

of the test regions covering lengths from 0.5 to 15.5 mm. We 

found that for a frequency range from 1.5 GHz to 4 GHz, the 

LSUT located 5.5 mm and 9.5 mm from the top of the sensor 

resulted in the tallest |S11| compared to other lengths. This 

observation could be attributed to the fact that the region 

between 5.5 mm and 9.5 mm is the most sensitive and 

responsive to the sample being tested. Based on this 

observation, we chose the LSUT position between 5.5 mm and 

9.5 mm as the chamber location for measuring the sample in 

this study. 

C. Chemicals and analyte solution preparation  

To prepare a series of water-glucose solutions with 

different concentrations, we mixed D-glucose powder from 

Sigma-Aldrich (USA) with distilled water. We prepared four 

sets of glucose solutions, with concentrations of 35.7, 50, 75, 

and 150 mg/dL, respectively. The normal range for blood 

glucose concentration in the body is between 70 and 

120 mg/dL, but this value may vary slightly depending on the 

time of day and the laboratory performing the test. In 

addition, glucose concentration may fluctuate due to various 

factors such as the time of day and the presence of medical 

conditions such as diabetes. To ensure that our experiment 

covered the levels present in normal, latent, and diabetic 

subjects, we selected a glucose concentration range. Each 

concentration was prepared in triplicate. 

 

Fig. 3.  Measurement setup. 

D. Experimental measurement setup 

Fig. 3 shows the setup of the sensor and the measuring 
device. The sensor is mounted on a foam base and connected 
to a Vector Network Analyzer (VNA) using a high-frequency 
cable. The S11 value is measured and recorded after 
calibrating Port 1 of the VNA using the short-open-load 
(SOL) calibration procedure. The measurements were 
performed on samples with a volume of 50 µL at room 
temperature, starting with low glucose concentrations and 
gradually increasing to higher levels. The test solution is 
filled into the chamber tube using a micro-pipette. The 
chamber tube is rinsed and cleaned with DI water after each 
measurement to ensure reliability and consistency. Three 
measurements are taken for each glucose solution sample at 
each concentration to ensure accuracy. The frequency range 
of 1.5 - 4 GHz is used for each measurement. To obtain this 
data, various sample tests are performed, including free 
space, an empty tube, DI water, and various glucose 
concentrations. 

3. RESULTS AND DISCUSSION 

A. Reflection coefficient of sensor sensing 

After selecting the location for the sample chamber in the 
test, we ran simulations to evaluate the response of the 
sensors to changes in relative permittivity. The structure of 
the sensor with a cylindrical chamber and a diameter of 8 mm 
is shown on the left in Fig. 4(a). The actual sensor structure, 
which includes a cylindrical chamber with a height (HC) of 
6 mm, is shown on the right. Fig. 4(b) shows the S11 spectra 
obtained in the simulation. These spectra were generated by 
varying the relative permittivity of the samples at 20, 40, 60, 
and 80, while maintaining a constant volume for all 
simulation variants (the radius is 4 mm and the thickness is 1 
mm). The simulation results show that changes in the relative 
permittivity values lead to changes in both the S11 magnitude 
and resonant frequency Fr. Equation (1) represents the 
nonlinear relationship between the relative permittivity and 
|S11|, as obtained from the simulation results shown in 
Fig. 4(c). Fr also exhibits a nonlinear relationship with the 
relative permittivity, as shown in (2). The coefficient of 
determination (R2) of both trend equations is equal to 1. It was 
found that an increase in relative permittivity leads to an 
increase in |S11| and a decrease in resonant frequency. 

 |𝑆11| = −68.98 + 61.36(1 − 𝑒−0.0587𝜀𝑟) (1) 

 𝐹𝑟 = 1.24 + 1.81𝑒−0.0184𝜀𝑟 (2) 

The changes in |S11| vary with the increase in relative 

permittivity (r) and can be attributed to the corresponding 
changes in the total resistance of the sensor. The change in Fr 
is a result of the corresponding change in relative permittivity. 
The change in both is influenced by the glucose concentration 
[31]. The reported measurement results confirm that as 
glucose levels increase, relative permittivity of the mixture 
decreases at lower frequencies [16], [32], [33]. However, it 
should be noted that the range of glucose concentration 
studied in this research was limited to 0 mg/dL to 150 mg/dL, 
which may have affected the changes in total resistivity and 
relative permittivity within the narrow measurement region. 
Other factors that may have influenced these changes are 
discussed in the next section. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4.  Position and active area for sample under test sensing, (a) sensor layout and fabricated sensor with cylindrical chamber tube setup, 

DSUT is the diameter of chamber for SUT, DSUT = 8 mm, (b) simulated S-parameters of a microstrip spurline sensor with varying relative 

permittivity (r), (c) relationship between r and |S11|, and (d) relationship between r and Fr. 

B. Amplitude and frequency variation 

The S11 spectra obtained from measurements of different 

glucose concentrations are shown in Fig. 5. When observing 

|S11| and the Fr with increasing glucose concentrations, it was 

found that both values changed as the glucose concentration 

varied, as shown in the enlarged figure. Fig. 6(a) shows the 

relationship between |S11| and glucose concentration in the 

range from 0 mg/dL to 150 mg/dL, which can be divided into 

two concentration ranges: the range from 0 mg/dL to 

50 mg/dL and the range from 50 mg/dL to 150 mg/dL. In the 

concentration range from 0 mg/dL to 50 mg/dL, a non-linear 

relationship was observed between |S11| and glucose 

concentration (black solid line), as shown in (3). In the range 

from 50 mg/dL to 150 mg/dL, a non-linear relationship 

between |S11| and glucose concentration was also observed 

(blue solid line), as shown in (4).  

The existence of two distinct trends in |S11| regarding 

concentration in the range from 0 mg/dL to 150 mg/dL in this 

study is incongruent with the monotonic curves typically 

observed in the vast majority of previously published works 

[38]-[41]. This deviation in behavior may be attributed to 

electronic noise and environmental factors, or possibly to 

sample instability at concentrations of 37.5 and 50.0 mg/dL, 

which may have significantly affected the measurements at 

these levels as opposed to higher concentrations [38]. 

Therefore, a definitive conclusion regarding the exact cause 

cannot be drawn with absolute certainty. 

 

Fig. 5.  The S11 spectra for various SUTs. 

 |𝑆11| = −7.0347 + 0.0015𝜌 − 0.0001𝜌2 (3) 

 |𝑆11| = −
1.775𝜌

(−18.94+𝜌)
−

5.37𝜌

(11.44+𝜌)
 (4) 

However, when the relationship between Fr and glucose 

concentration (in mg/dL units) was examined, a uniformly 

non-linear relationship was observed across the concentration 

range from 0 mg/dL to 150 mg/dL, as shown in (5), which has 

an R2 value of 0.9739. 

 𝐹𝑟 = 1.56 × 109 + 11.61 × 106𝑒(−0.0427𝜌) (5) 

HC 
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(a) 

 
(b) 

Fig. 6.  The magnitude of S11 and Fr for various glucose 

concentrations, (a) |S11| and (b) Fr for different glucose 

concentrations in the concentration range from 0 mg/dL to 

150 mg/dL. 

 

Based on glucose measurements ranging from 0 mg/dL to 

150 mg/dL, |S11| values had the highest and lowest values of 

-7.02 dB and -7.23 dB, respectively, corresponding to a 

difference of -0.21 dB. In addition, the highest and lowest 

resonance frequencies of 1.570 GHz and 1.558 GHz, 

respectively, were observed, corresponding to a difference of 

12.50 MHz. After measuring glucose concentration with the 

proposed sensor, our results show that a gradual decrease of 

|S11| occurs as a quadratic polynomial within the 

concentration range from 0 to 50 mg/dL. This may be 

attributed to the increased resistivity of substances when 

glucose is present in this range. Nevertheless, when the 

glucose concentration was increased from 50 mg/dL to 

150 mg/dL, an increase in the |S11| value was observed. This 

may be attributed to higher electrical conductivity of the total 

test substance within this concentration range [32], [36], [37]. 

When examining the relationship between Fr and glucose 

concentration within the study range, it was found that the 

measured Fr of the proposed sensor increased with higher 

glucose concentrations [38]. 

C. Comparison of the performance of the proposed sensor 

Table 1 shows a performance comparison of sensors from 

the literature and the sensor proposed in this work. The 

detection pattern of the sensor exhibits both amplitude and 

frequency variations. The sensitivity of the two parameters of 

each sensor was calculated and is shown in the table. 

Compared to other structural sensors, the sensor presented in 

this paper has an outstanding feature of operating at low 

frequencies with a small volume sample and has high 

sensitivity in both magnitude and frequency variation 

measurements.

Table 1.  An analysis of diverse methods in detecting glucose levels utilizing microwave sensors. 

Ref. Technique Concentration 

(mg/dL) 

Sensing 

parameters 

Fr  

(GHz) 

Volume 

(µL) 

Sensitivity 

 

30 Microstrip Patch 

Antenna-Sensor 

0-400 Fr (S11) 2.4 NA 25 kHz/(mg/dL) 

32 Open-ended 

coaxial probe 

0-16.000 Fr (S11) 0.3-15 NA NA 

33 Hilbert-shaped 

sensor 

0-250 |S21| 6 500 0.0156 dB/(mg/dL) 

34 T-shaped 

patterned MLIN 

20-120 &  

100-600 

|S11| 7.8 & 6 500 1.2x10-2 & 5.4x10-3 dB/(mg/dL) 

35 Monopole 

Antenna-Sensor 

0-190 Fr (S11) 2.4 2 350 kHz/(mg/dL) 

36 MC-CSRR 70-150 |S11| &  

|S21| &  

Fr (S11) &  

Fr (S21) 

1-6 400-1.200 [5 - 21]x10-3 & 

[3.3 - 9.8]x10-3 dB/(mg/dL) 

[2.74 - 3.34]x10-1 & 

[6.7 - 11]x10-2 kHz/(mg/dL) 

38 Microstrip line 

(MLIN) 

78-625 & 

625-5.000 

|S11| 1.48 7.500 6.6x10-3 & 1.8x10-3 dB/(mg/dL) 

TW Spurline 

sensor 

0-150 |S11| & 

Fr (S11) 

1.55-1.58 50 7.82x10-3 dB/(mg/dL) &  

233.33 kHz/(mg/dL) 

NA-data not available, TW-this work 
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4. CONCLUSION 

The proposed work presents a compact and simple 
microwave sensor for rapid detection of glucose 
concentration using a small volume, operating at low 
frequencies. The proposed work investigates and analyzes the 
relationships between glucose concentration levels, ranging 
from hypoglycemia to normoglycemia to hyperglycemia and 
the magnitudes of S11 and Fr. A mathematical model is 
developed to describe the correlation resulting from the 
response of the proposed sensor in each measured 
concentration range. The proposed sensor provides effective 
real-time detection, requires small samples, uses a simple 
methodology and operation, and is cost-effective for 
determining glucose concentration. 
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