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�is article proposes a novel microuidic sensor designed with a highly accurate Q-factor for liquid detection. �e proposed
sensor is developed and implemented with a gap waveguide cavity resonator (GWCR) approach. �e GWCR approach is formed
from the two metallic plates denoted as upper and lower plates. �ese plates are separated by an array of metallic pins attached to
the lower plate, leading to high electric �eld concentration. A microuidic channel is created at the midpoint of each plate to place
the holder of liquid under test (LUT).�e GWCR provides a high electric �eld, which increases Q-factor and is shown to exhibit a
signi�cant improvement in sensitivity and linearity. To characterise and evaluate the dielectric properties of the uid, the LUT is
placed inside a hairlike glass, which passes through the microuidic channels. �e LUT perturbs the electric �eld distribution
inside the GWCR, known as the perturbation principle. �e relation between the LUT and the electric �eld changes the electric
�eld behaviours in terms of resonant frequency, Q-factor, and transmission coe�cient.�e analysis of these changes in the electric
�eld behaviours leads to identifying the dielectric properties of the LUT. �e anonymous dielectric characteristics of LUT,
permittivity, and loss tangent formulas are derived utilising the polynomial �tting approach. �e measurement outcomes reveal
that the stated sensor can measure the permittivity and loss tangent for both LUT samples, such as ethanol and methanol, at
6.1 GHz and 23.4°C.

1. Introduction

Developments in liquid characterisation techniques have
been grown sharply in the last few years. Microwave sensors
have been used to identify the dielectric properties of liquids,
which is essential in industries such as those in quality
control in food, chemical, pharmaceutical, biosensor, and
biomedical industries [1–3].

Material characterisation using microwave resonant
sensors is considered one of themost accurate ways to obtain

dielectric properties. Liquid characterisation has been
realised using a conventional waveguide, a dielectric and
coaxial probe that provides high Q-factor and accuracy
[4–7]. However, these traditional resonators are usually
complex and expensive to manufacture [8, 9].�us, di¡erent
methods have been used for liquid characterisation, such as
planar resonators [10–13]. Planar resonator for petroleum
oils characterisation was proposed in [14]. Substrate inte-
grated waveguide (SIW) is another method for liquid de-
tection [15–17]. �ese resonators are simple to design and
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cheap to fabricate. However, usually, these resonators have
low Q-factor, which limit their use in many critical appli-
cations. Some researchers tend to improve the Q-factor by
using the metal waveguide method [18]. Most researchers
used a cavity waveguide which is suitable for liquid sensing
[19]. Some waveguide structures were designed at higher
frequencies to miniaturise the size and characterise a
nanoliter liquid sample [20–22]. However, these sensors
required high frequency to operate. On the other hand, the
complete microfluidic system of the waveguide sensors
designed at lower frequencies is complex, large, and ex-
pensive to build [23]. A food security sensing system was
proposed using a waveguide microwave imaging antenna
applied for solid egg detection using a transmitting wave-
guide antenna (TWA) [24]. 'e suggested microwave
sensors had a dimension of 30× 30 cm2 and operated at
frequency bands 7–13GHz. Another study was conducted
using waveguide antenna sensors for crack detection ap-
plications [25].

'e gap waveguide (GW) terminology was initially
launched in 2009 by Per Simon Kildal [26]. In the GW, the
waves propagate between the parallel metal plates. 'e
advantage of the GW compared to planar structures, co-
planar waveguide (CPW), and substrate integrated wave-
guide (SIW) is that it has lower losses. 'e principle of
operation of GW is based on two parallel plates’ structure.
'us one plate acts as a perfect electric conductor (PEC),
while the other plate acts as a perfect magnetic conductor
(PMC) [26, 27]. A full electromagnetic wave propagates
within the pins array boundaries. Hence the electric field is
restricted along the pins array area, and this leads to avoiding
the leakage of the electric field, which affects traditional
technologies at higher frequencies [28]. 'ere are four
different configurations of the gap waveguide compositions,
as displayed in Figure 1 [29, 30].

In the ridge gap waveguide presented in Figure 1(a), the
field propagates through the metal ridge, while in the groove
gap waveguide, shown in Figure 1(b), the field propagates
through the groove between the parallel plates [28, 31]. 'e
advantage of these two geometries is that they do not need
any dielectric material between the plates and can be con-
structed by creating an array of metal pins under the plate
[32]. In the microstrip gap waveguide displayed in
Figure 1(c), the field propagates between the upper metal
plate and the stripline [33]. In the microstrip gap waveguide
exhibited in Figure 1(d), the field propagates along the strip
with visas. Gap waveguide technology has gained researchers
interest where it has been practised for antennas configu-
ration as proposed in [34]. Moreover, the gap waveguide
terminology has been used for millimetre wave applications
such as couplers and filters [35]. In this paper, the pothole
gap waveguide is selected to design the proposed sensor due
to its advantages such as the simplicity, high electric field in
the array pins area (pothole), and high Q-factor. 'ese
advantages make the groove gap waveguide suitable for
liquid characterisation.

A new design of microwave sensors for liquid charac-
terisation is introduced in this study. 'e novel design of the
resonator sensor is formed and rested on the GWCR

technique. 'e new sensor structure is constructed of two
parallel plates and a pins array on the lower plate. It is worth
mentioning that the materials of the proposed pins are all
made from aluminium. 'e waves are propagating between
the two parallel plates and restricted by the pins array. 'us,
the new sensor affords a great electric field concentration in
the pins array area, leading to a high Q-factor. In order to
test the liquid, the LUT samples are installed in between the
GWCR where the electric field will be as its maximum
concentration utilising a glass capillary; therefore, a sensa-
tion phenomenon within the electric field and the LUT is
acknowledged as perturbation theory.'e stated resonator is
verified through laboratory measurement and compared
with other related literature studies. 'e corresponding
equation between the permittivity and loss tangent is ob-
tained based on the polynomial fitting approach. Lastly, the
measurement outcomes indicated that the recommended
sensor could detect ethanol and methanol efficiently.

2. Sensor Design and Configuration

'e GWCR can be represented by two parallel plates and
RLC equivalent circuit, as presented in Figure 2.

'e variables of the equivalent circuit can be calculated
according to the length of the plate (l), and the interval
separating the two parallel plates (z) can be estimated using
equations (1)–(4) [36]:

R �
2Rs

l
, (1)

L �
μz

l
, (2)

G �
ωε′, l

z
, (3)

C �
ε′l
z

. (4)

'e air filled the space between the two parallel plates;
thus ε′ � 1, ε′ � 0 and μ � 1.

'e modelled sensor is proposed based on GW
technology as suggested in [26]. 'e working mechanism
of the GWCR depends on the upper and lower plates, and
it is presented as follows: the upper plate serves as a perfect
conductor to induce the magnetic conductor, which can
also be defined as a perfect dielectric, whereas the lower
plate works as a perfect conductor in terms of electric
conductor. 'e artificial magnetic conductor (AMC) is
produced by the surface of the pins array on the lower
plate, which restricts the waves propagation within the
pins array area. 'ese waves are larger for more petite
holes among the pins and the upper plate [28]. In the
GWCR, distribution takes place in the region enclosed by
the pins on all sides. 'e GWCR case supports a TE10
mode of the rectangular waveguide, as presented in
Figure 3. 'e GWCR has less loss and high distribution of
the electric field. 'us the GWCR is suitable for liquid
characterisation.
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Electric (E) and magnetic (H) fields of the GWCR can be
described by Maxwell’s equations [37, 38]:

∇ × E � −M − jωB, (5)

where ω, B, and M are the radian frequency, magnetic flux
density, and magnetic current density, respectively. 'e
magnetic field can be expressed by

∇ × H � J + jω D, (6)

where D and J are the electric flux density and the electric
current density, respectively; the electric flux density and
magnetic flux density can be expressed by

∇ · D � ρe,

∇ · B � ρm,
(7)

where ρe and ρm are the electric and the magnetic charge
density.

For TEmodes, a natural boundary condition is described
by the expression

Eχ(y) � E0 cos
y · nπ

z
 , (8)

where n stands for a mode.
For harmonic TE mode wave is described by the

expression:

E � Z0 Hyi − Hχj  � Z0 · n × H, (9)

where Zo is the wave impedance; at the same time, (5) can be
expressed by

∇ × E � −jωμH. (10)

In the microwave sensor design, the electric field is
significantly considered to ensure a sufficient interaction
between the LUTand the electric field of the resonator; thus,
the sensor will be able to detect the dielectric characteristics
of the material. 'e electronic concentration in the GWCR
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Figure 1: Proposed configurations. (a) Ridge GW. (b) Pothole GW. (c) Inverted-microstrip GW. (d) Microstrip-ridge GW [29].
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Figure 2: Geometrical diagram of the two parallel plates with the
equivalent circuit.
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Figure 3: Geometrical diagram of the operating principle of the
proposed GWCR.
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can be measured by the Q-factor. 'erefore, the high
Q-factor reflects the high resolution [39]. 'e loaded
Q-factor is equal to half unloaded Q-factor, where the
unloaded Qu-factor (Qu) is calculated according to the 3 dB
bandwidth (BW) and resonant frequency (f ) using the
following equation [40]:

Qu �
2fo

BW
. (11)

'e GWCR is studied and examined at 6.1 GHz,
employing CST software. Figure 4 shows that the proposed
structure consists of two parallel plates fed by two SMA
connectors attached to the upper plate and a pins array on
the lower plate.'e pin sizes are standard of 1mm2 [31], and
the gap between the upper cover of the pins and the top plate
is found to be 1mm, whereas the proportional thickness of
the pin (h) is determined by [26]

h �
λ
4
, (12)

where λ corresponds to the wavelength, which can be de-
fined using the equation below:

h �
c

fo

, (13)

where c denotes the light speed, which is equivalent to
3×108m/s, the estimated gaping among the pins is greater
than 1.5mm, and the height of each plate (thickness) is
larger than 5mm regarding the CNC device abilities. Table 1
presents the progressive values of the intended GWCR.

'e waves are propagated between the two parallel plates
and confined by the array pins from all directions to avoid
the leakage of the electric field. 'us the electric field in-
creases in the array pins area, as displayed in Figure 5. A glass
capillary with a thickness of 0.21mm is positioned in the
centre of the cavity to characterise the liquid specimen, as
illustrated in Figure 6. 'e electric field of the GWCR in-
teracts with the LUT in the sensing area, and this manages to
change the behaviour of the electric field due to the dielectric
properties of the LUT. Hence it can be assumed that the
relationship between the electric field and the dielectric
properties is linear. 'e shifting of the resonance frequency
depends on the reaction between the LUT and the electric
field distribution of the sensor.'e changes in the behaviour
of the electric field are investigated and analysed to identify
the dielectric properties of the LUT.

3. Results and Discussion

'e proposed sensor’s resonant frequency is controlled by
changing the height of the pins on the lower plate, as il-
lustrated in Figure 7. It can be remarked that the resonant
frequency can be increased by reducing the height of the pins
and vice versa. 'erefore, when the pins’ height is 12.7mm,
the resonant frequency occurs at 6.2824GHz, while when
the height of the pins is 18.7mm, the resonant frequency
rests at 5.9872GHz.

'e proposed sensor is fabricated using an aluminium
alloy with an electric conductivity of σ � 3.56 × 107. 'e

simulation conditions of the modelled sensor are listed in
Table 2. 'e measured outcomes reveal that the advanced
sensor produces an unloaded Q-factor of 2650 at 6.0950GHz.
To validate the proposed sensor, the measurement is carried
out for ethanol and methanol at room temperature of 23.4°C.
Figure 8 presents the predicted and measured transmission
coefficient (S21) of the designed resonator with/without LUT.
From Figure 8, it is clear that there is a slight difference
between simulation and measurement where the unloaded
resonator for the measured one appears at 6.0950GHz. 'is
shifting in S21 is because of the fabrication tolerance, vari-
ation of substrate’s dielectric constant, and the difference of
the surrounding environment between the simulation and
measurement.'e noise that appears in themeasured curve is
due to external effects such as microwave signals that can
affect the performance of the VNA [10].

In comparison, the simulated one seems at 6.1000GHz,
which is due to the manufacturing tolerance.

Based on the measurement results, the polynomial di-
agram is schemed based on the permittivity and frequency,
as exhibited in Figure 9. 'e permittivity equation is ob-
tained from the curve as follows:

ε′ � 774.71f
2

− 9434.3f + 28722. (14)

On the other hand, the permittivity equation can be
extracted using matrix. By expressing the relationship be-
tween variables in the form of an equation:

ε′ � a2f
2

+ a1f + a0. (15)

'us, the three data points in Figure 9 can be matched
with the x and y coordinates, where the frequency matches
with the x coordinate and the permittivity matches with the y
coordinate; thus:

p(f) � a0 + a1f + a2f
2

� ε′. (16)

'is gives a system of three equations and three un-
knowns as suggested:

1 6.0475 36.5723

1 6.01 36.12

1 5.9675 35.611

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

a0

a1

a2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

0.96

4.46

11.06

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (17)

Using Cramer’s rule to solve the linear system of
equations to find the regression coefficients using the de-
terminants of the square matrix, each of the coefficients may
be determined using the following equation:

ak �
det Mi( 

det(M)
, (18)

where k�N-1, and N� 3 (data points).Mi is the matrix with
the ith column replaced with the column of the permittivity.
For example:

M0 �

0.96 6.0475 36.5723

4.46 6.01 36.12

11.06 5.9675 35.611

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (19)
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'erefore, det(M0) � −3.66787. 'us, the polynomial
coefficient is as follows:

a0 �
det M0( 

det(M)
�

−3.66787
−0.00013525

� 27119.1867. (20)

'e same goes with a1 and a2, and then the permittivity
equation can be expressed as follows:

ε′ � 730.1293f
2

+ 8899.6672f + 27119.1867. (21)

'e number of the simulated data points in Figure 9 has
been increased and then the figure has been constructed as
shown in Figure 10.

ε′ � 391.27f
2

− 4784.4f + 14626. (22)

Figures 9 and 10 show the linearity of the frequency of
resonance is decreasing by increasing the permittivity.
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Figure 4: Structure of the proposed sensor.

Table 1: 'e selected values of the modelled sensor.

Variables Values (mm)
Le 38
We 35.4
g 1
d1 1.7
y 6.3
P2 21.75
d2 18
x 5
s 1.6
p 1.8
P1 15.73
z 16.74

1221
v/m

1110
999
888
777
666
555
444
333
222
111

0

Figure 5: Predicated electric field (v/m) of the suggested sensor at
6.1GHz.

capillary 

sensing area

LUT

Figure 6: Geometrical diagram of the GWCR with WUT.
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Figure 7: 'e predicated transmission coefficient of the proposed
sensor with different values of h.
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'e measured polynomial fitting curve is plotted
according to the loss tangent and the loaded Q-factor to
obtain the loss tangent formula, as presented in Figure 11.

From Figure 11, the measured polynomial fitting curve
of the loss tangent extracted equation is given by

tan δ � −4 × 10− 7
Q

2
L − 0.0005QL + 0.9079. (23)

By using matrix, the three data points in Figure 10 can be
matched with the x and y coordinates, where the QL-factor
matches with the x coordinate and the loss tangent matches
with the y coordinate; thus:

p QL(  � b0 + b1QL + b2Q
2
L � tan δ. (24)

'is gives a system of three equations and three un-
knowns as follows:

1 972.85 946437.1225

1 66.815 4, 464.244225

1 14.41 207.6481

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

b0

b1

b2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

0.043

0.873

0.901

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (25)

As discussed previously, the loss tangent equation can be
expressed as follows:

tan δ � −3.983 × 10− 7
Q

2
L − 0.0005QL + 0.9080. (26)

'enumber of the simulated data points in Figure 11 has
been increased and then the figure has been constructed as
shown in Figure 12.

tan δ � −4 × 10− 16
× Q

2
L − 0.0037QL + 0.7995. (27)

Figures 11 and 12 show the linearity of the loaded quality
factor is decreasing sharply by increasing the loss tangent.

Table 2: Details of simulation conditions of the modelled sensor.

Dimensions
unit

Frequency
unit

Problem
type Solver Mesh type Parameters Material

type
Frequency
(GHz) Monitor Impedance

matching

mm GHz High
frequency

Frequency
domain Tetrahedral Fast model

update Normal 4–8 E-field 50 ohm

5.75.65.5 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5

Frequency (GHz)

-10

-20
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-40
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-60

-70

S2
1 

(d
B)

without capillary (s)

empty capillary (s)

ethanol (s)

methanol (s)

without capillary (m)

empty capillary (m)

ethanol (m)

methanol (m)

Figure 8: Predicated (s) and measured (m) S21 of the stated sensor
with/without LUT.
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Figure 11: Measured polynomial fitting curve of loss tangent.
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'e number of the simulated data points in Figures 10
and 12 has been increased to 7 data points, with the per-
mittivity of the MUT at range from 1 to 13 and the loss
tangent of the MUT at range from 0.043 to 0.901. 'e
linearity helps achieve higher effective sensitivity at various
ranges of MUT. 'erefore, the measured data points have
been chosen to fit the parabolic functions for both per-
mittivity (15) and tan delta (24) since the measured data
points are reliable for usage in real life considering the real
environmental conditions; thus the proposed sensor is
suitable for liquid characterisation and a good candidate for
industrial applications. However, increasing the data points
in simulation produces a different polynomial fitting curve
and equation from the polynomial fitting curve and equation
of themeasurement.'is is due to the dielectric properties of
the additional MUT in the simulation. 'e differences be-
tween simulations andmeasurements are also affected by the
SMA connector losses in practice, as an ideal connector is
modeled in simulations.

A comparison of the suggested sensor with the other
detailed studies is depicted in Table 3.

From the previous results, it can be noted that, by placing
the quartz capillary in the proposed sensor, the resonant
frequency shifts to 6.0475GHz due to the dielectric prop-
erties of the capillary. 'e empty capillary is filled with air,
which means that the resonant frequency at 6.0475GHz is
considered for the dielectric properties of the air where the
measured results show a permittivity of 0.9600 and loss
tangent of 0.0430. 'e permittivity of the LUT causes a
frequency shift into the lower frequencies, where the
measured permittivity of the ethanol sample is 4.4600. 'e
measured resonant frequency resonates at 6.0100GHz, while
the measured permittivity is 11.0600 for the methanol
sample, and the measured resonant frequency rises at
5.9675GHz. Also, it can be noted that the Q-factor decreases
by increasing the loss tangent where the measured loss
tangent for ethanol is 0.8730, the measured QL-factor is
66.8150, and when the loss tangent for methanol is 0.9010,
the measured QL-factor is 14.4100. From Figure 8, it is clear
that the transmission coefficient is decreasing by increasing

the loss tangent where the transmission coefficient for
ethanol is better than the transmission coefficient of the
methanol. 'e relationship between the loss tangent, QL-
factor, and transmission coefficient is illustrated in
Figure 13.

From Table 3, there is a good matching among the
proposed sensor and lately published works of literature for
ethanol andmethanol at 6.1000GHz. Nevertheless, the slight
change of the permittivity values at 6.1000GHz is principally
due to temperature variation. 'e relative permittivity of
ethanol was 8.9100 and 24.0200 for methanol at 2.45GHz
and 30°C as proposed in [43]. Moreover, at 5GHz and 25°C,
the ethanol and methanol relative permittivity were 5.2200
and 13.2300, respectively, as detailed in [44].

As aforementioned above, the results confirmed that the
stated sensor has a high Q-factor and miniature size, which
means that it has high performance and low cost. In ad-
dition, the small size of themicrowave sensor required only a
small volume of the LUT to detect the dielectric
characteristics.

To recognise the current work in context, the perfor-
mance of the proposed GWCR sensor is compared with the
other planar resonator sensors in the literature. Table 4
shows the performance attributes of several typical micro-
wave sensors with different structures in terms of sensing
material, sensor technique, resonance frequencies fres

(GHz), measured permittivity, and mean sensitivity. 'e
experimental outcomes in the existing literature are offered
for different ranges of permittivity; therefore, as a result of a
fair comparison, themean sensitivity values are calculated by
the following expression:

MeanSensitivity �
fεr2−

fεr1

fo εr2
− εr1

 
⎛⎝ ⎞⎠ × 100, (28)

where (fεr2−
fεr1

) is the incremental frequency shift, (fo)

denotes to the resonant frequency (bare), and (εr2
− εr1

)

indicates the permittivity shift. From the mentioned earlier
formula we can conclude that the proposed GWCR sensor
provides a good mean sensitivity when exposed to known
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Figure 12: Simulated polynomial fitting curve of loss tangent. 'us, the simulated extracted equation of the loss tangent is given by
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high-permittivity materials compared with the conventional
highly sensitive sensor [45].

4. Conclusions

A novel design of a GWCR resonator sensor with a highly
accurate Q-factor for liquid characterisation is introduced in
this study. 'e main advantages of the proposed GWCR
resonator are (1) more economical to build than the tra-
ditional metal waveguides and having (2) a lower loss with a
higher Q-factor than microstrip structures. 'e modelled
GWCR sensor used two liquid samples to validate the
proposed sensor in the measurement setup: ethanol and
methanol. 'e evaluated permittivity and loss tangent for
ethanol and methanol at 6.1 GHz and temperature of 23.4°C
have comparable results with the reference marks. 'e
proposed GWCR shows the highest Q-factor compared to
the recently published sensors. Besides, the GWCR sensor is
shown to exhibit very high sensitivity and dynamic range

versus the conventional MS sensors. 'erefore, the finalised
sensor is reliable, which makes it preferable for pharma-
ceutical applications.
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Table 3: Comparison of the stated sensor with lately published outcomes for both ethanol and methanol at 6.1GHz.

LUT
Proposed sensor Conventional sensors

ε′ tanδ [41] [42]
f (GHz) Curve Derivation Error (%) QL Curve Derivation Error (%) ε′ tanδ ε′ tanδ

Air 6.0475 0.9600 0.9280 3.3000 972.8500 0.0430 0.0448 4 — — — —
Ethanol 6.0100 4.4600 4.5866 2.7600 66.8150 0.8730 0.8730 0 4.5000 0.8700 — —
Methanol 5.9675 11.0600 11.1000 0.3600 14.4100 0.9010 0.9010 0 — — 11.1000 0.9000
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Figure 13: Relationship between the loss tangent, QL-factor, and transmission coefficient.

Table 4: Comparison of the finalised sensor with the current methods for liquid characterisation.

REF. Sensor technique fres (GHZ) Permittivity range studies Mean sensitivity

[45] MTM sensor
OLR conventional

2.6
2.6

1–140
1–140

0.27
0.09

[46] Loss-compensated SRR 1.156 1–80 -
[47] Double SRR 1.86 2.2–22.5 0.07
[48] SRR 1 1–45 0.002
[49] λ/2 2.4 7.5–22 0.07
'is work GWCR 5.96 1–13 0.156
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