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applications, including medical imaging, spectroscopy, and 
high-speed wireless communications. Terahertz imaging is 
a safe, non-ionizing, and non-invasive alternative to X-rays, 
penetrating non-metallic materials without causing damage, 
ideal for medical diagnosis, security screening, and scanning 
applications. This spectrum holds the promise of revolution-
izing industries like medicine, security, and communication 
systems by enabling ultra-fast data transfer rates and scaling 
up next-generation networks. Although the Terahertz band 
offers immense potential, its implementation often faces 
challenges due to difficulties in the design and operation of 
components capable of functioning within this frequency 
range. Meanwhile, microwave engineering involves the 
design, analysis, and optimization of essential components 
that facilitate efficient signal transmission, reception, and 
processing. Key components include transmission lines, 
antennas, and filters, which are crucial for achieving precise 
control and transmission of microwave signals. Transmis-
sion lines guide waves with minimal loss, antennas trans-
mit and receive waves, and filters select desired signals and 

Introduction

In the era of rapid advancements in communication tech-
nologies and the growing demand for high-speed data trans-
mission, researchers have been driven to explore the realm 
of Terahertz technologies. The Terahertz frequency band, 
spanning from 0.1 to 10 THz, has become a focal point 
for experimentation and innovation. This underrated spec-
trum presents a vast array of opportunities for numerous 
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Abstract
This article presents the design of a miniaturized bandpass filter featuring a square patch perturbed microstrip resonator 
configuration with the Swastik fractal slots for applications in the terahertz regime. In the proposed design, the dual-
mode behaviour of the filter is demonstrated with two transmission zeros on the passband edges, leading to a substantial 
improvement in selectivity. Besides, the presented terahertz filter, using a full-wave electromagnetic simulator, exhibits 
appreciable size reduction through the integration of Swastik fractal slots into the resonator, realizing miniaturization 
without compromising the desirable filter characteristics. Through proper optimization of the filter dimensions such as the 
perturbation and gap size, significant enhancements are also achieved in its return loss, insertion loss, and selectivity. The 
bandpass filter, measuring 8 × 8 µm2, demonstrates notable performance at 3.88 THz with a return loss exceeding 38.32 
dB and a low insertion loss of 1.63 dB. Furthermore, the presence of transmission zeros at 2.86 and 5.14 THz, on the 
left and right sides of the passband, indicates better suppression of out-of-band frequencies. The minimal footprint and 
better performance of the filter make it an ideal candidate for integration into the terahertz system, thereby enhancing the 
capabilities of terahertz-based communication and imaging technologies.
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reject unwanted frequencies for efficient processing and 
transmission.

Terahertz systems rely on bandpass filters to reduce 
interference and ensure signal clarity by selectively allow-
ing specific frequency bands to pass. However, designing 
such filter structures requires innovative approaches to 
overcome material and structural limitations. Fractals, with 
their unique self-repeating and space-filling properties, 
have proven to be highly beneficial in designing multiband 
antenna structures for various wireless systems. The self-
similarity of fractal geometry enables the miniaturization of 
filters and antennas, by allowing the repetition of patterns 
at smaller scales. This feature has led to the exploration of 
various fractal geometries in the design of bandpass filter, 
as researchers seek to harness their potential for improved 
performance and compactness. Notably, Sierpinski fractal 
curves [1] and Greek-cross fractal resonators [2] have been 
utilized to design compact bandpass filters with improved 
frequency responses and miniaturized microstrip structures. 
Dual-mode filter designs involving square-ring and cross-
loop slots on traditional square [3] and octagonal [4] patch 
resonators have improved size compaction and frequency 
performance. Another design involving a novel loop resona-
tor of star-shape [5] with a triangular perturbation achieves 
narrowband filtering, demonstrating a successful implemen-
tation of a compact dual-mode filter.

Researchers have designed various dual-mode bandpass 
filters with improved performances in which Cheng et al. 
[6] used a CSRR-perturbed square patch resonator, while 
others employed Koch fractal-based hexagonal loop reso-
nators [7] or Moore fractal-based edge-coupled resonators 
[8], achieving benefits like reduced loss, compact size, and 
improved selectivity. Moreover, Neeboriya [9] and Song et 
al. [10] designed compact bandpass filters with improved 
performance in which the former fractal design uses an 
equilateral triangular resonator with low insertion loss and 
multiple transmission zeros, while the latter design employs 
a capacitive loading-based hexagonal loop resonator with 
better size reduction. Wu et al. [11] developed a dual-mode 
filter with slot-line stubs and slot patches on a square loop 
resonator, improving source-load coupling. Yeh et al. [12] 
demonstrated a diamond-structured filter model using a 
modified Minkowski fractal on a square patch resonator, 
enabling wideband responses and improved performance, 
including increased bandwidth and reduced loss.

Recently, there has been a growing interest in the 
research on terahertz filter designs, in addition to terahertz 
antennas, to unlock the full potential of terahertz technol-
ogy and enable innovative applications across various 
disciplines. Notably, a spider-structured [13] and cross-
slotted fractal [14] terahertz bandpass filters were designed 
through simulation, achieving transmittances of 100% and 

70% respectively, across the terahertz range. Furthermore, 
a metamaterial-based design and fabrication of terahertz 
filter featuring cross-shaped structures [15] was demon-
strated with 100% transmittance over a narrow bandwidth. 
Additionally, a waveguide bandpass filter structure with 
vanadium dioxide (VO2) exhibiting a narrow bandwidth of 
5 GHz and a transmittance of 98% was proposed for tera-
hertz stealth applications [16].

The fabrication of another terahertz waveguide filter via 
micromechanical milling [17] was reported with a 3-dB 
bandwidth of 30 GHz, return loss of 15 dB, and a notable 
insertion loss of 3.9 dB, showcasing the potential of this 
manufacturing approach. A terahertz filter with a tunable 
centre frequency and bandwidth was designed utilizing split 
ring resonator grounded structures [18]. Furthermore, a 
quantitative study on the impact of diaphragm thickness on 
the performance of a low-loss terahertz waveguide bandpass 
filter [19] was conducted, revealing a significant correlation 
between diaphragm thickness and filter performance. Caro-
line et al. [20] developed a highly tunable terahertz bandpass 
filter using a metamaterial design that incorporates square 
and pentagonal CSRR structures, achieving 100% transmit-
tance and making it an ideal candidate for applications in 
security screening and biomedical imaging. Researchers 
have made significant advancements in terahertz bandpass 
filters, including the exploration of plasmonic nanoparticle-
enhanced CSRR-based filter at 1.5 THz by Yadollahzadeh 
and Baghban [21], the development of high-performance 
metamaterial-based multilayer filter with 93% transmit-
tance by Asl et al. [22], and the design, fabrication, and 
verification of a cost-effective double-layer FSS-based filter 
at 0.9 THz with a flat passband, low insertion loss, and high 
band-edge steepness by Ri-Hui and Jiu-Sheng [23].

The Swastik fractal, inspired by the Swastika symbol, 
exhibits promising properties for filter design in signal pro-
cessing. Its geometric characteristics, including self-simi-
larity and symmetry, enable uniform frequency responses, 
essential in telecommunications and audio processing [24]. 
The integration of this ancient symbol into modern tech-
nology unveils the intersection of tradition and innovation, 
underscoring the value of interdisciplinary approaches [25]. 
The integration of Swastik-shaped slots in microstrip planar 
antennas enhances their performance for 5G applications, 
offering improved return loss, increased bandwidth, and 
optimized sub-6 GHz frequency operation. This results in 
the development of high-efficiency and high-gain antennas, 
making them suitable for next-generation wireless networks. 
The unique Swastik slot structure contributes substantially 
to these performance improvements, demonstrating the 
potential of fractal-based designs in modern communica-
tion systems. Furthermore, the recursive properties of frac-
tals enable efficient computational algorithms, highlighting 

1 3



Journal of Optics

their value in advanced antenna designs [26, 27]. These 
algorithms can be optimized for faster processing, which is 
essential for real-time applications such as streaming and 
live data analysis [28].

In general, a Swastika-shaped antenna patch is applied 
in advanced wireless communication systems, IoT devices, 
satellite communications, and wearable technology to 
enhance performance through improved bandwidth, com-
pact design, multi-band capability, and optimized gain [29]. 
Besides, a simple miniaturized microstrip patch antenna, 
measuring 120 × 120 × 45 µm3, based on graphene was also 
designed and simulated for wideband terahertz applications 
[30]. Moreover, a comprehensive review of the current 
state and future potential of terahertz imaging and sens-
ing technologies in healthcare applications, highlighting 
their emerging role and prospects for transforming medi-
cal imaging, diagnostics, and therapeutic interventions was 
presented by Gezimati and Singh [31]. As applications in 
terahertz spectrum continue to gain momentum, fuelled 
by increasing demand in areas like communications and 
imaging, it is crucial to develop technologies that strike a 
balance between high-quality implementation and cost-
effectiveness, enabling sustained innovation and broader 
accessibility.

In this article, a miniaturized dual-mode bandpass filter 
based on Swastik slotted fractals is designed and imple-
mented on a square patch resonator using CST Microwave 
Studio. Embedding a square perturbed element to the reso-
nator along with orthogonal feedlines couples degenerate 
modes, generating two transmission zeros that improve 
selectivity and increase attenuation at the edges of pass-
band. The proposed filter is a compact, simple, and high-
performance solution, offering narrowband operation and 
excellent skirt selectivity. This innovative design is particu-
larly significant because it operates in the terahertz range 

of frequencies, which is emerging as a crucial spectrum for 
next-generation communication systems. The organization 
of this article begins by exploring the design and simulation 
of patch resonators (single and dual-mode configurations), 
followed by the evolution and simulation of Swastik slotted 
fractal structure geometry with its performance evaluation 
on S-parameters, gap size, perturbation size variations, and 
group delay, then comparing it to previous terahertz con-
figurations, and finally ending with the conclusion.

Square patch resonator: single and dual-
mode configurations

Figure 1 illustrates the topological geometry of square 
shaped patch resonator in single and dual-mode configura-
tions. By utilizing RT/Duroid 6010 of high relative permit-
tivity (εr = 10.7) as the laminate, the design offers optimal 
performance for filter architecture. This design features a 
perfect electric conductor (PEC) for both the ground plane 
(0.5 μm thick) and patch, with the dual-mode functionality 
achieved by placing a perturbation of square shape at either 
a 45° or 135° angle relative to the 50 Ω feedlines, aligned 
with the diagonal symmetry (D–Dʹ) plane of the square 
patch. This perturbation technique effectively induces dual-
mode resonance, facilitating the design of a compact and 
efficient dual-mode filter. The dimensions of the patch are 
denoted by A–Aʹ (horizontal) and B–Bʹ (vertical), respec-
tively. As the introduction of a perturbation along D–Dʹ 
(diagonal) enables a dual-mode behaviour, the filter response 
is characterized by the presence of two transmission zeros. 
This dual-mode nature of the filter significantly enhances 
its selectivity, providing improved frequency rejection and 
reduced adjacent channel interference.

Fig. 1  Patch resonator geometry: a single and b dual-mode configurations having port assignments (Input #1; Output #2)
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λ g = c

f0 × √
ϵ reff

� (1)

The substrate and ground have identical square geometry, 
with a length (LS) of 22  μm. Besides, the substrate and 
ground layers have their thickness maintained at 5 μm and 
0.5  μm approximately. Excluding the perturbation patch 
along the diagonal, the square resonator has a patch thick-
ness of 0.5 μm and a side-length (Lr) of 8 μm. The spacing 
between the resonator and the feedlines (g) is chosen to be 
0.1 μm. The dimensions of the feedlines are 5.46 μm (L1) 
× 1.60 μm (W1), while the coupling arms at the input and 
output ports measure 8  μm (L2) × 1.75  μm (W2), respec-
tively. Moreover, the resonator is split by a perturbation 
length (P) of 2 μm along its diagonal symmetry. The pertur-
bation length with respect to the square patch resonator (LP) 
is 1.91 μm. There are 3 iterations of the Swastik fractals, 
the distance between the first iteration of the Swastik fractal 
and the square patch resonator (D0) is 3.9 μm. The physical 
dimensions of the designed terahertz bandpass filter after 
optimization are given in Table 1.

Figure 2 presents a comparative analysis of the simulated 
S-parameters for single and dual-mode resonator configura-
tions. The single-mode nature of the resonator displays Che-
byshev behaviour, resulting in inadequate selectivity for the 
bandpass filter, with a center frequency of approximately 
4.34 THz. Conversely, the dual-mode nature of the resona-
tor at 4.09 THz as seen in Fig. 2 offers quasi-elliptic behav-
iour with two distinct transmission zeros, yielding improved 
selectivity on both sides of the passband, for the perturbed 
dual-mode filter. This shows the efficacy of the perturbation 
technique in enhancing the filter selectivity.

Proposed swastik fractal slot-based 
dual‑mode terahertz filter design

Figure 3 illustrates the proposed miniaturized dual-mode 
terahertz bandpass filter design, featuring the third itera-
tion Swastik fractal slots, in both 3D visualization and top-
view geometric layout. Without considering the feedlines, 
the size of the square resonator (Lr) in this design is set to 
0.25λg, in which the guided wavelength (λg) is calculated as 
31.96 μm at 3.88 THz using Eq. (1) from Hong [32].

Fig. 2  S-parameter simulations 
for single and dual-mode patch 
resonator with transmission zeros 
at the passband edges enhancing 
filter performance

 

1 3



Journal of Optics

Development of swastik fractal slotted 
bandpass filter configuration

Figure 4 presents a series of iterations for the dual-mode 
bandpass filter structure, featuring Swastik fractal slots, 
highlighting its development. Figure 4a depicts the initial 
stage (zeroth iteration) of the resonator, where a square 
patch with a size of Lp, set to 0.25λg, is presented. In the sub-
sequent stage (Fig. 4b), a Swastik-shaped fractal, measuring 
5.6 μm in length, 0.40 μm in width, and 2.60 μm in height, 

Table 1  Physical parameters and dimensions of the miniaturized filter
Substrate 
length, 
LS (µm)

Reso-
nator 
length,
 Lr (µm)

Feedline 
length, 
L1 (µm)

Feedline 
width, 
W1 (µm)

Coupling 
arm 
length, 
L2 (µm)

22 8 5.46 1.60 8
Gap between 
square patch & 
coupling arm, g 
(µm)

Pertur-
bation 
length, P 
(µm)

Perturba-
tion length 
w.r.t square 
patch, LP 
(µm)

Gap between 
square patch 
& first itera-
tion, D0 (µm)

Coupling 
arm 
width, 
W2 (µm)

0.1 2.0 1.91 3.9 1.75

Fig. 3  Proposed miniaturized 
dual-mode Swastik slotted fractal 
bandpass filter design geometry: 
a 3D perspective-view of filter 
structure with substrate (5 μm 
thick) and metal plating (0.5 μm 
thick) layers and b top-view illus-
tration of third iteration fractal 
structure
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applications, |S11| value greater than 10 dB is generally 
considered acceptable, indicating a minimal amount of sig-
nal reflection. Figure 5 clearly shows the center frequency 
decreases significantly from iteration 0 (square patch) to 
iteration 1 (Swastik fractal), with further iterations showing 
a continued, albeit smaller, decrease.

The presented filter design exhibits peak resonant fre-
quencies of 4.19 THz for the initial square patch, decreasing 
to 3.909 THz with the addition of the large Swastik frac-
tal, further reducing to 3.891 THz with four smaller Swas-
tik fractals, and ultimately reaching 3.8812 THz with the 
inclusion of sixteen smaller Swastik fractals alongside the 
long and small Swastik fractals. By incorporating slots into 
the design, the signal path is extended, which increases the 
resonator’s internal inductance and consequently reduces 
the resonant frequency due to the enhanced inductive effect. 
As a result, the reduced resonant frequency facilitates a 
more compact circuit design, contributing to the miniatur-
ization of the overall filter structure. This beneficial char-
acteristic of the resonator plays a crucial role in achieving a 
compact dual-mode bandpass filter design. As the resonant 
frequency drops from 4.19 THz to 3.88 THz, the patch size 
correspondingly shrinks by as much as 25.93%, achiev-
ing a more compact design. The design also features two 
prominent transmission zeros with high rejection levels of 
approximately 33.10 dB and 24.63 dB, located at 2.85 THz 
and 5.14 THz, respectively. These transmission zero fre-
quencies significantly enhance the selectivity by providing 
steep roll-offs on passband edges of the filter. This design 
leverages the quasi-elliptic characteristics of these transmis-
sion zeros, resulting in enhanced performance and a more 
efficient filtering response. The downward shift in resonant 
frequency is also observed in the |S11| characteristics as the 
signal path lengthens with the introduction of slots. Mean-
while, Table 3 provides a comprehensive comparison of the 
simulated responses for the filter across fractal iterations 0 
to 3 including the proposed design with multiple Swastik 
slotted fractals.

is centrally positioned on the resonator, and its impact is 
examined. Figure 4c shows the second iteration, where four 
smaller Swastik fractals (1.96 μm × 0.14 μm × 0.91 μm) sur-
round the central Swastik fractal. In Fig. 4d, the third itera-
tion is shown, where each space is filled with four smaller 
fractals (0.42 μm × 0.05 μm × 0.19 μm), resulting in sixteen 
additional fractals.

The dimensions of the Swastik fractals, from the longest 
to the smallest, are represented as A1, A2, and A3 for length; 
B1, B2, and B3 for width; and C1, C2, and C3 for height. The 
spacing between consecutive iterations are denoted as D1 
(between the first and second iterations) and D2 (between 
the second and third iterations). The optimized dimensions 
of the Swastik fractals based on their iterations are summa-
rized in Table 2.

S-parameter simulations of the presented 
terahertz bandpass filter design

The simulated performance of the dual-mode terahertz 
bandpass filter, illustrating the effects of fractal iteration 
and slotted structure integration on its frequency response 
is shown in Fig.  5. This figure compares the variation in 
return loss (|S11|) and insertion loss (|S21|) as the fractal 
design undergoes four iterations, highlighting the impact 
on filter performance. Here, |S21| is a measure of the trans-
mission coefficient, which represents the ratio of the trans-
mitted energy to the incident energy. A value close to 1 dB 
indicates minimal signal loss and high transmission effi-
ciency. |S11| is a measure of the reflection coefficient, which 
represents the ratio of the reflected energy to the incident 
energy, ideally approaching infinity. However, in practical 

Table 2  Physical dimensions and parameters of swastik fractal slotted 
resonator (iteration 1 to 3)
Order of 
iteration,
n

Length of 
Swastik 
fractal, 
An (µm)

Height of 
Swastik 
fractal, 
Bn (µm)

Width of 
Swastik 
fractal,
 Cn (µm)

Gap b/w 
n & (n + 1)
th iteration, 
Dn (µm)

1 5.60 2.60 0.40 1.040
2 1.96 0.91 0.14 0.216
3 0.42 0.19 0.05 -

Fig. 4  Evolution of Swastik slot-
ted fractal structures in square 
perturbed patch resonator
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Evaluation of Terahertz filter performance

The design of the presented terahertz dual-mode bandpass 
filter is realized through the careful optimization of gap size 
and perturbation size, and its performance is then subse-
quently analyzed. Additionally, the research examines the 
impact of perturbation size on the filter’s mode-splitting 
behaviour, highlighting the importance of perturbation in 
achieving desired dual-mode characteristics.

The effect of gap size (g) variation between the patch res-
onator and coupling arms on the frequency response of the 
filter is examined, with g ranging from 0.1 to 0.4 μm. Fig-
ure 6 illustrates that decreasing g results in a slight reduc-
tion in insertion loss, approximately 0.5 dB. This suggests 
that gap size optimization can lead to improved filter perfor-
mance, but with limited potential for substantial enhance-
ment. In addition, the left transmission zero shifts downward 
notably, while the upper transmission zero exhibits a slight 
shift as g varies. Regardless of the gap size variation, the 
return loss remains consistently high, exceeding 9.5 dB. As 
evident from Fig.  6, a gap size of g = 0.1  μm yields opti-
mal results for both |S21| and |S11| parameters, outperforming 
other gap sizes. This indicates that a gap size of 0.1 μm is 

Table 3  Simulated characteristics of the swastik slotted fractal resona-
tor structure
Performance 
parameters of 
resonator

Initial 
design 
(iteration 
0)

First 
iteration

Second 
iteration

Third 
itera-
tion

f0 (THz) 4.095 3.909 3.891 3.8812
3-dB bandwidth 
(GHz)

659 787 799 788

Fractional band-
width (%)

16.09 20.13 20.53 20.30

Rejection level 
(dB) at 
transmission zero 
frequencies (THz)

30.26 
@ 3.12, 
27.97 @ 
5.31

33.33 @ 
2.877, 25.17 
@ 5.13

32.21 @ 
2.874, 24.74 
@ 5.12

33.10 
@ 
2.856, 
24.63 
@ 5.14

Insertion loss 
(dB)

1.72 1.787 1.660 1.637

Return loss (dB) 24.87 37.138 40.952 38.326
Reduction in 
frequency (%)

0 4.425 4.951 5.221

Reduction in 
patch size (%)

0 15.86 23.63 25.93

Fig. 5  Comparative analysis of 
S-parameters for dual-mode tera-
hertz filter designs: Conventional 
square patch (iteration 0) vs. 
Swastik fractal slotted structures 
(iterations 1–3)
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decrease in its |S21| value. As P increases from 2 to 6 μm, 
there is emergence of two degenerate modes, denoted as 
mode I and mode II, and the resonant frequency shift of 
mode I is less pronounced compared to that of mode II. 
Similarly, Fig.  7b illustrates a corresponding effect in the 
filter’s |S11| response, where two poles emerge in the pass-
band as P increases from 2 to 6 μm. The upper poles expe-
rience a minor shift to higher frequencies, while the lower 
poles exhibit a more substantial shift to lower frequencies. 
Notably, better filter performance is attained at P = 2  μm, 

the optimal choice for achieving good filter performance, 
balancing both insertion loss and return loss.

Figure 7 illustrates the |S21| and |S11| characteristics of the 
filter for variation in its perturbation size (P). In the |S21| 
response of Fig.  7a, it is noticed that the upper transmis-
sion zero experiences a relatively minor shift to higher 
frequencies, in contrast to the lower transmission zero, 
which exhibits a more substantial shift to lower frequen-
cies. Here, the transmission zeros exhibit sharp transitions 
at P = 2 μm. However, as P increases, the upper transmission 
zero becomes progressively broader, with a corresponding 

Fig. 7  Impact of perturbation size (P) variation on final iteration structure: a |S21| and b |S11|.for P values ranging from 2 to 6 μm

 

Fig. 6  Impact of gap size (g) variation on final iteration structure: a |S21| and b |S11|.for g values ranging from 0.1 to 0.4 μm
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Results and discussion

The simulated performance of the miniaturized terahertz 
bandpass filter is obtained using the optimized structural 
dimensions of the resonator and the Swastik slotted frac-
tals of third iteration. The simulated group delay character-
istics, shown in Fig. 9, indicate a group delay of 0.8 ps in 
time-domain for the designed terahertz filter, with minimal 
variation in the passband. This suggests that the filter dem-
onstrates excellent linearity in transmitting the desired sig-
nals, with the output signal being a faithful replica of the 
input signal, delayed by a consistent 0.8 ps.

To achieve a dual-mode frequency response characteris-
tics, shown in Fig. 10, the optimized filter structure is uti-
lized and it exhibits favourable performance at 3.88 THz, 
with a low insertion loss of 1.63 dB, a high return loss of 
38.326 dB, and significant rejection levels of 33.10 dB and 
24.63 dB at the well-defined transmission zero frequen-
cies of 2.86 and 5.14 THz, in the lower and upper passband 
edges. In addition, the filter boasts a 3-dB narrow bandwidth 
of 0.788 THz, highlighting its ability to selectively transmit 
frequencies within this range.

Figure 11 illustrates the current distribution along the sur-
face of the terahertz filter, providing insight into the spatial 
arrangement of current flow and electromagnetic field inten-
sity across the filter’s surface. At frequencies corresponding 
to the transmission zeros (2.86 THz and 5.14 THz), sub-
stantial signal attenuation (i.e., |S21| = 33.10 dB and 24.63 
dB) occurs, which is shown by the dark blue colouration 
in Fig. 11a and c, indicating minimal power transfer (low 
current distribution) to the output port. Conversely, the 
attenuation is minimum (i.e., |S21| = 1.63 dB) at the resonant 
frequency (3.88 THz), allowing maximal energy transfer 
(high current distribution) to the output port, represented by 
the red-amber hue in Fig. 11b.

The simulated optical spectra in Fig. 12 reveal the reflec-
tance, absorbance, and transmittance characteristics of 
the presented filter configuration in dual-mode. The filter 
achieves a transmittance of 0.705, with no reflectance and 
an absorbance of 0.313 at resonance (3.88 THz). Moreover, 

emphasizing the critical role of perturbation size optimiza-
tion in achieving optimal filter response.

The impact of perturbation size (P) on the split charac-
teristics of the dual-mode terahertz bandpass filter is illus-
trated in Fig. 8. The split in resonant frequencies into two 
modes as mode I and mode II are evident from Fig. 8, as 
P increases from 2  μm, exhibiting significant frequency 
variations that lead to an expansion of the bandwidth and 
a consequent reduction in selectivity of the filter. As also 
seen from Fig. 8, there is an increase in the coefficient of 
coupling (k) between the two modes, which is calculated 
using (2)

k = f2
01 − f2

02
f2

01 + f2
02

� (2)

where f01 and f02 represents the center frequencies of mode 
I and II, respectively, highlighting the dependence of modal 
coupling on perturbation size. When the perturbation size 
is 2 μm or less, the filter displays single-mode behaviour, 
resulting in a negligible coupling coefficient (k ≈ 0).

Fig. 9  Group delay characteristics 
of 3rd iteration terahertz filter 
exhibiting excellent linearity in 
the passband with a flat response 
of 0.8 ps

 

Fig. 8  Dual-mode splitting behaviour as a function of perturbation size 
(for P values ranging from 2 to 6 μm)
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Additionally, the emergence of smaller resonances at fre-
quencies beyond the center frequency, with transmittance 
values below 55%, demonstrates the filter’s ability to effec-
tively reject signals outside the passband, while achieving 
sufficient transmittance at resonance, thereby confirming 
the high selectivity and spectral purity of the filter.

Table 4 provides a comparative analysis of the presented 
filter with existing terahertz bandpass filter designs, includ-
ing notable implementations based on VO2 [16], PTFE 

the filter provides a narrow bandwidth (0.788 THz) and its 
transmittance profile displays a clear bandpass filter char-
acteristics in the passband, highlighting the selective fre-
quency transmission capabilities of the filter.

Figure 13 presents the spectral characteristics of the tera-
hertz fractal filter designed in this study, simulated over a 
wide frequency range from 0 to 15 THz. At a resonance of 
3.88 THz, the results reveal a peak transmittance of approxi-
mately 70%, indicating optimal filter performance.

Fig. 11  Visualizing surface current distribution on Swastik fractal resonator: Frequency-dependent patterns at a 2.86 THz, b 3.88 THz, and c 5.14 
THz. Intensity gradient: Red (Highest) to Dark Blue (Lowest)

 

Fig. 10  Dual-mode filter response 
at 3rd iteration of Swastik frac-
tals: S-parameter characteristics 
with sharp transmission zeros at 
2.86 THz and 5.14 THz
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insertion loss in terahertz regime. Compared to their giga-
hertz counterparts, terahertz filters boast faster data trans-
fer rates, enhanced quality of service, reduced footprint, 
and greater miniaturization capabilities, rendering them an 
appealing choice for cutting-edge applications.

Conclusion

In this study, a miniaturized bandpass filter utilizing the 
Swastik fractal slots on the resonator is proposed and 
designed at 3.88 THz. The presented filter design leverages 
the square perturbed resonator with perpendicular feed ports 
for proper excitation and coupling of the dual degenerate 
modes, yielding a dual-mode nature. This fractal slotted 
design approach facilitates the realization of a compact fil-
ter with a reduced size of 8 × 8 × 6 µm3, making it an attrac-
tive solution for integrated terahertz systems. Significant 
reduction in frequency (5.22%) and patch size (25.93%) 
are observed for the proposed filter with fractal slots over 
the traditional patch resonator, resulting in miniaturization. 
Additionally, the filter demonstrates excellent frequency 
selectivity, with two transmission zeros located at 2.86 THz 

[20], SiO2 [22], Al nanoparticles [21], and waveguide struc-
tures [17, 19], as well as the hexagonal lattice array filter 
design with circular holes [23]. In contrast, the presented 
work featuring Swastik fractal structures stands out due to 
its simplicity, dual-mode planar filter architecture, and cost-
effective design on RT/Duroid substrate, making it a prom-
ising solution for applications in terahertz field where cost 
and complexity are critical factors.

Moreover, it outperforms the reported designs by offer-
ing an impressive return loss of 38.3 dB, a low group delay 
of 0.8 ps, and a compact footprint of 8 × 8 μm², although it 
has a relatively low transmittance of 70%. While the PTFE-
based filter [20] exhibits superior performance metrics, its 
larger physical footprint (14 × 14  μm²) and an increased 
group delay of 3670 ps are notable drawbacks, as compared 
with this design, which imparts a balanced combination of 
compactness and performance. Although VO2-based filter 
[16] at 1.164 THz achieves a high transmittance of 98% 
and a narrow bandwidth of 5 GHz, its size is comparatively 
large, and additionally, other key filter performance metrics 
are not provided in the report. Besides the current design, 
only a limited number of studies [17, 19, 20] have reported 
on key filter performance metrics such as return loss and 

Fig. 12  Simulated optical proper-
ties of the 3rd iteration terahertz 
bandpass filter: absorbance, 
reflectance, and transmittance 
spectra
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