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Abstract

Interferences and accuracy problem are one of the most talked issues in today’s world for

sensor technology. To deal with this contention, a microstrip framework consisting of a dual

mode double negative (DNG) metamaterial based bandpass filter is presented in this article.

To obtain the ultimate noise reduction bandpass filter, the proposed structure has to go

through a series of development process, where the characteristics of the structure are

tested to the limit. This filter is built on Rogers RT-5880 substrate with a 50Ωmicrostrip line.

To pursue the elementary mode of resonant frequency, the ground layer of the structure is

kept partially filled and a gradual analysis is executed on the prospective metamaterial (res-

onator) unit cell. Depending on the developed unit cell, the filter is constructed and fabri-

cated to verify the concept, concentrating on GPS (1.55GHz), Earth Exploration-Satellite

(2.70GHz) and WiMAX (3.60GHz) bands of frequencies. Moreover, the structure is investi-

gated using Nicolson–Ross–Weir (NRW) approach to justify the metamaterial characteris-

tics, and also tested on S-parameters, current distribution, electric and magnetic fields and

quality factor. Having a propitious architecture and DNG characteristics, the proposed struc-

ture is suitable for bandpass filter for GPS, Earth Exploration-Satellite and WiMAX fre-

quency sensing applications.

Introduction

Nowadays web-accessible sensors become very popular in order to support the cyber physical

system vision. This web-accessible sensor network and sensor data that can be discovered and

access using the standard protocols and application program interface. However, this compli-

cated web-accessible sensor technology has to deal with several interferences and data loss

throughout the process. In this regard, the implementation of RF components and the use of

metamaterials can have a significant impact on the sensor technology [1–2]. These elements

mainly include power amplifiers [3] as active circuits and couplers [4], power dividers [5] and

bandpass filters (BPFs) [6] as passive circuits. Designing BPFs is essential to meet the specific
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needs of industrial applications and consumer electronics. At present, numerous planar BPFs

having lower insertion losses in the passbands and higher out-of-band rejections has been pre-

sented utilizing signal-interference techniques [7], stub loaded techniques, and so on. Moreover,

balanced BPFs have more noise immunity advantages and low electromagnetic interference in

wireless communication systems compared to their one-ended counterparts [8]. Now-a-days,

limiting the parameters so that the operating frequency range works in a specific bandwidth has

been a challenge. In this regard, one of the most deserving solutions to avoid interference is the

metamaterial-based bandpass filter. The proper use of unorthodox electromagnetic properties

of metamaterials can be one of the options to handle this complexity.

Metamaterial, a complex material synthetically engineered that exhibits some fascinating

electromagnetic characteristics and overcomes the usual limitations of natural materials avail-

able. These extraordinary metamaterial properties may include negative permittivity, negative

permeability, Snell’s inverted law, as well as some similar reverse electromagnetic phenomena.

With such electromagnetic phenomena, metamaterials can be utilized for applications includ-

ing SAR reduction, super lenses, antenna design, filter [9–13], invisibility cloaking [14], elec-

tromagnetic absorbers [15], photovoltaic application [16] and electromagnetic bandgaps. A

researcher named Wu et al. practised distinctive types of meta-surfaces at Terahertz (THz) fre-

quencies, specifically. Some of them are tunable graphene [17], dual-band moiré meta-surface

patches for multifunctional biomedical applications [18], and tunable multiband meta-surfaces

[19]. Nevertheless, different structures and alphabet shaped metamaterials become very popu-

lar in different applications [20–22].

High-performance components and circuits are extensively desirable to build bandpass fil-

ters. The design of the BPFs is indispensable to meet the specific demands of consumer elec-

tronics and industrial applications. Recently, many planar BPFs with low insertion losses in

the passbands and high out-of-band rejections have been reported using signal-interference

techniques [7], stub loaded techniques, and so on. Additionally, balanced BPFs have more

advantages of noise immunity and low electromagnetic interference in wireless communica-

tion systems compared with their single-ended counterparts [8]. In today’s world, one of the

most essential parameters are confinement among channels in a particular bandwidth. In spite

of avoiding possible interferences in a system, passband filter is one of the competent arrange-

ments to notify this problem by combining them to the system Jiang et al. 2017 [23]. Metama-

terials can be a good option in this regards.

For the purpose of bandpass technology, Split ring resonators (SRR) or Double split ring

resonators (DSRR) are commonly used. In this research, a multiple bandpass filter composed

of split ring resonators with dual mode characteristics (dual mode resonators are used for dou-

ble tuneable resonant circuit) is presented. To reduce the overall size of the filter, these dual

mode resonators are used. A gradual step wise development is made to obtain the ultimate

metamaterial resonator. The characteristics of the unit cell are verified on different aspects and

the unit cell in implemented on a 1.575mm thick substrate Rogers RT-5880. Both sides of the

structure are fed by metal strips (feedlines) and a correlation between input and output is

made. A partial ground method is employed to support the structure and multiple parasitic

(metal) strips are used to tune the circuit to its optimal value. It was a challenging task to use

the resonators appropriately, so that the system maintains the balance between inductance and

capacitance and operates at 1.55GHz, 2.70GHz and 3.60GHz respectively.

Methodology

The main focus of this research is to construct a bandpass filter to reduce interferences from

received signal. This filter structure has to be made in such a way so that it can be used in

Left-handed metamaterial bandpass filter sensing applications

PLOS ONE | https://doi.org/10.1371/journal.pone.0224478 November 12, 2019 2 / 19

Funding: This work was supported by the

Research Universiti Grant, Universiti Kebangsaan

Malaysia, Geran Universiti Penyelidikan (GUP),

Code: 2018-134.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0224478


transducers to pass the signal even further. In case of modulation (Amplitude and frequency),

the basic signal needs to be carried by a carrier signal with higher frequencies. The overall

modulated signal transmits from a transducer and receives by another transducer. The

received signal in the transducer contains modulated signal with carrier as interferences. This

received signal needs to be transmitted through the proposed filter structure, so that the inter-

ferences can be eliminated, and the output terminal gets the desired frequencies. The function

of this bandpass filter would be to remove the interferences from the received signal and sense

(allow) to pass signal at 1.55, 2.70 and 3.65GHz to the receiving terminal. To attain the ultimate

bandpass filter, the overall system has to go through several stages. It starts with the develop-

ment of a metamaterial unit cell and finishes with the proposed compact rectangular bandpass

filter. Fig 1 exhibits the overall work flow of the entire system.

Development of the metamaterial unit cell

Open loop resonators (OLRs) as metamaterials are studied in this research and their funda-

mental properties are investigated. A few perspectives regarding the coupling among OLRs are

reviewed in this section. This OLR commonly known as microstrip OLR can be attained by

folding a straight open resonator as shown in Fig 2(A). A qualitative analysis on this square

open loop resonator can draw a comparison between full wave simulators and real distribution

of electromagnetic fields.

The calculation of the resonant frequency was started from the input admittance at any

point on a straight OLR within its length. Fig 2(B) shows the straight microstrip OLR and Fig

2(C) shows the equivalent circuit of it.

Admittance,

Yin ¼ jY0ðtany1 þ tany2Þ ¼ jYosinyTcosy1cosy2 ð1Þ

Where, output admittance is denoted by Yo, and θT symbolizes total electrical length of the res-

onator, θT = θ1+θ2. If Yin becomes zero, it will create a standing wave. Therefore, there will be

undetermined resonant frequencies at

yT ¼ np or Ɩ ¼ nl=2 ð2Þ

Fig 1. Overall work flow of the entire system.

https://doi.org/10.1371/journal.pone.0224478.g001
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At fundamental resonant frequency, Yin becomes infinity and voltage nulls can be found at,

θ1 = θ2 = π/2. And in case of 2nd resonant frequency, voltage nulls are found when θ1 and θ2

become π/2 and 3π/2, respectively. It is really important to know the voltage nulls as they

decide the unexcited situations of the resonators. The point of feeding to the resonator is also

important. It determines the mode of the resonator (even mode or odd mode). If the resonator

is fed at the centre or via both free terminals, then the action of the resonator will be in even-

mode operation. Fig 2D and 2E exhibit the excitation of the introduced resonator in an invalid

of the fundamental mode and with respect to basic terminals, respectively.

The proposed metamaterial (open loop resonator) based filter design starts with a metama-

terial unit cell. The unit cell structure is designed in the frequency range of 0.2-5GHz including

its resonance. There are some notable strategies for metamaterial configuration to give syn-

chronous negative permittivity and permeability utilizing SRRs [24]. The SRR is built utilizing

two loops that are organized as two restricting concentric split rings. The SRR is a magnetically

resonant structure that leads to a vertical magnetic field whose application produces negative

permeability. The proposed design is modified by adding more resonators and splits. While

designing this form of bandpass filter, both the single and dual-mode resonators are utilized,

but the dual mode resonator is more suitable as it is a double-tunable resonant circuit [25].

The modification in the structure decreases the series capacitance loop resonator and increases

the coupling between the inner and outer loops. The unit structure is printed over Rogers RT-

5880 which thickness is about 1.575mm and 2.2 is the dielectric constant value. The main

focus was to achieve a bandpass filter by combining a dual-mode OLR and a DS-SRR. After

doing a series of evolution process the ultimate bandpass filter is achieved. Fig 3(A) shows the

Fig 2. (a) Folding a straight OLR to the square OLR, Microstrip OLR (b) top view and (c) equivalent circuit, (d) Primary mode

excitation and (e) both open ends excitation of the resonator.

https://doi.org/10.1371/journal.pone.0224478.g002
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equivalent circuit of the odd-mode, and Fig 3(B) shows the equivalent circuit of the even-

mode. Combining this two gives the proposed dual-mode equivalent circuit, where the resona-

tor works with in the frequency range, which is shown in Fig 3(C)

Resonant frequency can be determined by the input admittance. To operate in odd-mode

excitation, the admittance (Yio) is [25]:

Yio ¼ jY1

Y1tan2y � Yo

ðY1 þ YoÞtany
ð3Þ

At resonance, Yio becomes zero. Therefore,

tan2y ¼ K1 ¼
Yo

Y1

ð4Þ

The fundamental frequency is fo:

fo ¼
ctan� 1ð

ffiffiffiffiffi
K1

p
Þ

2pL1

ffiffiffiffiffiffiεeff
p ð5Þ

Where, c is the speed of light, L1 is the microstrip line length and εeff is the effective dielec-

tric constant. To operate in even-mode excitation, the admittance (Yie) is:

Yie ¼ jY1

ð2Y1Ye þ Y3Ye þ 2Y2
eÞtany � Y1Y3tan3y

2Y1Ye � ðY1Y3 þ Y3Ye þ 2Y2
eÞtan2y

ð6Þ

At resonance,

tan2y ¼ K2 ¼
Ye

Y1

þ
2Y2

e

Y1Y3

þ
2Ye

Y3

ð7Þ

Fig 3. (a) Odd-mode equivalent circuit (b) even-mode equivalent circuit (c) dual-mode OLR.

https://doi.org/10.1371/journal.pone.0224478.g003
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The fundamental frequency is fe:

fe ¼
ctan� 1ð

ffiffiffiffiffi
K2

p
Þ

2pL1

ffiffiffiffiffiffiεeff
p ð8Þ

Therefore, by knowing K1, K2, and θ, it is obvious that resonance frequency can be achieved.

S-parameters for unit cell

Fig 4 exhibits the simulation set up and the gradual evaluation of the proposed resonator. The

resonator is tested on the electromagnetic field to verify its working range of frequency. The

finite integration technique-based CST Microwave Studio simulation software was used for

the numerical examination of the resonator. The two wave-guide ports were put at the positive

and negative end, on the z-axis of the resonator, and the electromagnetic wave was spread

between the ports. Moreover, the PEMC (Perfect Electric-Magnetic Conductor) boundary

condition was adopted for simulation. For simulation, frequency domain solver was used.

Moreover, for the analysis purpose of this synopsis, a tetrahedral mesh is being utilized inclu-

sion of a flexible mesh.

The ultimate unit cell is obtained by an extensive eight step parametric study, where the cell

shows a concrete transmission pole at 3.11GHz. Fig 4(A) shows the simulation set up for the

unit cell and Fig 4(B) shows the step wise evaluation process. The results of step 7 and 8 are

quite similar, but more attenuation is obtained in step 8, which makes it the desired unite cell

for the proposed bandpass filter.

Metamaterial characteristics analysis of the resonator

There are plenty of methods to characterize metamaterial, like Nicolson-Ross-Weir (NRW)

method [26], Transmission-reflection (TR) method [27] etc. In this study, NRW method was

adopted for metamaterial characterization. The simplified equations of NRW method is as fol-

lows-

V1 ¼ S21 þ S11 ð9Þ

V2 ¼ S21 � S11 ð10Þ

mr �
2

jk0d

� �
1 � V2

1þ V2

� �

ð11Þ

εr �
2

jk0d

� �
1 � V1

1þ V1

� �

ð12Þ

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ðεrmrÞ

p
ð13Þ

where, j is the imaginary operator, εr is the effective permittivity, μr is the effective permeabil-

ity, ‘d’ is the thickness of the substrate, k0 is the wave number and η is the refractive index.

Fig 5 shows the effective parameters of the unit cell on 0 to 360-degree azimuthal angle rota-

tion with 60-degree interval. Fig 5(A) exhibits 0 and 360 degree effective parameters for rotat-

ing position. Throughout this process, the unit cell is tested on relative permittivity,

permeability and refractive index. It is clear from Fig 5 that the unit cell exhibits negative char-

acteristics on all the three parameters and possesses double negative behaviour at the
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resonating frequency. Table 1 shows the performance analysis of the unit cell at different azi-

muthal rotation angles.

At 3.11GHZ (where the unit cell shows bandpass characteristic), the values of the effective

parameters are negative for all the azimuthal angles of the unit cell. Thus, the metamaterial

unit cell can be called as the Double negative metamaterial at 3.11GHz.

Construction of bandpass filter

The fundamental resonator interaction procedure is attention-grabbing as a result of its particu-

lar coupling framework and minimal structure for filter applications. The principal goal of this

introduced triple split ring resonator (TSRR) is to achieve passband frequencies of 1.55GHz,

2.70GHz and 3.60GHz. To achieve this goal, an incomplete ground is connected on the opposite

part of the filter; two compound TSRRs are put in a steady progression including 180˚ spin. A

flat sum delay is created between non-neighbouring components in cross-coupled filters for

open-circle resonators. Both TSRRs are associated with two microstrip feedlines. Four parasitic

metal lines are stretched onto the dielectric material to increase the electrical length despite ris-

ing length outcomes in resonance to lower frequencies where the current is distributed through-

out the patch. Nevertheless, with the increase in frequency, the current needs to cover curvier

ways, in contrast to the straight one at lower frequencies in view of the skin effect due to which

current drifts through a conductor’s surface instead of its essential part at upper frequencies

[27]. These parasitic streaks of metal cause the filter to operate at lower frequencies. Agilent

N5227A vector network analyser was used to determine the filter parameters, and the Agilent

N4694-60001 electronic calibration module was used for adjustment. Fig 6(A) and 6(B) demon-

strate the geometrical perspectives front and back of the filter, gradually.

Fig 7 represents the fabricated prototype, and Table 2 records the parameters of the filter.

Thickness of the OLR substrate is 1.575mm and its dielectric constant value is 2.20. In Table 2,

all the Ws (W-W10) are the width wise measurements of the filter, Ls (L-L6) are the measure-

ments of length-by-length, gs (g-g2) represents the gaps, and an indicates supporting lines

width covering OLRs.

Fig 8(A) represents the S-parameters except parasitic strips, where all the frequencies of res-

onance are beyond the center frequencies (1.65, 2.58, and 4.09GHz, respectively). In Fig 8(B),

using the parasitic strips, all the frequencies of resonance are initiated at 1.55, 2.70, 3.60GHz,

respectively. For the filter, to verify the insertion and return losses, different resonators param-

eters were studied.

Fig 8(C) represents the individual characteristics of the insertion and return losses for both

the measured and simulated results. The fraction detachment in the measured values might be

occurred owing to the connector among the feed and the controller. However, the measured

results followed the simulated results. The effect of this detachment is very little.

Fig 9 depicts the surface current distribution of the proposed structure (without and with

parasitic strips). The metal strips or parasitic strips used in the structure work as the resonator

at the optimum frequencies. The purpose of using these metal strips is to allow the bandpass

filter to operate in lower frequencies. Fig 9 exhibits the effect of metal strips on the filter struc-

ture by the current distribution. When a time changing magnetic field penetrates through the

metallic rings, it induces an EMF by Faraday’s Law of electromagnetic induction which in turn

produces a rotation current. The ring produces its own magnetic field which enhances the

incident field. Hence there is an inductive effect associated with the ring.

Fig 4. (a) Simulation set up for the metamaterial unit cell, (b) Step wise scattering parameters analysis of the resonator

where left column represents logarithmic scale and right column represents linear scale.

https://doi.org/10.1371/journal.pone.0224478.g004
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Fig 5. Amplitude of the effective parameters at (a) 0˚ and 360˚, (b) 60˚, (c) 120˚, (d) 180˚ (e) 240˚ and (f) 300˚ azimuthal rotation

angles.

https://doi.org/10.1371/journal.pone.0224478.g005
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The capacitance part comes because of the splits in the ring which effectively behaves as a

parallel plate capacitor. The capacitance created because of the splits prevents the flow of cur-

rent over the rings; the capacitance between rings facilitates current flow around the structure.

A number of such split ring resonators are arranged in a periodic array such that EM waves

interact with them as a homogenous medium. By modifying the arrangement of the rings, a

medium having an effective negative permeability for adjustable range of frequencies can be

obtained. In addition, the electric and magnetic resonances overlap to one another creates

effective negative permittivity. Therefore, the effective negative refractive index is created

when the overlapping occurred. Fig 9 shows the flow of similar pattern current through inner

and outer rings exhibiting the bandpass behavior at the resonating frequencies.

Table 1. Performance analysis of the unit cell at different azimuthal rotation angles.

Angle (φ) Permittivity (ε) Permeability (μ) Refractive Index (η) Amplitude at 3.11GHz BW of DNZ (GHz)

ε μ η

0˚ = 360˚ 0.2–1.69, 3.08–4.25 2.46–5.0 0.2–1.87, 3.09–5.0 -57.95 -406.46 -158.66 1.17

60˚ 1.66–3.25, 3.80–4.55 2.15–4.28 1.42–1.58, 2.38–4.28 -0.40 -119.28 -0.08 0.87 & 0.47

120˚ 1.67–3.18, 3.8–4.54 2.15–4.28 1.69–4.77 -0.94 -120.99 -0.06 1.03 & 0.48

180˚ 0.2–1.75, 3.08–4.35 2.61–5.0 2.15–3.14, 3.47–3.93 -45.99 -349.52 -129.92 0.07 & 0.46

240˚ 1.66–3.17, 3.80–4.54 2.15–4.28 1.69–4.77 -0.38 -119.95 -0.06 1.02 & 0.48

300˚ 1.66–3.16, 3.80–4.55 2.14–4.28 1.42–1.58, 2.38–4.28 -0.39 -119.28 -0.08 0.78 & 0.48

https://doi.org/10.1371/journal.pone.0224478.t001

Fig 6. Geometrical arrangements of the introduced passband filter (a) Front view and (b) Back view.

https://doi.org/10.1371/journal.pone.0224478.g006
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The effective parameters analysis shows that they are also at the frequencies of resonance.

Negative effective permeability of the structural formation is affected by the series of gaps.

Adding those gaps originates a narrow band gap incessantly; as a result, permittivity and per-

meability emerged close to the frequencies of resonance [14].

εr ¼
c

jpfd
�
ð1 � V1Þ

ð1þ V1Þ
ð14Þ

mr ¼
c

jpfd
�
ð1 � V2Þ

ð1þ V2Þ
ð15Þ

Zr ¼
c

jpfd
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðS21 � 1Þ
2
� S11

2

ðS21 þ 1Þ
2
� S11

2

s

ð16Þ

Fig 10 represents the real and imaginary values of the effective permittivity, permeability,

and refractive index, gradually. It is clear that the values of real and imaginary of the effective

parameters are at the center frequencies (1.55, 2.70, and 3.60GHz) of the passbands.

Group delay is defined as the rate of change of transmission phase angle with respect to fre-

quency, which is shown in Fig 11. In filter, group delay is very important to show the bandpass

accuracy i.e. signal is passing without any dispersion or loss. The group delay of a filter is

nearly proportional to its order. On the other hand, filter group delay is inversely proportional

to filter bandwidth i.e. small percentage bandwidth filters have large group delay. In our devel-

oped filter, we found resonance frequency at 1.55, 2.70 and 3.60 GHz respectively, whereas we

found group delay pick at our desired frequency in simulation, which proves that the

Fig 7. Fabricated prototype (a) Front and (b) Back views

https://doi.org/10.1371/journal.pone.0224478.g007

Table 2. Introduced passband filter parameters.

Parameters Dimensions (mm) Parameters Dimensions (mm)

a 0.5 w5 7

W, w10 26 w6 11

L 30 w7, g, g1, g2 1

w1 6 w8 5

w2, L3 2 w9 4

w3 13 L1, L4 3

w4 9 L2 25

L5 4.5 L6 28

https://doi.org/10.1371/journal.pone.0224478.t002
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performance of bandpass filter is enough good that it can pass the desired frequency with less

noise and less loss. However, measured results followed the simulated group delay shown

despite of some minor detachment. This discrepancy due to some possible reasons like there

may be a calibration error associated with the Agilent N5227 vector network analyzer, imped-

ance mismatch between the SMA connectors and the feedline, minor fabrication error, some

insertion loss due to minor soldering problems of SMA connectors or there might be some

reflective metallic components for what some reflection exits in the measurement which

caused the variation of the results etc.

Analysis for sensor application

The proposed structure is further tested on quality factor or Q-factor [28]. This Q-factor

defines the filter characteristics of any RLC circuit. It is the reciprocal of power factor. It can be

formulated as the ratio between the resonant frequency and the bandwidth of the RF resonant

circuit.

Q = F0/F

Q-factor for 1.55GHz = (fc/BW) = 1.55/ (1.59–1.48) = 14.09

Q-factor for 2.70GHz = (fc/BW) = 2.70/ (2.75–2.66) = 30

Q-factor for 3.60GHz = (fc/BW) = 3.60/ (3.66–3.56) = 36

At all the three resonant frequencies, the values of Q-factor are 14 or more indicate the

bandpass characteristics of the structure. Fig 12(A) shows the quality factor of the structure.

Bandpass characteristics of a resonator can be analyzed on insertion loss and return loss. Inser-

tion loss is the attenuation of a passive device, which can be calculated by the ratio of output

power to input power in logarithmic scale. The main concern of this research is to find out the

higher sensitivity with lower bandwidth. The structure shows high values of quality factor with

minimum bandwidth.

Therefore, the insertion loss = 10log (Pout/Pin)

At 1.55GHz, the insertion loss is -0.025dB.

Pout = Pin– 0.025� Pin; 99.97% signal can pass through the filter and the system loss is

minimum. In case of 2.70 and 3.60GHz, the insertion losses are -0.92dB and -1.5dB respec-

tively. That turns to be more than 97% propagation or less than 3% system loss. Besides, the

return loss plays a vital role as well. It happened because of the impedance mismatch. It can be

Fig 8. Scattering parameters of the filter (a) without and (b) with parasitic strips (c) Measured and simulated S-

parameters.

https://doi.org/10.1371/journal.pone.0224478.g008
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defined as the reflected power towards the source because of the mismatch. It can be calculated

by the ratio between reflected powers to input power of the system in logarithmic scale.

Therefore, the return loss = 10log (Pr/Pin)

At 1.55GHz, the return loss is -23.6dB. Pr = Pin– 23.6� (Pin/28)�0.0039Pin; the reflected

power is very negligible, and the amount is 0.39% of the input power. In case of 2.70 and

3.60GHz, the return losses are -12.5dB and -13.93dB respectively. That turns to be more than

95.6% propagation or less than 4.4% system loss. In addition, to justify the sensitive nature of

the structure, the response of the equivalent circuit of the filter is tested in ADS. A signal gener-

ator is placed at one end and a receiver at the other, the receiver shows the entire transmitted

signal without any interruption from 0 to 4GHz (Fig 12B). Then the equivalent circuit of the

structure is placed in between the transmitter and the receiver (Fig 12C), and the monitor

shows only 1.56, 2.70 and 3.60GHz at receiving end justifies the application of the sensor at

GPS, Earth Exploration-Satellite and WiMAX frequency bands.

Fig 9. Current distribution without and with parasitic strips at (a) 1.55GHz (b) 2.70GHz and (c) 3.65GHz.

https://doi.org/10.1371/journal.pone.0224478.g009

Fig 10. Effective parameters (a) Effective permittivity, (b) Effective permeability and (c) Effective refractive index.

https://doi.org/10.1371/journal.pone.0224478.g010
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From the results of ADS, it is evident that, before using the proposed structure, the trans-

ducer uses to receive all the signals at its range, but when the equivalent circuit is introduced, it

removes the interferences and the transmitting signal restricts to 1.56, 2.70 and 3.60GHz and

more likely to behave like sensors. The performance comparison of proposed bandpass filter

with existing works is shown in Table 3.

Xu et al. (2018) proposed a dual mode resonator based high-selectivity bandpass filter,

where the center frequency of the filter is 2.1 GHz. The filter operates in S-band but the length

of structure is 79 mm. Gorur et al. (2014) also presented a metamaterial based 27 mm bandpass

filter with center frequencies at 2.45 and 3.5 GHz respectively. Though the filter is suitable for

dual band operation, but still it does not have dual mode and does not support GPS or IOT

application. Athukoral et al. (2018) and Hua et al. (2011) worked on dual mode resonators sep-

arately. Both the filters operate in L and S-band frequencies, but the size of the filters are higher

than the proposed filters (more than 30 mm). However, the filters are applicable for controlla-

ble transmission zeros and tunable transmission notch respectively. Hong et al. (2007) pro-

posed a dual mode resonator based four pole bandpass filter with operating frequencies 0.5 to

2.5 GHz. The filter operates well for dual mode microstrip filter but it cannot be used multi

band applications. All the bandpass filters mentioned above are highly effective in their partic-

ular applications, but neither of them cover more than two bands like the proposed filter does.

Moreover, the proposed filter in the combination of metamaterial based dual mode resonators

with double negative characteristics at the filtering frequencies, which is absent in the above

mentioned works. Hence, the smaller size of the filter and metamaterial characteristics made it

unique from the other bandpass filters.

Conclusion

In this research, a dual mode new metamaterial resonator is designed by the step by step devel-

opment process in the expected 1 to 5GHz frequency range and the resonator is tested for

metamaterial characteristics as well as bandpass features. A microstrip structure on perfect

dielectric substrate for bandpass filter is developed, and the novel metamaterial is embedded

on the microstrip structure for bandpass applications with compact size, with better

Fig 11. Simulated and measured group delay for the passband filter.

https://doi.org/10.1371/journal.pone.0224478.g011
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performance and double negative characteristics. Sufficient number of parasitic strips is

applied to the microstrip structures according to their applicable resonant frequency (1.55,

2.70 and 3.60GHz). The structure is tested on scattering parameters, effective parameters, qual-

ity factor, and noise reduction sensing ability, where the measured result of the fabricated pro-

totype follows the simulated one. The filter proposed in this article exhibits bandpass

Fig 12. (a) Quality factor vs. Frequency, schematic diagram of the microwave sensor (b) without using the proposed structure and (c) after using the proposed

structure.

https://doi.org/10.1371/journal.pone.0224478.g012
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characterized with double negative characteristics and good time domain behaviours which

make it very suitable for being used in practical GPS, Earth Exploration-Satellite and WiMAX

frequency sensing applications.

Supporting information

S1 File. Design methodology.

(PDF)

Acknowledgments

This work was supported by the Research Universiti Grant, Universiti Kebangsaan Malaysia,

Geran Universiti Penyelidikan (GUP), Code: 2018–134.

Author Contributions

Conceptualization: Md. Jubaer Alam.

Formal analysis: Md. Jubaer Alam, Eistiak Ahamed.

Funding acquisition: Mohammad Rashed Iqbal Faruque.

Methodology: Md. Jubaer Alam.

Software: Md. Jubaer Alam, Eistiak Ahamed.

Supervision: Mohammad Rashed Iqbal Faruque.

Validation: Mohammad Tariqul Islam, Ahmed Mahfuz Tamim.

Visualization: Md. Jubaer Alam.

Writing – original draft: Md. Jubaer Alam.

Writing – review & editing: Eistiak Ahamed, Mohammad Rashed Iqbal Faruque.

References
1. Yan S, Bao J, Ocket I, Nauwelaers B, Vandenbosch G. Metamaterial inspired miniaturized SIW resona-

tor for sensor applications. Sensors and Actuators A: Physical. 2018; 283:313–316.

2. Wu J, Wang P, Huang X, Rao F, Chen X, Shen Z et al. Design and validation of liquid permittivity sensor

based on RCRR microstrip metamaterial. Sensors and Actuators A: Physical. 2018; 280:222–227.

3. Forouzanfar M, Joodaki M. Systematic design of hybrid high power microwave amplifiers using large

gate periphery GaN HEMTs. AEU—International Journal of Electronics and Communications. 2018;

84:225–233.

Table 3. Comparison of the proposed bandpass filters with previous works.

Previous works Speciallity Size (mm) Opt./Cent. Freq.(GHz) Application

Xu et al. 2018 Dual mode resonators with multiple Stubs 79 2.1 High-selectivity bandpass filters

Gorur et al. 2014 Metamaterial based filter 27 2.45, 3.5 WLAN and Wimax

Athukorala et al. 2018 Dual mode open loop

microstrip resonators

40 0–4 Controllable transmission zeros

Hong et al. 2007 Four pole with dual mode resonators 34 0.5–2.5 Dual mode microstrip filter

Hua et al. 2011 Dual mode stub-loaded

resonator

54 0–4.5 Tunable notch

Proposed Filters Triple split ring resonators 30 1.5, 2.70, 3.60 GPS, IOT, WLAN and WiMAX

https://doi.org/10.1371/journal.pone.0224478.t003

Left-handed metamaterial bandpass filter sensing applications

PLOS ONE | https://doi.org/10.1371/journal.pone.0224478 November 12, 2019 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224478.s001
https://doi.org/10.1371/journal.pone.0224478.t003
https://doi.org/10.1371/journal.pone.0224478


4. Naderi M, Abbasi H. Design of compact microstrip branch line coupler using semi-circular and rectangu-

lar resonators with wide range suppressed harmonics. AEU—International Journal of Electronics and

Communications. 2018; 84:171–176.

5. Zhuang Z, Wu Y, Liu Y. Dual-band filtering out-of-phase balanced-to-single-ended power divider with

enhanced bandwidth. AEU—International Journal of Electronics and Communications. 2017; 82:341–

345.

6. Xu K, Zhang F, Liu Y, Nie W. High selectivity seventh-order wideband bandpass filter using coupled

lines and open/shorted stubs. Electronics Letters. 2018; 54(4):223–225.

7. Cui L, Wang W, Zhuang Z, Li S, Wu Y, Liu Y. High selectivity wideband bandpass filter based on trans-

versal signal-interaction concepts loaded with open and shorted stubs. Progress In Electromagnetics

Research Letters. 2016; 64:133–139.

8. Feng W, Gao X, Che W, Yang W, Xue Q. High Selectivity Wideband Balanced Filters With Multiple

Transmission Zeros. IEEE Transactions on Circuits and Systems II: Express Briefs. 2017; 64

(10):1182–1186.

9. Xu K, Zhang Y, Lewei J, Joines W T, Liu Q H. Miniaturized notch-band UWB bandpass filters using

interdigital-coupled feed-line structure. Microwave and Optical Technology Letters. 2014; 56

(10):2215–2217.

10. Xu K, Zhang Y, Fan Y, Li J L, Joines W T, Liu Q H. Planar dual- and tri-band bandpass filters using sin-

gle improved ring resonator and simple feed scheme,” Microwave and Optical Technology Letters.

2014; 56 (3):574–577.

11. Xu K, Li D, Liu Y. High-selectivity wideband bandpass filter using simple coupled lines with multiple

transmission poles and zeros. IEEE Microw. Wireless Compon. Lett. 2019; 29 (2):107–109.

12. Zhang F, Xu K. High-selectivity bandpass filter using six pairs of quarter-wavelength coupled lines,”

Electronics Letters. 2019; 55 (9): 544–546.

13. Alam J, Faruque M, Islam M. Labyrinth double split open loop resonator based bandpass filter design

for S, C and X-band application. Journal of Physics D: Applied Physics. 2018; 51(26):265102.

14. Islam S, Faruque M, Islam M. A two-component NZRI metamaterial based rectangular cloak. AIP

Advances. 2015; 5(10):107116.

15. Zhang Y, Zhao J, Cao J, Mao B. Microwave Metamaterial Absorber for Non-Destructive Sensing Appli-

cations of Grain. Sensors. 2018; 18(6):1912.

16. Maremi F, Lee N, Choi G, Kim T, Cho H. Design of Multilayer Ring Emitter Based on Metamaterial for

Thermophotovoltaic Applications. Energies. 2018; 11(9):2299.

17. Wu Z, Kelp G, Yogeesh M, Li W, McNicholas K, Briggs A et al. Dual-band moiré metasurface patches
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