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Abstract
In this article, we present a simplified, fast, cost-effective,
and precise fabrication method for designing multi-layer
leaky-wave/Fabry-Perot antennas (LWAs/FPAs). Tradition-
ally, these antennas are fabricated using existing techniques
such as lithography, LPKF laser, and 3D printing. The pro-
posed antenna design features a pair of complementary par-
tially reflective surfaces (PRSs) printed on either side of a
low-cost plastic substrate. This substrate is positioned over
an air cavity backed by a metallic ground plane, which in-
cludes a slot to accommodate waveguide feeding. The pro-
posed FPA achieves a high gain of approximately 14 dBi
across a wide operating frequency range (20-21.86 GHz),
with excellent impedance matching characterized by an S11
level below -10 dB. The antenna is fabricated using a fiber
laser fabrication method, which is a simple, efficient, and
fast process, taking less than a minute to create the peri-
odic patterns for the desired samples. Finally, its simulation
results are validated through multiple measurements con-
ducted on various samples.

1 Introduction
High gain antennas are very important and crucial com-
ponents for the applications including satellite communi-
cation [1], radar detection [2], air traffic control [3], as-
tronomy [4] and millimeter-wave (mm-wave) communica-
tion [5]. Conventionally, antenna arrays are designed to
achieve increased gain by combining the radiated energy
from multiple individual antennas [6]. These antennas are
arranged in a specific configuration and excited simultane-
ously with controlled amplitude and phase to produce a fo-
cused and directive beam, resulting in high gain. Although
these specific antennas can achieve high gain, their feed-
ing mechanisms, such as corporate feeding networks [7],
Butler matrices [8], and others, are inherently complex and
challenging to implement.

Alternatively, FPAs provide high gain but have a narrow
bandwidth [9, 10]. They offer a simplified design geometry
and straightforward feeding mechanism, making them a po-
tential replacement for conventional antenna arrays [9, 10].
They have proven to be an effective solution for high di-
rective applications because of their simple and easily fab-
ricable design, which incorporates an air cavity positioned
at half the wavelength between the ground plane and the
top PRS [11]. The most significant and straightforward
aspect of these antennas is their excitation, as they can

be easily fed using a simple waveguide source, eliminat-
ing the need for a complex feeding network typically re-
quired in multiple-input multiple-output (MIMO) antenna
arrays [10, 11]. In the past, various design approaches
for implementing FP antennas have been studied and in-
clude dielectric superstrates [12], electromagnetic band-gap
structures [13], multiple-layer PRS [14,15] and single-layer
PRS [16, 17] etc.

Currently, wideband FPAs are in great demand. Their band-
width can be enhanced through various design strategies,
such as using complementary PRS [14, 15], multi-fed ex-
citation [11, 18], or a combination of these approaches. In
a complementary PRS-based approach, one or two com-
plementary PRS are placed above the air cavity to achieve
a positive phase gradient within the desired operating fre-
quency range, thereby enhancing the bandwidth. Similarly,
in the multi-fed method, multiple excitation sources are
strategically employed to stimulate the cavity at different
points, effectively broadening the operating bandwidth.

In this article, a wideband FPA is designed and fabricated
using a simple, efficient, and cost-effective method involv-
ing a fiber laser marker machine. The proposed antenna em-
ploys a positive phase gradient approach, achieved through
the implementation of a complementary PRS periodic array
within the desired operational band. The FPA demonstrates
wideband performance, achieving a 3 dB gain of 14 dBi
and maintaining an S11 level below -10 dB across the oper-
ating frequency range. The proposed fiber laser method en-
ables the eco-friendly fabrication of precise, low-cost FSS
devices in under a minute, without hazardous chemicals.

2 Design of the Complementary PRS-Based
FPA

The standard configuration of an FPA typically consists of
a single PRS separated from the ground plane by an air
spacer, which results in narrowband characteristics. The
proposed antenna layout, however, adopts a multilayer de-
sign to achieve a wideband response. It features a periodic
array of square patches printed on the top surface of a plas-
tic substrate (εr = 2.5, tanδ = 0.03), while the backside
of the substrate is patterned with periodic grid elements,
serving as the PRS. This PRS is separated from the ground
plane by an air-filled cavity of height h0, which forms the
resonant cavity of the antenna. The proposed FPA is excited
using a rectangular waveguide (WR42) positioned beneath



Figure 1. Schematic representation of the proposed FPA, featuring a complementary PRS composed of a periodic array of
square patches and grid elements printed on opposite sides of a plastic substrate. The substrate is positioned at a distance of h0
from the bottom ground plane, which includes a feeding slot to accommodate the rectangular waveguide for excitation.
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Figure 2. (a) Side view of the PRS unit cell, featuring a
square patch on one side and a grid on the opposite side of
the plastic substrate with P = 3 mm, S = 3 mm and W = 1
mm and hs = 1 mm, (b) Reflection features of the unit cell
of the designed PRS.

the slotted ground plane. The complete configuration of the
FPA is depicted in Fig. 1. The design and simulation of the
antenna structure are carried out using CST Studio Suite,
utilizing its built-in time-domain solver.

3 Results and Discussion
To design a wideband Fabry-Perot antenna (FPA), the pos-
itive phase gradient method is employed. It utilizes a
complementary PRS to achieve positive phase progression
within the desired operating frequency range. The unit cell
of a PRS consists of a square patch printed on one side of
the plastic substrate, while grid element is printed on the
opposite side, as illustrated in Fig. 2a. The effective design
parameters of the unit cell, including the periodicity (D),
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Figure 3. Performance analysis of the proposed FPA with
varying height (h0) of the air cavity: (a) Reflection coef-
ficient (S11) trends indicating good impedance matching,
and (b) Gain trends highlighting the influence of air cav-
ity height on antenna radiation performance.
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Figure 4. Gain variation of the proposed FPA for different
antenna sizes, where λ0 represents the wavelength corre-
sponding to the operating frequency ( f0) of 21 GHz.
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Figure 5. Fabrication section of the proposed FPA, showing layer by layer component, (a) Periodic array of the square patches
(b) Periodic array of the grids, (c) Bottom ground plane includes a slot designed to accommodate the waveguide feeding and (d)
The complete antenna structure is composed of multiple layers arranged as follows: the top layer is a plastic tape, followed by
a second layer of periodic array of copper patches. The third layer consists of a plastic substrate, while the fourth layer features
a periodic array of grids. The fifth layer comprises foam, utilized to form the air cavity, and the sixth layer serves as the bottom
ground plane.

patch size (P), slot size (S), grid width (W ), and dielectric
thickness (hs), are optimized to achieve the desired positive
phase response within the targeted frequency band. Their
optimized values are as follows: D = 5 mm, P = 3 mm, S =
3 mm, W = 1 mm and hs = 1 mm. The corresponding re-
flection amplitude and phase of the PRS are shown in Fig.
2b, revealing that the phase gradient becomes positive at 18
GHz and maintains a positive slope up to 21 GHz. This in-
dicates that the FPA can achieve a broad bandwidth within
this frequency range.

Now, to obtain the wideband characteristics of an FPA, the
complete antenna layout is designed with an overall size of
of 45 mm×45 mm, comprising an array of 9×9 unit cells
of patches and grid elements. The air-spacer cavity height
(h0) is optimized to be 7.25 mm which is λ0/2 at the oper-
ating frequency of 21 GHz. The proposed FPA is excited
through a rectangular waveguide feeding mechanism ow-
ing to its simple and straightforward feeding. The length
and width of the grounded slot are 8.5 mm and 4.25 mm re-
spectively. The simulated realized gain and S11 are shown
in Fig. 3 for varying h0. The results indicate that the FPA
achieves good impedance matching across a wide operat-
ing frequency band, with a high peak gain of 17.2 dBi and
an overall gain of 14 dBi within the operational frequency
spectrum. The gain characteristics of the proposed antenna
are analyzed for various antenna sizes, as shown in Fig. 4.
It is observed that the antenna with a size of 3.2λ0 achieves
high gain over a wide operating bandwidth, outperforming
other antenna sizes.

4 Fabrication and Measurements
This section describes the fabrication process for the FPA,
which consists of a pair of complementary PRS. A 9×9 ar-
ray of square patches, with a total sample size of 45 mm×
45 mm, is cut using a fiber laser marking machine, as pre-
sented in Fig. 5a. This process is completed in under a
minute, demonstrating its speed and time-saving efficiency.
During the cutting, the remaining mask forms a periodic ar-
ray of grid elements, as seen in Fig. 5b. Since the patches
and grids are exact complements of each other, there is no
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Figure 6. Comparison of the full-wave Simulation and
measured (a) S11 (b) realized gain of the FPA. Measure-
ments are conducted on two different prototypes to verify
the replicability of results and fabrication tolerances.

need to prepare the grid elements separately.

A 45 mm×45 mm copper patch is then prepared, and a slot
is made using the fiber laser machine to accommodate the
waveguide for antenna feeding. This slotted square patch
serves as a bottom ground-plane, as shown in Fig. 5c. The
square patches are collected using standard scotch tape and
transferred onto one side of a plastic substrate, while the
remaining grid array is transferred onto the other side. To
create the air cavity, a foam layer with an approximately
thickness of 7 mm is used. Finally, the plastic substrate with
patches and grid elements is positioned over the foam, with
the slotted ground plane placed at the bottom side of the
foam. This method efficiently fabricates the FPA structure
with complementary PRS elements and the entire antenna
is presented in 5d.

To evaluate the performance of the fabricated FPA, the pro-
totype was connected to a vector network analyzer (VNA)
and fed using a rectangular waveguide (WR42) to excite
the antenna. The measured S11 parameter was obtained and
compared with the simulated results, as shown in Fig. 6a.
Both the simulated and measured S11 exhibit values below
-10 dB over a wide operating frequency range. Although
both curves display two resonance dips, discrepancies are



observed between them. These discrepancies are attributed
to improper tightening and misalignment of the waveguide
with the bottom slotted ground plane. As shown in Fig.
5c, the back side of the FPA, which consists of the slot-
ted ground plane, lacks alignment holes to properly secure
the waveguide. This misalignment leads to inconsistencies
between the simulated and measured S11 parameters. Addi-
tionally, the simulated and measured gain curves show good
agreement, as presented in Fig. 6b.

5 Conclusion
This paper demonstrated a design and fabrication of a low-
cost, wideband multi-layer FPA with a complementary PRS
approach. The proposed FPA utilized a pair of complemen-
tary PRS structures on either side of the low-cost plastic
substrate, which provided a positive phase gradient, thereby
enhancing the antenna bandwidth. The antenna demon-
strated a wide bandwidth ranging from 20 GHz to 21.86
GHz with a 3 dB gain of 14 dBi and excellent impedance
matching. The step-by-step fabrication process was given
and the antenna was manufactured using a fast and efficient
fiber laser fabrication method. Finally, its simulated char-
acteristics were compared with the experimental results.
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