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This article introduces a high-sensitive microstrip-patch sensor-based meander-line slot structure for water measurement 

applications. The HFSS software tool is employed to design and simulate the proposed system. The inset-fed sensor size 

is 60×50×1 mm3 and is printed on a low-cost FR-4 dielectric substrate. The meander-line slots resonator is used in the 
proposed design to produce strong and concentrated electric fields while increasing the energy output by focusing the 

current in a narrow area. In addition to enhancing sensitivity, it decreases the sensor dimension, provides a region with 

strong electric fields, and increases the interaction area with the water. This sample needs to be tested. For the unloaded 
condition, the miniaturized sensor is resonant at 2.863 GHz with a reflection coefficient (S11) amplitude equal to -30.219 

dB. At the same time, the miniaturized sensor is deep at 2.144 GHz, 2.148 GHz, and 3.14 GHz for DI-water, freshwater, 

and seawater-loaded conditions. According to simulated results, high sensitivity values are found. The sensor has 
sensitivities of 3.14 and 1.21 for DI water and seawater, respectively. The high sensitivity values of the proposed sensor 

indicate that any slight change in the εr around the sensing area of the proposed sensor will be translated into significant 

changes in the resonant frequency and the recorded output results. 

This is an open-access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/) 

Publisher: Middle Technical University 

Keywords: Inset-Fed Microstrip-Patch Sensor; Meander-Line Slot; Sensitivity; Water Measurement. 

 

1. Introduction 

The various microwave sensors' detecting capabilities, which rely primarily on the resonance principle, are gaining growing interest for use in 

bio-sensing, microfluidic, environmental monitoring, and industrial applications due to their low cost, small size, compatibility with wireless 

electronics, and the progressing fabrication technologies like additive manufacturing [1-2]. However, when a lossy object, such as a dielectric 

or conductor, is placed in the antennas near the field, the printed antenna's performance can degrade [3]. As a result, changes in the frequency 

resonance (fr), polarization, reflection coefficients (S11), and radiation distortions may occur [4]. Because of the material's dielectric properties, 

antenna performance can occasionally be fine-tuned to meet a given criterion. Microwave sensor-antennas have become more attractive in 

liquid characterization applications than conventional techniques due to their capabilities and advantages. Moreover, the sensor-antenna 

structures are found to be more efficient and straightforward, avoiding the use of markers such as fluorescent molecules and magnetic or gold 

particles. Such techniques can provide high accuracy, low processing time, inexpensive, and need a few microliters of samples for 

characterization [5]. The patch antenna structure is a radio antenna characterized by a conductive patch mounted on a dielectric substrate layer 

with a ground plane [6]. Due to their low profile, simple construction, and ability to work with both planar and non-planar circuits, patch 

antennas have received significant attention in recent years. Microstrip patch antennas come in many different forms and sizes, most used as 

rectangular, square, and circular. Rectangular patches with radiation properties and simple fabrication are the most common. The patch antenna 

quickly gained popularity and is now used for satellite and mobile communication, GPS, Wi-Fi, radar, rectenna, telemedicine, and other 

applications [7]. Munson and Howell implemented the first truly functional design at the start of the 1970s [8-11]. 

This article presents a low-cost, high-sensitivity patch sensor using a meandering-line slot. The miniaturized sensor is introduced for water 

measurement identification. The FR-4 dielectric substrate of 60×50×1 mm3 size is picked up in the design. The meander-line slots resonator 

technique is employed. The proposed sensor shows a current concentrated in a narrow area compared to another. By current concentration, an 

amount of energy will be produced there with high sensitivity achieved. The specific design aims to reduce the sensor dimensions, enhance 

sensitivity, provide a region with strong electric fields, and increase the interaction area with the water sample to be tested. The miniaturized 

sensor's simulated results showed that the sensor is resonant at 2.863 GHz for the unloaded condition. At the same time, it is resonant at 2.144 

GHz for DI-Water, 2.148 GHz for Freshwater, and 3.14 GHz for seawater. The HFSS tool designs and simulates the proposed sensor [12].  
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Nomenclature & Symbols   

DI-Water Distilled-Water HFSS High Frequency Structure Simulator 

h Substrate Height L Substrate Length   

W Substrate Width Lp Patch Length 

Wp Patch Width 𝛼 Attenuation Coefficient 

Np/m Neper Per Meter S/m Siemens Per Meter 

Lfe Edge-Feedline Length Wfe Edge-Feedline Width 

Lg Inset Gap Wg Inset Distance 

Lf    Feedline Length Wf Feedline Width 

tan δ Loss Tangent   

2. Sensor Design Methodology 

The proposed inset-fed Microstrip sensor structure is shown in Fig. 1. The low-priced FR4-epoxy dielectric material of εr =4.4 and tan δ = 0.02 

is a substrate in the proposed sensor design. The total sensor size is 60×50×1 mm3. The patch with a rectangular shape is mounted on the 

substrate with a full scope of 14.68×18.75 mm2. The 50Ω inset-fed feedline is used to feed the proposed sensor. An entire ground plane is 

applied on the other substrate's face. The different geometrical details of the proposed sensor are shown in Table 1. The meander-line slots 

resonator is employed in the proposed design to concentrate the current in a narrow area and increase the amount of energy produced there 

compared to other areas, and high sensitivity will be recorded. The specific design is intended to decrease the sensor dimension, enhance 

sensitivity, give a region with good electric fields, and increase the interaction area with the water sample that is to be tested.   

  

Fig. 1. Proposed Sensor structure; (a) Top View, and (b) Back View 

Table 1. Geometrical details of the proposed sensor structure 

Parameters L W Lp Wp Lm Wm h 

Value (mm) 60 50 14.68 18.75 5.5 15 1 

Parameters Lfe Wfe Lg Wg Wf Lf Ls 

Value (mm) 12.25 0.45 3.919 0.478 1.911 12.25 0.5 

 

In Fig. 2, the design methodology steps of the proposed sensor are presented. In Fig. 2(a), a conventional inset-fed microstrip patch sensor is 

introduced. Equations 1 and 2 are used to build and design the traditional structure [13]. The patch with a rectangular shape is printed on an 

FR4 dielectric substrate with a size equal to 29.375×37.5 mm2. A fully ground plane is applied and printed on the bottom substrate face. The 

one-topped inset-fed microstrip line with 50 Ω input impedance feeds the antenna. The calculated feedline width and length are 1.911 mm and 

12.25 mm. The edge-feedline width and length are 0.452 mm and 6.75 mm, respectively. Finally, the inset gap equals 0.478 mm, and the inset 

distance is 4.7 mm. 
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Where: C is speed of light, εr is relative permittivity, εeff is the effective dielectric constant, and is the microstrip feedline width. 

A slit-line technique is used and applied in the conventional sensor structure to introduce a parasitic capacitance in the antenna to reduce the 

size and shift the antenna operating frequency, as seen in Fig. 2(b). The slit-line dimensions are 1×30 mm2, etched out from the patch.  
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Next, a single meander-line slot structure is inserted, as seen in Fig. 2(c). Moreover, double meander-line slot structures are presented in Fig. 2 

(d). The single and double meander-line slot technique is applied to miniaturize the sensor and achieve a lower resonance frequency due to an 

increase in the current path that flows in the patch more than the straight line. A miniaturized patch sensor is introduced in Fig. 2(e). The 

meander-line slots resonator concentrates the current in a narrow location and dramatically increases the amount of energy produced there 

compared to other areas. Any liquid dropped in this region will affect the field lines and alter the recorded response from the sensor. A drop of 

water is placed in the meander-line slots area due to the highest electric field to measure a water sample with high sensitivity documented.  

   

  

Fig. 2. Design methodology of the proposed patch sensor; a) Conventional structure, b) Conventional design based on slit-line structure, (c) 

Sensor-based single meander-line slot structure, (d) Sensor-design based double meander-line slot structures, and (e) Miniaturized microstrip 

patch sensor 

In Fig. 3, the unloaded design is simulated, and the corresponding S11 is evaluated for all design steps: conventional design, conventional design 

with slit-line, sensor design with single and double meander slot structure, and miniaturized microstrip patch sensor. The S11 of the traditional 

patch sensor is presented. The conventional design system shows a resonance frequency at 2.3 GHz with a value equal to -13.3dB ranging from 

2.31 GHz to 2.34 GHz. A traditional sensor-based slit-line system is simulated, and S11 is evaluated. The method-based slit-line showed a 

resonance frequency at 1.95 GHz with a size reduction of about 15.21% compared with the conventional design. Moreover, another resonance 

frequency at 4.45 GHz is generated. The first resonance ranges from 1.94 GHz to 1.96 GHz, while the second resonance ranges from 4.43 to 

4.47 GHz.  

Next, the S11 of the microstrip patch sensor with a single meander-line slot is simulated and evaluated. The proposed design-based meander slot 

is resonance at 1.5 GHz. Moreover, other resonance frequencies are generated at 1.93 GHz, 3.7 GHz, and 4.45 GHz, respectively. This technique 

showed a size reduction of about 34.78% compared with the conventional design. A microstrip sensor-based double meander slot structure is 

simulated, and the S11 is presented in Fig. 3. The design is found to resonate at 1.04 GHz. 

Moreover, a second resonance frequency is observed at 1.93 GHz. According to the evaluated results, this technique presented a size reduction 

of about 54.79% compared with the conventional design. The corresponding S11 of the miniaturized microstrip sensor structure is found and 

illustrated in Fig. 3. The miniaturized form showed a resonance frequency of 2.86 GHz with a bandwidth of 40 MHz (2.84 - 2.88 GHz).  

 

Fig. 3. S11 spectra of the evolution steps of the unloaded microstrip patch sensor design 

(e) 

(c) (b) (a) 

(d) 
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The electrical field behaviors of a conventional-sensor design, a conventional design-based slit-line structure, a sensor with a single meander 

slot structure, a sensor with double meander slot structures, and a miniaturized microstrip patch sensor are presented in Fig. 4. The electric 

current is concentrated at the patch's center area, left and right edges in a conventional sensor, as seen in Fig. 5(a). When the slit line is inserted 

and etches out from the patch surface, the electric current is concentrated at the lower patch area at the edges, as seen in Fig. 5(b). Finally, the 

electric current paths in the sensor-based meander-line slot structure are evaluated, as seen in Fig. 5(c, d, and e). It is noticed that the current is 

strongly concentrated around/inside the meander-line slot structure with a lower current concentration at another patch area. The meander-line 

slots resonator technique concentrates the field in a small area, and the e-field strength will be greater than in other areas. Any liquids dropped 

in this area will lead to changes, distort the field lines, and alter the recorded sensor response. 

 

Fig. 4. Attenuation-coefficient spectra of air and different water types 

   

   

Fig. 5. Electric fields behavior of the proposed sensor design; a) Conventional design, b) Conventional design with slit-line structure, (c) 

Sensor design with single meander slot structure, (d) Sensor design with double meander slot structures, and (e) Miniaturized microstrip patch 

sensor 

3. Sensitivity Theory and Comparison 

3.1. Theoretical background 

The water properties differ from air, which is characterized by high permittivity (ε) and electrical conductivity (σ). According to these properties, 

the electromagnetic behavior through water differs from that of air. The relative permittivity of the water, seawater, freshwater, and distilled 

water equals 81. However, each type of water has a different conductivity value; seawater conductivity is four s/m, freshwater is 0.01 s/m, and 

distilled water is 0.0002 s/m. Using Eq. 3 [13], the attenuation coefficients of all types are found, as shown in Figure 4. According to the 

evaluated result, the seawater has the highest attenuation and increases rapidly with the frequency. 

(a) (b) (c) 

(d) 
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𝛼 = 𝜔√  
𝜇𝜀

2
 [√ 1 + [

𝜎

𝜔𝜀
]

2
− 1]          Np/m                                                                                                                                                          (3) 

Where ε is permittivity, μ is permeability, ω is angular frequency, and σ is conductivity. 

To measure and identify the water type, a drop of water will be dropped on the patch, as seen in Fig. 6. When the electrical current flows in the 

patch-based meander-line slot, E-field lines are generated between adjacent strip lines due to the coupling phenomenon. The generated fields 

will be crossed through the water drop. Due to the properties of each water type in terms of different conductivity and attenuation values, 

another behavior will be achieved when the field is passed through. As a result, another S11 will be recorded. 

 

Fig. 6. Testing procedure 

3.2. Sensitivity results and comparison  

Drops of different water types are loaded on the proposed microstrip sensor and tested. The first resonant frequency of each class is evaluated, 

and the shift in the frequency is measured and compared with the unloaded case, as seen in Fig. 7.  

Firstly, the S11 is found for the unloaded case. The evaluated result showed a single resonance frequency at 2.68 GHz with an S11 value equal 

to -30.219 dB.  

Then, a drop of distilled water (DI-Water) is put on the patch, and the S11 is found. The test results show two resonance frequencies, as seen in 

Figure 7(a). The first resonance is located at 2.144 GHz with a value of -11.38 dB. At the same time, the second resonance is found at 3.456 

GHz with S11 equal to -23.57 dB. The shifting in the first resonance frequency compared with the unloaded case equals 716 MHz. 

 

(a) 

https://en.wikipedia.org/wiki/Permittivity#Complex_permittivity
https://en.wikipedia.org/wiki/Permeability_(electromagnetism)#Complex_permeability
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Fig. 7. S11 tested results for different water types; (a) DI-water, (b) Freshwater, and (c) Seawater 

In the second test, freshwater is applied, and the S11 is measured, as seen in Fig. 7(b). The result showed two resonance frequencies at 2.148 

GHz and 3.464 GHz with values equal to -13.8035 dB and -17.675 dB, respectively. By comparing the evaluated S11 of the unloaded case with 

that of freshwater, a shifting in the first resonance frequency equals 714 MHz. 

Finally, seawater is applied to the patch, and the S11 is measured. The result shows a single resonance frequency at 3.41 GHz with an S11 value 

of -3.35 dB, as shown in Fig. 7(c). By comparing the results of seawater and unloaded conditions, a shift in the first resonance frequency is 

equal to 277 MHz. In Table 2, the results of all water types are compared with those from air in terms of shifting in the first resonance frequency 

(∆f) and S11 value (∆S11). 

Table 2. Compares loaded and unloaded conditions regarding frequency and S11 value 

Testing Liquid Type σ(S/m) fr (GHz) S11 (dB) ∆f (MHz) ∆S11 (dB) 

Unloaded-condition 0 2. 863 -30.219 - - 

Loaded 

DI-Water 0.0002 2.144 -11.38 719 -18.839 

Freshwater 0.01 2.148 -13.803 715 -16.416 

Seawater 4 3.14 -3.35 0.277 -26.869 

 

Sensitivity is defined by a ratio of the offset frequency over the offset permittivity [13]. In other words, sensitivity describes how much the 

output will be affected by changes in the input amount. A suitable sensor indicates that slight input changes will significantly affect the recorded 

output result. To obtain the sensitivity of the miniaturized inset-fed microstrip sensor, equations 4, 5, and 6 are used in reference [14-19]; 

 
∆𝑓

𝑓
=

|𝑓𝑜−𝑓1|

𝑓𝑜
                                                                                                                                                                                                            (4) 

∆𝜀 = 𝜀𝑜 − 𝜀1                                                                                                                                                                                                         (5) 

𝑆 =
∆𝑓/𝑓

∆𝜀
 × 100%                                                                                                                                                                                                 (6) 

Where ∆f is the first resonant frequency difference, fo is the unloaded 1st resonant frequency, f1 is the 1st resonant frequency of the loaded 

condition, and εo and ε1 correspond to the permittivity of the reference and tested water. S is the sensitivity of the proposed sensor. 

The proposed sensor sensitivity is evaluated and compared with the other works regarding air, seawater, and DI-water. Based on the estimated 

results, our proposed sensor showed high sensitivity, with values equal to 3.139 and 1.209 relative to DI-water and seawater, respectively, as 

shown in Table 3. 

(b) 

(c) 
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Table 3. Proposed sensor sensitivity compared with other research works for DI and seawater 

Reference fo (GHz) f (GHz) |∆𝒇|(GHz) |∆𝐒𝟏𝟏| (dB) sensitivity (× 𝟏𝟎−𝟑) 

[20]1 0.92 1 0.08 -10 1.09 

[21]1 1.18 1.52 0.34 -11 3.6 

[22]1 3.07 3.38 0.31 - 1.26 

[23]1 3.88 3.66 0.22 -5 0.72 

[23]2 3.88 3.39 0.49 -15 1.86 

This work1 2.863 2.144 0.719 -18.839 3.139 

This work2 2.863 3.14 0.277 -26.869 1.209 
1 References for air and DI-water, 2 References for air and seawater. 

4. Conclusion 

A low-cost microstrip-patch sensor antenna based on a meander-slot line was proposed in this literature for water-type identification 

applications. The HFSS tool was used to design and simulate the proposed sensor. The low-cost FR-4 dielectric material was used to design the 

sensor with dimensions equal to 60×50×1 mm3. The meander-line slots technique produced high electric fields with significant energy by 

concentrating the current in a narrow area. The sensor resonated at 2.863 GHz for the unloaded condition, while it resonated at 2.144 GHz, 

2.148 GHz, and 3.14 GHz for DI, fresh, and seawater in the case of the loaded state. High sensitivity values have been achieved. The sensor 

recorded sensitivity values of 3.14 and 1.21 for DI-water and seawater, respectively. The high sensitivity values indicate that any change in the 

water-type surrounding the sensing area will be translated into significant changes in the resonant frequency, as each type of water has different 

properties. 
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