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ABSTRACT The Drivability Index (DI) of gasoline is a measure of fuel performance of engine operations.
Therefore, distinguishing a gasoline of specific DI in advance is useful for improving engine efficiency
and maintenance. We consider the problem of distinguishing between normal gasoline and HiDI (High DI)
gasolines and propose an electromagnetic wave-based rectangular cavity sensor. For commercialization,
it is designed to have a simple structure and basic resonance mode TM110 in the common frequency range
of 5 GHz to 6 GHz. The proposed sensor has a simple structure of monopole radiating electromagnetic
waves and a metal rectangular cavity containing gasoline samples. By considering one commercial normal
gasoline sample of permittivity 2.157 and five HiDI gasoline samples of permittivity in the range of 2.018 to
2.218, we obtain 11.5 MHz resonance separation at room temperature to the closest HiDI sample from the
simulation and 8 MHz resonance separation from the fabricated sensor experiment. To verify the feasibility
of the fabricated sensor under temperature variation from 0◦C to 20◦C, we derived a simple linear distinction
function of resonance frequency and S11 parameter and obtained a minimum 4.4MHz resonance separation.
These results showed that the distinction performance for normal gasoline is robust to temperature variations.
Furthermore, we showed that the distinction property is robust to design parameter errors, installation
position variations and sensing time variations. These results show that the proposed sensor can be utilized
effectively for distinguishing normal gasoline.

INDEX TERMS Cavity resonator sensor, DI (drivability index), gasoline, permittivity, resonance,
S11 parameter frequency.

I. INTRODUCTION
Gasoline, also referred to as gasolene, is a homogeneous
mixture of volatile chemical constituents used as fuel for
internal combustion engines [1]. It is well-known to automo-
bile engineers that the volatility of gasoline plays a critical
role in affecting vehicle drivability and operation [2]. The
DI index is defined as the temperature at which specified
fractions of the sample are distilled, and it is closely related
to volatility. An appropriate drivability index leads to smooth
acceleration, ease in engine cold-start/warm-up operations
and no or far less surge while driving. A sufficient amount
of gasoline is required to initiate combustion; otherwise,
incomplete combustion may lead to unnecessary emission
and exhaustion due to the additional hydrocarbons from the
unburned portion of gasoline [3]. The design of the HiDI
sensor can be of great assistance in properly adjusting the
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air-to-fuel ratio before combustion. To make such a sensor
robust, it must quickly perform measurements and be small
in size. These features would allow it to be easily mounted
inside the fuel inlet or the fuel tank.

Most DI sensors measure fuel volatility by measuring the
temperature or the rate of fuel level as a function of the
fuel temperature after combustion. Recently, DI estimation
was performed in the study presented by Lambert et al. [4]
These researchers placed gasoline samples between parallel
aligned capacitor plates. This sample was then heated, and the
change in capacitance of the sensing element wasmeasured in
reference to time and temperature [4]. Another study approx-
imated the volatility of low and high DI gasoline during
cold starts, utilizing wide range platinum resistance temper-
ature detectors (RTDs) to relate the temperatures of engine
out exhaust gas to definite engine out exhaust air/gasoline
ratios [5]. Moreover, an algorithm for fuel delivery correc-
tions by monitoring fuel combustion in a cylinder is reported
[6]. This technique consumes fuel and has a long latency
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time for fuel combustion and heating. Therefore, sensors
based on microwaves become better candidates, since they
are nondestructive, enable compact size configurations for
fitting inside fuel tanks and take significantly less time for
detection.

Recently, myriad studies have offered microwave-based
techniques for the identification and observation of numer-
ous liquid samples [7]–[12]. These techniques offer a
cost-effective and simple solution to the sensing problem
where sensing takes place due to the interaction between the
sample and resonating modes of electromagnetic waves. This
interaction results in changing the dielectric of the observed
sample which, in turn, changes the signal frequency, phase
and amplitude or causes reflection. Hence, by determining
changes in resonance frequency, reflection and transmis-
sion coefficients according to the contents inside the cavity,
various materials can be characterized.

Following this principle, cavity designs have been widely
used for measuring the permittivity of the object because of
their high quality (Q) factor [13]. Oon et al. [14] analyzed
a two-phase gas–liquid flow regime in a pipeline using a
difference in permittivity according to the change in the ratio
of water and air components. Therefore, the change in per-
mittivity according to the ratio of components is very large,
making it a less sensitive sensor.

Other than the high Q factor, resonant cavities offer such
advantages as easy fabrication, minimal sample requirement,
greater accuracy due to their resonant characteristics [15],
[16] and better sensitivity [17] when resonant frequency
points are considered explicitly. A sensor based on waveg-
uide cavity shape was proposed for chemical liquid sensing
by Memon and Lim [18]. Similarly, Karuppuswami et al.
[19] proposed a rectangular cavity sensor fabricated by a
3D printer for liquid detection. Following the cavity design,
a cylindrical cavity sensor for gasoline DI distinction was
proposed by Lee et al. [20].
In this article, a microwave-based sensor for the distinction

of normal gasoline from HiDI gasolines is proposed. The
as-developed sensor design is based on a rectangular metal
cavity enclosure, which results in a small size and easy fabri-
cation. The designed sensor was experimentally verified and
demonstrated using anANSYS high-frequency structure sim-
ulator (HFSS) and a vector network analyzer (VNA), which
shows the consistency of the simulations with experiments.
Additionally, the robustness of the sensor to temperature vari-
ations was also verified by conducting different experiments.
The sensor shows an obvious change in resonance frequency
with the change in DI, which can be effectively used for the
distinction of normal gasoline and HiDI gasoline.

There are three main contributions of the proposed sensor:
the first is its ability to distinguish various gasolines despite
the very small difference in relative permittivity (2.018 to
2.218) withminimum 4.4MHz resonance separation; the sec-
ond is its robustness towards temperature variations for the
distinction of normal and HiDI gasolines without any sig-
nificant compromise on sensitivity and accuracy; the third

is its reliability and stability to design errors and installation
position errors.

Our paper is organized as follows. Section 2 describes the
rectangular cavity theory and sensor modeling along with an
error analysis of the sensor via simulations and experiments.
In Section 3, the sensor fabrication and experimental results,
as well as a linear function for normal gasoline distinction,
are described. In Section 4, the final conclusion of the paper
is presented.

II. SENSOR MODELING AND DESIGN
A. THEORY AND PRINCIPLE OF OPERATION
The operating principle of microwave-based sensors depends
on the interaction of electromagnetic (EM) waves with the
material under analysis. Due to this interaction, the test mate-
rial alters the signal velocity, causing reflection or attenu-
ation. One of the main advantages of such sensors is their
ability to safely measure in an enclosure without any exter-
nal interaction using only EM penetrating waves. When the
cavity is excited with an appropriate frequency, it starts to
resonate, causing different resonance modes to occur. These
resonance mode frequencies depend on the structural param-
eters of the resonator cavity and the dielectric properties of
the sample inside. In a rectangular waveguide, TEM mode
cannot occur, and the only propagating modes are TE and
TM, in which the resonant frequency can be calculated using
Equation (1) [21].

fmnl =
c

2
√
µrεr

√(m
a

)2
+

(n
b

)2
+

(
l
d

)2

(1)

where m, n, l are the mode numbers; c is the speed of light;
µr denotes the relative permeability (since the gasoline sam-
ples are nonmagnetic, the value is taken to be 1); εr is the
relative permittivity of the sample and a, b, d are the width,
height and depth of the cavity, respectively. For TM modes,
the values m = n = 0 are not a possible combination;
therefore, the lowest frequency mode with stable resonant
frequency for the rectangular cavity is TM110. It is desir-
able to have a maximum intensity of the magnetic field and
minimum intensity of the electric field where the sample is
present. A higher magnetic field results in effective excitation
and an increased signal-to-noise ratio (SNR), while a higher
electric field deposits higher power, which leads to sample
heating. The condition is further worsened if the sample is
conductive [21].

The Q value of the cavity sensor can be largely defined as
the lossQmnl due to the cavity wall andQ3dB representing the
sharpness of resonance. The loss Qmnl due to the cavity wall
of the rectangular cavity resonator operating in m, n, l mode
is given in Equation (2).
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FIGURE 1. Geometry of the proposed sensor. (a) Isometric view, (b) Side
view.

FIGURE 2. Simulation model.

where Zw is the natural impedance of air and Rs is the surface
resistance of the resonator wall. The higher the Qmnl , the
more energy is stored in the cavity compared to the power
consumed by the cavity wall [22]. The sharpness of resonance
Q3dB is as shown in Equation (3) [23].

Q3dB =
fr
B
· · · (3)

In this equation, fr is the resonance frequency, and B is
the bandwidth, which is the difference between the two fre-
quencies that are 3 dB higher than the reflection loss of the
resonance frequency. The higher the Q3dB value, the lower
the return loss and narrow bandwidth; therefore, it is easy to
distinguish gasoline samples. In this article, the process of
optimizing the Q3dB value of the sensor is performed through
simulation during the design of the sensor.

The designed sensor model is shown in Fig. 1. The sensor
is composed of two major components: a monopole and a
rectangular cavity made up of copper enclosure filled with
relative permittivity εr (ε = ε0εr, where ε0 and ε are
the permittivities of free space and gasoline, respectively).

FIGURE 3. S11 parameters vs. (a) Sensor depth, d, (b) Monopole height, h.

TABLE 1. Optimized Sensor Parameters.

The interior of the rectangular cavity is hollow with a small
feeding source vertically placed at the center for the trans-
mission of EM waves. As described in (1), the cavity sensor
exhibits a specific resonance mode according to the design
parameters and sample permittivity. A thin protective layer
of insulating medium is coated over the monopole to avoid
corrosion and direct contact with the samples inside, which
may cause unwanted results.

B. SENSOR DESIGN AND SIMULATION RESULTS
By using HFSS, the proposed sensor is designed to detect
normal gasoline among various gasolines, including HiDI
gasolines. The sensor is designed for commercialization and
has a resonance band below 6 GHz, which is common operat-
ing frequency of commercial RF device.Moreover, the sensor
is designed considering the characteristics of a rectangular
resonator that increases the rate of change of the resonance
frequency per relative permittivity and decreases the size of
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FIGURE 4. EM fields in TM110 mode. (a) EM field, (b) Top view of the M
field, (c) Top view of the E field.

FIGURE 5. Frequency responses of normal and HiDI and gasolines with
the designed sensor.

the sensor in the high frequency band, which is found to
be 5∼6 GHz. The simulation model for the design of the
sensor is shown in Fig. 2. The sensor is modeled as a structure
contained in a fuel tank filled with gasoline. The dimensions
of the sensor are optimized to have a basic TM110 resonance
with a high Q3dB value for the previously mentioned reso-
nant frequency band. The design procedure of the proposed
rectangular cavity sensor is as follows:

Enclosure width (a) and height (b): By setting the per-
mittivity of normal gasoline to 2.157, the dimensions are
designed to have a resonance frequency range from 5 GHz to
6 GHz. The dimensions are determined to have TM110 [13].

TABLE 2. Units for Electric Properties.

FIGURE 6. Setup for measuring permittivity at room temperature.

Enclosure depth (d): The frequency responses according to
various depths are evaluated to examine the Q3dB at TM110.
The optimum depth (d) can be obtained as shown in Fig. 3(a).

Monopole height (h): Similar to step 2, the height of the
monopole is optimized to have a high Q3dB at TM110. The
simulation results are shown in Fig. 3(b).

The design parameters of the proposed cavity sensor are
summarized in Table 1. The optimized width, a, height, b, and
depth, d , are set to be 30mm, 25mm and 20mm, respectively.
The monopole height, h, is 3.9 mm, and e is the edge length
of the triangular hole.

The designed sensor is verified by using HFSS software,
as shown in Figs. 4 and 5. It can be observed from Fig. 4 that
the EM field at resonance frequency matches well with the
designed TM110. Note that themagnetic field of the TMmode
is perpendicular to the sensor depth direction, and the order
of the electric field is one to the width and height directions.

The frequency responses of the proposed sensor for HiDI
and normal gasoline are plotted in Fig. 5. The permittiv-
ities and the corresponding loss tangents are summarized
in Table 2. These values are measured at room temperature
(19◦C∼21◦C) by using an N1501A permittivity measuring
kit by KEYSIGNT Technology, and the average of 5 mea-
surements taken from the measurement system is measured.
The corresponding experimental environment for measuring
the permittivity is shown in Fig. 6.

The minimum permittivity difference between normal and
HiDI gasolines is as small as 0.016. Nevertheless, the res-
onance separation of the proposed sensor becomes at least
11.5 MHz, which is much higher than the 0.1 MHz frequency
resolution of VNA. This large frequency margin, along with
the high Q3dB factor at normal gasoline resonance frequency
show the validity of the proposed sensor plausible.
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FIGURE 7. (a) Simulation setup, (b) Frequency responses at position ¬, (c) Frequency responses at position , (d) Frequency responses at
position ®.

FIGURE 8. (a) Frequency responses according to size variations of a, (b) Minimum S11 vs. size variations of a.

C. SENSITIVITY ANALYSIS OF THE SENSOR
To verify the reliability of the designed sensor, we conducted
a few simulations by changing the design parameters.

1) EFFECT OF SENSOR POSITION ON SENSING PROPERTY
To show that the resonant characteristics of the proposed
sensor are robust to sensor positions, we consider a fuel tank
of 45 L, which is full of normal gasoline. Next, we measure
variations in resonance frequencies and S11 parameters by
moving the sensor position by 50 mm. The obtained results
are shown in Fig. 7, in which the resonance frequency shift
and S11 difference are less than 300 kHz and 4.01 dB, respec-
tively. These numbers reflect less than 0.0056% changes in
resonance frequency and 8% changes in S11 parameters,
which are negligible changes for normal gasoline distinction.

2) EFFECT OF SENSOR PARAMETERS ON SENSING
PROPERTY
To determine the reliability of the proposed sensor, we have
investigated sensing performance by considering errors in
parameters given in Table 1. In this study, we only consider
one parameter at a time while the other three parameters are
fixed as optimum values. To evaluate the sensing property,
we only consider the closest sample HiDI1250, instead of all
samples, because the rest of the HiDI samples are far more
separated than the HiDI1250. To set the threshold of two sam-
ple separations, we choose a 10 MHz frequency separation
and consider three S11 parameter values of−20 dB,−25 dB
and −30 dB.

By changing a size from 20 to 30 mm in 0.05-mm
increments, we obtain resonance responses and evaluate
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FIGURE 9. (a) Frequency responses according to size variations of b, (b) Minimum S11 vs. size variations of b.

FIGURE 10. (a) Frequency responses according to size variations of d, (b) Minimum S11 vs. size variations of d.

FIGURE 11. (a) Frequency responses according to size variations of h, (b) Minimum S11 vs. size variations of h.

resonance separation and minimum S11 parameters accord-
ing to a size, which are shown in Fig. 8. Next, we obtain
resonance responses and evaluate resonance separation and
minimum S11 parameters according to b size, which are
shown in Fig. 9 by changing b size from 25 to 32 mm in
0.1-mm increments. Similarly, we obtain resonance sepa-
ration and minimum S11 parameters according to d sizes

of 0.5 mm increments and to h sizes of 0.02 mm increments
and present them in Figs. 10 and 11, respectively.

The tolerances of the a, b, d and h size errors according
to the three S11 parameter thresholds are summarized
in Table 3.

The evaluated minimum design margin at −30 dB is 3.7%
in b size, and the maximum is 14.5% in d size. The minimum
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FIGURE 12. Resonance frequencies of normal and the closest HiDI vs. (a) size variations of a, (b) size variations of b, (c) size variations of d, (d) size
variations of h.

FIGURE 13. Manufactured sensor and tank. (a) Monopole, (b) Rectangular Cavity Sensor enclosure, (c) Fuel Tank, (d) Assembled form.

TABLE 3. Tolerance of Design Parameter Errors According to
S11 Parameter Thresholds.

and maximum design margins increase to 14.3% in b size
and 47.5% in d size, respectively. Note that the minimum
resonance separations under the a, b, d and h size errors
are greater than the predefined 10 MHz threshold, as shown
in Fig. 12. These results prove that the proposed sensor design
is a reliable fabrication method.

3) EFFECT OF SENSOR PARAMETERS ON RESONANCE
FREQUENCY
To check the stability (stable distinction) of the proposed
sensor according to sensor size errors, we have investigated
resonance frequencies of the closest sample HiDI1250 and
normal gasoline. The frequency separations according to
a, b, d and h size variations are shown in Fig. 12. From
the figure, we can notice that the minimum 10 MHz sep-
arations are maintained at resonance frequencies for all
considered design parameters. These results assure that the
proposed sensor guarantees stable distinction of normal
gasoline.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. SENSOR FABRICATION AND VERIFICATION
Based on the parameters in Section II, we fabricate the pro-
posed sensor, as shown in Fig. 13. During the fabrication
process, the length of the sensor monopole was adjusted
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FIGURE 14. (a) Models of three fuel tanks, (b) Frequency responses of three fuel tanks.

from 3.9 to 3.7 mm to compensate the manufacturing error.
The monopole of the sensor is fabricated using an SMA
connector, and the enclosure is fabricated using a 0.3 mm
copper plate. The sensor is attached to the top of the small
aluminum fuel tank, in substitution for the car fuel tank.
The tank is a cylindrical aluminum case with a size of
32 × 55 mm (radius×height) tightened to the sensor with
a rubber ring. The gasoline is injected with a motor pump
through the two circular fuel holes at the top of the tank until
the sensor is sunk under gasoline. The gasoline reaches the
sensor through triangular fuel holes with edge dimensions (e)
of 4 mm.

The sensor is a shielded cavity sensor; therefore, theoreti-
cally, the fuel size does not affect the sensitivity of the sensor.
To verify insensitivity, the simulation model and results with
different fuel tank sizes are shown in Fig. 14. In simulations,
three size of the fuel tanks are considered such as 32×55 mm
(the proposed size), 64×110 mm (twice of the proposed size)
and 150×450mm (equivalent to 31.8 L fuel tank, 1502×π ×
450 = 31,808,625 mm3). The resonance frequency of the
proposed sensor is 5.3074 GHz, and the reflection coefficient
is −43.58 dB when the proposed 32 × 55 mm fuel tank is
considered. Note that the difference in resonance frequency
and reflection coefficients for three fuel tanks is less than
1.7 MHz and 2.54 dB, respectively. These results show that
the sensor performance is insensitive to the outside fuel tank
size.

Themeasured average frequency response of the fabricated
sensor with S11 parameters according to various gasoline
samples at room temperature (19◦∼21◦) is shown in Fig. 15.

FIGURE 15. Frequency responses of normal and HiDI gasolines with the
fabricated sensor.

The S11 parameter for normal gasoline at resonance fre-
quency increases from −36.7 dB to −26.9 dB, which it
is still lower than other resonance frequencies of HiDI
gasolines. The minimum frequency separation among reso-
nance frequencies of HiDI gasoline is measured as 8 MHz,
which is sufficient for the distinction of HiDI gaso-
lines. Additionally, note that the 8 MHz frequency mar-
gin can guarantee distinction of normal gasoline even when
0.1 MHz of max frequency deviation of five measurements is
considered.

To verify the resonance frequency relation with permittiv-
ity, as given in Equation (1), HFSS simulation and experi-
ments were performed at room temperature. The resonance
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FIGURE 16. Simulated, experimental and theoretical results of different
gasoline samples at room temperature.

FIGURE 17. Actual experimental setup for various temperature settings.

FIGURE 18. Schematics of the experimental setup for various
temperature settings.

changes are displayed in Fig. 16, which shows that the mea-
surements decrease as permittivity increases. The 39 MHz of
average resonance frequency deviation from the simulations
can be explained by experimental and fabrication errors.
Nevertheless, we can observe that the proposed sensor

exhibits remarkable resonance frequency to unity permittivity
ratio as 931 MHz/ε by computing the slope of the dotted
measurement fitting line.

B. EXPERIMENT AT VARIOUS TEMPERATURES
When there is a variation in temperature, it also affects the
permittivity of the solution, which subsequently changes the
resonant frequency of a permittivity-based sensor. For hydro-
carbon oils, including gasoline, the change in permittivity
with temperature can be calculated following Equation (4),
where t is the temperature of the gasoline sample, ε20 is the
relative permittivity at 20◦, and α is the relative permittivity
change coefficient that typically ranges from 0.0013 to 0.05%
per degree Celsius [24]. For our case, working within the
operating frequency of 5 GHz to 6 GHz, increasing the tem-
perature decreases the relative permittivity of normal gasoline
ranging from 2.157 to 2.155.

ε (t) = ε20(1− α(t − 20)) (4)

The experimental setup for evaluating the distinction capa-
bility of the proposed sensor under different temperatures is
shown in Fig. 17. The corresponding experimental schemat-
ics to measure the resonant frequency at different tempera-
tures are shown in Fig. 18 for the purpose of clarity. In this
setup, the sensor is placed in a thermostatic chamber to pro-
vide varying temperature conditions using a thermostat. The
sensor is connected to a VNA (100 kHz-8.5 GHz, E5063A,
KEYSIGHT) via a 50� coaxial cable and to a thermostatic
bath. The temperature variations were observed from 0◦ to
20◦ with a 5◦ step size increment. To validate the sensing per-
formance of the proposed sensor over repetitive experiments,
we measured resonance frequencies and S11 parameters of
six samples five times at 5-minute intervals and obtained
deviations of 1.73 MHz and 0.286 dB in resonance fre-
quencies and S11 parameters, respectively. The experimental
results are shown in Fig. 19, which shows that the sensing
property changes are negligible and insensitive to multiple
experiments. Note that the S11 parameters of normal gasoline
are less than −13 dB. To distinguish normal gasoline from
HiDI gasoline regardless of temperature variation, a linear
function is derived, as given in Equation (5).

f (x1, x2) = x1 + 171.370x2 − 883.246 < 0 (5)

where x1 represents the S11 parameter less than −13 dB
and x2 represents the resonance frequency. Fig. 20 show the
resonance frequency and S11 parameter against temperature
as well as the plane corresponding to the function f (x1, x2)
in Equation (5). Note that the resonance frequencies have
a direct relation with temperature; resonance frequencies
decline as the temperature decreases. Also, we can notice that
the function can detect normal gasoline from HiDI gasoline
with the minimum 4.40 MHz frequency margin and 0.764 dB
S11 parameter margin to the closest sample. Since these mar-
gins are greater than the average standard deviation of mea-
surements, we can expect the definite and stable distinction
property of the proposed sensor.
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FIGURE 19. Resonant frequencies and s11 parameters of six gasoline samples at five temperatures obtained by
five repetitive experiments.

FIGURE 20. Resonant frequencies and s11 parameters at five temperatures with a decision plane.

IV. CONCLUSION
We propose a rectangular cavity sensor for the distinction of
normal gasoline among HiDI gasolines. The proposed sensor
is designed to have a highQ3dB for large frequency separation

between gasoline samples, and its design parameters are
optimized and verified by HFSS simulations. The sensor is
fabricated in simple rectangular form with a monopole at
the center. The experiments at room temperature confirm
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the proposed design and demonstrate effective normal gaso-
line detection capability. Experiments at various tempera-
tures also show its robust distinction property to temperature
variation by the distinction function of resonance frequency
and S11 parameter. Through experiments according to design
parameters and installation position locations, we show reli-
able, stable and repeatable properties of the proposed sensor.
These results prove that the proposed sensor is significantly
immune to temperature, position and design variations and
thus can be effectively used for normal gasoline distinction.
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