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Abstract

This paper presents the design and analysis of a slotted leaky-
wave antenna (LWA) based on a first-order Vicsek fractal
geometry integrated with a balanced composite right/left-
handed transmission line (CRLH-TL). The proposed antenna,
realized on a substrate-integrated waveguide (SIW) platform,
aims to enhance frequency bandwidth and maintain a stable high
gain across the X-band. The upper layer of the SIW is etched
with a Vicsek-shaped fractal slot, while two radiating patches
are embedded beneath these slots. The balanced CRLH unit cell
enables continuous beam scanning from backward to forward
directions without any cutoff at broadside. Experimental results
confirm that the antenna achieves a scanning range from —79°
to +81° with a nearly constant gain exceeding 14 dB over the
7.3—13 GHz band. Compared with the previous non-fractal SIW
slot antenna, the proposed design demonstrates a 16.3%
improvement in effective bandwidth and increases the peak gain
from 12.83dB to 14.2dB. The good agreement between
simulation and measurement validates the effectiveness of
integrating Vicsek fractal geometry for improving radiation
performance, gain uniformity, and scanning bandwidth in STW-
based leaky-wave antenna applications.

Keywords: Leaky-wave antenna, Beam scanning, Antenna gain, Composite Right/Left-Handed
Transmission Line (CRLH), Slotted waveguide, Substrate-Integrated Waveguide (SIW).

Highlights

e  Using fractal structure to enhance bandwidth and achieve broader frequency coverage.
e Antenna design based on balanced CRLH-TL for cutoff-free broadside scanning.
e  Maintaining a constant gain across entire frequency band and improving of backward scanning bandwidth.
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1. Introduction

Leaky Wave Antennas (LWAS) are traveling-wave radiators capable of scanning the main beam direction with
frequency variation [1, 2]. Compared with conventional array antennas, they provide high gain, broad bandwidth,
and simple feeding networks, making them suitable for beam-steering and frequency-scanning systems. The
integration of Composite Right/Left-Handed Transmission Lines (CRLH-TLs) has introduced metamaterial-
based LWAs enabling continuous backward-to-forward beam scanning[3]. To realize such functionalities,
Substrate-Integrated Waveguide (SIW) technology offers a low-loss and planar platform that inherits the
advantages of traditional waveguides—such as high-quality factor and excellent isolation—while remaining
compact and compatible with integrated planar circuits [4].

In this study, a new Vicsek fractal slot-based balanced CRLH-SIW LWA is proposed to address these limitations.
The first-order Vicsek geometry enhances current distribution, extends the effective scanning bandwidth by
approximately 16 %, and raises the maximum gain from 12.83 dBto 14.2 dB compared with the previous
design [5].

2. Innovation and contributions

This work is based on the previously balanced CRLH-SIW leaky-wave antenna (LWA) reported in [6]. While the
overall transmission-line configuration remains balanced, the slot geometry in the top metal layer has been
replaced and optimized—from a conventional H-shaped slot to a first-order Vicsek fractal pattern—to achieve
higher efficiency and wider scanning bandwidth. This geometric modification leads to several important
improvements, summarized as follows:

Bandwidth Enhancement:

The adoption of the first-order Vicsek slot increases the effective surface current path and coupling capacitance
between unit cells. As a result, the proposed antenna achieves an approximately 16 % broader scanning bandwidth
with continuous backward-to-forward radiation and no stopband at broadside.

Improved and Stable Gain Performance:

Benefiting from the refined field confinement of the Vicsek geometry within the balanced CRLH-SIW framework,
the maximum gain rises from 12.83 dB to 14.2 dB (= 10.6 % improvement). Additionally, the antenna maintains
gain fluctuations below 3 dB across 7.3—13 GHz, indicating stable radiation efficiency throughout the operating
band.

Smoother and Wider Beam Scanning:

The modified dispersion characteristics of the Vicsek-based unitcell enhance the phase-constant variation,
allowing a more uniform scanning response from the backward to forward regions without broadside distortion
or scanning discontinuity.

3. Materials and Methods

The proposed leaky wave antenna (LWA) is developed using Substrate Integrated Waveguide (SIW) technology
and a balanced Composite Right/Left-Handed Transmission Line (CRLH TL) configuration. The final design is
composed of 15 identical unit cells aligned along the longitudinal axis, forming a periodic balanced structure
responsible for controlled phase progression and continuous radiation.

The slots are etched into the upper ground layer of the SIW, and the rectangular patches are placed beneath the
slots. Metal vias are used to form the lateral walls of the SIWs. For the design of the unit cell with length Puc, two
substrates of 5880 RT Duroid with physical characteristics (er = 2.2 and tand = 0.0009) are used. The total height
of the SIW structure is h1+h2=41 mils, and the rectangular patches are placed within the SIW structures at a height
of hl =31 mils.

4. Results and Discussion

The results that were examined after the simulation are as follows, and we will explain each of them in detail
Dispersion diagram for the Vicsek Fractal Slotted CRLH SIW unit cell.

The dispersion curve of the proposed Vicsek fractal slotted CRLH-SIW unit cell demonstrates a smooth transition
from the left-handed to the right-handed region, confirming the balanced CRLH property. The intersection of the
air line with the dispersion curve occurs at 8.48 GHz, marking the broadside radiation point without any stopband.
The left-handed region extends from 7.3 to 8.48 GHz, while the right-handed region covers 8.48 to 13 GHz.
Compared with the previous H-slot design [5], introducing the Vicsek fractal slot increases the effective series
capacitance CL, lowers the transition frequency, and consequently improves radiation efficiency and gain
stability. The dispersion diagram, extracted from simulated S-parameters, verifies continuous beam scanning
through the entire X-band with high agreement to theoretical CRLH behavior.

Bloch impedance diagram for the Vicsek Fractal Slotted CRLH SIW unit cell.

The Bloch impedance diagram of the proposed Vicsek fractal slotted CRLH-SIW unitcell confirms proper
impedance balance and matching for the full-length leaky-wave antenna. The real part of the Bloch impedance is
averaged across the radiating region to determine the optimal width of the tapered line that transforms a
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50-Q microstrip line into the antenna input. At the balanced frequency (8.48 GHz), the imaginary part of the Bloch
impedance reaches its minimum, indicating excellent matching and complete transition between
LH and RH bands.

Beam scanning versus frequency for Vicsek Fractal Slotted CRLH SIW antenna.

The frequency scanning behavior of the proposed Vicsek fractal slotted CRLH SIW LWA demonstrates
continuous and stable beam steering across the 7.3—13 GHzband. As frequency increases, the main beam
smoothly scans from the backward (—79°) region to the forward (+81°) region, passing through the broadside (0°)
direction without any cut-off or radiation gap. This seamless scanning behavior confirms the
balanced CRLH condition with proper left-handed to right-handed transition. Compared to the previous H-slotted
design [5], the proposed Vicsek fractal slot significantly broadens the effective scanning range and maintains
higher gain uniformity at extreme angles.

5. Conclusion

In this paper, a leaky wave antenna (LWA) employing first-order Vicsek fractal-shaped slots on the upper ground
layer and implemented on a CRLH-based substrate integrated waveguide (SIW) platform has been proposed and
experimentally validated. The design achieves a continuous backward-to-forward beam scanning over the
frequency range of 7.3 GHz to 13 GHz, covering angles from —79° to 81°, without exhibiting any broadside cutoff
at 0°. Throughout the scanning band, the antenna maintains a nearly constant gain above 12 dB, with a maximum
measured gain of 14.2 dB and a gain variation below 3 dB across the X band. These results confirm that the
proposed Vicsek fractal slotted CRLH SIW LWA offers stable and high directive radiation, representing a
practical solution for wide-angle beam scanning applications in modern X-band communication systems.
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Figure 3. Cross-sectional view of the proposed LWA unit cell, details of the SIW-CRLH unit cell, and the equivalent circuit of the unit cell.
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Figure 5. Top view of the antenna structure and three-dimensional, segmented view of the proposed antenna layers.
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Figure 12. Simulated and measured beam scanning versus frequency.
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Table 1. Comparison Between the SIW-Based Balance CRLH-TL LWA studied in this Paper and Reference Antennas.

Beam at Unit Frequency Band Scanning

References Antenna Type Broadside Cell (GHz) Range Maximum Gain
T.Yangetal. [7] Folded SIW LWA Yes 25 5.1t0 6.9 58° to -65° 35
Dong and Itoh. [4] HM SIW LWA Yes 15 12.8 to 8.6 60° to -70° 10.8
Y.Weitsch et al. [9] LWA Yes 50 3t053 70°to -70° 10.15
Nasimuddin et al. [10] Multilayered STW LWA Yes 15 7.51t0 13 °78°to -66° 10
Karmokar et al. [16] SIW LWA Yes 14 7.6t0 11 45° to -74° 10.6
Zhang et al. [17] SIW LWA Yes 6 13.5to 17.8 30° to -57° 9.15
Wu et al. [18] LWA Yes 20 391t04.9 67° to -61° 10.5
Pravesh Belwal et al. [19] SIW LWA Yes 10 9.5t015.2 30° to -28° 13.8
Nasimuddin et al. [20] Multilayered STW LWA Yes 15 8.25to0 13 66° to -60° 13.1
Cao et al. [21] SIW LWA Yes 12 24 to 27 13°to -17° 13
H. Mashhadi et al. [15] Multilayered STW LWA Yes 15 7.6 to 12.5 80°to -79° 12.83
Proposed Antenna Multilayered SIW Yes 15 7.3to0 13 81° to -79° Max 14.2
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