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ABSTRACT: This paper presents the design and implementation of a microstrip patch sensor based on a single complementary split ring
resonator (SC-SRR), operating at a resonant frequency of 2.44 GHz for salinity detection. The sensor evaluates liquid under test (LUT) by
monitoring variations in resonant frequency, reflection coefficient, and quality factor to extract the complex permittivity. The proposed
design was simulated using High Frequency Structure Simulator (HFSS) and fabricated on an FR-4 substrate, incorporating a Teflon
container to prevent direct contact with the sensing surface. Simulated and measured results exhibit a significant agreement, validating
the sensor’s performance. A frequency shift of 104.4 MHz was observed as the salinity concentration varied from 0 to 100 parts per
thousand, attributed to dielectric perturbation effects. The proposed sensor demonstrates several advantages, including non-contact and
non-destructive measurement, reusability, cost-effectiveness, high sensitivity, minimal fluid volume requirement, and reliable accuracy.
These features highlight its potential for applications requiring precise and efficient.

1. INTRODUCTION

icrostrip patch antennas (MPAs) are prevalent in sensing
Mapplications owing to their compact size, thin profile, light
weight, affordability, durability, and sensitivity to variations in
substrate dielectric properties [1]

Researchers have devised numerous microstrip designs, in-
cluding U, S, C, hexagonal, and hexagonal with slot configu-
rations, footprint for diverse uses [2—8]. Recent advancements
in manufacturing technology and the emergence of printed cir-
cuits have enabled the progression of antenna-based sensors
from fundamental ambient detection to advanced biomedical
applications [9, 10]. Antennas used as sensors provide many
advantages, such as the ability to acquire large amounts of high-
quality data, being cost-effective, functioning without batteries,
and requiring minimal maintenance. Microstrip is used in a va-
riety of applications including measuring sugar and salt concen-
trations [11-13], and monitoring blood glucose levels [14—17].
From an environmental standpoint, sensors enable the detec-
tion of temperature [18, 19], humidity [20, 21], pH level [22].
The ingress of electromagnetic waves into a substance is sig-
nificantly affected by frequency, with the range of 1-10 GHz
being ideal for assessing variations in the dielectric character-
istics of liquids [23,24].

Environmental factors significantly influence the testing pro-
cess; airborne dust particles affect signals and cause undesir-
able wave interference [25]; temperature fluctuations alter read-
ings [26]; humidity affects radiation characteristics [27]; and
two other crucial factors are the movement of the linked wires
and sensor’s stability.

Commonly employed indicators for achieving sensing func-
tions include resonance frequency (f,.) shift-based sensing [28],
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reflection coefficient (S11) [29], sensing utilizing both reso-
nance frequency and return loss variation [30], and phase dif-
ference variation-based sensing [31].

Resonant sensors function based on the principle of reso-
nance, capable of detecting physical and chemical alterations
via variations in the resonant frequency. These sensors
utilize the interaction between resonator structures and their
surroundings, with the most prevalent types being split ring
resonators (SRRs) [32], complementary split ring resonators
(CSRRs) [33], single complementary split ring resonators
(SC-SRRs) [34], multiple complementary split ring resonators
(MCSRRs) [35], Hilbert structure [36], and Minkowski struc-
ture [37], wherein variations in resonant frequency correlate
with alterations in the dielectric constant.

This article presents a highly sensitive microstrip patch
sensor using single complementary split ring resonators
(SC-SRRs) etched in the ground plane, proposed, designed,
produced, and verified using 12 liquid samples, from fresh wa-
ter to highly concentrated saline. The measured and simulated
results exhibited remarkable concordance.

This manuscript has been organized as: 2. Microstrip patch
sensor design, 3. Theoretical background, 4. Sensor perfor-
mance, 5. Analytical simulation, 6. Creation of saline solutions
and sensor fabrication, 7. Measurement and simulation results,
8. Sensitivity level comparison, 9. Comparison of the proposed
sensor with existing works in the literature, and 10. Conclusion.

2. MICROSTRIP PATCH SENSOR DESIGN

A rectangular MPA with SC-SRR etched on the ground plane,
operating at a resonance frequency of 2.44 GHz and using a
1.4 mm thick FR-4 substrate, is proposed, according to the spec-
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FIGURE 1. Proposed sensor configuration: (a) Top plane, (b) ground plane, and (c) simulated electric field distribution.

ified formulas [38].
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where Wp denotes the patch width, C' the speed of light at
3 x 108 m/s, €, the relative permittivity of substrate, h the sub-
strate thickness, €. the effective dielectric permittivity, AL the
extension length attributable to the fringing field effect, L the
effective length, and Lp the patch length.

Four unique SC-SRRs etched on the ground plane were used
in a particular arrangement to augment the electric field and
improve sensitivity, as seen in Figure 1 and Table 1.

To avoid contact between the LUT and sensor, a container
made of Teflon was selected based on appropriate criteria, such
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TABLE 1. Dimensions of proposed sensor.

Parameters | Value (mm) | Parameters | Value (mm)
Wp 35 W3 11
Lp 27 wSs 10
Wg 50 wS1 8
Lg 55 LS 10
L1 15 LS1 8
L2 9 L3 26
w1 2 L4 4
w2 0.78 g 2.5

as its advantageous mechanical and electrical capabilities and
non-absorption of liquids [39]. The Teflon exhibits a relative
permittivity of 2.08 and a loss tangent of 0.001; the form and
dimensions of the box are shown in Figure 2 and Table 2, re-
spectively.

The purpose of the Teflon box is to prevent the liquid from
contacting the sensor, as this can lead to the corrosion of critical
sensor components, especially when using saline solutions as
LUT.

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 157, 247-257, 2025

PIER C

TABLE 2. Dimensions of Teflon box.

Parameters | Value (mm)
Wb 35
Wbl 333
Lb 27
Lbl 253
hb 8

hbl 7

3. THEORETICAL BACKGROUND

3.1. Permittivity

The dielectric qualities of a material can be characterized by its
complex permittivity [40]:

e = el — jer 6)

It quantifies the extent to which a material is influenced by
an electric field. The real component of permittivity or dielec-
tric constant (£/.) quantifies the extent to which energy from an
external electric field is retained within a material. The imag-
inary component of permittivity, or dielectric loss factor (//),
assesses the dissipative or lossy properties of a material when
being subjected to an external electric field; the loss factor en-
compasses the influences of both dielectric loss and conductiv-
ity [41].

3.2. Dielectric Behavior of Saline Water

The polarization of HoO molecules in water is seen in Fig-
ure 3. The molecular structure results in an asymmetrical
charge distribution. In the absence of an external electric field,
the molecules exhibit random orientations as depicted in Fig-
ure 3(b). When a field is applied, the molecules align such that
their negative poles orient towards the positive voltage as de-
picted in Figure 3(c).

The molecules consequently produce a secondary electric
field that counteracts the direction of the applied field. The
outcome is that within the dielectric substance, the net electric
field is diminished in magnitude [42]. The electric field stored
within a material is referred to as the relative dielectric con-
stant (¢].). The dielectric constant of a material directly affects
the capacitance according to relation (7)

ErEoA

“="4

(7
where C' is the capacitance, €, the relative permittivity of the
medium, and ¢, the free space permittivity (8.85 x 10712 F/m),
while area and displacement of plane are represented by A and
d, respectively.

This formula demonstrates that an increase in the dielectric
constant results in a corresponding increase in capacitance; a
higher dielectric constant contributes to greater energy storage
potential. On the other hand, dissolving salt in water leads to
the formation of dissolved ionic compounds that enhance con-
ductivity (o), see Figure 4.
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FIGURE 2. A Teflon box used as a container for liquid under test (LUT).

In order to demonstrate that elevating the salt concentration
results in enhanced conductivity, we performed a straightfor-
ward experiment by utilizing a small red LED lamp, a 470
resistor (to safeguard the lamp), a 9 V battery, a breadboard (to
eliminate the need for soldering), and connecting wires. Fig-
ure 4(b) illustrates that the lamp exhibits significant lumines-
cence at a concentration of 100 ppt, in contrast to Figure 4(a),
where the light displays minimal illumination in freshwater.

4. SENSOR PERFORMANCE

The performance of the proposed sensor is evaluated by simu-
lation in HFSS, and the electric field is mostly concentrated in-
side the individual rings. Therefore, for optimal sensitivity, the
LUT should be placed in this region. To prevent direct contact
between the liquid and sensor, it is necessary to use a vessel that
acts as a container to hold the liquid samples. Figure 5 shows
the final design of the proposed sensor and the magnitude of
both the resonant frequency and reflection coefficient.

The results in Figure 6(a) are accomplished by changing ¢!,
from 81 to 45, and o is held constant at 0.001 S/m, while those
in Figure 6(b) are accomplished by varying the parameter o
from 0.001 S/m to 12 S/m for each €.

Figure 6 illustrates that f,., S11, and Q fluctuate with changes
in the dielectric constant and conductivity.

5. ANALYTICAL SIMULATION

Mixing salt with fresh water in varying amounts results in an
elevation in the water’s conductivity, as higher salt concentra-
tions correspond to larger o. It is evident that salt water exhibits
greater conductivity than fresh water owing to the existence of
dissolved ions in the solution, see Figure 4.

So it is essential to establish a numerical expression for con-
ductivity. The Origin software was used to get the conductivity
expression from the variation of the S1; at various concentra-
tions.

o = 495.89 x exp(—0.439 x (—S11)) (8)

Figure 7 displays the extracted S7; from the simulation data
(see Figure 6(b)) accompanied by the conductivity for differ-
ent dielectric constants. The correlation between S7; magni-
tude and o is exponential, exhibiting a pronounced rise in curve
steepness with rising salt concentrations, but &/, exhibits little
variation across various conductivity levels; all of this is math-
ematically explained in (8).
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FIGURE 3. Polarization of H>O: (a) H2O molecule, (b) random molecule alignment, and (c) molecule alignment when a field is applied.
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FIGURE 6. HFSS simulation for proposed sensor: (a) At constant o and (b) at changing o and ;. (81 and 45).
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FIGURE 7. Relationship between o and Si; at different £/ by using
Origin software.

Following the determination of o for all concentrations using
the reflection coefficient, the subsequent step is to ascertain the
el As previously stated, the addition of salt to water results
in the formation of dissolved ions, which reduces the number
of free molecules in the water; therefore, these ions possess a
lesser capacity to store electrical energy than free molecules,
leading to a fall in the &/, and a rightward shift of the f, (refer
to Figure 6(b)). The variation in dielectric constant within the
range of 81 < g/, < 45, corresponding to a conductivity range
0f 0.001 < ¢ < 12, is shown in Figure 8(a).

The curves in Figure 8(a) exhibit similarities at each dielec-
tric constant; however, the distinction is in the extent of upward
displacement. The numerical expressions of each curve at each
dielectric constant are shown in Table 3.

TABLE 3. The numerical expression for each ¢..

e Numerical expression R
81| fr =8x107%® -4 x107%6% +5 x 10~°0 + 2.1711[0.99
77 fr =1x107%3 — 5 x 107%02 4+ 5 x 10™°0 + 2.17890.99
73| fr =8x10"%% -5 x 107°6% + 2 x 10~ % + 2.1877(0.98
69| fr =8 x107%3 -7 x 107%02 4+ 3 x 10~ %0 + 2.1956 |0.99
65|fr=1x10"%0% —9 x 107°6% + 2 x 10~ %0 + 2.2044(0.99
61f, =7x107%3 -8 x 107 %02 + 3 x 10™°0 + 2.2144(0.99
57/ fr =1x107%% —1x 107%0* +2 x 10~ %o + 2.2233/0.99
53| f, =8x107%% — 1 x107%¢% + 3 x 107 ¢ + 2.2332{0.98
49| fr =9 x107%> -5 x 107°02 4+ 3 x 1070 + 2.2459|0.99
45| fr, =8 x107%> —1 x 107%0? + 3 x 1070 4 2.2611|0.99

* R? symbolizes the amount of regression.

Consequently, the equations shown in Table 3 seem similar,
differing only in the constant term; hence, they will be repre-
sented by a singular standardized equation as indicated in (9).

fr=8x10"%3—-1x10"%%+43 x 10~*o + Constant (9)

The constant values are then integrated with their dielectric
constants, as seen in Figure 8(b).

Constant = 2.634 — 5.79 x 107 3¢/, (10)
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Inserting Equation (10) into Equation (9) yields Equa-
tion (11).

o 8x 107%03—-1 x 107%02 + 3 x 10~ %0 + 2.634— f..
T 5.79 x 1073

(11)

The aforementioned mathematical equation was derived by
a curve fitting methodology that yields a numerical expression
for the proposed sensor to compute the ¢/, of the LUT, contin-
gent upon the f,. and o of each LUT.

Upon determining the numerical expressions for conductiv-
ity and dielectric constant, it is necessary to ascertain the loss
factor, which may be readily calculated using the following re-
lationship [43].

S~

L)

Q=

(12)

m\

<

The quality factor (Q) quantifies the ratio of stored energy
to dissipated energy in an insulating medium and is inversely
correlated with the attenuation of electromagnetic waves [44].
Thus, a high Q indicates less energy loss, while a low Q means
increased energy loss (see to relationship 12). This is evident
in highly concentrated solutions due to ionic conductivity (as
shown in Figure 12). The compromise between energy storage
and dissipation substantially influences the sensing system.

Utilizing relationship (12), the complex permittivity of all
LUT may now be readily determined; all equations have been
checked, and the results are very consistent.

6. CREATION OF SALINE SOLUTIONS AND SENSOR
FABRICATION

Water salinity is quantified in ppt and is denoted by the symbol
(%o), often used in oceanographic and educational contexts. It
may be determined by the relationship (13) [34].

M, salt

ppt(%o) = x 1000 (13)

sea-water

where Mg, and Mea water are the mass of salt and the mass of
salinity water in grams for both, respectively.

A total of 40 mL of freshwater was used for all liquid sam-
ples, with the weight of salt dissolved in grams to achieve the
concentrations (0—100 ppt) shown in Table 4.

A computer numerical control (CNC) machine manufactured
the proposed sensor and Teflon box, measuring 55 x 50 X
1.4mm?® and 35 x 27 x 8 mm?, respectively, as shown in Fig-
ure 9(a). The proposed sensor was linked to the Sub-Miniature
version A (SMA) of the Agilent Technologies E5S071C Net-
work Analyzer (Agilent Technology, Santa Rosa, USA) oper-
ating from 300 KHz to 20 GHz using a 50 €2 transmission line.
frand Sp1 are shown on the ES071C Network Analyzer screen
for varying quantities of salt (5-100 ppt) in freshwater. Fig-
ure 9(b) illustrates that the suggested sensor is equipped with
a Teflon enclosure above the rings, secured with nylon self-
locking mechanisms to provide stability of the readings and
weight.
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FIGURE 8. By using Origin software: (a) The variation in f, for various conductivities and (b) a constant value with variation dielectric constant.

o

FIGURE 9. Manufacturing and experimental: (a) Dimensions of the manufactured sensor and Teflon box and (b) E5071C Network Analyzer and
liquid samples with different concentrations (0—100 ppt).
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FIGURE 11. The S1: parameter and frequency response for both mea- FIGURE 12. The simulated results for f, and Q at different concentra-
sured and simulated results. tion.

TABLE 4. Concentrations of the liquid under test. 0
Concentrations (%0) | Mass of salt (g) —10 E——
5 0.2 _ I
[21] T
Il =20 A —v—g, =73
10 0.4 5 —o—¢,'=69
—4—¢ =65
20 0.8 304 —— £, =61
—e—¢ =57
30 1.23 e
—e—¢,'=49
40 1.66 -40 4 —o— ¢, =45
50 2 2.2 23 24 2.5
Frequency (GHz)
60 2.55
20 3 FIGURE 13. The simulated results at different /. and constant o.
80 347
90 3.95 for each LUT were recorded. Figure 10 illustrates that the mea-
100 4.43 sured and simulated findings are mostly congruent.
The good matching in measured and simulated results is at-
tributable to the accuracy of our methodology and the meticu-
lous selection of fluid contents, alongside the lack of salt de-
7. MEASUREMENT AND SIMULATION RESULTS o . . — . :

posits in the solutions, which might induce mistakes in the re-
Following the calibration of the E5S071C network analyzer, flu- sults. Moreover, the appropriate securing of the axial wire and
ids with varying concentrations (0—100 ppt) were introduced the emphasis on the elimination of dust particles or analogous
into a 2 mm high Teflon container, and S7; data along with f, pollutants enhance this uniformity.
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FIGURE 14. Comparison of sensitivity with [34]: (a) A f,, (b) PRFS, and (c) sensitivity.

To facilitate a more straightforward comparison, we will con-
solidate the measured and simulated results in a singular graph,
as seen in Figure 11.

When examining Figure 11, one notices a slight variation be-
tween the simulated and measured results, attributed to various
factors, the most significant of which is the difference between
the HFSS program environment and the actual environment (in-
cluding temperature, humidity, wind, etc.), along with manu-
facturing defects, the unreliability of the coaxial cable, and the
novelty of the network analyzer.

The simulated results of the f,. and Q for LUT at varying
concentrations are plotted in Figure 12.

Figure 12 demonstrates that the quality factor decreases with
increasing salt concentrations (the red curve). The resonant fre-
quencies progressively and precisely increase with higher con-
centrations (the black curve).

8. SENSITIVITY LEVEL COMPARISON

One can determine the sensor’s sensitivity just by looking at the
change in the properties of S1; and the resonant frequency when
placing liquids of different concentrations. Figure 13 shows the
shift in resonant frequency as the dielectric constant decreases
from 81 to 45 in steps of 4, while conductivity remains fixed at
0.5 S/m, where the resonant frequency changed from 2.17 GHz
to 2.2611 GHz.

In this section, the sensitivity of the proposed sensor is com-
pared with the previously designed sensor [34], and for the
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comparison, the following equations are used [45].

Af’r = f'r‘u_er (14)
PRFS — ?fr % 100% (15)
Eru ~ &L

where f,.,, and f,;, are the resonance frequencies at unload and
load conditions, respectively; €., and /., are the dielectric con-
stants at unload and load conditions, respectively; .S is sensitiv-
ity; and PRFS is the perfect relation frequency shift.

Figure 14 illustrates the resonant frequency, PRFS, and sen-
sitivity of both the proposed sensor and the previous sensor. Itis
evident that the proposed sensor exhibits a significantly greater
shift in resonant frequency than the previous sensor when the
dielectric constant is altered, as depicted in Figure 14(a). The
PRFS denotes the ideal alteration in resonance frequency result-
ing from a variation in the dielectric constant, since this shift is
essential for enhancing sensitivity and precision in sensing ap-
plications. Figure 14(b) illustrates that the suggested strategy
is superior. Sensitivity refers to the extent of responsiveness of
the resonant frequency to minimal changes in dielectric char-
acteristics, often quantified in gigahertz for dielectric constants
ranging from 1 to 10. In liquids with very high dielectric con-
stants, such as water, sensitivity diminishes inversely, as seen in
Equation (16). Consequently, measuring it in megahertz is bet-
ter suited for liquids with elevated dielectric constants. Figure

WWwWw.jpier.org
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TABLE 5. Comparison of the proposed sensor with existing works in the literature.

Ref Method frGH LUTs The flaws
-This approach is elevated due to the need for
[11] Cireular rine monopole 24 Solutions conductive yarn and an embroidery machine.
& P ’ (sugar, salt) -It must be cleaned and allowed
to dry after each measurement.
. -Water immersion leads to the degradation
>3 various water of critical components of the sensor.
[13] Stepped structure 7.4 (Distilled, Rain, Tho fremia e S
8.6 Pool, Sea, R.0.) duency sartis -
as concentrations rise.
29 -Two microstrip patch
[22] Hexagonal SRR 5 PH of water antennas are Tequin ed.'
-Large amount of liquid
11.2 .
Approximately 350 mL
3.5 Salt in various -The detection of salt in water relies only
notches and defected 6.5 . on the alteration of the reflection coefficient.
[29] water (Distilled, . . .
ground plane 8.5 -Water immersion leads to the degradation of
R.O., and Raw) ..
9.7 critical components of the sensor.
-The introduction of fluid into the microfluidic channel
Ethanol may generate air bubbles that are difficult to remove,
[46] CSRR 2.1 concentration so compromising the precision of the results.
in water -The microfluidic channel is difficult
to dry after rinsing with distilled water
32 -Water immersion leads to the degradation
(47] Crescent-shaped patch 8.7 Salt and of critical components of the sensor.
and slotted partial ground 11.6 sugar solution -The presence of sediment in the
14.5 samples causes inaccurate results.

R.O. refers to reverse osmosis water.

14(c) illustrates that the proposed sensor exhibits a sensitivity
3.96 to 4 times superior to that of the previous sensor within
dielectric constants ranging from 65 to 81. Furthermore, we
observe that the sensor’s sensitivity escalates with elevated salt
concentrations, signifying its suitability for the use at high con-
centrations.

9. COMPARISON OF THE PROPOSED SENSOR WITH
EXISTING WORKS IN THE LITERATURE

The proposed sensor design using SC-SRRs methodology
shows significant progress compared to previous research,
as shown in Table 5. Several key features are highlighted,
including: no contact between liquid samples and the sensor,
no deposits in the LUTs, the smallest required amount of LUT,
cost-effectiveness, high-frequency conversion, and higher
sensitivity.

10. CONCLUSION

This work proposes a sensor that includes four SC-SRRs etched
in the ground plane for microwave characterization of saline so-
lutions. When the liquid being tested is introduced, the resonant
frequency, reflection coefficient, and quality factor change be-
cause of the effects of different salt concentrations (0—100 ppt),
resulting in a shift of 104.4 MHz in the resonance frequency.
The proposed sensor has excellent sensitivity, calculated in
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megahertz units, due to the high permittivity of water com-
pared to other liquids. Also the measured and simulated re-
sults showed excellent agreement due to the precision of our
work and the use of accurate and correct method. Additionally,
numerical expressions were created to determine both the con-
ductivity and dielectric constant for each LUT, and they were
verified with good results. Due to the high performance of the
proposed sensor, we believe that it can be applied to other lig-
uids. In future work, different concentrations of certain fluids
such as blood, urea, and saliva will be tested.
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