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Abstract – A design of high sensitivity Vivaldi antenna is introduced for detecting the low sugar 

and salt concentrations in water. The reason for selecting the Vivaldi antenna configuration is to 

provide two desired features; ultra-wideband and a high directivity so the surrounding clutter effect 

can be minimized. The prospective antenna embraces the ultra-wideband (UWB) from 4 GHz to 11 

GHz. Two techniques are exploited to improve the antenna detectability; epsilon-near-zero (ENZ) 

metamaterial and antenna aperture amending. The ENZ metamaterial is very sensitive to the 

permittivity of the substrate, so any loading effect can easily alter the electric field distribution and 

hence affect the antenna phase properties. The high sensitivity can be increased by operating at a 

higher frequency. The aperture amending is used to improve substrate-air matching.  An equivalent 

circuit model is scrutinized for further emphasis of the ENZ metamaterial operation, showing good 

agreement with EM simulation results. In terms of phase variation, the designed antenna is 

employed to sense sugar and salt in water. The amount of sugar and salt affects the material 

characteristics of the solution and, as a result, the reflected phases. Practical observations reveal 

that when the sugar and salt contents in the liquid increase, the phase falls. The simulation and 

measurement results of a fabricated prototype have good agreement. The time-domain analysis is 

discussed, revealing low distortion of received pulses. 
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Introduction 

Water has a significant influence on the evolution of 
civilization. Researchers are increasingly concerned about 
the protection of human health. The pH factor is a critical 
metric to monitor in many biochemical sectors, such as 
food, cosmetics, and drinks. The number of diseases and 
deaths caused by a shortage of clean water is increasing 
every day [1]. Water quality is determined by a number of 
factors, including pH and conductivity [2, 3]. Depending 
on the application, pH and conductivity have a permissible 
limit. In [4], the existing standard approaches for 
designing several types of pH detectors are exhibited. The 
solid-state reference electrode (SSRE) is a widely used pH 
detector that eliminates the difficulties that plague 
traditional reference electrodes [5]. 

Drinks and food involving excessive sugar and salt 
have caused ailments such as diabetes, stroke, and renal 
failure in humans. By evaluating the material 
characteristics and dielectric behavior of food ingredients, 
a number of ideas and instruments for food evaluation 
have been investigated. Microwave sensors have been 
widely explored to identify specific qualities of 
nourishment materials [6]. Microwave detectors are 
utilizing the interaction of food substances with 
electromagnetic signals as a function of the dielectric 

permittivity of the samples, resulting in frequency 
deviation [7]. Sensors of moisture and humidity 
evaluation, biosensors, and planar sensors, as well as 
various detectors for sensing sugar, salinity, and other 
qualities in nutrition products, are now widely accessible 
[8]. For example, [9] presents a research based on the 
typical drying procedure. The level of salt in the soil is 
calculated using this method, which involves measuring 
the electrical conductivity of the soil. A coaxial probe with 
an open-ended was employed to follow the dielectric 
value in a saline-starch mixture in another way [10]. These 
technologies have a number of drawbacks, including high 
costs, complexity, and a lengthy procedure. Microwave 
sensors are commonly employed in healthcare devices to 
overcome these limits because of their short response 
time, immediate measurement, high sensitivity, and 
simplicity of usage [11]. The parameters of a device are 
utilized to detect variations in the examined material 
characteristics, and these variations are seen and clarified 
by the sensing constraints. Antennas are generally utilized 
in raio communications to send and receive 
electromagnetic (EM) signals. Antennas, on the other 
hand, can be used as sensors by employing 
electromagnetic waves [12]. Several antennas for 
detecting sugar and salt solutions have been projected in 
the literature. Several patch antenna configurations 
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employing Taconic TLY-5 material were described in [13], 
which can detect the sugar and salt levels in water at the 
resonant frequency of 2.45 GHz. An antenna with a Psi-
shape based on the Rogers RT/Duroid 5880 was presented 
as a 16 GHz identifying device [14]. In [15], a microstrip 
antenna sensor with crescent-shaped is designed on a FR-
4 material. A defected ground structure microstrip antenna 
was used to detect the quantity of sugar and salt in water 
[16]. The above-mentioned sensors depend on the 
amplitude of the reflection coefficient variation to detect 
only the high levels of sugar and salt concentrations. 

Nowadays, artificial metamaterials have recently 
piqued researchers' curiosity about their unique 
electromagnetic characteristics [17]. The ENZ is a class of 
metamaterials that can be created by embedding 
inclusions in a periodic host media. The phase velocity of 
propagating waves in ENZ metamaterials is highly 
dependent on the substrate material and unit cell 
arrangement. Any modification in the loading materials 
can have a significant impact on the metamaterial electric 
field distribution in this scenario. This attribute has a big 
impact on how antenna phase characteristics change [18]. 

End-fire antennas play an important role in UWB 
remote sensing [19 - 21]. Two end-fire sensors are 
documented in the state-of-art work [22, 23]. Because of 
their vast bandwidth, simple shape, and widespread 
exploit in sensing applications, the TSA Vivaldi antennas 
have gotten a lot of attention. Vivaldi antennas, despite 
their benefits, have several disadvantages, such as a 
skewed beam, limited directivity, and gain when 
compared to other antennas. Different methods were 
utilized to avoid these drawbacks, like the utilization of 
Vivaldi antenna arrays, replacement of a part of the 
substrate with a dielectric lens in the antenna aperture 
[24], and a lens at the termination of the wings [25]. 
However, these solutions suffer from increasing the total 
size.  

In this paper, a combination of ENZ metamaterials and 
aperture amending is utilized to enhance the Vivaldi 
antenna phase sensitivity to act as a microwave sensor of 
the low percentage of sugar and salt in water. The ENZ 
metamaterial unit cell is constructed as a folded line 
printed on a dielectric slab, while the aperture is modified 
with a half trapezoidal shape. The designed antenna covers 
a bandwidth of 4 to 11 GHz with an 8 dBi average gain 
from 8 GHz to 11 GHz, providing a high sensitivity with 
good longitudinal resolution and decreasing invasion 
depth to sense low amounts of diverse sugar and salt 
liquids. Moreover, this sensor has a short performance 
time and simple data interpretation. No hazardous 
chemicals or costly tools are required for this sensor, 
which reduces its complexity. Furthermore, a new 
approach based on the phase variation is introduced to 
provide higher sensitivity in case of low levels of sugar 
and salt concentrations. 

I. Antenna Design 

I.1. ENZ Unit Cell Design 

The ENZ metamaterial's design is presented in this 
section. The ENZ metamaterial is made up of periodic unit 
cells that are printed on a Rogers 3010 dielectric slab with 
a thickness ℎ = 1.27𝑚𝑚, a relative dielectric constant 𝜀𝑟 = 10.2, and tanδ= 0.025. This material is carefully 
chosen for the prospective antenna to contribute to size 
reduction due to its higher permittivity. The unit cell is 
constructed with a simple folded line shape, as shown in 
Fig.1 (a). The space between unit cells is kept much 
smaller than the operating wavelength [26], [27]. To show 
the electrical performance of the ENZ metamaterial unit 
cells, HFSS simulator is used. As shown in Fig.1 (b), two 
PMC boundaries are placed on both sides existing in the 
YZ plane, two PEC are placed perpendicular to the other 
two parallel PMC on both sides existing in the XZ plane, 
and two rectangular waveguide ports are placed on both 
sides existing in the XY plane. Then, the ENZ 
metamaterial is obtained in the 𝑥-direction [28]. The 
equivalent constitutive parameters are calculated using the 
reflection and transmission coefficients as follows [29]. 
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where 𝑆21and 𝑆11 are the transmission and reflection 

coefficients, respectively, 𝑘0 is the propagation wave 
number of free space, 𝐿 is the unit cell length, 𝑚 is an 
integer value of the refractive index 𝑛, 𝑍 is the impedance 
of wave, 𝜇 is the equivalent permeability, and 𝜀 is the 
equivalent permittivity. To obtain the required low 
refractive index, the parameter 𝐴 should be close to unity, 
which means that 𝑆11  is very small and 𝑆21 is close to 
unity, as shown in Fig.2 in the frequency band of  8  to 11 
GHz. In the required frequency band, a permittivity in the 
x-direction of less than unity is derived as shown in Fig.3. 
Three primary parameters, 𝑊1, 𝑔 , and 𝐿1, can be changed 
to modify the properties of ENZ unit cell resonators.  The 
unit cell dimensions are adjusted to work in the range of 8 
to 11 GHz as 𝐿 = 4𝑚𝑚, 𝑊 = 4.6𝑚𝑚, 𝐿1 = 2.75𝑚𝑚, 𝑊1 = 0.25𝑚𝑚, 𝑔 = 0.35𝑚𝑚. 

An LC circuit model is suggested to investigate the 
principle of operation of ENZ metamaterial unit cell. 
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Keysight ADS software has been used for circuit model 
analysis. It should be noticed that the equivalent 
inductance increases by enlarging the length of the folded 
line through increasing 𝐿1 , or 𝑔. As a result, the 
corresponding resonant frequency will be reduced. Also, 
the width an 𝑊1 has effect on the corresponding 
inductance. As W1 increased, the corresponding 
inductance is decreased, and consequently, the 
corresponding resonance frequency increases. The 
obtained ADS circuit model reflection and transmission 
coefficients are compared with those obtained by HFSS, 
showing relatively good agreement as presented in Fig.2. 
A wide passband can be observed from 8 to 11 GHz. 
Notably, the results obtained from ADS are a little bit 
different from those obtained with the HFSS simulator. 
This is attributed to the ideal behavior of the passive 
elements used in the proposed model. The values of 
inductance and capacitance of an ENZ equivalent circuit 
are optimized as 𝐿1 = 2.99 𝑛𝐻, 𝐶1 = 102.524 𝑝𝐹, and 𝐶𝑝 = 0.186𝑝𝐹 and used in the HFSS simulator. 

 

 
                                   (a) 

 
(b) 

 
(c) 

Fig.1. The proposed ENZ unit cell configuration. (a) Top view. 
(b) 3D- view. (c) LC circuit model. 

 

 
 

Fig.2. S-parameters of the ENZ unit cell. 

 

 
 

Fig.3. Retrieved effective permittivity of ENZ unit cell. 

 

I.2. Vivaldi Antenna Design 

As demonstrated in Fig. 4, the basic structure (Ant.1) is 
made of a pair of arms configured on opposing sides of a 
substrate (a). The radiated fields are created by coupling 
waves passing through the flared aperture inner edges. The 
upper arm is attached to a feeding line, and the lower arm 
is considered as a ground plane. A group of five unit cells 
of ENZ metamaterial is placed in front of the Vivaldi 
antenna flared aperture (Ant.2), as shown in Fig. 4 (b), to 
improve the antenna radiation characteristics and 
detectability, as will be described in the following 
subsection. To realize better Impedance matching between 
the ENZ loaded antenna and air, the substrate front-edge 
shape is updated to a trapezoidal shape with optimized 
dimensions (Ant.3), as shown in Fig.4 (c). Several 
simulations were run to track the influence of each 
alteration on the antenna operation. Fig. 5 presents the 
reflection coefficient of the three different cases. Good 
matching below -10 dB is obtained across the desired 
frequency range of 4 to 11 GHz. Intensive optimizations 
are carried out to evaluate the antenna dimensions to 
operate at the frequency range of 4 to 11 GHz, and they 
are itemized in Table I. 
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TABLE I 
ADJUSTED DIMENSIONS OF  THE VIVALDI ANTENNA IN 

MM 
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31.
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8.4 
12.
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(a) 

 
(b) 

 
(c) 

Fig. 4. Design Procedures including dimensions (a) the 
conventional Vivaldi antenna. (Ant.1) (b) The antenna is 

burdened by the ENZ unit cells (Ant.2). (c) Modified Aperture 
Vivaldi antenna burdened by the ENZ unit cells (Ant.3). 

 

Fig. 5. The S-parameters of the design steps. 

I.3. Sensitivity Improvement 

The antenna sensitivity can be enhanced in the end-fire 
direction by adding five ENZ unit cells to the antenna 
aperture. In other words, by adding the ENZ unit cells, the 
effective permittivity is reduced in the x-direction. As a 
result, the propagation wave number is decreased y-
direction according to the following equation [30]: 

 
 
                                  (6) 

where , , and  are the propagation constants 
along 𝑥, and   directions, and the free-space propagation 

constant. The , , and  are the components of the 
permittivity and the permeability tensor. For the case of 

, while 𝜀𝑥 ≠ 0 , and µ𝑧 ≠ 0, the 𝑥 direction 

propagation constant . Consequently, embedded 
ENZ unit cells in the  -direction would diminish the 
beamwidth in the E-plane. Subsequently, the gain and 
detectability of the Vivaldi antenna will be improved.  In 
our design, the chosen number of unit cells is about to 
achieve the saturation level.  The gain results of each 
design step are illustrated in Fig. 6. It is concluded that the 
ENZ and aperture modification significantly increases the 
antenna gain by about 2 dB to 4 dB in the band of 8 to 11 
GHz. 

 
Fig. 6. Gain comparison between the antenna with and without 

ENZ unit cells. 

II. Time Domain Analysis 

The dispersion analysis of the proposed antenna can be 
investigated in the time domain, and a setup presented in 
Fig.7 is considered. This arrangement includes transmitter 
and receiver antennas. The transmitter antenna is placed at 
a certain distance, meanwhile, the receiver antenna is 
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interchanged circularly with angles of 0o, 45o, and 90o. 
The antennas are placed in the same orientation.  The input 
signal of the Gaussian pulse is selected for the transmitter 
antenna to embrace the targeted UWB range [31]. As 
shown in Fig. 8, the antenna has a good attitude in the time 
domain at different angles with minimal signal 
degeneration, making it suitable for use in a variety of 
detecting systems. 

 
 

Fig. 7 Time domain evaluation setup. 

 
Fig. 8 Time domain signal at different angles. 

 

III. Measurement Results and Discussion 

III.1. Antenna Characteristics 

Figure 9 shows the fabricated prototype with an array of 
ENZ unit cells.  The magnitude of S11 was acquired using 
a ZVA67 Vector Network Analyzer. The measurement 
results of the prospective antenna is shown in Fig.10. The 
reflection coefficient is under -10 dB across the frequency 
range of 4 to 11 GHz. The end-fire gains versus frequency 
are plotted in Fig.11. E-plane (𝑥 −  ) and H-plane (𝑥 − 𝑧)  
radiation patterns of the proposed antenna are presented at 
several frequencies; 8 GHz, 9.5 GHz, and 11 GHz as 
displayed in Fig.12, and Fig.13, respectively. It is noticed 
that the addition of the ENZ unit cells and the aperture 
reduce the beamwidth in E and H planes.  

 

 
(a) 

 
(b) 

Fig. 9. Photo of the fabricated prototype (a) top view and (b) bottom 
view. 

 
Fig. 10. S-parameters of the proposed antenna. 

 
Fig. 11. Gain comparsion  versus fequency. 
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(a) 

 
(b) 

 
(c) 

Fig. 12. Radiation patterns of the proposed antenna in the E-plane at 
(a) 8 GHz, (b) 9.5 GHz and (c) 11 GHz. 

 
(a) 

 
(b) 

 
(c) 

Fig. 13.  Radiation patterns in the H-plane at (a) 8 GHz, (b) 9.5 GHz 
and (c) 11 GHz. 

III.2. Sugar and Salt Concentration Detection 

With increasing sugar and salt concentration liquid, the 
number of water molecules decreases. When sugar and salt 
are added to water, the water characteristics vary due to the 
connection between liquefied ions and water particles. 
Since the ionic conductivity of the solution decreases and 
the polarization of water decreases, the solution particles 
conductivity is reduced when the amount of sugar and salt 
increases. The decrease in ionic conductivity reduces the 
solution dielectric constant. Consequently, the load 
impedance reduces as well, resulting a reduction in phase 
and amplitude. 

Although the change in loading material dielectric 
constant can be identified by the amplitude and phase of 
the antenna reflection coefficients.  The phase is more 
sensitive than the amplitude in the high frequencies 
particularly. As a result, the authors proposed a new 
approach for sensing the sugar and salt concentrations 
based on the reflection coefficient phase. For practical 
examination of the offered antenna as a sensor, it is located 
on the water top surface as shown in Figure.14. The 
experiment is divided into two phases. The first part is to 
detect the effect of the sugar concentration, while the 
second part is to sense the effect of the salt concentration. 
The data has been acquired 10 times for different levels of 
concentration for both sugar and salt cases at 4 GHz, 5 
GHz, 6 GHz, 7 GHz, and 8 GHz.  The reflection coefficient 
of the antenna has been measured with the different sugar 
and salt concentrations using the N5227A PNA 
Microwave Network Analyzer at the microwave laboratory 
in ERI.   

Fig 15 and Fig 16 present the amplitude variation of the 
reflection coefficient with the different percentages of 
sugar and salt in water respectively. It is clear that the 
amplitude variation is very small against the sugar and salt 
concentration; less than 0.05 at 5 GHz. In the high 
frequencies, although the amplitude variation shows higher 
sensitivity, in the salt case, the sugar case still needs a more 
accurate approach. Accordingly, we introduced the phase 
parameter to be an effective way for such measurements. 
The phase variation of reflection coefficient at the four 
different frequencies is investigated at 5 GHz, 6 GHz, 
7GHz, and 8 GHz as illustrated in Fig 17 and Fig 18. From 
the results, the phase decreases obviously with a higher 
concentration of sugar and salt. At 5 GHz the difference 
between the highest and lowest sugar concentrations is 
about 3o in the sugar case and 5o in the salt case, but at 8 
GHz, the phase difference is about 30o in the sugar case, 
and about 50o in the salt case. As a result, the higher 
frequencies are more convenient for sensing the 
concentration of sugar due to the shortest wavelength 
which provides high sensitivity. 

 



 
(a) 

 
(b) 

Fig. 14 Salt detection experiment setup 

 
 

(a) 

(b) 

 
(c) 

 
(d) 

Fig. 15 Amplitude variation versus sugar concentration for (a) 5 GHz 
(b) 6 GHz (c) 7 GHz (d) 8 GHz 

 

 
(a) 

 
(b) 

(c) 

 
(d) 

Fig. 16 Amplitude variation versus salt concentration for (a) 5 GHz 

(b) 6 GHz (c) 7 GHz (d) 8 GHz. 

 

 
(a) 

(b) 

 
(c) 

 
(d) 

Fig. 17 Phase variation versus sugar concentration for (a) 5 GHz (b) 
6 GHz (c) 7 GHz (d) 8 GHz 
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Fig. 18 Phase variation versus salt concentration for (a) 5 GHz (b) 6 

GHz (c) 7 GHz (d) 8 GHz. 

 
Table II depicts the advantage of the introduced antenna 
over the previous work. It is revealed that the projected 
antenna based on phase variation has more sensitivity at 
small percentages of sugar and salt. In another word, the 
proposed antenna can detect very low level (1%) of salt 
and sugar concentrations. 
 

TABLE II 
COMPARISON BETWEEN THE PROPOSED ANTENNA AND 

LITERATURE WORK. 

Ref. 
Dimensions 

(mm2) 

Sensor 

Type 
Methodology 

 Lower 

limit of 

detection 

[15] 32×22 
Patch 

antenna 
Amp. 

variation 20 % 

[32] 50×50 
Slot 

antenna 
Amp. 

variation NG 

[33] 17×14 
Patch 

antenna 
Amp. 

variation NG 

[34] 26×24 
Patch 

antenna 
Amp. 

variation 10% 

This 
work 

51.3×42.9 
Vivaldi 
antenna 

Phase & amp. 
variation 1% 

IV. Conclusion 

In this paper, a high-sensitivity ENZ-based microwave 
sensor is presented for remote sensing applications. A 
reflection coefficient of less than -10 dB over the frequency 

band of 4 to 11 GHz is obtained. It is shown that the 
antenna sensitivity is improved due to increasing the gain 
up to 8 dBi in the frequency range of 8 GHz to 11 GHz. 
Simulated and measured results have good matchings. To 
validate the proposed microwave sensor, the reflected 
amplitude and phase are acquired at the top surface of the 
sugar and salt solution. As the percentages of sugar and salt 
increase, the phase and reflection coefficients decrease. 
However, the phase variation is much higher than the 
amplitude. The results reveal that the provided sensor has 
a high sensitivity for detecting low sugar and salt 
concentrations in water. Because the amount of sugar and 
salt in food and drink is required by law, this cheap device 
can be exploited in the food and drink business to sense 
sugar and salt percentage. 
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