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Abstract: In this paper, a compact microstrip feed inset patch sensor is proposed for measuring the
salinities in seawater. The working principle of the proposed sensor depends on the fact that different
salinities in liquid have different relative permittivities and cause different resonance frequencies.
The proposed sensor can obtain better sensitivity to salinity changes than common sensors using
conductivity change, since the relative permittivity change to salinity is 2.5 times more sensitive
than the conductivity change. The patch and ground plane of the proposed sensor are fabricated
by conductive copper spray coating on the masks made by 3D printer. The fabricated patch and
the ground plane are bonded to a commercial silicon substrate and then attached to 5 mm-high
chamber made by 3D printer so that it contains only 1 mL seawater. For easy fabrication and
testing, the maximum resonance frequency was selected under 3 GHz and to cover salinities in real
seawater, it was assumed that the salinity changes from 20 to 35 ppt. The sensor was designed by the
finite element method-based ANSYS high-frequency structure simulator (HFSS), and it can detect
the salinity with 0.01 ppt resolution. The designed sensor has a resonance frequency separation
of 37.9 kHz and reflection coefficients under−20 dB at the resonant frequencies. The fabricated sensor
showed better performance with average frequency separation of 48 kHz and maximum reflection
coefficient of −35 dB. By comparing with the existing sensors, the proposed compact and low-cost
sensor showed a better detection capability. Therefore, the proposed patch sensor can be utilized in
radio frequency (RF) tunable sensors for salinity determination.
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1. Introduction

Low-salinity water inflow into seawater has been a problem in the mass stranding of conch,
abalone, farming fishes, etc. Rapid determination of salinity is required in order to cope with the
inflow, which is usually carried out by using conductivity-temperature-depth (CTD) and satellite
measurements [1–4]. The CTD has good accuracy, but the bulky CTD requires a great deal of human
resources and time to measure the salinity. The CTD also has difficulty in the measurement of seawater
surface properties. Satellites can measure only the salinity of seawater surface, and has poor spatial
resolution, making accurate salinity determination in small areas impossible.

To overcome these difficulties, a small and portable salinity sensor has been developed [5,6].
The portable sensor uses conductivity measurement for sensing salinity with the aid of an internal
temperature sensor. To monitor salinity levels in groundwater by using conductivity measurement,
researchers have demonstrated a copper solenoid coils-based sensor [7]. To achieve sufficient accuracy,
they have gone through several tests for calibration, which is a time-consuming process. Two new
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sensors based on the alteration of electromagnetic field for measuring water conductivity are reported,
which avoids periodic calibration [8]. However, these sensors have lower sensitivity and accuracy as
compared to CTD, and also suffer from erroneous data due to heat and small changes in the position
of the sensor. Recently, research on detecting liquid type and concentration by using microwave
frequency characteristics according to permittivity of the liquid has been reported [9,10]. Among
microwave based designs, microstrip patch antennas are low-cost, low profile, lightweight, and easy to
fabricate. Furthermore, they have narrow bandwidth and sharp frequency response as well, which is
useful for measuring a physical quantity when it is used as a sensor. Because of these advantages,
microstrip patch antennas have received a great deal of attention and microstrip patch designs have
recently been reported for the measurement of salinity [11,12]. For detection of sugar and salt content
in water, a Taconic TLY-5 substrate and a relatively large rectangular patch of 57.6 mm × 47.6 mm
and 39.41 mm × 30.8 mm were used, respectively. To supply the signal to microstrip patch sensor,
a direct contact with the patch by using a coaxial probe feeding technique was adopted [11]. For L-band
remote sensing of soil and sea surface salinity, a microstrip design based on a stacked-patch array to
feed a large mesh antenna and a large seven-element stacked patch array suitable for space applications
were reported [12].

In this paper, a compact and accurate salinity determination sensor is proposed. In contrast to
the existing sensors which use current to conductivity change, the proposed sensor uses the change
in the resonance frequency as a function of the medium permittivity. In other words, the sensor
is designed to have a particular resonance frequency according to unique permittivity, for which
the relationship between the resonance frequencies with the permittivity can be approximated by
a linear function. For actual sensor design, a microstrip patch design is adopted, which results in
a small size and low-cost sensor. ANSYS high-frequency structure simulator (HFSS) is used to design
and verify the proposed design. Finally, the sensor is fabricated with commercial parts, and the
proposed design is verified via an experiment which is conducted with distilled water having different
NaCl concentrations.

The rest of the paper is organized as follows. In Section 2, the proposed microstrip patch sensor
design and analysis is presented. The fabrication process of the salinity sensor and the experimental
setup for characterization is described in Section 3. The performance evaluation of the proposed
sensor through simulation and experimental results are discussed in Section 4. Section 5 presents the
conclusion of the paper.

2. Sensor Design and Analysis

It is well known that the conductivity and permittivity of seawater changes according to
changes of salinity and temperature. The surface temperature of seawater ranges from 10 to 30 ◦C,
but temperature below the permanent thermocline remains at approximately 10 to 15 ◦C. At fixed
temperature, permittivity and conductivity change according to salinity with constant rate, so the
salinity can be measured with the help of permittivity or conductivity value. However, the temperature
change can lead to inaccuracy in the measurement of the salinity. To obtain accurate salinity
determination, a Pt-resistance thermometer or thermistor is usually used for measuring temperature
and compensating bias of the salinity according to the temperature. The first-order approximate
expression for conductivity σ [13] can be expressed as follows:

σ = 0.098S + 0.0716T − 0.348 (1)

where S and T represent salinity and temperature, respectively. Similarly, the permittivity based on
Wentz equation [14–16] can be expressed as follows:

ε =
3.70886× 104 − 8.2168× 10T

4.21854× 102 + T
·exp

(
b0S + b1S2 + b2TS

)
(2)
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where b0, b1, and b2 are fitting coefficients determined as b0 = −3.56417× 10−3, b1 = 4.74868× 10−6,
and b2 = 1.15574× 10−5. Using Equations (1) and (2), conductivity and permittivity changes according
to temperature and salinity can be obtained as shown in Figure 1. It can be observed that the
slopes of permittivity and conductivity at fixed temperatures of 10 ◦C, 20 ◦C, and 30 ◦C are 0.244
and 0.098, respectively. Permittivity and conductivity variations at fixed temperature are 3.67 and 1.47,
respectively. These results indicate that permittivity change is 2.5 times more sensitive compared to
conductivity change. Based on this fact, better salinity determination performance can be expected by
the use of permittivity changes.
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Figure 1. (a) Conductivity of seawater according to salinity; (b) Permittivity of seawater according
to salinity.

For salinity determination, a microstrip patch antenna is proposed, which is shown in Figure 2a.
In the proposed design, both patch and ground plane are placed on the silicon substrates and a liquid
chamber is made between the silicon substrates. Consequently, the proposed sensor can detect salinity
with better accuracy by examining the resonance frequencies caused by different salinities.

The resonance frequency depends on width W, length L, relative permittivity εr, and thickness d
of the microstrip patch antenna [17,18]. Once the dimension of the patch is determined, the resonance
frequency only depends on εr. The proposed sensor is composed of a thin metal radiator patch and
a ground plane attached to a dielectric substrate. The empty space between the two patches is filled
with seawater. The cross-section of the proposed sensor is shown in Figure 2b, which shows three
dielectric layers.
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The relative permittivity of the sensor depends on the thickness and the relative permittivity of
the individual layers. To obtain good radiation efficiency, the thickness d of the sensor is calculated as
follows [17]:

d = din + 2dout, d� λ0 (3)

where λ0 is the free space wavelength at the resonance frequency. The thickness (d) should be much
smaller than λ0 for impedance matching between sensor and transmission line [17]. In this paper, λ0



Sensors 2017, 17, 2941 4 of 9

is 100 mm at the maximum resonance frequency of the designed sensor. Additionally, the designed
sensor thickness (d) is 5.2 mm, which is very thin compared to λ0. The relative permittivity (εr) of the
proposed sensor can be determined by the following [17–20]:

εr =
d

din
ε + 2 dout

εout

(4)

where din and ε are the height of the liquid chamber and the relative permittivity of seawater,
respectively, and dout and εout are the thickness and relative permittivity of the dielectric substrate,
respectively. Equation (4) implies that a thin dielectric substrate of high relative permittivity is desirable
to obtain a maximum permittivity change according to the salinity in seawater. To this end, a silicon
sheet is selected as a dielectric substrate which has 0.1 mm thickness and 11.9 relative permittivity.
Using finite element method-based simulations to achieve maximum radiation efficiency, a chamber
height (din) of 5 mm was obtained.

Since the resonance change according to salinities is relatively larger at higher frequency than
the change at lower frequency, subtle changes in concentration can be measured with high accuracy
and resolution at a higher resonance frequency. The proposed sensor has a linear resonance frequency
dependency on salinity. However, the maximum resonance frequency should be placed at a detectable
range. The proposed microstrip sensor has a higher resonance frequency at lower permittivity, and the
relative permittivity of seawater decreases as temperature and salinity increases. Therefore, the sensor
should be designed in such a way that the maximum resonance frequency ( frmax) is placed at minimum
permittivity (εrmin) obtained from the considered temperature and salinity range. By using εrmin and
frmax, width (W) and length (L) of the patch sensor can be obtained as follows [17]:

W =
c

2 frmax

√
2

εrmin + 1
(5)

L =
c

2 frmax
√

εre f f m
− 2 ∆L (6)

∆L =
412d

(
εre f f m + 0.3

)(
W
d + 0.264

)
(

εre f f m − 0.258
)(

W
d + 0.8

) (7)

εre f f m =
εrmin + 1

2
+

εrmin − 1

2
√

1 + 12 d
W

(8)

where εre f f m represents the effective permittivity of εrmin, c is the speed of light, and ∆L is the extended
length due to fringing effect. In the above equations, there is a linear resonance frequency dependency
on the effective permittivity of layered structure, and the effective permittivity can be directly computed
from Equation (4). For design simplicity, maximum frequency, range of temperature, and the salinity
are selected as 3 GHz, 10–30 ◦C, and 20–35 ppt, respectively. The εrmin is calculated for the maximum
temperature and maximum salinity within the specified range, then εrmin is 58.15 when temperature
is 30 ◦C and salinity is 35 ppt according to Equations (2) and (4). The parameters of the patch calculated
from Equations (5)–(8) are W of 9.2 mm and L of 4.5 mm. The patch parameters g, x0, Wm, and L f
are calculated by using [17]. The g and x0 are parameters of the inset feed for efficient feeding.
The parameters of the microstrip feed line Wm and L f are required for impedance matching with 50 Ω
microstrip line. By adjusting the sensor parameters including W and L with HFSS for full wave analysis,
the final design parameters of the feed inset microstrip patch antenna are obtained and summarized as
in Figure 3 and Table 1.
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Table 1. Dimension of the feed inset microstrip patch antenna.

Parameters Unit (mm) Parameters Unit (mm)

Wg 20 Wm 3
Lg 10 L f 2.2
W 8.7 g 0.87
L 4.1 x0 1.5

3. Sensor Fabrication and Experiment Setup

The proposed sensor was fabricated by using a conductive copper coating material by MG
Chemicals Inc. (Surry, BC, Canada), a 3D printer by 3Dison Inc. (Seoul, Korea), and a silicon substrate
by K-silicon Inc. (Seoul, Korea). To make the patch and ground plane with conductive copper
coating material, two masks were made by using a 3D printer. Then, the copper coating material was
sprayed over the masks placed on silicon substrate with a coating having a thickness of a few hundred
nanometers. After bonding both patches on the silicon substrates and attaching the patches on the
chamber made by 3D printer, the sensor which has dimensions of 20 mm × 10 mm × 5 mm and can
contain 1 mL of seawater was finally made. The manufactured sensor is shown in Figure 4a.

To measure the resonance frequency shift, the fabricated sensor was characterized by using
a calibrated Agilent Technology vector network analyzer (VNA) (Agilent Technology, Santa Clara,
CA, USA) connected with a 50 Ω transmission line and a 50 Ω RF SubMiniature version A (SMA)
connector. (Agilent Technology, Santa Clara, CA, USA). To verify the resonance change to salinity
determination, an experiment was performed by adding NaCl to distilled water. The experimental
setup is shown in Figure 4b.
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4. Results and Discussion

The ANSYS HFSS was utilized for full wave analysis of the proposed sensor design. By sweeping
the frequency from 2.5 to 3.2 GHz, the reflection coefficients (S11) according to salinity at fixed
temperature were obtained as shown in Figure 5a. The Figure 5a shows the reflection coefficients at
resonance frequencies obtained at a salinity of 20 ppt and 35 ppt at temperatures of 10 ◦C and 30 ◦C.
The reflection coefficients were below −20 dB, which indicates that the load impedance of the design
matches well with various seawater conditions. Figure 5b represents resonance frequencies to salinities
at temperatures of 10 ◦C, 20 ◦C, and 30 ◦C, which are obtained with 0.5 ppt salinity increment. The blue,
green, and red lines are approximated first-order interpolation functions with which the frequency
separation—difference between resonance frequencies represented by blue and green or between
green and red lines—of 57 MHz and maximum resonance frequency of 2980 MHz were obtained at
a temperature of 30 ◦C. The estimated first-order interpolation function of resonance frequency ( fr)
can be written as follows:

fr = 3.79S + (2679 + 5.6T) (9)

where S and T represent salinity and temperature, respectively. The interpolation error is 0.38 ppt,
which is five times better than commercial salinity determination sensors [5,6]. Furthermore,
the proposed sensor can detect a 0.01 ppt change in salinity by differentiating resonance frequency
change with 37.9 kHz resolution. The resonance frequencies at a temperature of 20 ◦C are shown in
Figure 6, which exhibits twice better resolution than sensors in [5,6].
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Next, the proposed sensor performance according to fabrication error was analyzed. Fabrication
error of ±10% is considered in both parameters W and L, which results in W = 9.2 ± 0.92 mm
and L = 4.5± 0.45 mm. The reflection coefficient changes according to errors in patch W and L at
temperature of 20 ◦C and salinity of 25 ppt are shown in Figure 7a,b, respectively. The fringing field is
formed at the edges of the patch and ground plane in the direction of the microstrip line; therefore,
it can be expected that the error in W does not affect resonance frequency, but on radiation efficiency.
However, fabrication error in L affects resonance frequency, which shifts to lower frequency with larger
values of L and to higher frequency with smaller L. The reflection coefficient becomes 15 dB smaller as
error in L increases. Figure 8 represents first-order interpolation functions of resonance frequencies
changes to ±10% error in L with 0.5 ppt salinity increment. It can be observed that the frequency
separation between 20 and 35 ppt salinities remains the same as 57 MHz, whereas ±16 MHz frequency
bias occurs.
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The performance of the proposed sensor is compared with existing sensors and summarized as
in Table 2. The accuracy and resolution of the proposed sensor are better than the portable sensor,
but poorer than CTD. However, the proposed sensor can determine salinity at the sea surface, which is
not possible with CTD, and it can be fabricated with low cost and in compact size.
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Table 2. Performance and characteristics of salinity sensors. CTD: conductivity-temperature-depth sensor.

Microstrip Sensor Portable Sensor [6] CTD [21]

Accuracy (uncertainty) 0.38 ppt 2 ppt 0.05 ppt
Resolution 0.01 ppt 0.02 ppt 0.004 ppt

Price Low Low High
Specimen volume Small Small Large

Surface measurement Yes Yes No

The measured reflection coefficients of the fabricated sensor at temperature of 20 ◦C in the
frequency range of 2.5 to 3 GHz are shown in Figure 9. As shown in Figure 9a, the measured reflection
coefficients for different salinities are smaller than or equal to −35 dB. The measured reflection
coefficients to salinity with 2.5 ppt increment are shown in Figure 9b, which reveals that the fabricated
sensor has approximately 5% fabrication error in L. This small fabrication error results in a 59 MHz
frequency separation, which is 2 MHz greater than the simulation. The resonance frequency change
to 0.01 ppt is shown in the inset of Figure 9b and shows an average frequency separation of 48 kHz,
which is 26.6% better separation than simulation results of 37.9 kHz.
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5. Conclusions

A compact microstrip patch sensor is proposed to measure salinity in seawater. The sensor is
designed to have resonant frequency less than 3 GHz between 20 and 30 ppt salinity. The performance
of the sensor design was verified through HFSS simulation. The simulation results showed 37.9 kHz
resonance frequency separation with 0.01 ppt salinity resolution and maximum −20 dB reflection
coefficients at the resonant frequency. The proposed sensor was fabricated by using conductive copper
spray coatings, silicon substrate, and 3D printer. The patch and ground plane attached to the silicon
substrate were bonded to a 5 mm-high chamber made by 3D printer that contained 1 mL seawater.
To verify the proposed sensor performance, experiments were conducted by adding different amounts
of NaCl to distilled water. Experimental results showed that the fabricated sensor had an average
of 48 kHz frequency separation for 0.01 ppt salinity resolution and maximum −35 dB reflection
coefficient. These results prove that we can easily measure salinity in seawater with the proposed
low-cost senor. This work could be extended to a self-contained system for measuring salinity in
marine life.
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