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Abstract — Detection of liquid level in large tanks is
presented in this paper. The liquid level is detected using
a transmitter and RFID tag antennas as a receiver. The
transmitter antenna is a Vivaldi with wide bandwidth
from 0.5 GHz to 3 GHz. The Vivaldi antenna is fabricated
on FR4 with &. = 4.3 and thickness of 0.8 mm. Two
conformal RFID tag antennas are used as receiver
antennas. The conformal antenna is placed on Rogers
Ultram 3850 flexible substrates with e, =29 and a
thickness of 0.1016 mm. The conformal antenna is
designed to set on a cylindrical tank made from PVC
material. The first tag works at 0.9 GHz and the second
tag works at 2.45 GHz. Water and Oil are used as liquids
for testing. The antennas are simulated using CST
microwave studio simulator Ver.14. The system is also
fabricated and measured. Good agreement is achieved
between simulated and measured results.

Index Terms — Conformal, microstrip, RFID tag, tank,
Vivaldi.

I. INTRODUCTION

Tank flooding becomes a major cause of pollution
in both residential and industrial areas. Majorly caused
by overflows of water and volatile poisonous industrial
liquids from the storage tanks [1]. First, a mechanical
technique with wireless sensor networks using frequency
reconfiguration with microstrip patch antennas is used.
Frequency reconfiguration is achieved by mechanically
changing the dielectric properties of the antenna and
thereby obtaining a tunable frequency range from
2442 MHz to 2716 MHz [2]. The antenna can sense and
transmit the information simultaneously with reduced
complexity and less power consumption. The proposed
antenna could be used as a fast wireless sensor for remote
fluid level monitoring in wireless sensor networks [2].
The need for remote monitor and control of the tank
flooding by real-time communication has motivated
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researches in Radio Frequency Identification. RFID tag
antennas have their application in many major fields.
The operating frequency of the tag antenna for an
intended application needs to be specified from the onset
of the design as the geometry specifications that may be
altered depending on the selected application frequency
[3]. Volumetric sensors are kept in the water tank for the
detection of the leakage and further, a reserved tank is
present underneath the main tank to store the leaked
liquid with the assistance of an electric valve [4].

Using radio frequency signals to identify different
liquids by a compact, cylindrical dielectric resonator
antenna (CDRA). The proposed CDRA sensor is excited
by a rectangular slot through a 3-mm-wide microstrip
line. The proposed CDRA acts as a sensor because
different liquids have different dielectric permittivities
and, hence, will have different resonance frequencies.
Two different types of CDRA sensors are designed and
experimentally validated with four different liquids
(Isopropyl, ethanol, methanol, and water) [5]. Design
through a series of structure evolutions a UHF RFID tag
antenna that can work well on the surface of a liquid-
filled bottle [6]. The main body of the tag antenna
consists of a folded dipole and a loop impedance
matching structure. The folded dipole is used to reduce
the size of the tag antenna and improve the gain. Finally,
the single-loop structure is replaced by a three-loop
structure to introduce more resonances, which can
optimize the impedance matching and broaden the
impedance bandwidth [6].

An application of RFID tag antenna based sensing
in the restaurant industry as a low-cost method to detect
empty drink glasses in need of a refill. This application
examines our ability to detect whether the glass is empty
or full, and also whether it is possible to approximately
localize an empty glass’ position based solely on RSSI
power measurements [7]. In this specific application
scenario, this would entail detecting which table the
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empty glass is placed on. Another way of detecting the
level of fluids, remotely, using a chipless RFID sensor.
For the sake of comparison, a classical RFID tag applied
on a box is used to measure the water level, Thanks
to the variation of the threshold transmitting power.
A chipless RFID sensor design based on multiple
resonators etched on a flexible laminate works between
2.5 and 4 GHz is proposed in [8]. A Vivaldi antenna
which is kind of end-fire traveling-wave antennas has
theoretically infinite bandwidth, especially at high
frequencies. However, the low-end operating band is
practically limited by the width of the antenna.
Therefore, to have a better low-end performance, larger
antenna size is usually required. According to, the slot
width of a Vivaldi antenna that reaches at least half-
wavelength of the corresponding frequency, effective
radiation can be obtained [9].

A compact wearable dual-band quasi-Yagi RFID-
reader antenna is designed for being incorporated into a
smart glove. The antenna dual-band capability allows the
integration of both the RFID reader at UHF band and a
wireless data link at 2.4GHz, into a single compact and
wearable device [11-13].

A moisture system is done using resonating
structure comprises of elliptically shaped slots in a
nested loop made from three different materials and
deploying heat-resistant sheet on a sensing slot works
from 3.5 GHz-15.5 GHz. The tag is suitable for deployed
on the conformal surfaces for identification and sensing
purposes [14]. The effect of curvature on passive tags
and the theoretical limitations of curved tag are studied
by Maxwell’s equations. Also the effect of curvature on
impedance load matching and gain. The curvature of
passive tags have significant impact on the performance
of readability [15]. Conformal chipped RFID tag antenna
operates at 902-928 MHz. It consists of two microstrip
patches with narrow gap filled with microchip. The tag
antenna is measured in free space, metal and on human
arm. The radiation efficiency of the tag is approximately
95% in free space, 60% on metaland about 50% on
human arm model. While the read range of tag antenna
is about 3.5m [18].

In our paper, a pentagon monopole antenna is
investigated to act as an RFID passive tag. Rectangular
slots are etched on antenna surface to adjust operation at
multiple resonances as well as improving the impedance
matching. The partial ground is used with the inserted
dumbbell-shaped structure to enhance the bandwidth.

I1. PLANAR ANTENNA DESIGN

A. First tag
The configuration of a pentagonal monopole antenna
is shown in Figs. 1 (a), (b). The top and bottom sides of
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the antenna are printed on two separate substrates with an
air gap between them. The air gap is filled with foam. The
pentagon patch was chosen as it provides high gain and
wide bandwidth. Rectangular slots are inserted in the
patch surface to adjust resonance to the desired frequency.
The material of the substrate is flexible Roger 3850 with a
thickness h = 0.1016 mm and dielectric constant €, =
2.9. The structure is filled by foam with h = 0.3 mm and
€. = 1.07. A partial ground plane with a cut in the middle
with radius R, = 2.825 mm is used to enhance the
bandwidth. The partial ground has a dumbbell shape. The
radius of its circles is R,=4.95 mm and the space between
them is S, =40.2 mm. The overall dimensions are 8§9x95
mm?. Four arrays of five rectangular-shaped slots are cut
into the patch surface. The dimensions of each slot are 4
mm in length and 2mm in width. The patch is excited
through a 50 Q microstrip feed line. This planar patch is
simulated using same CST microwave studio ver.14. The
obtained impedance bandwidth is 76%. All geometrical
dimensions of the proposed antenna are presented in Table
1.
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Fig. 1. (a) The top view of the first tag, and (b) the bottom
view of the first tag.



Table 1: Pentagon patch antenna dimensions in mm
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Table 2: Second pentagonal antenna dimensions in mm

Antenna | Dimension | Antenna | Dimension Antenna | Dimension | Antenna | Dimension
Paramter (mm) Paramter (mm) Paramter (mm) Paramter (mm)
WSs 89 Lslot 4 Ws 87 Lslot 4
Ls 95 Wslot 2 Ls 125.5 Wslot 2
Lg 135 L1 62.6 Lg 20.8 L1 75.66
Lf 135 L2 18.85 Lf 15 L2 46.65
WF 2.25 hfoam 0.3 Wf 2.18 L3 14.85
hsub 0.1016 Ra 2.825 hsub 0.1016 hfoam 0.3
Sp 40.2 Rp 4.95

B. Second tag

The configuration of the same pentagonal monopole
antenna with the same material and height but has a
difference in the ground is shown in Figs. 2 (a), (b). A
partial ground plane is used with the circular shape at
a length Lg =20.8 mm from the end of the substrate. This
difference in the ground leads to a difference in the
frequency response. The overall dimensions are 87 x
125.5 mm?2. The dimensions of the proposed antenna are
presented in Table 2.
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Fig. 2. (a) The top view of second tag, and (b) the bottom
view of the second tag.

C. Vivaldi reader

Figure 3 shows the design of the transmitter Vivaldi
antenna with antipodal shape ending with a circle with
no ground and has an incremental line ending with a
circle. The radius of circle Rsis 9 mm. The radius of
circle Ry is 3.9 mm. The dielectric substrate used is
chosen FR4 with a thickness of 0.8 mm, a dielectric
constant of 4.3, and a tangent loss of 0.025. The
exponential profile curves are employed in this design
which can be described by the following:

y = 88.7(e0.0007x — 0.85¢ — 0.0617x + 1.87),
2g1<x <W/2[10].

The overall dimensions of the antenna are 258x250 mm?.,
A 50-Q SMA connector is used to feed the antenna. The
Vivaldi antenna is used in the experimental setup as
a transmitting reader antenna. All dimensions of the
proposed antenna are presented in Table 3.

Table 3: Vivaldi antenna dimensions in mm

Antenna | Dimension | Antenna Dimension
Paramter (mm) Paramter (mm)

X 280 d; 65

y 285 ds 42

Ry 22 ds 10

Rt 19.5 ds 0.6

ds 1.63 hsub 0.8

@
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photolithography technique. Figure 5 shows the fabricated
antenna. Figure 6 shows a comparison between the
simulated and measured results of the return loss of the
planar tag printed antenna. The measured results show a
return loss of -35 dB at a frequency of 3.42 GHz while
simulation gives a return loss of -48.588 dB at 3.398
GHz.

(b)

Fig. 3. (a) The top view of Vivaldi reader, and (b) the
bottom view of Vivaldi reader.

111. CONFORMAL ANTENNA DESIGN

In Fig. 4 the configuration of the first conformal tag
printed antenna and second tag printed antenna are
placed on the tank as shown. The first antenna is bent with
angle = 10 degrees and placed at a height of 65 mm
from the top of the cylindrical tank. The second tag is

(a) Front (b) Back

Fig. 5. The fabricated first tag antenna.

also bent on the same tank but with a distance of about 4
160 mm from the first tag. The Vivaldi reader is far from 3
the tank at a distance = 105 mm ta act in the far-field 10
radiation zone. The overall tank has a radius = 150mm .15
and with a height of 590 mm. 20
)
::'-:- -25
@30
.ag | —=— Measured
N [
First Tag 40 |~ - Simulated i
-45 1
~UE 14 12 24 2 30 3= 4.0
3 Frequency (Ghz)

Second Tag Fig. 6. Comparison between simulated and measured

v results of the pentagonal planar first tag antenna.

2-Second Tag

The planar tag is fabricated by using the same wet
] ] ] ) photolithography technique. Figure 7 shows the fabricated
Fig. 4. The configuration of the first and second tags on  antenna. Figure 8 shows a comparison between the
the PVC tank. simulated and measured results of the return loss of this

planar tag printed antenna. The measured results show a
IV. SIMULATION AND EXPERIMENTAL return loss of -28 dB at a frequency of 1.28 GHz while

RESULTS simulation gives a return loss of -29.795 dB at 1.2525
A. Planar antennas results GHz. This minor difference is considered due to the
1-First Tag fabrication tolerance as in the manual SMA connector

The planar tag is fabricated by using a wet  soldering.
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(a) Front (b) Back

Fig. 7. The fabricated second tag antenna.

$11(db)

—s=— Measured|
-39 —e— Simulated

0.6 0.8 1.0 12 1.4 1.6 1.8 2.0
Frequency (Ghz)

Fig. 8. The simulated and measured results of the planar
second pentagonal tag printed antenna.

3-Vivaldi Reader

The antenna has been simulated and fabricated using
photolithography. Figure 9 shows the configuration of
the simulated and fabricated antenna. Figure 10 shows a
comparison between the simulated and measured results.
The measured results show a return loss of -43 dB at a
frequency of 0.8 GHz and a return loss of -30 dB at a
frequency of 2.35 dB while simulation gives a return
loss of -22.8 dB at 0.865 GHz and gives a return loss of
-26 dB at 2.4 GHz, respectively.

(a) Front

(b) Back

Fig. 9. The fabricated Vivaldi reader after fabrication.

RFID CONFORMAL TAG ANTENNAS FOR LIQUID LEVEL DETECTION

$11(dB)

—a— Measured
40| —a— Simulated
0.5 1.0 1.5 2.0 2.5
Frequency (GHz)

Fig. 10. Comparison between simulated and measured
results.

B. Conformal antennas results
1-In Empty Tank Case

The liquid level is detected using a transmitter and
receiver RFID tag antenna. The transmitter antenna is
Vivaldi and the receiver are two tags on the tank. Figure
11 shows the configuration of the experimental setup of
two antennas and Vivaldi one while the tank is empty.
The measured result shows a return loss of -45 dB at a
frequency of 0.9 GHz and a return loss of -20 dB at a
frequency of 2.45 GHz while the simulated one shows a
return loss of -35 dB at a frequency of 0.9 GHz while
gives a return loss of -25 dB at 2.5 GHz. Figure 12 shows
the comparison between this simulated and measured
results. The coupling between two tag antennas which
are the first and second tags is illustrated in Fig. 13.
The figure shows that S;> which resembles the coupling
magnitude is always under-15dB. This illustrates that
there is approximately no coupling affects the results of
antenna scattering parameters Si; [16].

Fig. 11. Experimental setup tank with first and second
tags and Vivaldi reader in front of them.
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results of Sy; at first frequency 0.9 GHz, in this case, have
been largely decayed as a result of water presence. Figure
14 shows the comparison between these measured results
in case of an empty and filled the tank with water that
covers only the first tag.

Applying Debye model, as water is dispersive
material so its permittivity changes with frequency. The
Debye model is the dielectric relaxation response of

—a— Measured . . . . .
4 e Simulated an ideal, non interacting population of dipoles to an
alternating external electric field. It is usually expressed
in the complex permittivity ¢ of a medium as a function

05 0 5 70 Z5
Frequency (Ghz) of field’s frequency w:
Ae

e(®)= Eoot

$11(dB)

1-iwT’

Ae = g5 — €0,
Where e is the permittivity at the high frequency limit,
&s is the static, and 7 is the characteristics relaxation time

Fig. 12. Comparison between simulated and measured
results in an empty case.

of the medium [17].
~10] For water first order Debye model has gwo = 3.1,
es = 78.4, T = 8.27e-12 and thermal conductivity = 0.6
w/k/m. Figure 15 indicates the results of S;; with water
g Debye order covers first antenna
g [\-/
»
-30)
L
h
40| ¥
05 T0 5 20 2.5 o -
Frequency (GHz) §
(@) G
—s—\Vithout Water
-40) —a— \With Water cover 1st antenna
9 0.5 10 5 7.0 25
Frequency (Ghz)
o -20)|

Fig. 14. A comparison between the measured results in
case of empty and filled PVVC tank with water that covers

-30) only the first tag.

s21(d
ll.z

-40 ¥

0.5 1.0 1.5 2.0
Frequency (GHz) -5

(b)

@
Fig. 13. Coupling parameter results between the two =
conformal tag antennas on the PVC tank: (a) S12 result 2
and (b) S21 result. 18

j—--Waler cover first antenna with debye model

™M
3

2-In Case of Water of Level of 150 mm
In this case, the tank is filled with water at a level s 0 15 70 25

that covers the first antenna. The water has a dielectric Frequency (GHz)

constant €. = 79 .The measured result shows a return

loss of -10 dB at a frequency of 0.9 GHz and areturn loss  Fig. 15. The results of Sy; taking into account Debye first

is kept the same -20 dB at a frequency of 2.45 GHz. The  order model for water that covers first antenna.




3-In Case of Water at Level=300mm

In this case, the tank is filled with water at the level
that covers the first antenna and second antennas. The
measured result shows a return loss of -10 dB at a
frequency of 0.9 GHz and a return loss of -7 dB at a
frequency of 2.45 GHz. The results of S;; at first
frequency 0.9 GHz and second frequency 2.45GHz,
in this case, have been decayed as a result of water
presence. Figure 16 shows the comparison between these
measured results in the case of an empty and filled tank
with water that covers the first and second antennas.
Applying water first order Debye model. Figure 17
indicates the results of S1; with water Debye order covers
two antennas.

S11(dB)

-40| —a— Without Water
—e— With water cover 2 antennas

U5 1.0 15 2.0 2.5
Frequency (Ghz)

Fig. 16. Shows a comparison between the measured
results in case of empty and filled PVC tank with water
that covers first and second tag antennas.

= =\Nater cover two antennas by Debye model|

5 10 15 70 75
Frequency (GHz)

Fig. 17. The results of S;; taking into account Debye first
order model for water that covers two antennas.

4-In Case of Oil at Level=150 mm

In this case, the tank is filled with oil at a level that
covers only the first antenna. The oil has a density of
0.9 kg/m® and dielectric constant €, = 3. The measured
results show a return loss of -13 dB at a frequency of
0.9 GHz and a return loss of -23 dB at a frequency of
2.45 GHz. Figure 18 shows the comparison between these
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measured results in the case of a PVC tank filled with oil
and filled with water that covers only the first tag.

0,

-10|

)
2,
< -15|
(9}
-20) -
—a— Qil measured
—e— Qil simulated
05 0 5 70 75
Frequency (GHz)
(a)
-5
-10)
o -15
X2
5 -20)
-2 —=—Qil first level
—e— Water first level
-30)
0.5 1.0 15 2.0 2.5
Frequency (Ghz)
(b)

Fig. 18. (a) Shows a comparison between the measured
and simulated results of PVC tank filled with oil covered
the first tag only, and (b) shows a comparison between
the measured results in case of the filled tank filled with
oil that covers the first tag.

In the following Table 4, there is a comparison
between the paperwork and the most similar work in
literature from different design parameters and functional
aspects. From the table, it shows that our design has
merits of multiple frequency operations with flexible
configuration although of its larger size.

Table 4: Comparison between other work and our work

Frequency . Thickness . .
(GH2) Size (mm) Chip |Flexible
This 2.45 87x125.5
work 09 8995 0.4016 No Yes
[3] 0.85 48x27.7 0.8 Yes No
[5] 5.25 30x30 1.6 No No

V. CONCLUSION
A liquid level is detected using two RFID conformal
pentagonal tags working at two different frequencies and
a Vivaldi reader antenna. The two designed tag antennas
made from flexible substrate Roger 3850 are designed,
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analyzed, and fabricated in this paper. The Vivaldi reader
antenna is made from FR4 material with high gain
design. The two tags antennas are bent on the PVC tank.
Comparisons between results of an empty and full tank
with different liquids are illustrated which shows a
change of responses. For the cases of the filled tank that
covers the tag antennas than the empty tanks which
verify the functionality of level detection due to either
water or oil liquids.
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