
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13347  | https://doi.org/10.1038/s41598-023-40567-x

www.nature.com/scientificreports

Metamaterial inspired 
electromagnetic bandgap filter 
for ultra‑wide stopband screening 
devices of electromagnetic 
interference
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Presented here is a reactively loaded microstrip transmission line that exhibit an ultra‑wide 
bandgap. The reactive loading is periodically distributed along the transmission line, which is 
electromagnetically coupled. The reactive load consists of a circular shaped patch which is converted 
to a metamaterial structure by embedded on it two concentric slit‑rings. The patch is connected to 
the ground plane with a via‑hole. The resulting structure exhibits electromagnetic bandgap (EBG) 
properties. The size and gap between the slit‑rings dictate the magnitude of the reactive loading. 
The structure was first theoretically modelled to gain insight of the characterizing parameters. The 
equivalent circuit was verified using a full‑wave 3D electromagnetic (EM) solver. The measured results 
show the proposed EBG structure has a highly sharp 3‑dB skirt and a very wide bandgap, which is 
substantially larger than any EBG structure reported to date. The bandgap rejection of the single 
EBG unit‑cell is better than − 30 dB, and the five element EBG unit‑cell is better than − 90 dB. The 
innovation can be used in various applications such as biomedical applications that are requiring sharp 
roll‑off rates and high stopband rejection thus enabling efficient use of the EM spectrum. This can 
reduce guard band and thereby increase the channel capacity of wireless systems.

Microwave structures can be assembled to exhibit electromagnetic bandgap (EBG)  characteristics1–3. To be pre-
cise EBG structures are periodic and engineered to prevent or allow the propagation of electromagnetic (EM) 
waves in a specified band of frequency. Periodic structures when applied to RF/microwave planar transmission 
line waveguides can produce passband or stopband characteristics. By proper selection of the dimensions and 
periodicity of the structure the EM response of the structure can be controlled to either transmit or suppress 
certain signals to propagate through  it1,4. This feature of EBG structures make them attractive in applications 
requiring EM shielding, e.g., medical  equipment5–14.

EBG property can be implemented by periodically loading a microstrip transmission line with resonators 
or creating slots in the ground-plane of a dielectric substrate under a propagating microstrip line or stacking 
materials of different  dielectric15–17. A transmission line can also display EBG property by periodically changing 
its impedance.  In9, it’s shown that by tapering the profile of the low impedance sections in the transmission line 
will eliminate ripples in the passband, which is caused by the periodicity of the EBG structure.  In10–18, it is shown 
that EBG can be established by locating shorted microstrip patches resembling mushroom like structures under 
the microstrip line. Another technique of creating EBG is through periodic reactive loading of a propagating 
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microstrip  line19–24. Periodic reactive loading reduces phase velocity (slow-wave effect), as compared to ordinary 
lines. This enhances the effective capacitance and/or inductance of the  line25.  In26, rectangular/sinusoidal varia-
tion of microstrip line width has been used to create  periodicity27. However, in the case of variation in the width 
of the microstrip line require longer periods to exhibit EBG characteristics that result in a larger structure. In 
another technique periodic defects of different shapes are introduced in the ground plane that results in compact 
 structures22–24,26. These defected ground structures offer challenges in the packaging. An alternate approach to 
induce reactive loading is to use shorted patch structures under the microstrip  line27. The realization of these 
structures is carried out using a stack-up of three metal layers. In this structure the EBG property is created by 
the periodic variation of effective dielectric properties of the material. This methodology is compatible with 
GaAs/GaN monolithic microwave integrated circuit (MMIC) process, which makes it appealing for microwave 
and millimeter-wave applications.

In this paper a technique is described to realize ultra-wide bandgap using an EBG structure that does not have 
an impact on its physical size. This is achieved by employing the 2-D metamaterial concept. This is achieved by 
stacking five layers in the following order: metal–substrate–metal–substrate–metal. The top layer is microstrip 
transmission line, the second layer is dielectric substrate, the third layer is circular patches, the fourth layer is 
dielectric substrate, and the fifth layer is metal ground-plane. This implementation is consistent with GaAs/GaN 
MMIC processes which makes it viable for diverse applications such as biomedical applications operating over 
microwave and millimeter-wave spectrums. The circular patches are connected to the ground-plane through 
the second dielectric layer using via-holes. This configuration is commonly referred to as a mushroom-type 
structure. Ultra-wide bandgap is accomplished by incorporating metamaterial characteristics to this structure. 
This was realized by inserting a dielectric ring on the patch.

Metamaterial inspired mushroom type unit‑cell
Normally mushroom type EBG structures are made from square or rectangular patches that reactively load a 
common transmission  line28. In EBG structures based on square and rectangular patch the dominant loading 
on the transmission line is essentially capacitive. The reactive loading can be easily modified by varying the 
dimensions of the patch. However, in both cases the bandgap realized is narrow and its transmission response 
can be plagued with significant sized ripples.

Figure 1 shows the implementation of the proposed metamaterial inspired mushroom type EBG unit-cell. 
The bandgap structure consists of a five-layer stack comprising bottom up from (1) metallic ground-plane, (2) 
dielectric substrate (Rogers RT6002), (3) microstrip circular patch, (4) dielectric substrate (Rogers RO4533), 
and (5) microstrip transmission line. The circular patch is connected to the ground-plane using via-hole through 
the Rogers RT6002 substrate. To realize ultra-wide bandgap performance two slit-ring resonators are embedded 
on the patch, as shown in Fig. 1a, which transform the unit-cell into a metamaterial structure. The parameters 
defining the EBG unit-cell are shown in Fig. 1b. The equivalent circuit model of the metallic via-hole is a shunt 
parallel LC circuit where inductance represents left-handed inductance, and the capacitance is represented by 
right-handed capacitance. The patch is capacitively coupled to the slit rings. This is modeled with a series LC 
circuit where the inductance is right-handed, and the capacitance is left-handed.

The circular patch of radius of Ri is placed at the center of the unit-cell. The vertical and horizontal gaps 
between the circular patch and the unit-cell’s edge are defined by dh and dv , respectively. The unit-cell’s length 
(Luc) and width (Wuc) can be expressed thus, Luc = 2(Rcp + dv) and Wuc = 2(Rcp + dh) . The metallic patch is 
connected to ground-plane through a via of radius and height of Rvia and hvia , respectively, which is located at 
the center of the circular patch. The length and width of the microstrip line are Lml and width Wml , respectively, 
where Lml = Luc . The EBG unit-cell structure was fabricated on commercially available substrates. The Rogers 
RT6002 substrate has a dielectric constant ( εr1 ) of 2.94, a thickness (h1) of 0.6 mm, and loss-tangent of 0.0012. 
The Rogers RO4533 substrate has a dielectric constant ( εr2 ) of 3.45, a thickness (h2) of 0.2 mm, and loss-tangent 
of 0.0025. The radius of the circular patch can be calculated  using29,30

where fr is the resonant frequency of the patch and c is speed of light in free space. Note, h and a are in cm. Since 
fringing makes the patch electrically larger, the effective radius of patch is used and is given  by29,30

The resonant frequency of the inner and outer split rings can be determined from Eqs. (4) and (5), respectively. 
These expressions were obtained from empirical studies.
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where Rin is the radius of the inner ring, and Rout is the radius of the outer ring. Rin =
(

Rcpi2 + Rcpo2
)

/2 and 
Rout =

(

Rcpi + Rcpo
)

/2 . The structural parameters of the metamaterial inspired EBG unit-cell are listed in Table 1. 
For the parameter values given in Table 1, fi_ring = 23.2 GHz and fo_ring=15.6 GHz. From empirical results the 
lower edge rejection frequency of the bandgap can be approximately defined by 0.74 fo_ring.

The bandwidth of the EM bandgap is determined by the reactive loading of the ground-plane connected 
circular patch and associated split rings with the propagating microstrip line. When a microwave or millimeter-
wave signal propagates over a microstrip transmission line its EM field will interact with the circular patch and 
the split rings which is located under it as illustrated in Fig. 1. The EM field will induce surface currents over the 
patch and split rings, as shown in Fig. 2a. The current density is greatest between the split rings. The currents at 
the center of the patch will find the shortest path to ground which is through the metallic via hole connecting 
the patch and the ground-plane. The reactive loading on the microstrip line is increased due to the split rings 
and the consequence of this is the bandgap is widened.

S-parameter analysis of the EBG unit-cell structure was carried out using 3-D full wave electromagnetic 
software by CST Microwave Studio. Figure 2 shows that when a metallic via-hole is connected to the circular 
patch the 3-dB roll-off of the stopband  (S21) at 11.5 GHz becomes significantly sharper and the bandgap increases. 
Moreover, the bandgap rejection is better than − 10 dB up to 26 GHz. This is because the reactive loading offered 
to the patch is increased with the addition of the metallic via-hole. By including the split ring resonators, the 
bandgap rejection improves substantially. The bandgap extends above 30 GHz, and the bandgap rejection is 

(5)fo_ring =
1.028c

(

2πRout − g
)√

εr

Figure 1.  The proposed metamaterial inspired mushroom type EBG unit-cell, (a) isometric view, and (b) 
parameters defining the EBG unit-cell.

Table 1.  Structural parameters (in millimeters) of the EBG unit-cell.

Luc Wuc h1 h2 hvia Rvia Lml Wml Ri Rcpo Rcpi Rcpo2 Rcpi2 dv dh g

6 6 0.6 0.2 0.6 0.05 6 0.5 0.2 2 1.4 1.3 0.9 1 1 0.05
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better than − 30 dB. The return-loss  (S11) is better than − 20 dB. This is because the inclusion of the split rings 
transforms the EBG unit-cell to a metamaterial and causes increased reactive loading to the transmission line.

Equivalent circuit model of the proposed mushroom type EBG unit‑cell
Insight on the parameters that dictate the performance of the proposed metamaterial inspired mushroom type 
of EBG unit-cell can be obtained from its equivalent circuit model shown in Fig. 3. The circuit model approxi-
mates the physical structure of the unit-cell. The microstrip line is approximated by a lossless π-model having 
series inductance ( Lm) and shunt capacitance ( Cmg ). Coupling between the microstrip line and the circular patch 
is through capacitance ( Cmp) . The coupling between the microstrip line and the inner and outer split rings is 
through capacitances Cms and Cms2 , respectively. The magnitude of the coupling depends upon the microstrip’s 
length ( Lml ) and width ( Wml ) and the radii of the circular patch ( Rcp) and the split rings ( Ri&Ro) . The capaci-
tance between patch and ground-plane is represented by capacitance (Cpg ) . The circular patch has inductance 
( LP) and is capacitively coupled to the split rings through capacitances Cps and Cps2 . The open ends of the patch 
create parasitic fringe capacitance ( Co ) between patch and ground-plane. The capacitance between the inner and 
outer split rings and ground are Csg and Csg2 . The via-hole is modelled on a straight wire having inductance ( Lvia ) 
and radius ( Rvia) and height ( hvia ). The equivalent circuit model of the metallic via-hole is a shunt parallel LC 
circuit where inductances Lvia and Lp represents left-handed inductance, and the capacitance (Cpg ) is represented 
by right-handed capacitance. The patch is capacitively coupled to the split rings of the patch through Cps and 
Cps2 . This coupling is modeled with a series LC circuit where the inductances Ls and Ls2 are right-handed, and 
the capacitances Csg and Csg2 are left-handed. The values of the equivalent circuit model components are given 
in Table 2. Figure 4 shows the insertion-loss  (S21) response of the equivalent circuit model and that obtained 
from CST Microwave Studio. The Roll-off is 45 dB/GHz and bandgap range is 18 GHz from 11.5 to 30 GHz 

Figure 2.  (a) Surface current density over the metamaterial inspired mushroom type EBG unit-cell at 
11.5 GHz, and (b) S-parameter response of the metamaterial inspired mushroom type EBG unit-cell under three 
conditions, i.e., with no via-hole, with via-hole connection, and with via-hole and slit ring resonators.
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for rejection greater than 25 dB. There is excellent agreement between the equivalent circuit model and CST 
simulated response.

Finite periodic EBG bandstop filter based on the proposed EBG unit‑cell
A finite periodic EBG filter in Fig. 5 is based on the proposed metamaterial inspired EBG unit-cell. The filter is 
constructed by loading 50 � microstrip transmission line with five EBG unit-cells that are equally spaced. The 
filters were fabricated on dielectric substrate Rogers RT6002 and Rogers RO4533. The gap between the adjacent 
unit-cells is Rcp/2 . The two substrates were glued together with a very thin layer of Eccobond 45 epoxy with 
a dielectric constant of 3.4. The overall dimensions of the EBG filter are 28 × 5 × 0.8  mm3. Figure 6 shows the 
fabricated 5-element EBG filter. Figure 7 shows the simulated and measured insertion-loss responses of the 
single and the five-element filter. The simulation was done using CST Microwave Studio. The insertion-loss was 
measured using a Network Analyzer. It is evident from the results the five unit-cell EBG provides a significantly 
sharper 3-dB roll-off and a bandgap with a rejection of approximately − 100 dB from 12 GHz to beyond 30 GHz. 
The response of the five-element filter is significantly superior to the single unit-cell EBG. This is due to the two 
layers of different dielectric constants used to construct the EBG unit-cells. When two different dielectric materi-
als are combined in an EBG unit cell, it creates a more complex and structured arrangement. This combination 
can lead to an enhanced bandgap performance compared to a single-layer EBG structure. The presence of two 

Figure 3.  Equivalent circuit model of the proposed metamaterial inspired mushroom type EBG unit-cell.

Table 2.  Component values of the equivalent circuit model parameters.

Lm (nH) Cmg (pF) Cmp (pF) LP (nH) Lvia (nH) Cpg (pF) Cps (pF) Co (pF) Csg (pF) Csg2 (pF) Ls (nH) Ls2 (nH) Cms(pF) Cms2(pF)

0.75 0.0475 0.27 0.205 0.1 0.19 0.15 0.047 0.6174 0.1933 0.1 0.05 4 0.954

Figure 4.  Insertion-loss response using CST Microwave Studio and the equivalent circuit model of the 
proposed EBG unit-cell.
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Figure 5.  Top view of the proposed five element EBG structure.

Top layer Middle layer   

(a)

Top layer

Middle layer
(b)

Figure 6.  The fabricated 2-D bandstop filter based on the proposed metamaterial inspired mushroom type EBG 
unit-cell, (a) top transmission line and middle layer of a single unit-cell EBG structure, and (b) top transmission 
line and middle layer of the five unit-cell EBG structure where λg is at the 3-dB cut-off frequency of 12.5 GHz.

Figure 7.  Simulated and measured S-parameters as function of frequency of the of the single and five EBG 
unit-cell.
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dielectric layers introduces additional periodicity and resonances, resulting in wider and more effective bandgap 
regions. Moreover, each individual unit cell contributes to the overall suppression of specific frequencies, and 
the combination of multiple cells leads to a cumulative effect, resulting in a deeper bandgap. There is excellent 
agreement between the simulation and measured results.

In Table 3, the proposed EBG filter is compared with different EBG structures some of which have been 
recently reported. The comparison metrics includes size in guided wavelength, passband return-loss, the degree 
of attenuation in the bandgap, the 3-dB sharpness of the filter and the bandgap range. Compared to the cited 
works both the single unit-cell EBG structure is much smaller. The five unit-cell EBG structure has a significantly 
superior bandgap rejection any EBG reported to date. Although the proposed EBG structures have a highly sharp 
3-dB roll-off, this is not as good  as35. The shortcomings  of35 are its poor return-loss response and limited band-
gap range. The bandgap of the proposed EBG structures is substantially wider than any work reported to date.

Conclusions
A novel electromagnetic bandgap structure is shown to exhibit desirable characteristics. Compared to state of 
the art the proposed five EBG unit-cell it is significantly smaller sizer, has the best passband return-loss, one of 
the highest bandgap rejections and the largest bandgap range reported to date. Even the bandgap range of the 
single EBG unit-cell is ultra-wide. These characteristics have been achieved by applying metamaterial properties 
to the mushroom type EBG unit-cell. This was achieved by embedding split ring resonators on the reactive load-
ing comprising a circular patch which is short circuited to ground using a via hole. The patch and the split ring 
resonators are sandwiched between two dielectric substrates and is electromagnetically coupled to a microstrip 
transmission line implemented on the top side of the top substrate. The theoretical model of the EBG structure 
was verified using full-wave 3D electromagnetic solver from CST Microwave Studio.

Data availability
All data generated or analyzed during this study are included in this article.

Received: 3 June 2023; Accepted: 13 August 2023

References
 1. Israel, A. et al. Synthesis of one dimensional electromagnetic bandgap structures with fully controlled parameters. IEEE Trans. 

Microw. Theory Tech. 65(9), 3123–3134 (2017).
 2. Li, Y., Li, X.-C. & Mao, J.-F. A novel tapered HTS microstrip bandstop EBG structure. IEEE Electr. Des. Adv. Packag. Sys. Symp. 

2017, 1–3 (2017).
 3. David, L. et al. Practical design of a band-pass filter using EBG SIW technology. Eur. Microw. Conf. (EuMC) 2018, 77–80 (2018).
 4. Hassan, S. M. S. & Mollah, M. N. Identical performance from distinct conventional electromagnetic bandgap structures. IET 

Microw. Antennas Propag. 10(12), 1251–1258 (2016).
 5. IdaMaria, M. Y. et al. A review on electromagnetic band gap application in medical devices. Mater. Today Proc. 16(4), 2047–2051 

(2019).
 6. Llombart, N., Neto, A., Gerini, G. & Maagt, P. D. Planar circularly symmetric EBG structures for reducing surface waves in printed 

antennas. IEEE Trans. Antennas Propag. 53(10), 3210–3218 (2005).
 7. Prakash, P., Abegaonkar, M. P., Kurra, L. A. & Koul, S. K. Compact electromagnetic bandgap (EBG) structure with defected ground. 

IETE J. Res. 62(1), 120–126 (2016).
 8. Abdalla, M. A. et al. A miniaturized dual band EBG unit cell for UWB antennas with high selective notching. Int. J. Microw. Wirel. 

Tech. 11(10), 1035–1043 (2019).
 9. Brown, J. A., Barth, S. & Smyth, B. P. Dual-band microstrip corporate feed network using an embedded metamaterial-based EBG. 

IEEE Trans. Antennas Propag. 67(11), 7031–7039 (2019).
 10. Shahid, I. & Thalakotuna, D. M. A bi-patch loaded microstrip line based 1-D periodic structure with enhanced stop bandwidth 

and band switching characteristics. J. Electromag. Wav. Appl. 33(10), 1329–1342 (2019).
 11. Radonic, V. et al. Microfluidic EBG sensor based on phase-shift method realized using 3D printing technology. Sensors 17(4), 892 

(2017).
 12. Abdulhameed, M. K. et al. Radiation control of microstrip patch antenna by using electromagnetic band gap. AEU-Int. J. Electr. 

Commun. 110, 152835 (2019).

Table 3.  Performance comparison of the proposed metamaterial inspired EGB structure with published 
works. *Defected ground structure.

References EBG configuration No. of unit cells Length ( �g)
Passband return-loss 
(dB) Bandgap rejection (dB) Roll-off (dB/GHz)

Bandgap (GHz)/Freq. 
range for  S21 > 25 dB

1 Tapered microstrip line 4 2.28 20 30 105 0.44/(0.75–1.19 GHz)
31 Tapered EBG with DGS* 3 0.67 13 32 10.9 6.0/(4–10 GHz)
32 Dumbbell-shaped DGS 3 0.87 5 40 56 2.2/(5.6–7.8 GHz)
33 Sinusoidal tapered line 6 1.69 3 47 87.5 6.0/(2.7–8.7 GHz)
34 Tapered dual plane EBG 6 2.30 8 35 14 5.1/(7.3–12.4 GHz
35 Shorted patch structure 8 1.34 3 40 235 1.9/(5.3–7.2 GHz)

This work Metamaterial mushroom 
type EGB 1 0.46 20 30 192  > 18/(12–30 GHz)

This work Metamaterial mushroom 
type EGB 5 1.77 30 95 192  > 17.7/(12.3–30 GHz)



8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13347  | https://doi.org/10.1038/s41598-023-40567-x

www.nature.com/scientificreports/

 13. Belbachir, A. K. et al. High-performance LPF using coupled C-shape DGS and radial stub resonators for microwave mixer. Prog. 
Electromag. Res. 58, 97–103 (2016).

 14. Karmokar, D. K., Chen, S., Bird, T. S. & Guo, Y. J. Single-layer multi-via loaded CRLH leaky-wave antennas for wide-angle beam 
scanning with consistent gain. IEEE Antennas Wirel. Propag. Lett. 18(2), 313–317 (2019).

 15. Kim, C. S. et al. A novel 1-D periodic defected ground structure for planar circuits. IEEE Microw. Guided Wave Lett. 10(4), 131–133 
(2000).

 16. Mbairi, F. D. & Hesselbom, H. Microwave bandstop filters using novel artificial periodic substrate electromagnetic band gap 
structures. IEEE Trans. Compon. Packag. Technol. 32(2), 273–282 (2009).

 17. Shahid, I., Thalakotuna, D. & Heimlich, M. Novel half-patch based 1-D periodic structure with better control over stop bandwidth. 
IEEE Asia-Pac. Microw. Conf. 20, 1712–1714 (2019).

 18. You, X., Wu, C. & Gui, X. Two novel meander-perforated plane EBG structures for 5G applications. J. Phys. Conf. Ser. 1617(012066), 
1–6 (2020).

 19. Hester, J., Nguyen, E., Tice, J. & Radisic, V. A novel 3D-printing-enabled “roller coaster” transmission line. Proc. IEEE Int. Symp. 
Ant. Propag. USNC/URSI Nat. Radio Sci. Meet. 2017, 2639–2640 (2017).

 20. Li, Y., Li, X. C. & Mao, J. F. A novel tapered HTS microstrip bandstop EBG structure. Proc. IEEE Electr. Des. Adv. Packag. Sys. Symp. 
1, 1–3 (2017).

 21. Senouci, S. & Zerguerras, A. A study of periodic microstrip structures using finite elementary lines (FEL) approach. Am. J. Phys. 
Appl. 5(4), 52 (2017).

 22. Rong, H., Wang, S. Q., Chen, S., Cao, Y. & Tian, H. Wide stopband miniaturized “I”-typed EBG with DGS. Microw. Opt. Tech. Lett. 
60(1), 44–50 (2018).

 23. Kumar, A. & Kartikeyan, M. V. Design and realization of microstrip filters with new defected ground structure (DGS). Int. J. Eng. 
Sci. Tech. 20(2), 679–686 (2017).

 24. Hassan, S. S. & Mollah, M. N. Identical performance from distinct conventional electromagnetic bandgap structures. IET Microw. 
Ant. Propag. 10(12), 1251–1258 (2016).

 25. Coromina, J., Vélez, P., Bonache, J., Aznar-Ballesta, F. & Martín, F. Reactively-loaded EBG transmission lines with periodicity 
truncation for improvement of the stop band performance. Int. Conf. Electromagn. Adv. Appl. 2019, 0921–0925 (2019).

 26. Ertay, A. O., Abbak, M. & Simsek, S. An improved stopband and sharp roll off microstrip low pass filter with defected ground 
structures. Int J. Microw. Wirel. Tech. 8(3), 573–581 (2016).

 27. Garcia-Garcia, J., Bonache, J. & Martın, F. Application of electromagnetic bandgaps to the design of ultrawide bandpass filters with 
good out-of-band performance. IEEE Trans. Microw. Th. Technol. 54(12), 4136–4140 (2006).

 28. Ayop, O. & Rahim, M. K. A. Analysis of mushroom-like electromagnetic band gap structure using suspended transmission line 
technique. Proc. IEEE Int. RF Microw. Conf. 2011, 258–261 (2011).

 29. Naveen, J. et al. Triple band notched mushroom and uniplanar EBG structures based UWB MIMO/Diversity antenna with 
enhanced wide band isolation. AEU-Int Electron. Commun. 90, 36–44 (2018).

 30. Balanis, C. A. Handbook of Microstrip Antennas (Wiley, 1982).
 31. Zhu, H. & Mao, J. ‘Miniaturized tapered EBG structure with wide stopband and flat passband’. IEEE Antennas Wirel. Propag. Lett. 

11, 314–317 (2012).
 32. Hassan, S. M. S. et al. Dumbbell shape EBG structure—worth to EBG assisted microwave filter designing. Proc. IEEE Asia-Pac. 

Conf. Appl. Electromagn. 2012, 1–5 (2012).
 33. Nesic, D. & Nesic, A. Bandstop microstrip PBG filter with sinusoidal variation of the characteristic impedance and without etching 

in the ground plane. Microw. Opt. Technol. Lett. 29(6), 418–420 (2001).
 34. Ying Huang, S. & Hui Lee, Y. Tapered dual-plane compact electromagnetic bandgap microstrip filter structures. IEEE Trans. 

Microw. Theory Technol. 53(9), 2656–2664 (2005).
 35. Shahid, I., Thalakotuna, D. N., Karmokar, D. & Heimlich, M. Bandstop filter synthesis scheme for reactively loaded microstrip 

line based 1-D periodic structures. IEEE Access 8, 155492–155505 (2020).

Acknowledgements
Dr. Mohammad Alibakhshikenari acknowledges support from the CONEX-Plus programme funded by Univer-
sidad Carlos III de Madrid and the European Union’s Horizon 2020 research and innovation programme under 
the Marie Sklodowska-Curie Grant agreement No. 801538. In addition, this work was partially supported by 
Ministerio de Ciencia, Innovación y Universidades, Gobierno de España (Agencia Estatal de Investigación, Fondo 
Europeo de Desarrollo Regional-FEDER-, European Union) under the research Grant PID2021-127409OB-C31 
CONDOR. Besides above, the authors extend their appreciation to the Deputyship for Research & Innovation, 
Ministry of Education in Saudi Arabia for funding this research work through the project number 223202.

Author contributions
Conceptualization, M.A.-H., M.A., B.S.V.; methodology, M.A.-H., M.A., B.S.V., A.I., F.F.; software, M.A.-H., M.A., 
B.S.V.; validation, M.A.-H., M.A., B.S.V., R.S., A.I., A.A.A., F.F.; formal analysis, M.A.-H., M.A., B.S.V., A.I., F.F.; 
investigation, M.A.-H., M.A., B.S.V., R.S., A.I., A.A.A., F.F.; resources, M.A.-H., M.A., B.S.V., A.I.; data curation, 
M.A.-H., M.A., B.S.V., R.S., A.I., A.A.A., F.F.; writing—original draft preparation, M.A.-H., M.A.; writing—review 
and editing, M.A.-H., M.A., B.S.V., R.S., A.I., A.A.A., F.F.; visualization, M.A.-H., M.A., B.S.V., F.F.; supervision, 
M.A.-H., M.A., F.F.; project administration, M.A.-H., M.A., B.S.V., F.F.; funding acquisition, M.A.-H., M.A., A.I., 
F.F. All authors have read and agreed to the published version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.-H., M.A. or F.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13347  | https://doi.org/10.1038/s41598-023-40567-x

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023


