IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 31 October 2025, accepted 12 November 2025, date of publication 17 November 2025,
date of current version 24 November 2025.

Digital Object Identifier 10.1109/ACCESS.2025.3633806

==l RESEARCH ARTICLE

A Low-Profile Printed Near-Field Metasurface
for Enhanced Far-Field Radiation in
Aperture-Type Antennas

MD YEAKUB ALI"“'2, (Student Member, IEEE), KHUSHBOO SINGH"’3, (Member, IEEE),
SLAWOMIR KOZIEL“45, (Fellow, IEEE),

ANNA PIETRENKO-DABROWSKA “3, (Senior Member, IEEE), MOHAMMAD NASRAT ZAQUMI',
AND SUBHAS MUKHOPADHYAY !, (Fellow, IEEE)

School of Engineering, Macquarie University, Sydney, NSW 2109, Australia

2Department of Electronics and Telecommunication Engineering, Rajshahi University of Engineering and Technology, Rajshahi 6204, Bangladesh
3School of Electrical and Data Engineering, University of Technology Sydney (UTS), Sydney, NSW 2007, Australia

“#Department of Engineering, Reykjavik University, 102 Reykjavik, Iceland

SFaculty of Electronics, Telecommunications and Informatics, Gdarisk University of Technology, 80-233 Gdarisk, Poland

Corresponding author: Md Yeakub Ali (mdyeakub.ali@students.mq.edu.au)
This work was supported in part by Macquarie University International Research Stipend Program (RTP) Scholarship funded by the

Commonwealth Government, Australia; in part by the Icelandic Research Fund under Grant 2410297; and in part by the National Science
Centre of Poland under Grant 2022/47/B/ST7/00072.

ABSTRACT A low-profile, single-layer printed metasurface is presented for near-field phase correction in
aperture-based antennas to enhance far-field radiation performance. A novel unit cell design is introduced
for the phase-correcting metasurface with significantly reduced thickness. Each unit cell consists of a
single-layer dielectric substrate with a metallic square loop at the center, surrounded by four L-shaped
patches at the corners, printed on both the top and bottom surfaces. The printed metasurface is designed
based on the principle of near-field phase transformation. Compared with existing multilayer metallic or
printed phase-correcting metasurfaces, the proposed single-layer design significantly reduces the profile,
fabrication complexity, weight, and cost while providing improved performance. As a proof of concept,
a prototype metasurface was designed, fabricated, and experimentally validated with a resonant cavity
antenna of aperture size of 4A¢ at 12 GHz. The weight of the fabricated metasurface is only 29.2 grams.
Measurements demonstrated that after near-field phase correction, the antenna gain improved by 7.35 dB
(from 13.75 dBi to 21.1 dBi) with an aperture efficiency of 80.1% at 12 GHz, showing excellent agreement
with simulations.

INDEX TERMS Near-field phase transformation (NFPT), non-uniform near-field phase distribution, printed
phase-correcting metasurface (PPCM), printed circuit board (PCB), resonant cavity antenna (RCA).

I. INTRODUCTION

Low-profile and lightweight antenna solutions with high
performance are crucial for the advancement of modern
wireless communication systems, such as satellite recep-
tion, point-to-point microwave links, and wireless backhaul
networks, where long-distance and uninterrupted service
is required [1], [2], [3]. Traditional high-gain solutions
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include parabolic reflector antennas [4], [5], which are
inherently non-planar, bulky and heavy. Another commonly
used approach is antenna arrays, which require complex
feeding networks. These networks become increasingly lossy
at higher frequencies, thereby reducing system efficiency.
Transmitarrays (TAs) [6], [7], [8] and reflectarrays (RAs)
[9], [10] have also been widely explored to achieve high gain.
However, they require a focal distance between the feed and
array, increasing the overall height of the antenna system [11],
[12], [13].
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In recent years, resonant cavity antennas (RCAs) also
known as electromagnetic bandgap (EBG) antennas [14] or
2-D leaky-wave antennas have gained significant attention
due to their advantages such as planar structure, simplified
feeding mechanisms, and ease of fabrication [15]. These
antennas achieve enhanced radiation by forming a resonant
cavity between a ground plane acting as a perfect reflector
and a partially reflective surface (PRS), with their spacing
typically close to half a wavelength in free space. However,
the transverse propagation of energy from the feed source
leads to a non-uniform aperture phase distribution, which
degrades the far-field radiation characteristics of conven-
tional RCAs [2]. Although lens-based techniques such as
dielectric or printed planar lenses are widely used for phase
equalization, they rely on ray-optics principles and assume
a point-source feed. This assumption is not applicable for
resonant cavity antennas, where the aperture field exhibits a
continuous near-field phase distribution governed by cavity
resonance. Hence, such lenses are ineffective in this context,
motivating the use of a phase-correcting metasurface for
direct near-field phase compensation [16].

To address this issue, near-field phase-correcting metasur-
faces (PCMs) have recently been introduced as a promising
solution [2], [17], [18]. A metasurface is an artificially
engineered periodic structure designed to manipulate the
properties of electromagnetic waves [13]. PCMs are designed
using near-field phase transformation (NFPT) method, which
transforms a highly non-uniform aperture phase distribution
into a more uniform one, thereby enhancing the far-field
performance. A key advantage of this method is that the PCM
is placed in the near-field region, at a sub-wavelength distance
from the antenna aperture, allowing phase correction without
significantly increasing the overall antenna profile [19].

Phase-correcting metasurfaces can generally be classified
into dielectric, metallic, or printed types, depending on the
materials and fabrication technologies involved. A non-
planar dielectric metasurface in [16] improved antenna
performance but had a height of 39 mm (&A1), making it
unsuitable for low-profile applications. A planar dielectric
metasurface in [20] offered reduced height, but remained
relatively thick and susceptible to damage due to the limita-
tions of conventional manufacturing. Metallic metasurfaces
were presented in [2], [17], [21], [22], and [23] for far-field
radiation enhancement. Although these designs are more
mechanically robust and cost-effective, they consist of
multiple layers separated by air gaps, which increases the
overall metasurface height and complicate fabrication. 3D-
printed all-dielectric metasurfaces were explored in [19],
[24], and [25], taking advantage of commercially available
low-cost commonly used filaments. While they reduce
manufacturing costs, their heights remain relatively large
which increases overall antenna profile.

Printed multilayer near-field metasurfaces in [26], [27],
and [28] with air gaps between layers improved radiation
performance. However, air gaps between layers and the use
of spacers or screws not only increase the overall antenna
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FIGURE 1. Conceptual illustration of a conventional RCA with the
proposed PPCM.
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height but also affect the overall performance. Air-gap-free
multilayer designs bonded with prepreg have been proposed
in [18] and [29], but they require specialized bonding, and
their total height is approximately twice that of a single-layer
counterparts. In [30] and [31], authors presented compact
RCAs with single-layer printed metasurface-based PRS, but
they are not high-gain antennas (gain < —15 dBi).

In this paper, we present a novel, planar, ultra-thin,
single-layer printed phase-correcting metasurface for near-
field phase correction in a resonant cavity antenna. To the
best of our knowledge, high gain (>20 dBi) RCAs with
a single-layer PPCM have not been previously explored
and implemented. The proposed PPCM has a thickness of
only 1.59 mm (0.064A¢), which is significantly thinner than
existing counterparts. Compared to multilayer or thicker
phase-correcting structures, the proposed design offers a
lower profile, reduced weight, and simplified fabrication,
while maintaining high performance. Furthermore, the pro-
posed unit cells can compress the profile not only in
phase-corrected antenna designs but also in future near-field
metasteering systems. This advancement opens new avenues
for cost-efficient passive near-field phase transformation and
metasteering technologies for high-performance antennas.

The remainder of this paper is organized as follows:
Section II outlines the design methodology of the proposed
PPCM. Section III details the design of the base antenna,
unit cell, and the metasurface. Section IV presents and
discuss simulation and measurement results, followed by the
conclusion in Section V.

Il. METHODOLOGY OF NEAR-FIELD PHASE-CORRECTION
The near-field phase transformation technique [22], [32] is
employed to correct the non-uniform phase distribution in
the near-field region above the antenna aperture. To briefly
explain this technique, a conceptual view of a traditional RCA
with the proposed PPCM is shown in Fig. 1. In this method,
a near-field phase-correcting metasurface is placed in the
near-field region above the antenna aperture. The metasurface
locally manipulates the phase of the radiated electric fields
from the RCA, such that the resulting near-field distribution
at the antenna aperture becomes more uniform.

VOLUME 13, 2025



M. Y. Ali et al.: Low-Profile Printed Near-Field Metasurface for Enhanced Far-Field Radiation

IEEE Access

¥ (mm)

50.4

-28.9 -28.9

-10.9 -10.9 -28.9 -28.9

26.4 26.4 -10.9 -10.9 -28.9

21| 67.6 67.6 26.4 -10.9 | -28.9

108.8 67.6 67.6 26.4 -10.9 | -28.9

135.5 108.8 67.6 26.4 -10.9 | -289
Cell#1 | Cell#2 | Cell#3 | Cell#4 | Cell#5 | Cell#6

1
0 T
21 50.4

X (mm)

FIGURE 2. Phase distribution in one quadrant of the aperture, cell with
the same background color indicate identical phase values,
corresponding to identical unit cells.

To design the metasurface, the dominant electric field
(E-field) (Ey) phase was extracted from full-wave electro-
magnetic simulations. To probe the E-field phase, a virtual
plane parallel to the aperture was defined at a distance of
Ao/4, where A presents the free-space operating wavelength.
This distance corresponds to the physical location of the
proposed PPCM. This virtual plane was divided into a 2-D
square grid with a cell size of X¢/3, corresponding to the
size of unit cell. The E-field phase was sampled at the
center of each grid cell along the x-axis. Further details
about metasurface design using NFPT technique are available
in [12], [13], and [22]. Due to the circular symmetry of the
phase distribution over the aperture [13], the phases were
probed only at the center of cells 1 through 6, illustrated in
Fig. 2. The extracted near-field phase distribution over one
quadrant is also shown in Fig. 2.

A reference phase (6p) was selected to achieve more
uniformity in phase across the aperture. The required
transmission phase delay (6, ) for each cell was computed as
the difference between the reference phase and the probed
phase (6)), i.e., 6, = 6p — 6;. Unit cell geometries were
then selected from the precomputed simulation database to
realize the required phase delay. The design steps of near-
field phase-correcting metasurface is summarized using a
flowchart shown in Fig 3. The required phase delays are
summarized in Table 1.

IIl. RESONANT CAVITY ANTENNA DESIGN WITH PPCM
The design details of the base antenna, unit cell and the
proposed PPCM are discussed in the following subsections
sequentially.

A. BASE ANTENNA

The proposed single-layer printed phase-correcting metasur-
face is applicable to any aperture-type antenna that exhibit
highly non-uniform electric field phase distributions. As a
proof of concept, the PPCM was implemented in this work
for a resonant cavity antenna.
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FIGURE 3. Flowchart showing the summary of PCM design steps.

The RCA comprises a metallic, fully reflective circular
ground plane and a PRS placed parallel to it. Both the ground
plane and the PRS have the same diameter of 100.8 mm
(R 4Xxp). A commercial off-the-shelf unprinted dielectric
slab made of Rogers TMM4 (¢, = 4.7, tan§ = 0.002)
with a thickness of 3.175 mm (& A,/4) was used as the
PRS [2], [33], where Ag and A, denote the free-space and
guided wavelengths at the operating frequency of 12 GHz,
respectively. The separation between the ground plane and
PRS was set to Ap/2 to create resonance within the cavity
at the design frequency, thereby enhancing the far-field
characteristics [2]. A WR-75 waveguide-to-coaxial adapter
was used to excite the cavity through a rectangular slot
(13.05 x 8.53 mm) at the center of the ground plane.

B. UNIT CELL DESIGN AND ANALYSIS

The fundamental element designed to control the electromag-
netic wave properties is referred to as a unit cell (UC). A novel
approach has been applied to develop the proposed UC,
which comprises a single dielectric substrate with metallic
patches printed on both sides. The unit cell size is selected
as 8.4 mm (& Ag/3), based on the recommendation in [2].
A commercially available dielectric laminate, Taconic TLY-5
(e, = 2.2, tand = 0.0009), with a thickness of 1.52 mm,
was used as the substrate. The top and bottom patches
of the UC consist of a square metallic loop in the center
surrounded by four L-shaped metallic patches at the corners.
The perspective, top and bottom views of the unit cells
are illustrated in Fig. 4. While the metallic pattern is the
same on both sides, the dimensions differ to enable more
control of the transmission phase. The length of the L-shaped
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TABLE 1. Required phase delays and corresponding unit cell dimension selection.

. Required
Center distance Probed Reference
Cell # of the cell (mm) | phase (6;) (°) | phase (6,) (°) ( Grpilagoe(_ieé?)y(o) I'(mm) |/ (mm) | ¢ (mm)
1 4.2 135.47 354 218.53 5.5 5 3
2 12.6 108.78 354 245.22 5 5 3.5
3 21 67.56 354 286.44 4.52 5 1
4 29.4 26.44 354 327.56 4.7 5 4.2
5 37.8 -10.89 354 4.89 1.5 4.5 4.2
6 46.2 -28.93 354 22.93 3.9 1.5 4.2

Note: Center distance of the cell = the distance between the center of the aperture and center of the unit cells along the x-axis, shown in

Fig. 2.

Perspective view
8.4 mm

Sae
L1

Bottom view

Top view

Dielectric Copper

FIGURE 4. Perspective, top, and bottom views of the unit cell in the
simulation environment.

corner patches (c) and the central metallic segments (7 on
the top and / on the bottom) were varied to achieve desired
transmission phase delay for near-field phase correction. The
UC was simulated using Floquet port excitation under unit
cell boundary conditions. A parametric sweep was performed
over the geometric parameters [/, h, and ¢ to generate a
database of transmission magnitude and phase. From this
database, the optimal dimensions were selected to provide the
desired transmission phase response with high transmission
magnitude (|S>1]).

The geometric dimensions of the unit cells designed to
provide the required transmission phase shifts for cells 1
through 6, along with their corresponding transmission
magnitudes and phases at 12 GHz, are listed in Table 1. Fig. 5
presents the simulated transmission magnitude (]S21]) and
phase (£531) of the unit cells with the variation of frequency.
All the unit cells have higher transmission efficiency, with
(1S21] > —1.95 dB) at 12 GHz.
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FIGURE 5. Transmission (a) magnitude (|S,;|) and (b) phase (/S5;) of the
unit cells versus frequency.

C. PROPOSED PPCM DESIGN AND FABRICATION
The diameter of the proposed phase-correcting metasurface
is equal to that of the RCA ground plane. As discussed in
Section II, the six distinct unit cells were selected to provide
the required phase delays to the position of the cell 1 to 6
shown in Fig. 2. These unit cells were replicated following
a concentric-circular and symmetric pattern to complete the
full PPCM design.

Top and bottom views of the fabricated prototype of the
proposed metasurface are shown in Fig. 6(a). The proposed
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FIGURE 6. (a) Top and bottom views of the fabricated PPCM.
(b) Assembled prototype of the RCA loaded with the proposed PPCM.

printed metasurface was fabricated using printed circuit board
(PCB) technology. The fully assembled prototype of the RCA
incorporating the proposed PPCM is shown in Fig. 6(b).
The PPCM and PRS were mechanically supported using
3-D printed spacers made from PLA filament to maintain
the optimized interlayer spacing. Specifically, the distance
between the ground plane and the PRS and between the PRS
and the PPCM were tuned to 12.8 mm and 7 mm, respectively,
to achieve optimal performance at the design frequency.

IV. SIMULATED AND MEASURED RESULTS

The proposed PPCM integrated with a resonant cavity
antenna was simulated using the time domain solver in CST
Microwave Studio (CST-MWS). To validate the simulation
results, a prototype was fabricated, as shown in Fig. 6(b), and
measured in an NSI anechoic chamber. A photograph of the
proposed antenna under test (AUT) setup is shown in Fig. 7.
The realized gain of the RCA was calculated using a standard
horn antenna as a reference [34].

The dominant E-field component (E)) of the base antenna
was numerically extracted at a distance of Ao/4 above the
antenna aperture in the xy-plane at 12 GHz using 3D full-
wave simulations. The corresponding phase distribution was
also extracted after applying the proposed PPCM to evaluate
its phase-correcting capability.

Figure 8 shows the one-dimensional (1D) phase dis-
tribution along the aperture centerline before and after
phase correction. Without the PPCM, the phase distribution
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FIGURE 7. Photograph of the proposed antenna under test in an anechoic
chamber.
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FIGURE 8. 1D phase distribution (along the x-axis) of the RCA, before and
after loading the PPCM.

is highly non-uniform, exhibiting a phase variation of
approximately 172° across the aperture. This non-uniformity
indicates that different parts of the aperture radiate out of
phase, causing destructive interference in the far field and
consequently degrading the directivity and gain. In con-
trast, after integrating the PPCM, the phase variation is
significantly reduced to about 23°, producing a much flatter
phase front. This reduction in phase error demonstrates that
the PPCM effectively transforms the highly non-uniform
near-field phase into a nearly uniform distribution, thereby
improving far-field radiation performance.

The two-dimensional (2D) electric-field phase and mag-
nitude distributions before and after applying the PPCM are
presented in Fig. 9. Before correction, strong phase gradients
can be observed across both the x- and y-directions. After
correction, the phase front becomes considerably smoother
and more uniform across the entire aperture, confirming that
the PPCM successfully transform the highly non-uniform
phase into a more uniform phase. This improved phase
uniformity directly leads to enhanced far-field radiation and
increased directivity. In addition, the magnitude distribution
after phase correction also exhibits a slightly smoother
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FIGURE 9. 2D electric-field phase and magnitude distributions above the
aperture: (a) phase before correction, (b) phase after correction,

(c) magnitude before correction, and (d) magnitude after correction with
the PPCM.
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FIGURE 10. Measured and simulated input reflection coefficient (|S;; ) of
the RCA, with and without the PPCM.

profile, indicating a more balanced field distribution across
the aperture.

The input reflection coefficient (|S11]) of the RCA,
both with and without the proposed PPCM, was measured
using a vector network analyzer (Keysight PNA N5225B)
and compared with the simulation results, as shown in
Fig. 10. Both the simulated and measured | S| values remain
below —10 dB throughout the whole operational bandwidth,
confirming good impedance matching. Notably, the measured
results exhibit better performance than the simulations,
indicating excellent impedance matching of the fabricated
prototype and validating the accuracy of the design.

Fig. 11 presents the realized gain comparison of the RCA at
12 GHz in both the E- and H-planes before and after near-field
phase-correction with the proposed PPCM. Before phase
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FIGURE 11. Realized gain comparison of the RCA with and without PPCM
at 12 GHz.

correction, the gain is 13.75 dBi; this increases significantly
to 21.1 dBi when the PPCM is loaded, representing a gain
enhancement of 7.35 dB. This improvement is primarily
attributed to the more uniformity in phase distribution by the
PPCM. The side lobe levels (SLLs) are 21 dB and 18 dB
below the main lobe in the E- and H-planes, respectively. The
measured results show a good alignment with the simulations.
Furthermore, the measured cross-polarization components
are 40 dB and 30 dB lower compared to the co-polarization
components in E- and H-planes, respectively, indicating
effective suppression of undesired radiation components.

The measured gain variation of the RCA with the PPCM
is presented in Fig. 12. The RCA with PPCM provides peak
performance at 12 GHz. The 3-dB gain bandwidth extends
from 11.6 GHz to 12.6 GHz, which is equivalent to 8.26%.
For comparison, the realized gain characteristics of the RCA
without loading the PPCM is also shown in this figure.
A good matching is observed between the measured and
simulated results, validating the effectiveness of the proposed
design.

To evaluate the stability of the RCA performance across
the operational bandwidth, both measured and simulated
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TABLE 2. Performance comparison of the proposed PPCM-based RCA with several state-of-the-art published works.
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FIGURE 12. Measured and simulated gain variation across the
operational bandwidth in the E-plane (¢ = 90°).

normalized radiation pattern cuts in the E- and H-planes
are presented in Fig. 13 over the frequency range of 11.6 -
12.6 GHz, with a step size 0.2 GHz. The side lobe levels
remain at least 10 dB below the main lobe throughout
the operating bandwidth in both the E- and H-planes. The
measured results are consistent with the simulated results
with minor discrepancies.

Table 2 presents a comprehensive comparison between
the proposed PPCM-based RCA and several state-of-the-
art designs reported in the literature. The comparison
includes key parameters such as operating frequency, feed
type, metasurface type and number of layers, peak gain,
gain improvement, aperture size, aperture efficiency, 3-dB
directivity bandwidth, weight, and metasurface thickness.
As shown in the table, previous phase-correcting metasur-
faces typically consist of either single or multiple PCB or
metallic layers, with or without air gaps, which increase
fabrication complexity and profile height. In contrast, the
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FIGURE 13. Measured and simulated realized gain patterns of the RCA
with PPCM in the E- and H-planes at (a) 11.6 GHz (b) 11.8 GHz (c) 12 GHz
(d) 12.2 GHz (e) 12.4 GHz (f) 12.6 GHz.

proposed single-layer PPCM achieves higher gain (21.1 dBi)
and a gain improvement of 7.35 dB with a significantly
reduced thickness of only 1.59 mm (0.064A¢). Furthermore,
it maintains a competitive aperture efficiency of 80.1%,
demonstrating that a low-profile single-layer metasurface can
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deliver high-performance near-field phase correction without
the complexity of multi-layer implementations.

V. CONCLUSION

Lightweight and low-profile antennas with high gain are
important for next-generation wireless communication sys-
tems. This paper presented a planar, single-layer, low-profile,
and lightweight printed metasurface designed for non-
uniform near-field phase correction of aperture-type antennas
in order to enhance the far-field directive characteristics. The
proposed metasurface effectively reduces antenna profile,
fabrication cost, weight, and structural complexity. The
fabricated metasurface prototype has a thickness of only
1.59 mm (0.064Ap) and a weight of 29.2 grams. Both
simulation and experimental results validate the effectiveness
of the design. The proposed metasurface enhances the
peak gain of a conventional resonant cavity antenna by
7.35 dB and achieves an aperture efficiency of 80.1%, while
also reducing sidelobe levels. Furthermore, the proposed
metasurface design approach can be extended to realize
passive beam-steering systems and multi-beam antenna
configurations.
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