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Abstract

In this paper, a metamaterial-based resonator is proposed for the detection of dengue
infection. The replaceable top layer can measure the dielectric characteristics of blood samples
to detect the dengue virus. The sensor observed a shift in the resonant frequency towards higher
frequencies with the reduction in the blood's permittivity. The sensor showed a 0.325 GHz shift
in resonance per unit change in the dielectric permittivity. To corroborate the sensor’s practical
sensing capability, a sensor prototype was fabricated and validated with alcohol-aqueous
solutions. The sensor exhibited shifting of resonance towards lower frequencies with the
addition of water contents in methylated alcohol. With the enhanced sensitivity and repeatable

measuring capability, the results suggested that this sensor can be applied with real-time



applications on the Internet of Medical Things (IoMT) for early remote detection of the dengue
outbreak.
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1. Introduction

Dengue is a deadly mosquito-borne virus spreading throughout the world. In the last
five decades, the prevalence of the dengue virus has climbed 30-fold with its emergence into
new countries, and it has also expanded from urban to rural areas in the last decade [1]. This
rate is still increasing despite vector control efforts and the widespread use of clinical
guidelines. According to World Health Organisation (WHO), an estimated 390 million dengue
infections are occurring every year, in which Asian countries account for 70% of the total cases
[2]. A primary intervention and prevention plan is essential to evade the predicted prevalence
of dengue, as this will impose a huge burden on the country's people and its economy.
According to WHO, if the disease cases are sensitively detected in the early stages of an
epidemic, emergency space spraying and intensified larviciding can benefit reduction measures
[1].

The biosensors in this aspect are vital because of their remote sensing ability and
portability. Biological investigations can be carried out using portable sensors with the help of
microelectrodes and conventional electrodes [3]. Various biosensors used in detecting
tuberculosis, hCG (pregnancy), HIV, cancer, glucose, and malaria are either based on optical
or electrochemical methods [4]. However, apart from being accurate and providing high
precision, these sensors also suffer from some limitations. Some of these sensors require
purification of the samples, and some methods are based on laboratory investigations [3]. The
rising interest in microwave biosensors has grown to a new level that they will be potentially

made available in the commercial market very soon. This is certainly because high-frequency



waves can pass through the cell membrane and interact with the cytoplasm, eventually
interacting with y-dispersion [4].

In these developments, the metamaterial is considered an exceptionally suitable
candidate due to its extraordinary properties. This is due to the highly concentrated fields
provided by metamaterial structures that enhance sensitivity [5]. Split Ring Resonator (SRR)
and its complementary version are the two most researched configurations of metamaterials [6].
Metamaterial exhibits negative permittivity, permeability, and refractive index values at
different microwave frequency ranges, which is not possible in commonly available materials.
Subwavelength resonators in biosensing are used to achieve a significant response against small
variations in electrical properties of the surroundings through the resonant frequency shift [7].
Every material exhibits certain electrical characteristics due to its tangent loss, permittivity, and
permeability, which can be characterised by biosensors.

Numerous studies have been conducted on the blood's dielectric properties. Recent
works have focused on the permittivity of the blood for investigations on glucose concentration
[8]-[11]. A biosensor should be small to accommodate the various applications in the medical
field [12]. To the best knowledge of the author, a metamaterial sensor operating at millimetre-
wave frequencies has not been proposed to date. The majority of sensing elements proposed are
found to be operating at low microwave frequencies, which are larger than 50 x 50 cm?, and
their sensitivity is relatively low. These concerns highlight the need for an alternative sensor
design that is simple to use, highly sensitive, and small in size. Furthermore, sensitivity
increases at millimetre-wave frequencies because this band provides greater dielectric changes
in the blood than low microwave frequencies [13]. Several techniques for sample investigations
have been carried out using metamaterial-based resonators. The model with an engraved space
in the substrate was proposed in [14], [15] comprising of a metamaterial liquid sensor

integrating feed transmission line (FTL). However, this concept of engraved space to hold



material under test (MUT) may potentially produce errors in repeated measurements. Since the
substrate is etched to control blood samples on the sensor's surface, it is difficult to clean the
area entirely after every measurement. The unwanted blood particles of the previous
measurement can interfere with the outcomes. Resultantly, the design needs replacement after
few measurements. Therefore, the sensor design based on double layers is proposed with a
replaceable top layer suitable for repeated measurements. In this way, a highly sensitive
metamaterial-based resonator sensor operating at millimetre wave frequencies can be
constructed to detect dengue using a small quantity of blood sample. The double-layered
designed sensor has been validated through experiments. In addition, the potential of the sensor

in integration with the loMT systems is also discussed in this paper.

2. Design

As the name implies, the double-layered structure is made up of two sheets of the Rogers
RT/Duroid 5880, a low dielectric loss substrate with a dielectric constant (g;) of 2.2 and a loss
tangent (tand) of 0.004. Fig. 1(a) shows a side view of the proposed design containing two
substrate layers (H1 and H2). Simultaneously, copper with a thickness of 0.035 mm is acting
as the conducting element. The top substrate layer (H2) has no ground while the top substrate
layer (H1) has a full ground plane on the bottom side. A metamaterial resonating structure with
a dimension of 20 x 10 mm? and a thickness of 0.127 mm is printed on the top substrate layer
is depicted in Fig. 1(b). The bottom layer, with an overall dimension of 20 x 30 x 1.57 mm? as
shown in Fig. 1(c) contains the FTL linked to the ports. The integrated proposed design for the
sensor is depicted in Fig. 1(d). As can be seen, the top layer is to be magnetically coupled to

the bottom layer. The optimised parameters for the sensor are given in Table 1.

Ground place
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Figure 1. Resonator (a) side view (b) metamaterial structure on top layer (c) transmission line
on the bottom layer and (d) perspective view of integrated design.

Table 1. Key parameters of design and their values.

Ry (mm) L (mm) W (mm) X (mm) Y (mm) H1l (mm) | H2 (mm)
1.1 3.1 0.4 20 30 1.57 0.127

The circular opening loop in the bottom layer can work as a magnetic dipole, which
produces an oscillating magnetic field perpendicular to the top substrate layer [16]. Two layers
of the resonators under the magnetic field excitation will induce currents in a similar direction,
eventually forming positive mutual inductance (M). At the same time, the flow of induced
currents is resisted by the opening of the ring at the bottom layer, due to which clockwise and
counter-clockwise rotation of charges appear on the bottom and top substrate layer,
respectively. Fig. 2 represents the mechanism of the magnetic field creating the surface current
distributions for structures on both layers, while Fig. 3 shows the resulting surface current
distributions on top and bottom layers. The directions of the charges in two layers are opposite
due to the opening of two layers (ring at the bottom and G-shape at top) in the same direction
that generates coupling capacitance (C.). The mutual inductance (M) and coupling capacitance
(C.) both offer a significantly improved overall inductance and capacitance, which also

contribute to the resonant frequency as of Equation (1). The highest electric field intensity
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observed on the main square patch, which amounts to around 11 kV/m as shown in Fig. 4. A
higher electric field is observed at the outer part of the resonator because of the coupling

between the shape on the bottom layer and the resonator on the top layer.

1

F,= 2nIC ()
Where C represents the equivalent capacitance of the structure, while L represents the overall

inductance.
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Figure 3. Surface current distributions for (a) bottom layer and (c) top layer.
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Figure 4: Electric field intensity for integrated structure

The metamaterial structure was modelled and simulated using the Finite Integration
Technique (FIT) in CST Microwave Studio. The sensing process was analysed by simulating
the blood's dielectric characteristics on the sensor. Later, a blood sample was introduced in
simulation onto the surface of a top layer covering all resonators' areas, as shown in Fig. 5.
Blood's dispersive characteristics were modelled in the 20-40 GHz range by employing the

values of the blood's permittivity and loss tangent calculated by Gabriel [17].

Figure 5. Placement of blood sample on the front layer of a double-layered sensor.

Since the millimetre-wave frequencies are sensitive to the dielectric changes, the
resonant frequency is observed after the placement of MUT. Fig. 6 shows the reflection
coefficient (S;;) and transmission coefficient (S,;) of the designed sensor for the integrated
structure. The sensor observes two resonant frequencies in the reflection coefficient. The first
highest negative peak of the S;; is generated at 26.76 GHz with an amplitude of -35.3 dB and

the second resonant frequency is 34.34 GHz with an amplitude of -20.7 dB. The resonance in



transmission coefficient (S;;) is seen around 38 GHz above our desired range. The first
resonance (S;;) without blood at 26.76 GHz happens to be the primary resonant frequency as
its sharpness in resonance is better than that of the resonance at 34.34 GHz.

It can be noticed from Fig. 6 that the resonant frequency (S;;) after placement of the
sample has a higher depth in amplitude than resonance without MUT. The reflection coefficient
for the sensor shows resonances at 27.22 GHz, and the highest negative peak is observed at a
negative amplitude of 44.32 dB. On the other hand, the transmission coefficient is flat after the
placement of the blood sample on the sensor’s surface. Therefore, only S;; is considered in

further analysis for blood sensing following previously published works [8], [18].
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Figure 6. The resonant frequency with and without blood sample on sensor’s surface.

3. Parametric Study

Because of the energy exchange between the ring at the bottom layer and the resonator
at the top layer, the excitation in the feeding system is very robust. The feeding systems are
typically coplanar waveguide and microstrip lines. In this type of feeding mechanism,
microwave network matching must be optimised so that microwave energy can be magnetically
linked to the metamaterial structure at the top layer. As a result, the essential factors indicated
in Table 1 were modified to investigate their impact on resonance. The radius of the split-ring
(R 0) of the construction shown in Figure 1b was adjusted from 0.9 mm to 1.2 mm. It was
discovered that this parameter has a strong influence on the resonant frequency. As illustrated
in Figure 7, a 0.1 mm change in this parameter shifts the resonant frequency from 33 GHz to
28 GHz. This parameter appears to have a significant impact on the design's performance. The
value of the variable square length (L) parameter from Figure 1b was modified from 3 mm to
3.3 mm in simulations. The square length was found to have the opposite influence on the
resonant frequency as the radius (R 0). As shown in Figure 8, increasing this parameter shifts
the resonance frequency to the right. The length of the square, in addition to the radius, has a



significant impact on the resonance frequency. It is because increasing the length will lead the
square to get disconnected from the G-shape when its size exceeds the radius of the G-shape.
When the line width (W) of the entire structure is varied, as shown in Figure 1b (a), the
amplitude of the reflection coefficient changes, but no apparent resonance shift is observed.
The amplitude of the reflection coefficient was increased by increasing the linewidth from 0.25
mm to 0.45 mm, as illustrated in Figure 9. In comparison to the length and radius, the linewidth
appears to have little effect on the resonance. This, however, alters the sharpness of the resonant
frequency.
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Figure 7. Resonant frequency on different values of “R,” in sensor.
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Figure 8. Resonant frequency on different values of “L” in sensor.
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Figure 9. Resonant frequency on different values of “W” in sensor.

4. Perturbation in Reflection Coefficient
The performance of the proposed sensor was estimated by varying the blood’s
permittivity level. According to clinical practice guidelines for dengue infection management
in adults, dengue investigation necessitates testing of two major factors: platelet count and
haematocrit ratio [19]. A study on blood coagulometry, which happens due to low platelet
counts, found a direct correlation of blood coagulation with permittivity [20]. In contrast, the
conductivity decreased with the increase in haematocrit levels in another study [21]. It should
be recalled that permittivity at high frequencies takes a complex form as of Equation (2):
e =c+¢ (2)
where ¢, is the complex permittivity of any dielectric material and &, is a real part of
permittivity, while &, is an imaginary part of permittivity. According to Equation (3), the

imaginary part of permittivity can be written in the form of conductivity.

g

& = o (3)

weg

Thus, both of those parameters (real and imaginary parts of blood's permittivity) exhibit
a decrease when blood is coagulated and/or haematocrit levels are increased. In addition, a
recent study conducted on haemoglobin levels also revealed that the real and imaginary parts

of permittivity are increased when haemoglobin levels reduce [22]. This indicates that the



permittivity must reduce when haemoglobin levels are increased due to dengue infections [23].
In sum, as much as the platelet counts decrease or the haematocrit ratio increase in blood, the
blood permittivity reduces correspondingly. Therefore, to draw the blood's dielectric behaviour
in dengue, the real and imaginary parts of the complex permittivity of blood have been reduced
from their normal levels.

In response to the variation in the dielectric constant and the tangent loss, the reflection
coefficient (S;;) changes were obtained due to the added capacitance of MUT. Fig. 10 shows
the reflection coefficient behaviour of the sensor on varying blood's permittivity. The resonant
frequencies are shifted towards higher frequencies in the sensor for proportions of blood
samples with reduced real and imaginary permittivity. This shift is in agreement with the
outcomes provided by simulations and measurements carried out in other works with the
variation in blood's permittivity [7], [24]-[26]. The resonance at 27.22 GHz shows normal
platelet counts and haematocrit levels, whereas the resonance shifting towards higher
frequencies shows the tendency of infection in the blood, i.e., higher the resonant frequency,
the increasing levels of a severe case. The colour gradient bar shows the boundary between
healthy people (blue) and infected people (red).

Using the resonant frequencies of the perturbation phenomenon, we used regression
analysis to calculate the intensity of infection. As shown in Fig. 11, the equation obtained in
regression analysis, which has the determination coefficient (R?) of 0.9729 can help determine
the infection's intensity level, with 0 being the normal level and 8 representing the highly severe

case.
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Figure 11. Severity analysis of dengue infections.

5. Measurement and Verification of Results

The measurements were taken at the Campus Pagoh, Universiti Tun Hussein Onn
Malaysia. The reflection coefficient was measured using N5234B PNA-L Microwave Vector
Network Analyzer (VNA). A 2.40 mm reusable SMA connector was used to connect the VNA
with the microstrip lines of the resonator. Before measurement, the VNA was calibrated using
85056A Calibration Kit to remove any systematic error.

The fabricated sensor is depicted in Fig. 12. The 2.4 mm reusable SMA connector was
used as RF ports connecting the design to VNA. Fig. 13 shows the simulated and measured
results of the integrated sensor. It is authenticated that the simulated and measured results are
in good agreement. However, slight variations in amplitude can occur due to environmental

parameters, imperfect fabrication, and interferences.



Figure 12. Fabricated design of sensor.
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Figure 13. Simulated and measured reflection coefficient of the sensor without sample.

It is well known that one of the significant constituents of biological materials is water
[27]. For instance, the contents of the water in erythrocytes range from 55% to 75%. Similarly,
biomolecules are held in a fluidic medium in biological suspensions; thus, the large proportion
of suspension is governed by water. Human organs, tissues and blood also contain water as a
dominant component [17]. The response of electromagnetic waves in a microwave with water
is thus, used as a foundation for developing microwave biosensors [28]. In the experimental
setup, samples were made up of 'Tap Water', 'Methylated Spirit with 90% Alcohol' and
'Methylated Spirit with 75% Alcohol'.

It is broadly studied that the permittivity of alcohol is lower than the permittivity of
water [29], [30]. This same phenomenon was observed in the 20-35 GHz range when the
permittivity of the samples was measured during experiments. Consequently, mixing alcohol
in water can reduce the permittivity of the water, which happens to the blood's permittivity

when the dengue virus infects it. Therefore, the water-alcohol mixtures were used as an alternate



sample to replicate the dielectric behaviour of blood and its behaviour in dengue infection. The
composition of each sample tested during experiments is listed in Table 2.

Later, the permittivity of each sample modelled was determined using the "Keysight
85070E Dielectric Probe Kit". It was reaffirmed that the permittivity of liquid reduces with the
increasing concentration of alcohol. The real and imaginary parts of permittivity for the samples
listed in Table 2 are depicted in Fig. 14. The permittivity of liquid reduces with the increasing
concentration of alcohol. In this way, the infected blood's dielectric characteristics can be
correlated with the alcohol contents in water. The measured reflection coefficient (S;;) of the

samples, when inserted on the sensor’s surface, are demonstrated in Fig. 15.

Table 2. Composition of liquid samples.

Figure 14. Measured (a) real and (b) imaginary permittivity of liquid samples.

Frequency in GHz
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Figure 15. Measured reflection coefficients for liquid samples on the sensor.

Sample A is considered pure water or non-infected sample in which the addition of
alcohol contents reduces its permittivity. Samples with reduced permittivity can be described
as infected or abnormal blood samples. It can be realised that the highest shift to the lower
frequencies of resonance is obtained in the case of water. This is because the permittivity of
water 1s higher than the permittivity of alcohol [30]. On the other hand, Sample B observed the
highest shift to the higher frequencies due to the highest alcohol contents, which has relatively
low permittivity. These results indicate that if Sample B is the response of infected blood, its
resonance moves towards higher frequencies. This follows the trend of simulated results where
the reflection coefficient moves to the right with decreasing blood's permittivity, as shown in

Fig. 10.

6. Discussion

In the previous sections, the metamaterial-based design of the sensor is proposed for
detecting the dengue virus. The design consists of a replaceable top layer on which the blood
sample is inserted for testing. Thus, the measurements can be carried out without disconnecting
the bottom layers i.e., feed transmission line from the VNA. Based on this, we calculate the

sensor's sensitivity and compare it with the state-of-art metamaterial-based sensors presented



in previous works for blood-sensing applications. Later, we propose the broader prospective
implementation of the presented sensor in detecting dengue infections remotely using [oMT
technology.
7.1.  Sensitivity Analysis

Different metamaterial sensors have been presented for various blood sensing
applications, which vary with each other in terms of operating frequency, size, sensing
parameter, coefficient of determination (R?) and sensitivity. The basic function of sensitivity in
the metamaterial-based millimetre-wave sensor is to obtain a shift in the resonant frequency
with the variation in the dielectric permittivity of blood. The sensor was optimised to have
electromagnetic fields (Hy and E;) at equilibrium in place of a blood sample with normal
dielectric characteristics. When the feed transmission line is excited by the electric fields,
metamaterial structure with inductive patches cause resonance. When the dielectric
characteristics of the blood change, the metamaterial structure's capacitance changes, which
produce new electromagnetic fields (H; and E;). These newly generated electromagnetic fields
cause the shifting in the resonant frequency of the structure, which is mathematically

represented as Equation (4) [31]:

Af, J (AeE{Eq + AuH1Ho)dv

4

fr - f,,(50|Eo|2 + H0|Ho|2)dv

According to Equation (4), blood's permittivity, permeability cause the perturbation in
resonance. The sensor's sensitivity based on the perturbation phenomenon can be determined
by calculating the ratio of a shift in resonance and the permittivity variation of the blood sample.

This ratio is mathematically represented in Equation (5).

Afs - Afr
Agg — Ag, (5)

S= lim

4 (Sh - 5n)—>0



where f, is the resonant frequency at reference sample, while f represent the resonant
frequency reduced permittivity. The highest change in the blood's dielectric constant is
represented by &, whereas the normal blood permittivity is represented by &,..

The sensor's sensitivity is calculated using Equation (5). The significant factors in
calculating sensitivity are the shift in the resonance and the change in the sample’s permittivity
levels. It is clear from the sensitivity that the sensor can detect enhanced sensitivity when there
is a decrease in permittivity due to dengue infection. As the permittivity of the blood is reduced,
the sensitivity is found to be increasing. A comparison between the presented sensor and other
metamaterial-based blood sensors is presented in Table 3. Based on this table, different sensors
have different average sensitivity, which is mainly because of the design and the operating
frequency.

Table 3. Comparison of state of the art metamaterial-based sensors for blood sensing

Ref. Operating Sensing Determination | Sensitivity Size
frequency (GHz) | technique | coefficient (R?) | (GHz) (mm?)
[32] 1-5 Sy 0.9902 0.026 50%20

[25] 24-2.6 Su 0.995 0.005 9x9
[33] 5.5-8.5 Sy N/A 0.035 30x18
[34] 8.0-8.4 Sii N/A 0.025 40x30
[35] 2.0-2.75 Sy N/A 0.0185 80x100
[36] 15.5-17.0 Siy N/A 0.025 30x35
This work 27.5-30 Siy 0.9729 0.325 20%30

Compared with previously studied sensors in blood sensing applications, our sensor has
the better resonant shift per unit dielectric change, which is 0.325 GHz on average, according
to Equation (5). In addition to sensitivity, the coefficient of determination is another parameter
that determines how the regression model predicts the data. This parameter, which ranges from
0 to 1, is also known as the square of the correlation coefficients. The closer the value is to 1,
the better the model fits. This study yielded an R? value of 0.9729, indicating that 97.29 % of
predictability in the shift in resonance was accounted for using a linear regression model, while

2.71 % went unaccounted for.



7.2.  Potential Integration in loMT System

The world has witnessed the advent of the Internet of Medical Things (IoMT) in the
medical field, which presents a convergence of humans, data, and devices. The remote sensing
capability has triggered further expansion in this field due to the connection of conventional
sensors with the web. These devices in sensing technology integrated with wireless connectivity
can help in detecting the dengue outbreak. This study is a preliminary step in the development
of the system shown in Fig. 16. This system can be established using layers: sensing, interface,
network, and service, as illustrated in [37] for the application of meat-quality monitoring. The
developed sensor needs to be connected with the microwave analyzer through a coaxial
transmission line, which needs to be connected with a Bluetooth adapter. In this way, the subject
can test the blood and send the data directly from the sensor to remotely control the IoMT
device. The analyzer not only excites the sensor's feed transmission electromagnetically but
also reads the output signal. This signal can be read by the single-chip radio with a USB host.
The analyzer needs to be configured to transfer the measured signal to the gateway through a
Bluetooth network. This process can be carried out instantaneously or testing data can be saved
and sent later based on the network availability. IoMT in this system is defined as the system
consisting of the metamaterial-based sensor for detecting the dengue virus so that data can be

collected, exchanged, and acted upon with or without human intervention.
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Figure 16. Layout of [oMT-based dengue detection system [37]

7. Conclusion

In this paper, a double-layered metamaterial-based resonator has been proposed for the
detection of the dengue virus. The sensor detects the changes in the blood's permittivity due to
the influencing parameters of dengue infection. Two key challenges were mainly addressed;
first, multiple tests can be conducted with the replaceable top layer without removing the
transmission layer connected to VNA. Second, the proposed sensor will be helpful in the early
detection of the outbreak. Additionally, the sensor can be operated non-invasively as it requires
a small quantity of blood around 0.05 ml, which can be extracted using the finger-prick
technique. Experimental results obtained demonstrated good sensitivity of the designs for
dielectric characterisation of the samples. Furthermore, the sensor's integration with the [oMT
system is discussed, which is still in the early stages of development for a practical application.

The proposed research work's prototype implementation demonstrates the feasibility of



developing a sensor for COVID-19 that can detect the virus quickly and efficiently and keep

track of red zones with a high number of cases.
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