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Abstract 

A high-gain, beam-tilted, kite-shaped patch antenna design is proposed for 

millimeter-wave (mmWave) communication and autonomous sensing in unmanned 

aerial vehicles (UAVs). The proposed antenna is based on a novel asymmetric kite-

shaped radiator and a non-uniform via fence to achieve passive beam steering without 

the complications of phased-array architectures. Full-wave simulations performed in 

CST Studio Suite show that the impedance bandwidth is −10 dB at the center frequency 

of 30 GHz in the Ka band (26–38 GHz). The antenna achieves a peak realized gain of 

8.58 dBi, with a passive beam tilt of 49° and an 80.2° 3 dB beamwidth, and is designed 

for drone-to-ground (D2G) wireless communication applications and lateral obstacle 

detection. The antenna is integrated on a UAV platform for practical testing. The 

results indicate that a 5 mm air gap is effective in suppressing platform-induced 

electromagnetic coupling, with minimal beam and pattern distortion. The proposed 

structure is a compact, lightweight, single-port design that offers a low-complexity 

solution for next-generation 5G/6G UAV communication systems without requiring a 

phased array or mechanical beam-steering mechanism. 

Keywords: Kite-shaped antenna, mmWave, beam tilting, UAV collision avoidance, 

5G/6G, high-gain patch antenna. 

I.     Introduction 

Significant changes are being observed in modern wireless communication 

systems due to the rapid advancement of unmanned aerial vehicles and autonomous 

transportation systems [XXVI], [V]. According to the literature, migration to 

millimeter-wave frequency bands, i.e., the Ka band (26.5–40 GHz), is not only 

important but also inevitable for meeting the high data-rate requirements of 5G and 6G 
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networks [XXXV], [II]. However, as we operate at 30 GHz, we face significant 

electromagnetic challenges, including high path loss, oxygen absorption, and 

pronounced shadowing effects [XXXI], [I]. To maintain a strong link as the UAVs tilt 

and change direction, the drone-based antennas must provide high realized gain, high 

efficiency, and, more importantly, high directional accuracy [IV], [XXXVII]. 

Although the microstrip patch antenna is popular for its compact profile, lightweight, 

and easy integration with the aerodynamics of the drone [XXVII], [XXXII], it has the 

disadvantage of radiating a broadside field that does not change direction in response 

to the drone's tilting motion [XXIII]. In the field of drone-based autonomous sensing, 

the main problem is the "lateral awareness" problem. The microstrip patch antenna, 

which radiates its field perpendicular to the patch, does not have its main beam radiate 

in the direction required for collision avoidance, side-scanning radar, and drone-ground 

communication [XXXIV], [XXV]. The traditional off-axis radiation techniques, e.g., 

mechanical gimbal stabilization, increase weight and mechanical complexity, thereby 

compromising flight time [XIX]. Electronic beam steering with phased arrays is also 

effective but requires complex feeding networks, expensive phase shifters, and 

sophisticated control mechanisms [XXVI], [XV]. As a result, there is increasing 

interest in "static" antenna solutions that tilt the beam by structural or geometrical 

modifications [XXXIII], [XXIV]. This paper proposes a novel "static" antenna solution 

that has the advantages of robustness, cost-effectiveness, and maintenance-free 

operation. 

The choice of the dielectric substrate is vital to the design of high-efficiency mmWave 

antennas. Dielectric losses and surface waves can be problematic at 30 GHz [XX]. This 

work employs the Rogers RT5880 substrate. This substrate has a low dielectric constant 

of εr = 2.2. Moreover, it has an exceptionally low loss tangent of 0.0009 at 10 GHz 

[III], [XXIX]. Low εr allows more of the electric field to pass through the air, allowing 

the fringing fields to be high and thus providing a high radiation capability for the 

antenna [XII]. The thickness of the substrate is optimized at 0.787 mm, which can 

simultaneously achieve the maximum impedance bandwidth and suppress the 

unwanted surface wave that could affect the far-field pattern. Furthermore, the multi-

layered structure of the proposed antenna incorporates a kite-shaped radiating patch on 

the top layer and a strategic parasitic layer, which further focuses the electromagnetic 

energy and increases the peak realized gain [XXIII], [XXXVI]. 

Building on the concept of structural modification, recent research has explored various 

techniques to manipulate radiation characteristics without relying on active 

components. For example, capacitive via-fence loading techniques have been proposed 

to increase the beamwidth of microstrip antennas by providing a vertical current 

distribution via metalized vias, thereby enabling coverage in both the E and H planes 

[XXXIV], [XXXV]. Cavity-backed structures and substrate-integrated coaxial lines 

(SICL) have also been used to achieve high-gain, stable radiation characteristics with 

low back-lobe levels for applications in the millimeter-wave (mmWave) band [XXV], 

[IV]. Although these designs show promising results, they often focus on providing 

broadside radiation and conical beams for omnidirectional coverage [XIX], [XIII]. For 

example, a conical beam provides a 360-degree field of view but may sacrifice 

directivity in directions off the axis. In long-range lateral sensing and point-to-point 
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communication at 30 GHz, a highly directive beam with a large tilt angle is required to 

ensure a robust signal-to-noise ratio (SNR) and prevent interference from undesired 

directions [XXVI], [XXI]. 

The current paper bridges this research gap by proposing a new Kite-shaped Patch 

Antenna that leverages structural asymmetry and non-uniform via-fence loading to 

maximize beam tilting. The proposed structure inherently breaks the symmetry of the 

surface current distribution of the radiating element. In combination with the 6:4 via 

ratio on the lateral edges of the radiator, this results in a phase perturbation across the 

antenna aperture. As a result, the Poynting vector is deflected significantly from the 

zenith direction, resulting in a main beam direction of 49.0° at 30 GHz. In addition, the 

proposed design achieves a maximum realized gain of 8.3 dBi, enabling high-

performance transmission for drone communication. In contrast to existing solutions 

that require the implementation of complex multilayer apertures [XXXIII] or active 

beam steering mechanisms [XXVI], [XV], the proposed Kite-shaped Patch Antenna is 

a single-element solution that is easy to integrate into the aerodynamic structures of 

modern Unmanned Aerial Vehicles (UAVs). Table 3 provides a detailed comparison 

of the proposed antenna with state-of-the-art tilted-beam antenna designs. 
 

II.     Design Methodology  

The design approach for the proposed Kite-shaped antenna is segmented into 

four developmental phases to attain a stable 49.0° beam squint and a realized gain of 

8.3 dBi at 30 GHz. 

Evolution of the Design 

The suggested antenna was developed in four independent phases (Cases 1–4) to 

examine the interplay of geometric asymmetry, reactive loading, and multilayer 

coupling. 

1) Case 1: Conventional Rectangular Patch Antenna (Benchmark) 

The design starts with a conventional rectangular microstrip patch antenna designed to 

resonate at 30 GHz on a Rogers RT5880 substrate, as shown in Fig.1. In the standard 

arrangement of the rectangular microstrip antenna, the current density is distributed 

over the length of the antenna. Consequently, the radiation pattern is oriented at an 

angle of θ = 0° toward the boresight.  

 

Fig.1. (a) Symmetric Microstrip Patch Benchmark. Fig.2 Asymmetric Conversion Kite Patch. 

(b) Bottom View: Common Solid Ground Plane. 
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2) Case 2: Kite-Shaped Radiator (Geometric Asymmetry) 

To create beam squint, a conventional rectangular patch was modified to a Kite-shaped 

radiator. The patch's transverse dimensions were set to Wp1 = 4.0 mm and Wp2 = 2.8 

mm. This created a geometric asymmetry that introduced a phase perturbation due to 

non-uniform current path lengths, as shown in Fig.2. This effectively created beam 

squint by steering the main beam away from the zenith direction. The following (1)–

(3) adhere to the transmission-line microstrip antenna formulation provided in [XXX]. 

Guided phase constant: 

  𝛽 = 𝑘0√𝜀eff                                              (1) 

Aperture phase difference: 

 Δ𝜙 =  𝛽  Δ𝑙                                                (2) 

Free-space wavenumber: 

𝑘0 =
2𝜋

𝜆0
                                                       (3) 

3) Case 3: Non-Uniform Via-Fence Loading (Modal Control) 

In the third step, two arrays of metallized via were embedded in the substrate. While 

the initially symmetric via configuration was considered to achieve better improvement 

of the isolation, the non-uniform via fence 4:6 configuration was adopted as shown in 

Fig.3. This configuration acts as a reactive loading network to moderate substrate 

modes and surface waves. While efforts were made to exploit the via to re-center the 

beam, the phase gradient of the Kite geometry was found to dominate, thus preserving 

the beam tilt of 49.0°. Nevertheless, the via greatly improved the front-to-back ratio 

and radiation stability. The following (4),(5) equations follow the equivalent LC 

surface model described in [XXVIII],[XIV] 

Equivalent surface impedance: 

  𝑍𝑠 = 𝑗 (𝜔𝐿via −
1

𝜔𝐶gap
)                                      (4) 

Resonant condition: 

  𝜔0 =
1

√𝐿via𝐶gap
                                                            (5) 

4) Case 4: Multilayer Parasitic Configuration (Final Proposed Design) 

In the last step of the optimization process, the parasitic director patch was suspended 

above the driven Kite radiator, as shown in Fig. 4, by two layers of Rohacell 51 IG 

foam material (Ha1 = 0.9 mm, Ha2 = 0.6 mm). Due to the ultra-low permittivity of the 

spacer material (εr = 1.05), strong near-field electromagnetic coupling is observed 

between the driven and parasitic patches, as shown in Fig.4. This coupling reduces the 

beamwidth and increases the directivity, thus increasing the realized gain to 8.3 dBi 

while preserving the beam tilt of 49.0°. 

Coupling coefficient: 

  𝑘 =
𝑊12

√𝑊1𝑊2
                                                          (6) 
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Mutual stored energy: 

  𝑊12 =
1

2
∫ (𝜀𝐸1 ⋅ 𝐸2 + 𝜇𝐻1 ⋅ 𝐻2)𝑑𝑉

𝑉
                  (7)  

(6), (7) equations follow the reaction theorem formulation in [VI], [XVII]. 

               

Fig.3. Non-Uniform Via-Fence Configuration.           Fig.4. The proposed multilayer antenna 

configuration in an exploded view. 

III.    Analysis of Design Evolution and Impedance Matching 

A conventional square patch (Case 1) was used to start the layout development 

process since it allowed for a baseline resonance without the phase manipulation 

required for high-angle steering. The development of a kite-shaped radiator with a 

diagonal reactive slot (Case 2) prevented surface current drift and achieved the phase 

gradient required for steering. The introduction of a non-uniform via fence (Case 3) 

notably progressed impedance matching, as evidenced through a discount in the 

mirrored image underneath -20 dB as shown in Fig.5. The non-uniform via fence acted 

as a modal management device, doing away with undesirable surface waves that 

regularly accompany asymmetric systems. The final step concerned the integration of 

a parasitic director and Rohacell 51 spacers (Case 4), which facilitated close-to-field 

electromagnetic couplings. The multilayer integration substantially stepped forward 

impedance matching, achieving a deep resonance at -64 dB around 31.5 GHz at the 

same time as keeping a regular beam squint at 49° for high-gain applications. 

 
Fig.5. Simulated Reflection Coefficients S11 Across the Four Design Cases 
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IV.     Parametric Study and Optimization 

Two primary structural parameters were systematically investigated to achieve 

the desired 49.0° beam squint. At the same time, make sure optimal impedance 

matching: (i) the diagonal reactive slot's geometry and (ii) the vertical space between 

the driven element and the parasitic director. 

i. The Diagonal Reactive Slot's Effect 

A thorough parametric analysis of the diagonal reactive slot was conducted to achieve 

ideal beam steering and impedance matching. Because they regulate the reactive 

loading on the kite-shaped radiator, the proportions of this slot are crucial.  

The half-wavelength slot model can be used to estimate the effect of the diagonal 

reactive slot on the resonance characteristics. One way to express the fundamental slot 

resonance frequency is as [XXX],[VI],[XVII]: 

  𝑓slot ≈
𝑐

2𝐿slot√
ε𝑟+1

2

                                                              (8) 

 Lslot is the primary factor that controls frequency tuning. This relationship allows for 

an approximation of the first-order frequency sensitivity as 

∂𝑓0

∂𝐿slot
≈ −

𝑓0

𝐿slot
                                                              (9) 

This demonstrates that the resonance moves toward lower frequencies as the slot length 

increases. Along with frequency control, the slot width w modifies the reactive loading 

and coupling strength along the perturbed current channel, which affects the impedance 

matching depth. The variance in matching level near the ideal configuration can be 

phenomenologically described as [VI]: 

Δ|𝑆11|dB ≈ (
∂|𝑆11|dB

∂𝑊slot
) Δ𝑊slot                                              (10) 

Implying that slight slot width decreases improve the resonance null's sharpness. 

Additionally, the induced aperture phase gradient is directly influenced by the slot 

angle 𝜃slot. The slot-induced phase perturbation scales as follows when approximating 

at small angles: 

Δϕslot ∝ 𝑘0√εeff𝐿slot sin(θslot)                                       (11) 

The slot angle (SlotA), length (SlotL), offset (Slot OffsetX, and width (Slot W) of ten 

distinct iterations (3D Run IDs) were examined in a slot geometric iteration analysis. 

The reflection coefficient (S11) data was used to assess each iteration's performance. 

Table 1 provides a summary of the particular values for every run. 

Table 1. Parametric variations of the diagonal slot geometry 

3D Run ID SlotA SlotL SlotOffsetX SlotW 

1 45 2.6 0.15 0.3 

2 15 2.6 0.4 0.3 

3 15 2.6 0.5 0.3 
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4 10 3 0.7 0.4 

5 50 3 0.1 0.2 

6 5 3 0.1 0.2 

7 0 2 0.1 0.2 

8 20 2 0.1 0.2 

9 15 1.5 0.1 0.2 

10 15 3 0.1 0.2 

 

The optimized slot configuration provides a significant resonance null at −65 dB at 

31.5 GHz, which is a very good impedance match with the 50 Ω feed line. The results 

show that the diagonal slot not only controls the phase distribution but also significantly 

enhances return-loss performance. The findings in Fig.6 show that the slot dimensions 

have a considerable impact on the resonance frequency and matching depth. 
 

 
Fig. 6 illustrates the simulated S11 for systematic variations of the slot geometry. 

Measurable alterations in the resonance position around 30–31.5 GHz are caused by 

changes in the reactive contribution caused by variations in slot length and orientation. 

Excellent impedance matching to the 50 Ω feed line is proven by a prominent resonance 

null that processes −65 dB at 31.5 GHz, which is produced by an optimized slot 

arrangement. The findings display that the diagonal slot greatly improves go-back loss 

overall performance, similarly to controlling the section distribution. 

ii. Impact of Parasitic gap Height (zpar) 

In order to adjust the near-field interaction between the driven kite-shaped radiator and 

the parasitic director, the distance zpar between the layers was varied. This spacer 

element controls the strength of interaction between electromagnetic fields, thus 

affecting its impedance characteristics and radiation efficiency. 

Consequently, the beam guiding system is established. The near-field coupling strength 

is mostly controlled by the vertical distance, represented by Z par, between the driven 

radiator and the parasitic director. An evanescent-field decay model could be used to 

represent this interaction [XXX], [VII] : 

𝑘(𝑧par) ≈ 𝑘0𝑒−𝛼|𝑧par|                                          (12) 

where the vertical decay constant is denoted by 𝛼. Stronger power transfer to the 

parasitic element results from the coupling coefficient increasing exponentially with 
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decreasing spacing. The coupling-modified input impedance and the accompanying 

reflection coefficient can be connected as 

 |𝑆11| ≈ |
𝑍in (𝑘)−𝑍0

𝑍in (𝑘)+𝑍0
|                                            (13) 

indicating that the coupling magnitude has a significant impact on matching depth.  

On the other hand, inside the optimum region, the resonance frequency shows weak 

sensitivity to vertical spacing, which can be written as 
𝜕𝑓0

𝜕𝑧par
≈ 0                                                  (14) 

As illustrated in Fig. 7, varying the gap spacing, for example, z par from (−0.5 to −1.5) 

mm, only slightly affects the resonance, which remains centered at 31.5 GHz. It can 

thus be noted that the parasitic element mainly tunes the strength of the electromagnetic 

coupling between the antennas. 

Table 2: Optimized geometric design parameters of the high-tilt multilayer antenna. 

Parameter Value Description Parameter Value Description 

Wg 15.0 Ground plane width Wf 0.6 Feed line width 

Lg 15.0 Ground plane length Iset 0.65 Inset depth 

Hs 0.787 RT5880 thickness SL 1.7 Slot length 

T 0.035 Copper thickness SW 0.25 Slot width 

Ha1 0.9 Lower Rohacell gap SA 18° Slot angle 

Ha2 0.6 Upper air gap Lp2 2.9 Parasitic length 

Lp 3.4 Radiator length Wp2p 3.2 Parasitic width 

Wp1 4.0 Upper width Dp2x 0.25 X-offset 

Wp2 2.8 Lower width Dp2y 0.15 Y-offset 

Dx 0.35 X-asymmetry Dy 0.25 Y-asymmetry 
 

 
Fig 7. Simulated S11 For Different Parasitic Director Heights Zpar 

 

In addition, the extent of impedance matching is highly sensitive to the gap spacing 

between the antennas. The best impedance matching occurs when zpar = −1.0 mm, as 

illustrated by the red curve, where the reflection coefficient is approximately −38 dB. 

In this case, the antennas are well coupled, and power can be transferred efficiently to 

the parasitic layer without causing resonance instability. 

Table 2 contains all of the structural details for the suggested antenna, including the 

asymmetric kite-patch characteristics and the multilayer stack-up dimensions. The 

optimum results from the parametric analysis to reach the desired 49.0° beam squint at 

31.5 GHz are represented by these numbers. 
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iii- Aperture Phase Evolution and Passive Beam-Steering Mechanism 

The four design stages are shown in the simulated aperture phase distribution of fig 8. 

Based on the aperture antenna theory, the steering angle depends on the transverse 

aperture phase gradient, 

θ₀ = sin⁻¹((λ₀/(2π))(dφ/dx))                                                 (15) 

dφ/dx is the aperture phase gradient. The beam tilt is thus obtained by formation of a 

non-uniform aperture phase distribution (APD) and not by active phase excitation. Case 

1 is that of a conventional rectangular patch, which shows an almost symmetric 

aperture phase with little transverse phase variation and thus radiates in broadside. Case 

2 adds the kite-shaped radiator and the diagonal slot, which makes the electrical current 

path longer and establishes the initial phase asymmetry. The phase gradients extracted 

from the Fig.8  reveal the kite-shaped reflow of the patch boundary, which is the most 

significant phase gradient change. In Case 3, the asymmetric 6:4 via fence changes the 

local surface-wave propagation constant, thus increasing the transverse phase 

imbalance and significantly increasing the aperture phase gradient. Finally, the mutual 

coupling of the parasitic director in Case 4 produces a smooth enough phase variation 

to produce an approximately linear phase variation across the aperture, which steers the 

main beam to an angle of approximately 49°.   

 
Fig. 8. Simulated Aperture Phase Distribution  for the Four Design Stages 

The simulated aperture phase maps are consistent with the theoretical aperture-field 

prediction, which is the sum of the phase contributions from the kite geometry, the 

diagonal slot and the asymmetric via fence, and the parasitic director. 

V.    Results and Discussion  

 Field And Current Distribution Analysis 

i. H-Field Distribution 

The simulated magnetic field (H-field) distribution at 31.5 GHz is shown in Fig. 

9. The results indicate that the electromagnetic energy is strongly confined within the 

region enclosed by the non-uniform via-fence structure. A pronounced H-field 

concentration is observed around the diagonal reactive slot, which functions as the 

primary electromagnetic coupling interface between the feed line and the kite-shaped 
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radiator.  The rapid attenuation of the magnetic field outside the via-fence boundary 

provides clear evidence of an effective magnetic-wall behavior. This confinement 

technique effectively minimizes the propagation of the substrate-bound surface waves, 

reducing the energy leakage in the lateral direction. Hence, the back radiation and edge 

diffraction are reduced, which is helpful in obtaining a high Front-to-Back Ratio (FBR) 

of 23.7 dB with the radiation pattern remaining intact. 

ii. Surface current distribution 

The surface current distribution for 31.5 GHz in Fig. 10 differs in symmetry from that 

generally observed in standard microstrip patch antennas. In this antenna, asymmetry 

is incorporated in the design by introducing a diagonal reactive slot with a 15° angle 

and two different patch widths: Wp1 = 4.0 mm and Wp2 = 2.8 mm. These unequal paths 

of current flow are along the two sides of the radiator element of the antenna. The 

imbalance in the design of the antenna causes a particular phase difference in the 

radiating aperture. The primary radiation lobe tilts up to 49.0° in the E-plane due to the 

phase difference between the patch's opposing edges. The strong confinement of the 

magnetic field and the imbalance in the surface currents are the two main factors that 

cause the passive tilting of the antenna without the use of any active phase shifter 

networks. 

                         
Fig. 9.  H-Field Surface-Wave Suppression           Fig. 10.  Surface Current Distribution 

iii. Antenna Performance After UAV Platform Integration 

In order to validate the proposed antenna for practical deployment, the same antenna is 

simulated after being mounted on a representative UAV platform, as shown in Fig .11. 

Comparison of simulations with three different configurations is shown: (A) free space, 

(B) direct mounting (0 mm gap), and (C) a 5 mm air gap. The resonant frequency and 

the impedance matching S11 results are only slightly different, as shown in Fig. 12, 

indicating good stability of the impedance characteristics under practical mounting 

conditions.        
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Fig.11. Antenna Integrated on  UAV Platform.           Fig.12. Comparison of simulated 𝑆11 

iv. Far-field radiation characteristics and high-tilt performance 

The simulated normalized far-field radiation patterns in the principal E-plane (φ = 0°) 

and H-plane (φ = 90°) are presented in Fig. 13. The Far Field Radiation Characteristics 

and UAV Integration Performance are presented. The radiation pattern of the simulated 

antenna in both E-plane and H-plane is compared with the normalized radiation pattern 

as shown in Fig. Three configurations were tested with 9 and 10: that of the standalone 

antenna, the direct mounting of the antenna on the UAV, and the mounting of the 

antenna with a 5 mm air gap. The standalone antenna has a passive beam tilt of 49°, a 

realized gain of 8.24 dBi, a front-to-back ratio of 23.7 dB, and a sidelobe level of less 

than −18.6 dB. Direct mounting of the UAV will cause the beam tilt to be 63° and 

introduce noticeable pattern distortion due to electromagnetic coupling, which will 

affect the radiation characteristics. The presence of a 5 mm air gap allows the beam tilt 

to be restored to 48°, and the normalized E-plane and H-plane patterns are very close 

to the patterns of the standalone antenna. These results show that the proposed air-gap 

effectively suppresses platform-induced coupling while maintaining the required 

beam-steering performance for 5G/6G communications in UAV Applications. 

                          
(a)                                                                             (b) 

Fig. 13. Normalized radiation pattern comparison: (a) E-plane and (b) H-plane. 
 

To assess how effectively interference is reduced, we normalized the entire 360° 

radiation pattern to the peak level. The level of side lobe remains below –18.6 dB; 

hence, secondary lobe reduction is significant. This level of reduction is critical in a 5G 

environment where secondary radiation may cause co-channel interference and 

compromise link quality. 
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The antenna also confirms significant backward radiation suppression with a front-to-

back ratio (FBR) of 23.7 dB. This performance is made possible by the via-fence 

structure's shielding action and the ground-plane's optimized dimensions (15 x 15 

mm²), which together lessen the development of backlobes and improve forward 

directivity. The proposed antenna also achieves a cross-polarization discrimination 

(XPD) of ~14.7 dB at 30 GHz, which is considered good polarization purity for 

mmWave UAV communications. Table .3 exhibits a comparison of the proposed 

antenna with some recent beam-tilted mmWave antennas with respect to operating 

frequency, antenna size, realized gain, beam tilt/scan angle, radiation efficiency, total 

efficiency, aperture efficiency, and structural complexity.  

Overall, the findings show that without adding structural complexity, the suggested 

architecture gives high beam tilt, steady orthogonal-plane performance, and superior 

suppression characteristics. 
 

V.    Conclusion 
 

A novel high-tilt microstrip antenna for 30 GHz operation has been proposed. 

The radiator is kite-shaped, and the non-uniform capacitive via fence is in a 6:4 ratio. 

The tilt angle is 49° without the need for active phase shifters and complex multilayer 

constructions. The surface current and H-field analysis show the effectiveness of 

structural asymmetry in creating a synthetic phase gradient, thus allowing for off-axis 

radiation with very low back-lobe radiation. The design has a peak realized gain of 8.3 

dBi with clean and high-quality radiation patterns. In comparison with previous works, 

 

Table 3: Comparison of the proposed antenna with state-of-the-art beam-tilted 

Ref. Structural 

Complexity 

Freq. 

Range 

(GHz) 

Size 

(mm²) 

Realized 

Gain 

(dBi) 

Beam 

Tilt/Scan 

(°) 

Rad. 

Eff. 

(%) 

Total 

Eff. 

(%) 

Apert

ure 

Eff. 

(%) 

[V] High (SIW 

array) 

25.43–

26.91 

232.6×25

7 

30.71–

32.80 

Broadside >52 N/R N/R 

[ XXX ] 

LP-CB  

Medium 

(planar bent-

CSIW, LP, no 

vias) 

24.2–

30 

~30.5×30.

5 

9.2 24 ± 1 

(passive) 

N/R >86 N/R 

[ XXX ] 

CP-CB 

Medium 

(planar bent-

CSIW + 

slotted ground, 

CP, no vias) 

26.8–

31.2 

~30.5×30.

5 

7.5 24 ± 1 

(passive) 

N/R >80 N/R 

[ XXII] Low 

(monopole + 

elliptical slot) 

25.83–

30.24 

5×3 ~4 Broadside 89 N/R N/R 

[XXVI] Very High 

(1×8 array) 

24–30 12×60 ≥11.8 ±75 >75 N/R N/R 

This 

work 

Medium 

(two-layer 

single-

element) 

25–32 15×15 8.58 49 

(passive) 

87.1 86.1 ≈81.7 
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the design provides a simple and cost-effective solution for mm-Wave 5G applications. 

The analysis shows the effectiveness of the antenna in high-performance wireless 

applications with the need for broad off-axis coverage. 
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