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Abstract: A water-in-diesel microwave sensor based on a substrate integrated waveguide (SIW)
microwave applicator is designed and characterized in this study. The interaction between the
microwave electromagnetic field and the diesel fuel contaminated with small concentrations of water
is obtained via suitable radiating slots placed on the top of an SIW waveguiding structure. The SIW
applicator working frequency is chosen by observing the behavior of the complex dielectric permit-
tivity of the fuel–water blend based on a preliminary wide band investigation. The performances of
the SIW microwave sensor are evaluated in terms of scattering parameter modulus |S21| as a function
of the water concentration in ppm. The best sensitivity ∆|S21|

∆ρ = 1.42 mdB/ppm is obtained at a

frequency of f = 9.76 GHz, with a coefficient of determination R2 = 0.94. The sensor is low-cost, low
profile and ensures a good sensitivity for constant and real-time monitoring.

Keywords: substrate integrated waveguide (SIW); microwave sensor; water-in-fuel monitoring

1. Introduction

The monitoring of hydrocarbon quality is an important goal, not only for modern
automotive, industrial and aerospace applications, but also in view of the next uses of
biodiesel fuel generation [1,2]. There are many different contaminants that can compromise
hydrocarbon quality, such as alcohol, water, ethanol, and oils [3–5]. Monitoring should
be fast, accurate and real time, because these contaminants could alter the lubrification
properties of fuel and reduce motor performance. In particular, they could alter the viscosity,
density, and boiling point of the hydrocarbons [6]. In general, traditional laboratory
techniques, such as an evaporation test, distillation, gas chromatography, etc., useful to
identify the quality of petroleum liquid and its derivative products, are more expensive and
introduce a delay time for analysis. Microwave sensor techniques provide an interesting
alternative approach [5–11].

Water in fuel also causes the corrosion of metallic parts [1]. Therefore, conformity and
quality standards must be respected for suitable fuel employment. For example, with refer-
ence to water in fuel concentrations, EN590 is the European rule defining the standard for
automotive and ASTM D1655 for aerospace applications [12–14]. In particular, regarding
automotive applications, the water content in fuel must not be over 500 ppm [15]. Water
contamination can be detected by using different electromagnetic technologies, including
optical fiber gratings and microwave reflection techniques [14–20]. Microwave (MW) sen-
sors can be very efficient devices for real-time water detection, since the dielectric constant
of water, εr,H2O = 70, is about 40 times the dielectric constant of diesel fuel, εr, f uel = 1.75, at
the frequency f = 10 GHz. Many different kinds of devices have been proposed, including
coaxial antennas and microstrip sensors, stacked multi ring resonators (SMRR) or verti-
cally stacked ring resonators (VSRR), and microwave resonant cavities [5–11,14,15,20–24].
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Microstrip technology, in addition to having a number of practical advantages, allows to
design compact and integrated devices, but it does not guarantee a complete confinement
of the electromagnetic (EM) field and suffers radiating losses. On the other hand, substrate
integrated waveguide (SIW) technology allows to obtain compact and low-cost solutions,
good performances, integration of active and passive devices on a single substrate, good
EM field guidance, a reduction in insertion and radiation losses, and the use of higher
power [25–29]. SIW technology is employed in many fields, including aerospace, medical
therapy, industrial monitoring, and free-space communications, thanks to the easiness of
its construction process [30–39].

In this work, a microwave SIW applicator for water-in-fuel detection is designed and
constructed. To the best of our knowledge, the microwave frequency range f = 9− 11 GHz
is investigated to this aim for the first time, allowing the creation of a very compact
device. The sensor characterization, using a vector network analyzer (VNA), confirms the
simulation results with a quite good agreement. These performances are intriguing when
compared to the literature results [14,15,22].

2. Water-Fuel Blend Characterization

The SIW microwave applicator is designed to work in the frequency range f = 9− 11 GHz
with CST Studio Suite® software. This frequency range was chosen by observing the be-
havior of the complex dielectric permittivity of the fuel–water blend, on the basis of a
wide-band investigation performed with a SPEAG DAK 3.5 probe [40] and a N9927A
FieldFox Handheld Microwave Vector Analyzer by Keysight [41]. This preliminary investi-
gation has highlighted changes in complex dielectric permittivity at the aforementioned
frequencies, thus promising potential applications for sensing.

Five fuel samples were prepared containing different concentrations of contaminant
water. In particular, ρ = 0 ppm (pure diesel), ρ = 50 ppm, ρ = 200 ppm, ρ = 500 ppm, and
ρ = 1000 ppm of water were prepared. Water concentrations higher than ρ = 500 ppm
were not investigated because they are not interesting for practical applications, as they are
over the acceptable limits regarding water contamination. The concentration ρ = 1000 ppm
has been taken into account to verify the characteristics slope for extreme contaminations.
Figure 1 shows the SPEAG DAK 3.5 probe-N9927A VNA characterization set-up. For each
sample, the dielectric constant measurement was repeated seven times. These measurement
results have been averaged to reduce measurement noise and fitted with a polynomial.
Table 1 reports the order and the coefficient of determination R2 of the polynomial fitting the
five measured dielectric constant curves. The fitting order has been chosen to maximize R2.

The measured complex dielectric constants for the five samples as functions of the
frequency are reported in Figure 2 (real part ε′) and Figure 3 (imaginary part ε′′ ).
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Table 1. Order and coefficient of determination R2 of the polynomial fitting the measured dielectric
constant curves.

Sample Fitting Order R2 of the Polynomial Fitting

ρ = 0 ppm 8 0.95
ρ = 50 ppm 3 0.93

ρ = 200 ppm 3 0.97
ρ = 500 ppm 9 0.91
ρ = 1000 ppm 8 0.90
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It is worth observing that the real part ε′ increases as the water concentration increases
in a wide frequency range, f = 8− 13 GHz. To obtain reference values for the ad hoc-
designed water–diesel fuel blend SIW applicator, we directly considered the SPEAG DAK
3.5 probe-N9927A VNA-measured characteristics. In particular, by choosing different
frequencies, e.g., f = 9, 10, 11, 12, 13 GHz, different sensing characteristics, i.e., regression
curves, can be drawn, as reported in Figure 4. At these frequencies, a direct proportionality
between the water concentration ρ and the real part ε′ occurs. Therefore, they are of interest
for sensing applications. On the contrary, the frequencies f < 7 GHz or f > 14 GHz are
not considered. The characteristics are quite similar, even if with a different coefficient of
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determination R2, indicating the proportionate amount of variation in the response variable
explained by the independent variable in the linear regression model. We underline that
this preliminary investigation has been performed to roughly identify a frequency range
where the variation in the complex dielectric constant with water concentration promises
potential applications to be investigated.
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Table 2 reports the measured sensitivities for the five curves of Figure 4, confirming this
observation. The direct proportionality between the real part ε′ and the water concentration
ρ pave the way to design an ad hoc water in diesel microwave sensor.

Table 2. Sensitivities of the SPEAG DAK 3.5 probe-N9927A VNA as a water-in-fuel sensor for
different frequencies.

Frequency (GHz) Sensitivity ∆εr
∆ρ (×10−3/ppm) R2

9 0.399 0.79
10 0.395 0.82
11 0.376 0.86
12 0.344 0.88
13 0.304 0.91

3. Applicator Design

The aim of the design is to obtain a low cost, planar/low-profile and compact (of
few square centimeters) microwave applicator, providing good performance in terms of
sensitivity and resolution, even if operating at a single frequency, to be employed in a
simple online set-up, for example including a microwave source and an MW power meter.

The employed dielectric substrate is Rogers RT/duroid 5880 (εr = 2.2, tan δ = 0.0009)
of commercial thickness hsub = 1.575 mm, whereas metallic parts are made of copper
(σ = 5.8× 107 S/m) with thickness h = 0.035 mm.

The design and characterization of the SIW applicator is performed with reference
to both the air and water-in-diesel surrounding medium (background). In the case of the
water-in-diesel background, the measured complex dielectric constant of Figures 2 and 3
have been considered.

3.1. Single Slot SIW Applicator in Air

The first geometry, reporting the main parameters, is shown in Figure 5. The prelimi-
nary values of the geometric parameters are reported in Table 3. The geometry depicted in
Figure 5 is obtained considering an SIW guide fed by a microstrip line. The strip line sizes
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W f eed and L f eed are designed to ensure a characteristic impedance Z0 = 50 Ω [42]. The vias
diameter d, the center–center distance s, and the other preliminary geometrical values are
chosen following [25–29]. The slot ensures the radiation of the EM field and its interaction
with the fuel samples.
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Table 3. Main geometric parameters of the designed single-slot SIW applicator in air.

Parameter Value Description

Lsub 35 mm Substrate length
Wsub 25 mm Substrate width
Lguide 14.3 mm SIW length
Wguide 13.8 mm SIW width
W f eed 4.7 mm Microstrip line width
L f eed 10.35 mm Microstrip line length
Wslot 0.3 mm Slot width
Lslot 10.05 mm Slot length

s 0.75 mm Center–center distance of vias
d 0.5 mm Vias diameter

Figure 6 shows the equivalent circuit of the single-slot SIW applicator [43–45]. The
distributed-constants network, modelling the input and output microstrip transmission
lines, includes the series impedance Z = R + jωL per unit length and the shunt admittance
Y = G + jωC per unit length. The inductance Ls and the capacity Cs model the transverse
slot [43,44].
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Figure 7 shows the distribution of the modulus of the electric field irradiated by the
slot in the xy plane, i.e., at the upper metal layer. The discontinuity between the feeding
microstrip line and the SIW tends to confine the electric field near to the slot, as in a slotted
resonant-like structure, improving the interaction with the fuel samples.
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in air.

The first optimization regards the SIW length Lguide. Starting from the preliminary
value reported in Table 3, Lguide = 14 mm, larger values have been simulated until
Lguide = 20 mm, by considering a change step ∆Lguide = 2 mm. The extreme of the range
Lguide = 20 mm is arbitrarily fixed to guarantee a high compactness degree.

The modulus of the scattering parameters S11 and S21 as a function of frequency f
for different values of the SIW length Lguide has exhibited a bandwidth increase and an in-
creased impedance matching at the fixed extreme value Lguide = 20 mm. The optimization
of the radiating slot is performed with the aim of further improving the device operation.
Figure 8 shows the modulus of the scattering parameters S11 (solid curves) and S21 (dotted
curves) as a function of frequency f for different values of the slot width Wslot. As the
slot width becomes smaller, a better impedance matching can be observed. However, the
extreme Wslot = 0.2 mm was arbitrarily fixed to allow a sufficient interaction between mea-
surand background and EM field. Many other optimizations were performed by varying
slot length Lslot, center–center vias distance s, and vias diameter d, but the performances
were worse.

3.2. Cross Slot SIW Applicator in Air

The SIW applicator geometry is modified with the aim to improve the sensing per-
formances. Two half geometries, allowing half mode behavior, of the previous applicator
are placed in close position and coupled via a gap, named the horizontal slot. The further,
horizontal, slot is designed to enhance the interaction between the EM field and the fuel
samples. The new geometry, reporting the main parameters, is shown in Figure 9. The
preliminary values of the geometric parameters are reported in Table 4. For this SIW
applicator, asymmetric input and output microstrip lines are designed. This is justified by
considering that it is similar to the composition of two half-mode structures.

Figure 10 shows the equivalent circuit of the cross-slot SIW applicator [43–45]. The
equivalent circuit is composed by two circuits similar to the previous one. Each of them
refers to one of the two half-mode structures. The proximity coupling is modelled via the
mutual inductance of M12, the effect of the cut on the half-mode structure is modeled by a
properly high value load impedance ZL.
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The SIW length is again set at Lguide = 20 mm. The optimization has regarded the
parameters of slot width Wslot, slot length Lslot, and gap width Wgap.
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Table 4. Main geometric parameters of the designed cross-slot SIW applicator.

Parameter Value Description

Lsub 35 mm Substrate length
Wsub 25 mm Substrate width
Lguide 20.3 mm SIW length
Wguide 6.9 mm SIW width
W f eed 4.7 mm Microstrip line width
L f eed 7.5 mm Microstrip line length
Wslot 0.3 mm Slot width
Lslot 4 mm Slot length
Wgap 0.3 mm Gap width

s 0.75 mm Center–center distance of vias
d 0.5 mm Vias diameter
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Figure 10. Equivalent circuit of the cross slot SIW applicator.

For the slot width Wslot, the parametric investigation is performed in the range
Wslot = 0.2− 0.4 mm. The modulus of the scattering parameters S11 and S21 as a func-
tion of the frequency f for different values of slot width Wslot is simulated. As the slot
width Wslot decreases, the impedance matching increases. The best value is Wslot = 0.2 mm.
This value is a trade-off. A narrower slot is not investigated, as previously discussed in
Section 3.1. Moreover, good impedance matching with |S11|= −22 dB at the frequency of
f = 9.6 GHz is reached. A further decrease in the length of Wslot is not interesting and
could cause an interaction reduction with the background.

The gap width Wgap is varied in the range of Wgap = 0.2− 0.4 mm. Figure 11 shows the
modulus of the simulated scattering parameters S11 (solid curves) and S21 (dotted curves)
as a function of the frequency f for different values of gap width Wgap. Additionally, the
gap width modifies the applicator impedance matching. The best value is Wgap = 0.2 mm,
ensuring the maximum transmission bandwidth and the minimum scattering parameter
modulus |S11|. The impedance matching with |S11|= −23 dB at the frequency f = 9.6 GHz
is obtained.
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as a function of the frequency f for different values of Wgap.

The slot length Lslot is varied in the range of Lslot = 4.9− 5.3 mm in order to ensure
the maximum interaction between the fuel sample and the sensor. The modulus of the
scattering parameters S11 and S21 as a function of the frequency f has been simulated for
different values of Lslot. As the slot length Lslot decreases, the impedance matching in-
creases, and the bandwidth becomes larger. The impedance matching with |S11|= −19 dB
at the frequency of f = 9.6 GHz is simulated for Lslot = 4.9 mm.

After all the optimizations, the optimal geometrical dimensions for the cross-slot SIW
device are reported in Table 5. These values ensure a good impedance matching and the
wide bandwidth in the 9–10 GHz range. The device is also compact and low-profile.
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Table 5. Optimized geometric parameters of the designed cross-slot SIW applicator.

Parameter Value Description
Lsub 35 mm Substrate length
Wsub 25 mm Substrate width
Lguide 20 mm SIW length

Wguide/2 6.9 mm Half SIW width
W f eed 4.7 mm Microstrip line width
L f eed 7.5 mm Microstrip line length
Wslot 0.2 mm Slot width
Lslot 4.9 mm Slot length
gap 0.2 mm Gap distance

s 0.75 mm Center–center distance of vias
d 0.5 mm Vias diameter

4. Simulation of Cross-Slot SIW Applicator as Sensor Water-in-Diesel Background

To evaluate the cross-slot SIW applicator performances as a water-in-fuel sensor,
the measured dielectric constants of the five samples were imported into the simulation
CST Studio Suite® software. A similar investigation to that reported in Section 3 was
performed, showing that the same SIW structure could be employed with a water-in-diesel
background, allowing a promising performance without further refinement. In other
words, the dielectric constant of air and the real part ε′ of the diesel dielectric constant at
the considered frequencies f are sufficiently close.

In fact, Figure 12 illustrates the modulus of the scattering parameters S11 (solid curves)
and S21 (dotted curves) as a function of the frequency f for air (black curve) and pure diesel
(blue curve) backgrounds. The impedance matching with |S11|= −18 dB at the frequency
f = 9.5 GHz for the diesel background is good enough.
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The percentage change on the modulus of the scattering parameter S21, obtained by
simulating the diesel sample (i) in contact and (ii) placed at the distance dair = 0.1 mm from
the top metallic layer, is below ∆S21 = 9%. However, the distance dair can be eliminated in
practical application after an easy mechanical optimization.

The percentage change in the modulus of the scattering parameter S21 obtained by
simulating the diesel sample in contact with the top metallic layer and the radiating slots
(iii) filled with diesel and (iv) filled with air is of the order of ∆S21 = 1.3%. Additionally,
this error can be eliminated by a direct contact of the applicator with diesel flux.
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Figure 13a shows the modulus of the simulated scattering parameter S21 as a function
of the frequency f for the five different water concentrations. Figure 13b is a magnified view
of the matching frequency f = 9.5 GHz. It shows that, as the water concentration increases,
the modulus of the scattering parameter S21 decreases. The variation is quite linear. The
values of the modulus of the scattering parameter S21 for the five water concentrations at
frequency f = 9.2 GHz are listed in Table 6.
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Table 6. Cross-slot SIW. Modulus of the simulated scattering parameter S21 for the five water
concentrations at frequency f = 9.2 GHz.

Water Concentration ρ (ppm) |S21|@9.2 GHz (dB)
0 −3.033
50 −3.718
200 −3.827
500 −3.930
1000 −4.778
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The simulated sensor sensitivity can be calculated as

∆|S21|
∆ρ

= 1.39 mdB/ppm @ 9.2 GHz

The coefficient of determination is R2 = 0.85, which is quite good.

5. Cross-Slot SIW Applicator Characterization, Air Background

The cross-slot SIW applicator was constructed and characterized. Figure 14 shows the
fabricated device.
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Figure 14. Constructed cross-slot SIW applicator.

The cross-slot SIW applicator was characterized with air as the background, i.e.,
without considering the fuel sample to be detected, with the VNA Keysight FieldFox. The
measured modulus of the scattering parameters S11 and S21 as a function of the frequency
f is shown in Figure 15 (solid curves) and compared with the simulated parameters
(dotted curves). The results are in agreement with the simulations. A right shift of about
∆ f = 0.5 GHz can be seen for both S11 and S21 curves. This behavior can be caused by the
fabrication tolerance leading to a little mismatch between the geometric dimensions of the
fabricated device and the nominal/optimized ones reported in Table 5.
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6. Cross-Slot SIW Applicator Characterization, Water-in-Diesel Background

The same fuel samples, characterized in Section 2 and simulated in Section 4, were
used for testing the cross-slot SIW applicator as a water-in-fuel sensor. The bag containing
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the fuel samples is constituted by polyethylene. Figure 16 shows measurements proving
that it can be considered transparent, allowing complete radiating field transmission, and
does not affect the water-in-diesel characterization.
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Figure 16. Cross-slot SIW. Modulus of the scattering parameters S11 (solid curves) and S21 (dotted
curves) as a function of the frequency f measured in air (blue curves), measured with polyethylene
(red curve), and simulated (black curves).

The complete measurement set-up is shown in Figure 17a. It is composed by the
VNA Keysight FieldFox, connected to the constructed cross-slot SIW applicator. Figure 17b
shows the plastic bag as transparent at microwave frequencies and placed on the applicator.
Its stability is ensured by an appropriate support.
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Figure 17. (a) Measurement set-up using the Keysight VNA N9927A FieldFox and the constructed
cross-slot SIW applicator as a water-in-fuel sensor; (b) magnified view of one of the measured
fuel samples.

Figure 18a shows the measured modulus and Figure 18b the measured phase of
the scattering parameter S11 as a function of the frequency, for the five different water
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concentrations ρ. These curves do not allow us to easily obtain a sensing characteristic
since no change proportional with the water concentration is observed.
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Figure 18. (a) Measured modulus of the scattering parameter S11 as a function of the frequency and
(b) measured phase of the scattering parameter S11 as a function of the frequency for the five different
water concentrations ρ.

Figure 19a shows the measured modulus and Figure 19b the measured phase of
the scattering parameter S21 as a function of the frequency f for the five different water
concentrations ρ. As expected, no S21 phase shift can be observed with variations in water
concentration. On the contrary, the measured modulus varies quite linearly, as predicted
by simulations. It is affected by the radiated power interacting with the sample, which
allows the sensor operation. As for the simulated parameters of Figure 15, the modulus of
the scattering parameter S21 decreases as the water concentration increases, showing an
inverse proportionality.

Table 7 reports the values of the measured modulus of the scattering parameter S21 for
the different concentrations at a frequency of f = 9.76 GHz, where the |S21| is maximized
for all the five curves.
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Figure 19. (a) Measured modulus of the scattering parameter S21 as a function of the frequency and
(b) measured phase of the scattering parameter S21 as a function of the frequency for the five different
water concentrations ρ.

Table 7. Measured modulus of the scattering parameter S21 for the five water concentrations at a
frequency of f = 9.76 GHz.

Water Concentration ρ (ppm) |S21|@9.76 GHz (dB)

0 −6.17
50 −6.48
200 −7.21
500 −7.68

1000 −8.49
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Figure 20 shows the measured modulus of the scattering parameter S21 as a function
of the water concentration. The proportionality is quite linear, so it is possible to calculate
the sensitivity as

∆|S21|
∆ρ

= 1.42 mdB/ppm @ 9.76 GHz
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The coefficient of determination is R2 = 0.94, which is in excellent agreement with the
simulation illustrated in Section 4. Considering the VNA N9927A resolution ∆S21 = 0.01 dB,
the proposed set-up is able to measure a minimum variation in water concentration of
∆ρ ≈ 7 ppm [41]. The SIW applicator is intriguing for its compactness and performances
even when compared with the literature [14,15,22]. It could be employed with a single
frequency source and an MW power meter in order to obtain an online and low-cost system
for diesel quality detection.

The response of the microwave sensor is practically immediate due to the instanta-
neous interaction of the microwave with the sample. It is worth noting that a potential
industrial application for on-time/online measurement could be feasible if the water-in-
diesel solution flowed in a microwave-transparent tube, in contact with the sensor like the
bag used in this paper. In this case, the tube walls should be continuously washed and in
contact with the flow to be monitored, thus allowing an instantaneous sensor response.

The influence of temperature on the applicator response is not significant for rela-
tively large changes. In fact, the thermal expansion causes a negligible variation in the
sensor size and, as a consequence, a negligible variation in the chosen resonant frequency.
This slight variation does not affect the applicator performance since it can operate over
the wide frequency range of f = 9 − 11 GHz. Due to the temperature dispersion of
the complex dielectric constant of the samples, a calibration could be required for large
temperature changes.

The main limitation of the proposed applicator is the low selectivity. Generally, mi-
crowave sensors are characterized by a low selectivity, since they are based on the dielectric
constant variation of the measured sample. Dielectric constant variation can depend on a
number of potential contaminants/concentrations for a given wavelength. However, water
contamination is the predominant one occurring in the diesel production/supply chain,
and the proposed microwave monitoring is interesting in practical application.

Table 8 reports the comparison between the proposed applicator and the literature
results. The proposed sensor exhibits the best sensitivity ∆|S21|/∆ρ [14,15,22].
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Table 8. Comparison between this work’s results and literature results.

References Sensitivity ∆|S21|
∆ρ (mdB/ppm)

[14] 0.4
[15] 0.6
[22] 0.0872

This work 1.42

7. Conclusions

In this paper, a water-in-diesel sensor based on an SIW microwave applicator has
been designed, constructed, and characterized. This characterization has confirmed the
simulated performances in terms of bandwidth and impedance matching. Five water-
contaminated fuel samples have been characterized in terms of dielectric constant fre-
quency dispersion with a SPEAG DAK 3.5 probe. The same samples were detected with
the designed SIW applicator allowing a water-in-diesel monitoring with a sensitivity of
∆|S21|/∆ρ = 1.42 mdB/ppm at a frequency of f = 9.76 GHz with a coefficient of determi-
nation R2 = 0.94. The minimum variation in water concentration with the proposed set-up
is ∆ρ = 7 ppm. The applicator is interesting because it is low-cost and low-profile, and it
could be employed with a single frequency source and an MW power meter.
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