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A low‑profile 3‑D printable 
metastructure for performance 
improvement of aperture antennas
Md Yeakub Ali 1*, Ali Lalbakhsh 1*, Slawomir Koziel 2,3, Lukasz Golunski 3, Foez Ahmed 4 & 
Mohsen Asadnia 1

In order to increase the radiation performance of aperture‑type antennas, this paper demonstrates 
a low‑profile, planar, single‑layer, three‑dimensional (3‑D) printable metastructure. The proposed 
hybridized metastructure is highly transparent as it is made out of novel hybrid meta‑atoms having 
transmission coefficient magnitudes greater than – 0.72 dB and fully complies with the near‑field 
phase transformation principle. The hybridized design approach makes the metastructure planar, low‑
profile, light in weight, and compatible with additive printing technology. For the proof‑of‑concept, 
such metastructure is developed and numerically verified to enhance the radiation performance of a 
resonant cavity antenna (RCA). With the proposed metastructure, the peak directivity of the RCA is 
improved by 8.6 dBi (from 11.4 dBi to 20 dBi) at the operating frequency of 12.4 GHz. The aperture 
efficiency and 3‑dB directivity bandwidth of the RCA with the metastructure are 41.46% and 16.5%, 
respectively. Using readily accessible thermoplastics or polymers and copper with cost‑effective fused 
deposition modeling (FDM) 3‑D printing technology, the proposed planar hybridized metastructure 
can be prototyped commercially.

Additive manufacturing (AM), also widely known as three-dimensional (3-D) printing technology, has been a 
pivotal part of the sustainable Fourth Industrial  Revolution1. This environment-friendly technology is continu-
ously expanding the potential of new business markets throughout the world and is projected to create a market 
worth 130 billion euros in the upcoming  decade2. Currently, this technology is widely adopted across different 
sectors, especially in the automotive  industry3,  aerospace4,  defense5,  healthcare6, and microwave communication, 
due to its numerous excellent characteristics. 3-D printing enables rapid prototyping, precise fabrication, and 
error detection and correction before production. It also enables efficiency in mass production with the help of 
artificial intelligence and IoT. Modern 3-D printers are capable of fabricating highly complex structures using 
multi-materials, which is very challenging in conventional subtractive manufacturing methods. Miniaturized 
structures are particularly difficult to produce using conventional subtractive manufacturing techniques like drill-
ing, milling, and  reaming7. In contrast, 3-D printers can fabricate the whole structure in a single step, resulting in 
more robust structures, whereas conventional manufacturing requires human intervention to integrate multiple 
parts. Additionally, due to automatic machine printing and low-cost 3-D printing materials, 3-D printing is more 
cost-effective than conventional manufacturing  methods8.

Highly directive antennas are desirable for applications such as satellite communication, radar, and wireless 
backhaul networks for effective long-distance and interference-free  communication9,10. Conventional parabolic 
 dish11 and horn antennas are not practical in some modern applications due to their bulky and heavy design. 
While antenna  arrays12,13 offer high gain and superior performance, they are costly due to the complexity of their 
phase-shifting networks.  Reflectarray14–17 and  transmitarray18–20 antennas are used in some applications as a 
high-gain solution, but they require a feed horn to be placed at a focal distance from the reflect or transmit array 
structure, which increases the overall antenna profile. Resonant cavity  antennas21,22, also known as Fabry-Perot 
(FP) resonator antennas or EBG resonator  antennas23,24, are considered an excellent alternative to medium-to-
high gain applications in some state-of-the-art technologies. Their planar surface, simple feeding system, and 
easy fabrication process make them highly  advantageous25.
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The near-field phase transformation (NFPT) approach can be applied to develop low-profile phase-correcting 
metastructures (PCMs) that enhance the far-field radiation performance of aperture-type  antennas26. One suc-
cessful attempt for near-field phase correction was reported in Ref.23 for performance enhancement of aperture-
type antenna by applying the principle of the Risley  prism27. In this approach, the proposed PCM, designed by 
applying the NFPT technique, is placed on top of the base antenna aperture at a specific distance to transform 
the typically non-uniform phases of the aperture antennas into a more uniform distribution, thereby improv-
ing the far-field radiation performance. Depending on the materials used, phase-correcting structures can be 
 dielectric28,  metallic29, or printed  patch30. Only dielectric PCMs are bulky and suffer from ionization problems 
in higher frequency  operation31. In contrast, only metallic PCMs consist of multiple metal layers separated by 
an air gap to provide sufficient phase  coverage32–34. Printed patch-based PCMs also use multiple printed slabs 
bonded with prepregs materials, offering a compact solution for phase correction.

Only dielectric phase-correcting surfaces reported in the  literature35,36 for NFPT were traditionally machined 
from a thick block of commercial-off-the-shelf (COTS) dielectric materials with CNC  machines37. In this process, 
there is a high possibility of breakdown and cracking of the structure due to fragile materials like ceramic when 
the machine switches to different sizes of drill bits to create slots of varying dimensions. The latest advancements 
in 3-D printing technology and materials have been a blessing in mitigating the difficulties significantly associ-
ated with conventional manufacturing methods to fabricate tiny and complex  structures38.

Several 3-D printed dielectric phase-transforming structures have been reported in the literature, utilizing 
traditional 3-D printing materials such as  ABS7,39,40 and PLA. While these materials are cost-effective, their 
permittivity is limited to a range of 2.5 to 3, and they suffer from high RF loss, making them inefficient for high-
frequency communication due to high RF loss and bulky size. Some recently developed 3-D printing materials 
have low RF loss compared to traditional 3-D printed materials that can be used to fabricate the PCMs, which 
provides better performance. For instance,  PREPERM®ABS materials offer different permittivity options and 
exhibit low RF loss compared to traditional 3-D design materials like PLA or ABS, thereby providing better 
RF performance across a wide range of frequencies. Several 3-D printed phase-correcting structures have been 
reported in the literature to improve the performance of aperture-type antennas. Some of them are non-planar, 
and others are planar but with high  profile7.

Our main contribution in this paper is the design of a low-profile metastructure for near-field phase correc-
tion of aperture-type antennas, offering a significant improvement over state-of-the-art phase-correcting struc-
tures. To reduce the height of the metastructure, we propose a novel approach to designing 3-D printable, highly 
transmitting (S21 > −1dB) meta-atoms, also known as unit cells, using composite metal and dielectric materials. 
The meta-atoms used in the proposed phase-transforming metastructure are metalized and different from printed 
patch unit cells used in the previous  studies37,41. In the patch unit cells, prepregs are used to print the metallic 
patch on a substrate. Our metalized cell design avoids the use of prepregs, presenting a novel approach that, to 
our knowledge, has not been previously proposed. The height of our proposed PCM is 6.25 mm ( 0.25� ), making 
it lower than previously published all-dielectric or all-metal structures. Additionally, unlike non-planar phase-
correcting structures, our proposed planar PCM does not suffer from losses due to the shadowing effect. Along 
with its planar and low-profile characteristics, the proposed metastructure is also polarization-independent.

Design methodology of the proposed PCM
A cross-sectional view of a classical resonant cavity antenna (RCA) with a phase-correcting metastructure is 
shown in Fig. 1a to describe the methodology of the proposed PCM design using the near-field phase transfor-
mation approach. Though the proposed phase-correcting metastructure can be scaled to any type of aperture 
antenna, an RCA is considered here as an example to compare the results of the proposed system with existing 
phase-correcting structures for RCA reported in the literature. The design frequency for the prototype of the 
proposed PCM is set at 12 GHz. The RCA consists of a copper ground plane and a partially reflecting surface 

Figure 1.  (a) Cross-sectional view of a classical RCA with the proposed PCM. (b) Circularly symmetric unit 
cell distribution followed for phase correction above antenna aperture.
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(PRS) of dimensions 100mm× 100mm (4�0 × 4�0) placed at a distance of �0/2 from the ground plane, where �0 
is the free space wavelength at 12 GHz. The PRS is made from Rogers TMM4 material, which has a permittivity 
( ǫr ) of 4.7 and loss tangent ( tan δ ) of 0.002. The thickness of the ground plane and PRS are 1 mm and 3.175 mm, 
respectively. The distance between the ground plane and PRS is chosen as 13 mm (≈ �0/2) to fulfill the require-
ment of resonance condition between ground and  PRS36. The PCM is placed at a distance of 7 mm (≈ �0/4) from 
the PRS to shift the maximum directivity to or near to the design frequency.

The RCA is excited by a slot antenna with slot dimensions of 13.05mm× 8.53mm using a commercially avail-
able WR-75 waveguide. Resonance occurs in the air cavity between the ground plane and PRS at 12.4 GHz due 
to the back and forth of the EM wave generated from the source. The electric field (Ey) phase distribution on the 
antenna aperture is not uniform, as indicated with unequal arrows in Fig. 1a, which causes poor far-field radia-
tion performance. To address this, a phase-transforming structure is placed at a distance of �0/4 to transform the 
non-uniform phase into a more uniform phase. In Fig. 1a, the phases on the input surface plane (PCM-IP) are 
non-uniform, whereas the phases on the output surface plane (PCM-OP) are nearly uniform due to the phase 
correction provided by phase-correcting metastructure (PCM).

The metastructure is designed using the near-field phase-correction technique following the approach 
described in Ref.37. First, an imaginary plane, denoted by PCM-IP, is considered above the antenna aperture at a 
distance of �0/4 to probe the actual phase of the dominant electric field (Ey) . This virtual plane is divided into a 
2-D grid of 12× 12 squares, with each cell having a size of 8.33 mm ( �0/3 ), as shown in Fig. 1b. Detailed expla-
nations of selecting the cell size and the square grid are provided in Ref.42. The phase of the dominant electric 
field is probed at the center of each square in the grid. A reference phase is then set up to correct the probed 
phases to this reference phase.

The required phase delays for phase correction relative to the reference phase in each square grid are generated 
by placing appropriate meta-atoms on the individual square grids. The required ideal phases for all meta-atoms 
are calculated by using the following equation:

where θi represents the phases on the PCM-IP plane, θo represents the phases on the PCM-OP plane shown in 
Fig. 1a and the required ideal phase delay is denoted by θr(x, y).

Since the phase distribution on top of the antenna aperture is considered circularly symmetric around its 
center, the phases are probed at the center of only cells 1 to 6 along the x-axis, shown in Fig. 1b. The distance 
from the origin to the centers of these six cells, along with their corresponding probed phases, are listed in 
Table 1. The reference phase is set to θo=200◦ for phase correction, and the required phase delays are calculated 
accordingly. For example, the distance between the origin (0,0) and the center of cell 3 is 20.825 mm, and the 
probed phase at that position is 49.37◦ . To correct this phase to 200◦ , a phase delay of 150.63◦ (=200–49.37) is 
needed at the location of cell 3. All other phases are calculated similarly. The meta-atoms are selected in such a 
way that they can produce the required phase delay for each location of the six cells. These meta-atoms are then 
repeated and organized in a concentric circular and symmetric pattern, as shown in Fig. 1b, to form the complete 
phase-correcting metastructure.

Proposed 3‑D printed meta‑atoms and PCM design
The widely used approach to designing and investigating metastructure begins with the design and analysis of 
meta-atoms, which are the basic building blocks used to control the RF response of the metastructure. Initially, 
the performance of the meta-atoms, also called unit cells, is analyzed. Based on this analysis, appropriate meta-
atoms are then assembled to form the desired phase-correcting metastructure.

Meta‑atoms analysis
In our proposed 3D printed PCM, three types of highly electromagnetic signal-transmitting single-layer meta-
atoms are used, as shown in Fig. 2. We used hybrid cells because a single cell is not capable of generating a 
wide range of phases with low height while maintaining a transmission coefficient greater than – 1 dB. All the 
meta-atoms are cuboid with a height of 6.25 mm (�0/4) . According to the definition of metasurface, the lateral 
dimensions of the meta-atoms, also known as unit cells, should be the sub-wavelength of the propagating wave. 
From the meta-atom analysis reported in Refs.23,32,43,44, it appears that the meta-atom size can be as large as �0 /3 
without negatively affecting the accuracy of the results. Therefore, the lateral dimensions of the proposed meta-
atom are selected as 8.33 mm (�0/3)37, where �0 (=25 mm) is the operating wavelength of the electromagnetic 

(1)θr(x, y) = θo − θi

Table 1.  Cells center positions, probed phases, required phase delay, and values of ‘b’ for the meta-atoms.

Cell number Center position of the cells (mm) Probed phases (◦) Required phase delay (◦) Values of ‘b’ (mm)

1 4.165 118.3 81.7 3.71

2 12.495 90.47 109.53 3.87

3 20.825 49.37 150.63 3.5

4 29.155 9.12 190.88 3.36

5 37.485 – 30.65 230.65 4.82

6 45.815 – 50.59 250.59 5.6
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wave in the design frequency (12 GHz). This relatively large meta-atom size (�0/3) also reduces the design and 
fabrication complexity. The cuboid structure is made of dielectric material with a dielectric constant ( ǫr ) of 4.5 
and loss tangent ( tan δ ) of 0.0042 and copper.

The meta-atoms (MA) used in the inner two concentric circular layers (MA-1, MA-2) of the proposed 3-D 
printable, planar PCM are similar and denoted as meta-atom (MA) type-I, depicted in Fig. 2a. In meta-atom 
type-I, three identical metal layers are inserted at equal vertical distance on the cube’s top, bottom, and middle. 
The metal layers are cross-shaped with a central cut (cutting length is denoted by b). The metal layer has a thick-
ness of 0.5 mm. The width of the outer metal boundary is 0.25 mm, and the width of the inner metal arms is 0.5 
mm, as shown in Fig. 2d. By varying the length of the inner metal arms, the phase generated by the meta-atom 
can be changed as the permittivity changes. The meta-atoms used in the subsequent circular pattern (MA-3) are 
denoted as type-II, shown in Fig. 2b, where a metal block is inserted in the middle of the substrate. The lateral 
dimension of this metal block (b) is equal to 3.36 mm, and the height is equal to the meta-atom height (6.25 mm).

The meta-atoms used in the outer three concentric circular rings (MA-4, MA-5, MA-6) in the proposed 3-D 
printed PCM are similar and denoted as meta-atom type-III, shown in Fig. 2c. Each meta-atom type-III consists 
of a single metal layer inserted in the middle of the substrate, with the same thickness and width as the metal 
layer used in meta-atom type-I. The dimension of the central air hole (denoted as b) varies to generate different 
required phases.

The proposed meta-atoms are designed, and full-wave simulation is done from 11 GHz to 15 GHz using 
Computer Simulation Technology (CST) Microwave Studio software. Excitation is given by a waveguide port, 
and periodic boundary conditions were set in the simulation environment to simulate the proposed meta-atoms. 
To predict the transmission and reflection characteristics of the proposed meta-atoms using full-wave simula-
tions, for each type of meta-atom, the value of ‘b’ is varied with a parametric sweep with a step size of 0.02 and 
a database of transmission magnitude and phase for each type of meta-atom is created. From the database, the 
meta-atoms with transmission magnitudes greater than -1 dB are filtered and separated to design the proposed 
highly transmitting metastructure.

The required phase delays at the centers of the selected six cells, derived from electric field aperture phase 
distribution, are 81.7◦ , 109.53◦ , 150.63◦ , 190.88◦ , 230.65◦ , and 250.59◦ , and the values of ‘b’ for the selected 

Figure 2.  Three types of meta-atom in a simulation environment and metal layer dimensions.
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meta-atoms 1 to 6 to provide the phase delays in mm are 3.71, 3.87, 3.5, 3.36, 4.82 and 5.6, respectively, mentioned 
in Table 1. The magnitude and phase of the transmission coefficients of the six meta-atoms used in the proposed 
PCM are shown in Fig. 3. From the transmission characteristic curves, it is noted that the transmission coefficient 
magnitudes of the cells are greater than – 0.72 dB at 12 GHz. Due to the high transmission characteristics of the 
individual cell, the proposed metastructure is also highly RF signal-transmissive and provides enhanced gain 
and directivity with low RF loss.

Proposed phase‑correcting metastructure
As the electric field phase distribution on top of the RCA aperture is considered circularly symmetric as shown in 
Fig. 1b, for design simplicity, only the six meta-atoms are repeated and organized in a concentric circularly sym-
metric pattern to form the proposed highly transmitting planar phase-correcting metastructure. A perspective 
view of the proposed 3-D printable PCM is shown in Fig. 4. The cells located at the corner of the PCM are ignored 
for simplicity in design and reduced weight, as those cells have minimal impact on the overall performance.

Result analysis
After completing the design of the whole system, including the RCA and the proposed phase-correcting meta-
structure, the system is simulated with a time domain solver of commercially available Computer Simulation 
Technology (CST) microwave studio software (v.2022) over a frequency range of 11–14 GHz.

The normalized phase distribution of the dominant electric field ( Ey ) on top of the antenna aperture along the 
x-axis at a distance of 6.25 mm (�/4) , both with and without the PCM, is shown in Fig. 5a. This figure indicates 
the degree of nonuniformity in the aperture phase distribution of the base antenna. For the RCA without PCM, 
the phase difference between the maximum and minimum phase, known as phase error, is 176◦ . With the pro-
posed PCM, the phase error is reduced to 82◦ , demonstrating the improved phase uniformity in aperture phase 
distribution. This enhancement in phase uniformity significantly improved the far-field radiation performance. 
Fig. 5b and c illustrate the 2-D Ey phase distribution on top of the antenna aperture looking from the z-axis at 
a distance of 6.25 mm, without and with the proposed PCM, respectively. The former clearly shows the highly 
non-uniform phase distribution of the base antenna without PCM, while the latter displays the more uniform 
phase distribution achieved with the proposed PCM.

Figure 6 shows the variation in peak directivity and gain across different frequencies in the E-plane, both with 
and without the proposed phase-correcting metastructure. While the RCA without PCM provides its maximum 
performance (peak directivity of 12.3 dB and gain of 12.2 dB) at 12 GHz, maximum performance is achieved for 
RCA with the proposed PCM at 12.4 GHz due to the loading of PCM on top of the aperture. The peak directivity 
and gain of the RCA with the proposed PCM at 12.4 GHz are 20 dB and 19.5 dB, respectively. The small shifting 
of frequency of peak directivity is due to the loading of the proposed PCM, and it is a common phenomenon in 
the case of near-field phase correction. This figure also indicates a 3-dB directivity bandwidth of 16.50% of the 
antenna with the proposed PCM.

The improvement in far-field radiation performance using the proposed PCM is demonstrated in Fig. 7. The 
directivity and gain patterns in the E-plane and H-plane at 12.4 GHz are shown in Fig. 7a and b, respectively. With 
the proposed PCM, the RCA achieves a peak directivity of 20 dBi, compared to 11.4 dBi without the PCM. At 12.4 
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GHz, the peak gains for the RCA with and without PCM are 19.5 dB and 11.2 dB, respectively. This indicates an 
improvement of 8.6 dB in directivity and 8.3 dB in gain, attributed to the enhanced near-field phase distribution 
provided by the proposed PCM. Additionally, the side-lobe levels (SLLs) of the RCA without PCM are -7.3 dB in 
the E-plane and – 20.8 dB in the H-plane. With the PCM, the SLLs improve to – 10 dB in the E-plane and – 23.1 
dB in the H-plane. This enhancement in antenna performance is due to the improved phase uniformity on the 
antenna aperture phase distribution. The peak aperture efficiency of the RCA with the proposed PCM is 41.46%.

To verify the results obtained from CST software, we conducted simulations of our prototype using another 
commercial electromagnetic 3D full-wave simulator, HFSS (High-frequency Structure Simulator). The results 
from both software shows good agreement. Comparative results from both simulators are presented in Figs. 8, 
9 and 10.

Figures 8 and 9 depict the radiation patterns at 11.6, 12, 12.4, and 12.8 GHz in the E-and H-plane, respec-
tively, utilizing both CST and HFSS software. Both co-polar and cross-polar components are shown for each 
plane. The peak gain at 11.6, 12, 12.4, and 12.8 GHz using CST are 16.9, 19, 19.5, and 18.7 dB, respectively. The 
proposed antenna system exhibits impressive cross-polar rejection in the peak beam direction, with cross-polar 
components being at least 35 dB lower than the co-polar components across all frequencies in both principal 
planes. From Figs. 8 and 9, it is observed that the co-polar component patterns from both software show good 
agreement. Although there is a small difference in cross-polar component patterns between CST and HFSS, the 
level of cross-polar rejection remains similar in both software. This discrepancy in cross-polar components can 
be attributed to the computational accuracy of each software.

Figure 4.  Perspective view of the proposed PCM along with RCA.
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The reflection coefficients (S11) of the resonant cavity antenna with the PCM, simulated using both CST and 
HFSS software, are shown in Fig. 10. From this figure, it is clearly observed that S11 is less than -13 dB, indicating 
that more than 90% of power is transmitted through the proposed PCM system. Additionally, the voltage standing 
wave ratio (VSWR) of the RCA is also presented in this figure with PCM for both CST and HFSS simulations. 
The antenna is well impedance matched over the frequency range of 11 GHz to 14 GHz as the VSWR is below 
1.6, as shown in Fig. 10. A good agreement exists between the results obtained from both software packages.

The performance of our proposed phase-correcting metastructure is compared with some state-of-the-art 
literature for benchmarking shown in Table 2. In this comparison table, the thickness of the proposed PCM is 
only 6.25 mm (0.25 � ), which is the lowest among all the structures. Furthermore, the RCA with our proposed 
PCM achieves a peak directivity of 20 dBi and a 3-dB directivity bandwidth (BW) of 16.50%, which are compa-
rable with other designs. The reduced height of our proposed PCM leads to lower material consumption during 
manufacturing, resulting in cost savings when produced with a multi-material 3-D printer.

Commercial-off-the-shelf (COTS) 3D printing material, such as PREPERM material with a dielectric constant 
of 4.5 and loss tangent of 0.0042, along with copper, can be utilized to fabricate meta-atoms using multi-material 
3-D printers. The permittivity and loss characterization of similar dielectric material, like PREMIX PREPERM 
TP20280, are detailed in Refs.48–50, demonstrating their suitability for achieving desired performance. As recent 
advancements in additive manufacturing (AM) technology have led to the emergence of novel 3-D printing 
methods and materials, some new generation 3-D printers are capable of fabricating conductive and dielectric 
materials  simultaneously51. For instance, authors in Refs.52–54 successfully fabricated some prototypes integrating 
metal and dielectric material using the additively manufactured electronics (AME) method and DragonFlyTM 3D 
printer, achieving desired performance through experimental validation. Thus, similar techniques can feasibly 
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Figure 8.  Comparison of far-field pattern in E-plane at 11.6, 12, 12.4, and 12.8 GHz, obtained from CST and 
HFSS.
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be employed to fabricate our proposed prototype, which incorporates both metal and dielectric components. 
Alternatively, conventional 3D printers can be used to fabricate our proposed prototype. In this approach, 
the dielectric component needs to be printed in two parts with a conventional printer. The metal parts can be 
produced from a metal sheet using a laser cutter. Subsequently, the metal and dielectric components can be 
assembled together to construct the entire metasurface.

Conclusion
A new approach to designing 3-D printed hybridized meta-atoms is presented for low-profile phase-correcting 
hybrid metastructure development using metal and dielectric materials for aperture-type antenna performance 
enhancement. Our proposed PCM is planar, highly transparent, and can be fabricated in a single step at a low 
cost using modern additive manufacturing techniques. Additive manufacturing evades the challenges associated 
with fabricating intricate and delicate structures using traditional manufacturing processes. The low profile of the 
proposed PCM makes it cost-effective with 3-D printing technology. To our knowledge, its profile is lower than 
that of structures previously reported in the literature, making it suitable for compact antenna systems requiring 
high performance. The proposed system with waveguide feed RCA achieves excellent performance with peak 
directivity and gain of 20 dBi and 19.5 dB, respectively, at 12.4 GHz. Moreover, it exhibits a lower side lobe level 
(-10 dB) and high aperture efficiency of 41.46%. Commercially available  PREPERM®ABS dielectric material with 
low RF loss can be used to fabricate the proposed PCM.

Data availability
All data generated or analyzed during this study are included in this published article. For any further data, you 
can contact the corresponding author, Md Yeakub Ali (mdyeakub.ali@students.mq.edu.au).
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