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A planar metamaterial lens-based single-element circularly polarized (CP) antenna for millimeter wave 
(mm-wave) band applications is presented. The proposed antenna consists of a modified patch excited 
by a single-point-fed coaxial probe and two displaced layers of a novel meta-lens design. The modified 
structure allows for the simultaneous excitation of orthogonal components with equal magnitudes. To 
realize the gain enhancement of the proposed design, a novel meta-lens is designed based on meta-
atoms of subwavelength size arranged in a disconnected cross-shape repeated pattern. To effectively 
focus the outgoing CP wave radiated by the antenna, the focal distance is meticulously optimized. Two 
layers of the same lens are used to enhance the antenna gain. Following a rigorous numerical analysis 
and optimization, the proposed design is fabricated and experimentally validated. The comparison 
of the results with the lens and without the lens illustrates that a 4 dB gain improvement is attained 
with the compact lens configuration. Furthermore, the antenna features a wide impedance bandwidth 
(S11) from 24 GHz to 31 GHz and the axial ratio (AR) below 3 dB within the same operating band. The 
proposed design offers multiple advantages, including a simple geometrical configuration, light in 
weight, and ease of integration due to the planar lens structure. The proposed antenna is suitable for 
multiple modern communication systems, including short-range radar systems and other line-of-sight 
mm-wave applications requiring fixed-beam and high data rates.
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Due to the increasing demands for high data rate and spectrum efficiency, high-gain, wideband millimeter 
wave antennas have become indispensable in modern wireless communication systems. Various methods are 
used to improve the antenna gain and address the intrinsic challenges of the mm-wave band, that includes 
partial dispersion through physical obstacles, high path loss, and high interference levels. Among many gain 
enhancement methods, planar antenna arrays with complex feeding networks that generally involve power 
dividers are generally employed to improve antenna gain and directivity1-2. Additionally, electromagnetic 
bandgap (EBG)-based designs, multilayer antennas, and magneto-electric dipole antennas have also been 
explored for attaining high-gain performance. While these approaches are effective, they normally encompass 
geometrically and electrically complicated circuit designs and fabrication processes, which impede scalability 
and mass production3. Lens antennas are broadly known for their effectiveness in microwave and mm-wave 
applications. The primary ability of these antennas is to achieve high gain and broad bandwidth by concentrating 
electromagnetic energy into a narrow, directed beam. The conventionally used lens based on dielectric material 
structures generally possesses large physical dimensions, heavy weight, and relatively high fabrication costs4–6.

To overcome the inherent limitations of traditional dielectric lenses, researchers have progressively turned to 
subwavelength (resonant and non-resonant) periodic structures such as frequency-selective surfaces (FSSs)5–7 
and metamaterials8–15. These advanced structures are effectively used to direct spherical waves into tightly 
focused beams, offering a promising alternative for high-performance antenna systems commonly known as 
meta-lens antennas. Although initially developed as transmissive converging lenses, meta-lens antennas are not 
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limited in functionality and can implement multiple capabilities beyond those of conventional dielectric lens 
antennas16. Meta-lens antennas are capable of advanced functionalities such as spectral and polarization-based 
filtering of incident waves, polarization conversion, beam steering, multi-beam generation, and shaping beams 
into various forms17. Additionally, these antennas can also perform beam scanning and beam nulling when 
integrated into digital beamforming, analog, or hybrid networks17–19.

Recently, several planar thin metasurface-based antennas with the operating frequency in the sub-6 GHz 
band and mm-wave band have been proposed20–24. In these works, unit cells with different physical geometries, 
including planar metallic patches, slots of different shapes, rings, cross-shapes, and hybrid shapes, are widely 
explored for different applications24. Designs based on planar thin metamaterial-based lenses face some inherent 
challenges that can considerably affect their overall performance. These include an inadequate phase control 
range, which limits precise wave-front shaping; material losses that reduce transmission efficiency; fabrication 
difficulties arising from the need for specific and often nanoscale structuring, and bandwidth limitations that 
impact the ability of these lenses to effectively operate over a wide frequency range25. All these factors pose 
difficulties in attaining high efficiency, precise focusing, and wide-ranging operational bandwidth in such 
lenses23. In the following discussion, we focus on three major challenges that are particularly critical to the 
successful implementation of these lenses. The lens should be designed to realize high gain, which is important 
for effective focusing and directing of electromagnetic energy, while concurrently preserving high radiation 
efficiency to ensure nominal energy loss and optimum overall system performance24-25. Furthermore, reducing 
the overall volume and maintaining an acceptable focal length to aperture diameter ratio is mandatory to counter 
phase quantization error. As a result, the signal experiences less degradation, which leads to improved overall 
system performance. This translates into an antenna with higher gain and enhanced efficiency, ensuring better 
signal strength and quality23. One of the well-known metamaterial elements is the Jerusalem cross (JC), which 
has been used in frequency-selective surface applications for extended periods of time. The center-connected or 
N-pole configuration of the JC cell offers several benefits, such as a compact footprint, flexible frequency tuning, 
wide bandwidth, and stable performance under wide-angle incidence when illuminated by a linearly polarized 
source26,27.

This paper encapsulates two key contributions towards the design of wideband, high-gain meta-lens CP 
antennas. In the first stage, a wideband CP antenna excited using a single probe feeding technique is developed 
for illumination of the planar lens. The antenna radiator is based on the modified patch operating in the mm-wave 
range and radiating a wide 3 dB angular (~ 90°) beam within the antenna operating bandwidth. The wide-beam 
operation of the feeding antenna ensures uniform illumination of the lens. In the second stage, a new single-
layer metamaterial unit cell comprising subwavelength meta-atoms arranged in a disconnected cross-shape is 
designed and analyzed. The four-fold symmetry of the proposed unit-cell design allows for high transmission 
and reduced phase errors. The transmission characteristics and the phase response of the unit cell are studied 
before implementing a full meta-lens structure. Based on the transmission and phase response of the unit cell 
design, the meta-lens antenna is implemented and analyzed numerically, followed by experimental validation of 
the results. The fully optimized antenna design in the first stage is used to feed the meta-lens with an aperture 
size of 1.7λo × 1.7λo × 1.7λo, which is numerically and experimentally validated. The proposed antenna has a 
wide − 10 dB impedance bandwidth and axial ratio (AR ≤ 3) dB of more than 7 GHz. The proposed meta-lens 
boosts the realized gain of the antenna by more than 4 dB with a reasonable F/D ratio. The impedance and axial 
ratio bandwidths of the antenna are approximately 26% with the center frequency of 27.5 GHz.

Feed antenna design and analysis
Feeding antennas are a crucial consideration for lens-based devices. In this study, a new circularly polarized 
planar antenna with wideband characteristics and a stable radiation pattern is designed. The proposed design is 
implemented on a Rogers RO4003 substrate with a dielectric constant of 3.38 and a thickness of 0.813 mm. The 
geometry of the feeding antenna with all its geometrical parameters is shown in Fig. 1. The antenna is comprised 
of a systematically modified V-shape patch structure excited with a probe extended from a coaxial line through 
the ground plane shown on the right of Fig. 1(a). The impedance matching between the feeding probe and the 
radiator is achieved by adjusting the probe position. For wideband impedance matching, the optimum feed point 
is positioned at x = 2.5 mm and y = 0.2 mm. The coordinate system origin is localized at the center of the substrate 
(Ws/2, Ls/2), with the x-axis orientation along the horizontal edge and the y-axis along the vertical edge of the 
substrate, as shown. To further improve the reflection coefficient of the feeding antenna, a small diagonal slot of 
the width of 0.59 mm and the length of 1.974 mm is etched near the feeding point. This structural modification 
alters the local current distribution and introduces supplementary capacitive and inductive effects, which lead 
to improved impedance matching and reduced return loss. The discontinuity introduced by the slots helps in 
improving the axial ratio of the antenna by redistributing surface currents, thereby enhancing the generation of 
orthogonal field components required for circular polarization.

To elaborate on the antenna operating mechanism, the surface current distributions are shown in Fig.  1 
(b). For a clear illustration of the field distribution, the modified patch structure is aligned with the x-axis and 
y-axis. At 0°, the dominant current is oriented in the + x-axis, showing the Quasi-TM10 mode. While for the 
90°, the vector fields are predominantly aligned along the + y-axis, indicating the excitation of the Quasi-TM01 
mode. Similarly, for the 180°, the orientation of the vector fields is along the –x-axis, reflecting the 180° phase 
variation of the Quasi-TM10 mode at that time instant. And lastly, at the 270°, the fields are aligned along the –y-
axis. The Quasi-TM10 and Quasi-TM01 modes are similar to the standard TM modes but slightly altered due to 
the modified shape and size of the patch antenna. The rotation of the fields with different angular times clearly 
indicates the excitation of the right-hand circular polarization. It is noted that the geometrically modified patch 
enables simultaneous excitation of the Quasi-TM10 and Quasi-TM01 modes. The Quasi-TM01 and Quasi-TM10 
modes are the key modes responsible for the circular polarization in the proposed antenna. While the overall 
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current distribution may show contributions from other minor modes, the CP behavior is primarily governed 
by the superposition of Quasi-TM01 and Quasi-TM10.

Following a full-wave optimization of the feeding antenna’s geometrical parameters, the design is further 
extended to a two-element (not shown for brevity) configuration to enhance its performance characteristics, 
particularly its realized gain. To realize the two-element design and to accommodate the second antenna, the 
substrate is extended along the length in the y-direction. The antenna is then replicated and rotated using the 

Fig. 1.  (a) The proposed probe-fed circular polarized wideband antenna with its geometrical parameters: Ls = 
11 mm, Ws = 8.7017 mm, Lp = 5.411 mm, Wp = 4.041 mm, Ls1 = 1.046 mm, Ws1= 0.737 mm, Ls2 = 1.98 mm, 
Wa = 3.015 mm. (b) Current distribution at different angular times.
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same dimensions at an approximately half-wavelength distance to ensure an acceptable level of mutual coupling 
and spatial/polarization diversity. The absolute current magnitude of the two-element configuration in the same 
phase is shown in Fig. 2(d). The upper part of the figure presents the surface current distribution when port 
1 is excited, while the lower part shows the distribution when port 2 is excited. The minor induced current 
on the non-excited element clearly confirms minimal mutual coupling between the two antennas, leading to 
enhanced isolation. Figure 2 shows the comparison of the single-element (SE) antenna and the two-element 

Fig. 2.  Characteristics of the feeding antenna without the lens: (a) reflection coefficient (|S11|), (b) axial ratio, 
(c) realized gain, and (d) Surface current on two elements (port 1: top, port 2: bottom).
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(2E) design without the lens. The reflection coefficient (S11) illustrated in Fig. 2(a) of both designs remains nearly 
identical and shows a wideband response from 23 GHz to about 30 GHz. The mutual coupling between the two 
elements is characterized by the S₂₁ parameter, which shows an average value of approximately − 18 dB within 
the operating band as illustrated in the corresponding figure.

The axial ratio of both designs remains consistent with a slight upward shift in frequency for the 2E design 
as depicted in Fig. 2(b). The AR response indicates that the circular polarization performance is maintained 
across the two configurations within the same frequency band as that of the impedance matching. Figure 2(c) 
also includes the comparison between the realized gain of the single- and two-element designs. Compared to 
the two-element design, the single-element design has an average realized gain of 3.4 dBi within the operating 
bandwidth, whereas the two-element design has an average gain of 4.8 dBi, underscoring a gain enhancement 
of approximately 1.4 dBi. The gain of the two-element array is limited by back radiation and mutual coupling 
between the elements, which reduces the amount of power directed in the forward direction. Furthermore, it is 
imperative to mention that the probe-fed patch excites the Quasi-TM mode, which yields a broadside radiation 
pattern with a wide beam28. The in-band 3 dB angular beamwidth of the proposed design without the lens is 90° 
on average, which is highly desirable for constant illumination of the lens.

Meta-lens unit cell design and analysis
The geometry and physical dimensions of the proposed meta-lens unit-cell design are shown in Fig. 3. Two pairs 
of metallic strips are positioned at a controlled distance d from each other to form a disconnected cross-shape 
unit-cell design with four-fold symmetry. The vertical strips pair aligned along the y-axis and the horizontal pair 
along the x-axis are symmetrically placed with respect to the center of the unit cell. The rectangular metallic 
strips are patterned on a low-loss Rogers RO4003 dielectric substrate with a relative permittivity of 3.38 and a 
thickness of 0.813 mm. The proposed unit cell has four-fold rotational symmetry and spatial discontinuity that 
reduces potential phase errors caused by polarization and facilitates high transmission with both preserved and 
manipulated circular polarization states. To achieve the phase compensation and wave-front shaping needed 
for gain enhancement and beam focusing in CP-fed lens antenna systems, a full meta-lens is implemented. The 
unit cell is periodically arranged in a 2D-square-lattice with a periodicity P = 5.714 mm, which corresponds to 
0.514λo at 27 GHz to form the meta-lens.

The proposed unit cell is simulated under normal and oblique plane-wave excitation using CST Microwave 
Studio. The unit cell’s geometry is optimized to perform efficiently in the target frequency band (24–30 GHz) by 
controlling the geometrical parameters Lm, Wm, and the separation distance d. The periodicity parameter of the 
full square lattice is tuned to achieve the desired electromagnetic performance after the unit cell optimization. 
The linear transmission coefficient and the transmission phase of the optimized unit-cell under normal 
incidence are illustrated in Fig.  4. The simulation results indicate a high transmission level, averaging 90%, 
across the operating frequency band with minimal variation. The transmission phase response illustrated in the 
same figure depicts a stable phase in the entire operating bandwidth of the antenna. The average phase range 
of the unit-cell is 130° with a slower phase slope reflecting low susceptibility to phase error over a wideband. In 
addition, the unit-cell is investigated under oblique incidence (5° to 30°), with the corresponding transmission 
magnitude and phase responses shown in Fig. 5.

The results indicate that with the increasing incidence angle increases between 5° and 30° in 5° steps, the 
phase response shows a slightly steeper slope, which results in an average phase shift of almost 20°. On the 
contrary, the transmission coefficient is only slightly influenced by the incidence angle, with an average loss of 

Fig. 3.  Configuration of the proposed unit-cell design with geometrical parameters: Wm = 0.3001 mm, Lm = 
0.63395 mm, and d = 3.31040 mm.
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Fig. 5.  Simulated performance matrix of the proposed unit-cell design under oblique incidence, (a) 
transmission phase, and (b) transmission magnitude.

 

Fig. 4.  Simulated performance matrix of the proposed unit-cell design, transmission phase (solid), and 
transmission magnitude (dashed).
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about 5% over the wide operating bandwidth. The unit cell is shown to maintain high transmission efficiency 
and angular stability, confirming its suitability for wideband transmissive applications under oblique incidence.

Meta-lens antenna
Figure 6 shows the 2D square lattice of the proposed lens and the schematic of the lens antenna, which is 
centrally illuminated by the wideband circularly polarized (CP) antenna developed in the first design stage. 
The 3 × 3 metamaterial flat square lens with length D = 20 mm, shown in the top section of Fig. 6, is positioned 
at a focal distance of F = 20 mm, which corresponds to approximately 1.8λo at 27 GHz from the source antenna 
as illustrated in the bottom section of Fig. 6. A comprehensive numerical study of the single-layer meta-lens 
configuration reveals notable improvement in the realized gain of the antenna. With the introduction of the 
meta-lens, the antenna gain is effectively enhanced by collimating the radiated fields, which focuses energy into 
the main beam, resulting in an improved directivity.

Working mechanism of the meta-lens antenna
In this section, the working mechanism of the proposed meta-lens antenna is investigated through an analysis 
of the aperture-plane electric-field magnitude and the relative phase variation of the electric-field components 
Ex and Ey​ along the z-direction. Figure 7(a) illustrates the electric-field magnitude on the aperture plane for the 
single-layer meta-lens. The field strength is highest near the center and gradually decreases toward the edges, 
mainly due to the radiation pattern of the circularly polarized feeding antenna, which illuminates the central 
region more effectively. After transmission through the meta-lens, the field shows a clear forward concentration, 
indicating that part of the radiated energy is redirected toward the broadside direction. However, the non-
uniform field distribution across the aperture suggests that the effective aperture is only partially utilized in 
the single-layer configuration. The corresponding two-dimensional phase distribution is shown in Fig.  7(b). 
A relatively smooth phase profile is observed near the aperture center, indicating partial compensation of the 
spherical wave-front emitted by the CP feed. In contrast, larger phase deviations appear toward the aperture 
edges, reflecting residual phase errors caused by the limited phase control of a single metasurface layer. As a 
result, a partially planar wave front is achieved with the single layer. Figure 7(c) shows the phase variation along 
the aperture center line, which further clarifies this behavior. The phase remains relatively flat near the center 
but shows a large deviation toward the edges of the aperture. This confirms that the single-layer meta-lens offers 
only partial wave-front shaping, where the central aperture region contributes more effectively to constructive 
broadside radiation, while the phase alignment remains less on the edges.

Moreover, the same analysis is extended to the two-layer configuration of the antenna. Figure 7(d) presents 
the electric-field magnitude on the aperture plane for the double-layer meta-lens. Compared to the single-layer 
design, the field is noticeably stronger and more evenly spread across the entire aperture. This indicates that 
the double-layer structure is better at capturing the circularly polarized energy from the feed and distributing 

Fig. 6.  Schematics of the proposed lens antenna: lens front view (top), side view (bottom).
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it efficiently over the aperture, which results in higher aperture efficiency. The corresponding two-dimensional 
phase distribution is shown in Fig. 7(e). A clear improvement in phase uniformity can be seen, with a larger area 
of nearly constant phase extending closer to the edges of the aperture. This improved phase behavior confirms 
that the additional metasurface layer enhances spatial phase control, enabling a more effective conversion of the 

Fig. 7.  Aperture-plane electric-field magnitude and phase distributions for the proposed meta-lens antenna: 
(a) electric-field magnitude, (b) two-dimensional phase distribution, and (c) phase variation along the aperture 
center line for the single-layer meta-lens; (d) electric-field magnitude, (e) two-dimensional phase distribution, 
and (f) phase variation along the aperture center line for the double-layer meta-lens.
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spherical circularly polarized wave-front into a quasi-planar wave-front. Figure 7(f) shows the phase variation 
along the center line of the aperture, further confirming the near-constant phase profile. In comparison with 
the single-layer meta-lens, the phase remains more stable across the aperture, and the phase distortion near the 
edges is significantly reduced. As a result, the fields radiated from different parts of the aperture combine more 
constructively in the far field, leading to higher directivity and an improved realized gain. In short, the gain 
enhancement of the proposed meta-lens is primarily attributed to its ability to reshape the radiated wave-front 
and concentrate energy in the desired direction. By transforming the naturally diverging radiation from the feed 
into a more collimated beam, the meta-lens increases the effective aperture and improves radiation directivity. 
This redistribution of energy reduces power leakage into undesired directions and enhances overall radiation 
efficiency, resulting in a noticeable gain improvement.

Gain and radiation characteristics for various F/D ratios
To determine the realized gain performance of the proposed meta-lens antenna, different focal-length-to-
diameter (F/D) ratios are analyzed, as shown in Fig. 8. As seen, the F/D ratio of 0.9 results in the highest peak 
gain, whereas F/D = 1 offers a more stable gain response over a wider bandwidth within the antenna operating 
band. Moreover, F/D ratios of 0.8 and 1.1 exhibit gain enhancement within a narrow bandwidth, which may 
be attributed to suboptimal phase alignment across the aperture, resulting in destructive interference of the 
radiated field. This basis is extended to create a two-layer configuration that has layers at successive focal 
distances (F = 20 mm and F = 40 mm). The implementation of a two-layer planar lens configuration enhances 
beam collimation and refines the transmitted wave front (see Fig. 7), resulting in improved directivity and a 
further improvement in the antenna’s realized gain.

Figure 9 illustrates the simulated realized gain of the antenna for four different configurations in the xy- and 
xz-plane evaluated at the center frequency. The blue dashed line represents the realized gain of the single-element 
antenna (SEA) without the lens (SEA-WOL), which shows ~ 4 dB gain. The green solid line shows the SEA with 
one layer of the lens (SEA-1LL) and a 0.9 F/D ratio. The realized gain for this configuration is approximately 
6 dBi, indicating a 2 dB gain enhancement in both planes. The red curve (SEA-2LL) shows the realized gain 
of the antenna when the two layers of the lens are illuminated with SEA at successive focal distances. The 
configuration enhances the gain by more than 4 dBi compared to the antenna without the lens. Finally, the black 
curve (2EA-2LL) illustrates the two-element antenna illuminating the two layers of the lens, improving the gain 
by more than 6 dBi. Although configurations with three or more layers were explored, they offered only a very 
small increase in gain. Furthermore, adding more layers would increase insertion losses, overall thickness, and 
fabrication complexity. Therefore, the two-layer design was selected as a trade-off between gain enhancement, 
efficiency, and practical feasibility. After adding the meta-lens, the calculated aperture efficiency of the antenna 
is about 22%, and the total aperture efficiency (including typical spillover efficiency, patch antenna loss term, 
illumination efficiency, phase efficiency, and lens material/reflection loss) is approximately 34%, showing that 
the physical aperture is being used effectively to improve the gain of the antenna. At the same time, the overall 
radiation efficiency remains approximately 90%, so most of the input power is still being radiated.

Results and discussion
The proposed antenna is experimentally validated in a fully calibrated anechoic chamber. The fabricated 
prototype of the single-element source antenna is shown in Fig.  10 (a). To avoid field distortion due to the 
dielectric nature of the mechanical support, the substrate is extended along the x-axis. To maintain the required 
focal distance between the feeding antenna and the lens layer, 3D-printed plastic spacers were employed to 
accurately maintain the required spacing and F/D ratio. The current dielectric size is chosen to ensure the 
mechanical stability of the prototype; however, this results in some phase errors and additional losses, which 
have adverse effects on the antenna’s efficiency and boresight gain. The lens layer, side view of the assembled 
meta-lens antenna, and the in-chamber view are shown in Figs. 10 (b) through 10(d), respectively. To validate 
the design experimentally, only the single antenna configuration for feeding the lens was fabricated. This allows 
for a simple and cost-effective setup, minimizing fabrication complexity and alignment challenges while being 
sufficient for the antenna performance validation.

Fig. 8.  Realized gain analysis with different F/D ratios.
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The simulated and measured return loss of the meta-lens antenna is shown in Fig. 11 (a). Both responses 
show a good impedance matching in the antenna working band from 24 GHz to approximately 31 GHz. The 
presence of the dielectric material (used for mechanical support) near the feed slightly alters the local permittivity, 
resulting in the frequency shift and improved impedance matching and S11 across the operating band. Both the 
simulation and measured results clearly indicate the wideband operation of the proposed antenna. Figure 11(b) 
shows the simulated and measured axial ratio of the lens antenna. The simulated and measured results indicate 
that the axial ratio remains below the 3 dB reference level throughout the entire impedance bandwidth of the 
antenna, confirming the polarization stability of the lens as it retains circular polarization over the operational 
frequency range. The numerical and experimental results are in close agreement. Moreover, Fig. 11(c) shows 
the realized gain of the meta-lens antenna. The simulated and measured results exhibit a stable gain response 
over a wide bandwidth, confirming the effective wideband operation of the proposed meta-lens antenna. While 
operating with circular polarization (CP), the antenna achieves a peak gain of approximately 9 dBi and maintains 
an average gain of around 7.7 dBi between 24 GHz and over 30 GHz.

Figure 12 presents the simulated and measured radiation patterns of the antenna in the xy- and xz-planes at 
three distinct frequencies. The co-polarized radiation corresponds to right-hand circular polarization (RHCP), 
while the cross-polarized pattern represents left-hand circular polarization (LHCP). In the broadside direction, 
the co-polarized fields are, on average, 20 dB stronger than the cross-polarized fields, indicating high polarization 
purity. Slightly higher cross-polarization levels are observed at off-axis angles, which can be attributed to edge 
effects, non-uniform aperture fields, and the phase manipulation by the meta-lens. These off-axis effects do 
not affect the antenna’s performance in the broadside direction, where the radiation is strongest. The radiation 
beams are nearly symmetrical at all evaluated frequencies, further confirming the consistent performance 
of the antenna. These results also demonstrate that the proposed meta-lens effectively preserves the sense of 
polarization across the operational bandwidth. Additionally, the minimum difference between the main lobe 
and the highest side lobe is more than 10 dB, indicating that the side-lobe levels are within acceptable limits.

Benchmarking
Table 1 provides a detailed benchmarking of the proposed meta-lens antenna against the state-of-the-art 
designs. The comparison focuses on key performance metrics such as antenna type, aperture dimensions, gain 
enhancement, aperture efficiency, unit cell count, material specifications, and substrate characteristics. The 
proposed antenna clearly outperforms many previous designs by combining wide bandwidth, high aperture 
efficiency, and a compact size, all while keeping the structure simple and practical. Traditional patch antennas, 
like the one in4, are very narrowband and only provide small gain improvements. On the other hand, wideband 
solutions such as log-periodic dipole arrays29 or horn antennas31 achieve larger bandwidths but need very large 
apertures and many elements, making them bulky, complex, and difficult to manufacture. Other designs, like 

Fig. 9.  Realized gain analysis with different configurations of the meta-lens antenna: (a) xy-plane, and (b) xz-
plane.
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cylindrical or metasurface-based antennas17, often use thick substrates or large arrays, which either waste the 
aperture or give only modest performance improvements.

In contrast, our modified patch antenna achieves a 26% impedance bandwidth with circular polarization 
in a compact 1.6λ × 1.6λ aperture, giving a 4.3 dBi gain improvement and 22% aperture efficiency. This is done 
with just a 3 × 3 array of metallic strips on a thin, low-loss substrate, reducing dielectric losses and simplifying 
fabrication. Overall, the antenna combines wideband performance, efficient use of the physical aperture, 
and structural simplicity, making it very suitable for modern compact broadband wireless applications and 
outperforming many previous designs in both efficiency and practicality.

  

Conclusion
In this paper, a wideband, circularly polarized, high-gain meta-lens antenna is proposed and thoroughly 
investigated. A compact feed antenna was first designed to efficiently illuminate the planar meta-lens, providing 
circular polarization, broad beamwidth, and a simple excitation method for easy fabrication. The meta-lens, 
composed of four-fold symmetrical metallic strips in a disconnected cross configuration, effectively collimates 
the radiated fields while preserving polarization and maintaining stable phase characteristics across the operating 
band. The complete antenna achieves a wide 26% impedance bandwidth from 24 to 30 GHz while maintaining 
an axial ratio below 3 dB, and the integrated design boosts the gain by more than 4 dB without disturbing the 
radiation pattern. Traditional patch antennas are typically narrowband, while log-periodic and horn antennas 
require large apertures and many elements, making them bulky and difficult to implement. Other cylindrical 
or metasurface-based designs often depend on thick substrates and do not fully use the available aperture. In 
contrast, this design achieves wideband operation and improved gain using only a simple 3 × 3 array of metallic 
strips on a thin, low-loss substrate. Overall, the antenna offers good performance, easy fabrication, and a 
compact footprint, making it a practical choice for modern high-frequency wireless systems. The limitation 
of the proposed design is that gain improvement requires multiple metasurface layers, which increases the 
geometrical complexity and thickness of the antenna system.

Fig. 10.  Photograph of the proposed meta-lens antenna prototype; (a) feeding antenna, (b) lens, (c) 
perspective view, and (d) in-chamber view.
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Fig. 11.  Simulated and measured performance matrix of the proposed meta-lens antenna (a) return loss |S11|, 
(b) axial ratio, (c) realized gain.
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Fig. 12.  Simulated (blue) and measured (black) radiation pattern at different frequencies in the xy-plane 
(right), and xz-plane (left). (a) 26 GHz, (b) 28 GHz, and (c) 30 GHz.
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Data availability
All data generated or analyzed during this study are reported in the manuscript.
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