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ABSTRACT A metasurface including an empty region constituted by a square-shaped aperture is proposed
to improve the performance of a circularly polarized patch antenna array based on sequential-phase feeding.
The metasurface is applied/stacked to a conventional antenna consisting of a loop feeding structure, which
enables sequential incremental phase to four patches. Surface waves propagating on the metasurface are
excited, affecting the resonance features of the overall radiating structure, thereby improving both the input
impedance-matching and the axial ratio bandwidths of the antenna. The square-shaped aperture in the top
layer is introduced to extend the range of frequency over which the sequential phase feeding remains
effective. The antenna prototype and the stacked metasurface are fabricated. The experimental results,
in good agreement with simulation, show that the antenna with the compact size 2.161¢ x 2.161¢ x 0.12X,
at the central frequency, provides a broad impedance relative bandwidth of 43.8% from 11.6 GHzto 18.1 GHz
and a 3-dB axial ratio bandwidth of 36.6% (from 11.6 GHz to 16.8 GHz). In addition, the proposed antenna
has a flat gain within the operating frequency band and a peak gain G = 13.9 dBic at frequency f = 14 GHz.

INDEX TERMS Axial ratio, circular polarization, metasurface, patch antenna, satellite communications,
sequential-phase, wideband antenna.

I. INTRODUCTION

Microstrip patch antennas are widely employed to address the
demands of modern communication, which usually include
wideband operation, high efficiency, ease of fabrication,
and low manufacturing costs [1]. These antennas are cru-
cial for applications such as satellite communication and
global positioning systems (GPS), where circular polariza-
tion (CP) is required to ensure reliable signal transmission
and reception [2]. CP radiation offers several advantages,
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including enhanced immunity to multipath fading, reduced
polarization mismatch losses, and mitigation of Faraday rota-
tion effects caused by the ionosphere [3]. Among several
antenna structures for generating CP, single-feed designs
have been widely investigated allowing compact radiating
structures and simplicity in design [4]. However, these anten-
nas generally suffer from narrow impedance matching and
axial ratio (AR) bandwidths, which limit their performance
across wide frequency ranges [5]. To overcome these lim-
itations, several bandwidth enhancement techniques have
been proposed, including the use of parasitic patches, slotted
ground planes, and resonant structures [6], [7], [8], [9], [10].
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Among the feeding networks, the sequential-phase tech-
nique has gained significant attention due to its capability
of improving both the impedance and AR bandwidths.
Therefore, sequential-phase feeding constitutes a promis-
ing and feasible approach for broadband CP antenna
arrays [11], [12]. Additionally, the integration of metasur-
faces, either above or below the radiating element, with
or without an air gap, has demonstrated a strong poten-
tial in further enhancing antenna performance by han-
dling surface wave propagation and improving radiation
characteristics [3], [13].

In particular, the Ku-band (12 — 18 GHz) is of grow-
ing importance for high-data-rate satellite communications,
direct broadcast services, and radar systems, necessitating
antenna designs that combine compact form factors with
broad CP bandwidth and stable performance.

In this paper, we present the use of a metasurface including
a square-shaped aperture as a method to enhance the perfor-
mance of a circularly polarized sequential-phase-fed array.
The metasurface aperture is positioned above the feeding net-
work, to reduce the phase-dispersion across frequencies. This
configuration, proposed for the first time to the best of our
knowledge, operates by reducing the effective permittivity
ey of the microstrip lines, thereby decreasing phase-delay
across frequencies. The resulting two-layer antenna achieves
broadband CP operation across the Ku-band. We demonstrate
that the employment of the square-shaped aperture signifi-
cantly enhances the antenna overall performance, improving
the impedance bandwidth from 9.7% to 43.8% and the AR
bandwidth from 10% to 36.6%. Furthermore, the gain G as a
function of frequency f remains stable within the impedance
bandwidth, ensuring consistent performance throughout the
Ku-band. The proposed method provides an effective solution
for typical satellite communication systems requiring com-
pact, high-performance, and broadband CP antennas.

Il. DESIGN OF THE CP ANTENNA ARRAY

The proposed antenna configuration is composed of two
substrates. Rogers RT/duroid 5880 substrates (¢ = 2.2,
tand = 0.0009) are considered for both layers. Figure 1
(a) illustrates the top side of substrate #1 with thickness
h1 = 0.787 mm. This array follows the design approach sim-
ilar to that presented in [14], optimized for CP and broadband
performance. The bottom side of substrate #1 is fully metal-
ized, serving as a ground plane. Figure 1 (b) illustrates the
top side of substrate #2 with thickness hy = 1.575 mm,
which is stacked on the top layer of substate #1 with no
airgap, to increase the compactness. Substrate #2 is cov-
ered by copper on a single side. Sequential-phase feeding
relies on delivering specific phase shifts to each element
(0°, 90°, 180°, and 270° in the proposed antenna) to gener-
ate CP. However, the phase shifts are frequency-dependent,
and higher dispersion is introduced when the feeding network
is loaded with a dielectric, especially if characterized by
high permittivity. To mitigate this, a square-shaped aperture
is introduced above the sequential-phase feeding network.

VOLUME 13, 2025

This design choice reduces the variation in phase delay
across frequencies by lowering the effective permittivity €4 .
Specifically, the aperture reduces the effective permittivity of
the microstrip lines in the loop feeding network from about
e =2.14 10 g = 1.75. Similarly, the microstrip lines used
to feed the four patches exhibit a reduction in effective permit-
tivity due to the aperture from about g,=2.1 to g,4=1.69.

To evaluate the performance of the antenna, the entire
structure is simulated using CST Microwave Studio. The
optimized design parameters are summarized in Table 1.
The metasurface, working as an artificial magnetic conductor
(AMC), is directly staked on the primary radiator. In partic-
ular, a 2 x 2 unit-cell pattern is stacked on each patch of
the primary radiator in order to excite the suitable surface
waves [15], [16], [17]. A cavity model can be employed to
determine the surface wave resonance:

Bsw = /NP ey

where Bsw is the propagation constant of the surface wave,
N =0,1,2,...,is the number of unit cells and P = [, + g
is the unit cell periodicity [1], [17], [18].

Unit cell simulation via eigenmode solver in CST
Microwave Studio has been employed to obtain the disper-
sion diagram, i.e. the eigenmode frequency as a function of
the phase constant. Periodic boundaries have been applied to
the side walls of the unit cell and electric conductor (E; = 0)
boundaries have been considered at the top and bottom, sepa-
rated from the unit cell by an air gap. The dispersion diagram
is presented in Fig. 2(a). Specifically, for a 2 x 2-unit cell
distribution, the first two eigenmodes, i.e. transverse mag-
netic (TM) and transverse electric (TE), exhibit the resonant
frequencies f,_ryy = 15.1 GHz and f,_7g = 16.4 GHz,
respectively. These frequencies have been obtained by inter-
secting the dispersion curves of Fig. 2(a), with the value on
the right side of (1) for N = 2 [15], [17].

Furthermore, Fig. 2(b) illustrates the reflection phase p,
computed through unit-cell simulation in the frequency
domain. Periodic boundaries have been applied to the side
walls of the unit cell, Floquet port at the top of the unit
cell, and electric conductor (E; = 0) at the bottom of the
unit cell. The results indicate that the entire Ku-band lies
within the AMC bandwidth, which is defined as the frequency
range where the reflection phase remains between p = —90°
and p = 490° [19]. Therefore, in-phase reflections for an
incident wave over a large bandwidth is obtained, this leading
to efficient radiation also in case of adjacent substrates [17].
Moreover, also for oblique incidences, the AMC bandwidth
is stable; this is crucial for array scanning stability radiation.

In order to further verify the achievement of CP, simulated
surface current distributions at the frequency f = 12GHz are
illustrated in Fig. 3. It can be observed that the patch elements
are excited along one diagonal of the array at a phase ¢ = 0°
and along the orthogonal diagonal at ¢ = 90°, with similar
behaviour also at ¢ = 180° and ¢ = 270°. The observed
surface current distribution, with the vector rotating by 90° at
successive 90° phase increments, confirms that the antenna
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FIGURE 1. Geometry and size of the proposed 2 x 2 sequential phase-fed
patch array with a stacked metasurface; (a) top side of substrate #1,
(b) top side of substrate #2.

TABLE 1. Geometric dimensions of the optimized antenna.

Parameter Value Parameter Value Parameter Value
g1 2.2mm w 43.6 mm L, 3.77 mm
9» 0.73 mm n 0.505 mm l5 5.07 mm
Im 3.76 mm 7 1.315mm ly 5.84 mm
w; 6.35mm l 43.6 mm ls 10.6 mm
w, 0.17 mm . 4.24 mm le 1.98 mm
Wy 0.7 mm I 6.35 mm

supports CP. Similar current patterns were observed at other
frequencies across the operational bandwidth, confirming
consistent CP behavior, but are omitted here for brevity.

To investigate the influence of the square-shaped aper-
ture positioned above the sequential-phase feeding network,
a series of parametric simulations have been conducted
by varying the /5 value. Figure 4 (a) highlights a substantial
improvement of the impedance bandwidth for /s = 10.6 mm
(11.3 — 17.8 GHz) with respect to the case of no aperture,
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i.e. s = 0 mm. Figure 4 (b) illustrates the large 3 — dB AR
bandwidth (11.4 — 18.2 GHz) for I5 = 10.6 mm.
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FIGURE 2. Simulated (a) dispersion diagram and (b) reflection phase p
for different incidence angle ¢ of the metasurface structure.

FIGURE 3. Surface current distribution for phase
¢ =0°¢p =90°¢ = 180°and ¢ = 270° at the frequency f = 12 GHz.

Ill. FABRICATION AND CHARACTERIZATION

OF THE CP ANTENNA ARRAY

Prototypes of the antenna have been fabricated by using
printed circuit board (PCB) process, via ultraviolet (UV)
laser writing. Figure 5 (a) reports the top side of the bottom
substrate, Fig. 5 (b) the top side of the top substrate and
Fig. 5 (c) the mounted circularly polarized antenna inside the
Satimo StarLab anechoic chamber. The input reflection coef-
ficient S11 has been measured with the Agilent Technologies
N5224A PNA Network Analyzer, while the radiation per-
formance by the abovementioned Satimo StarLab anechoic
chamber operating up to the frequency f = 18 GHz.

Figure 6 (a) reports the simulated (solid line) and mea-
sured (dashed line) input reflection coefficient Si;. The
measured impedance bandwidth covers from f = 11.6 GHz
to f = 18.1 GHz, i.e. the relative bandwidth is 43.8%.
A very good agreement between simulation and measure-
ment is obtained. The slight discrepancies could be due
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FIGURE 4. Simulated (a) input reflection coefficient S;; and (b) axial ratio

AR of the proposed antenna for different /5 values.

FIGURE 5. Constructed prototype of the proposed antenna: (a) top view
of the substrate #1, (b) top view of the substrate #2, (c) assembled
antenna in the Satimo StarLab anechoic chamber.
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FIGURE 6. (a) Simulated (solid line) and measured (dashed line) input
reflection coefficient S;;, (b) simulated (black line) and measured
(red line) directivity D for RHCP (solid line) and LHCP (dashed line)
radiation of the proposed antenna.

to 1) fabrication tolerance; ii) not ideal stacking of the sub-
strates, fixed with nylon screws; iii) connector soldering.
Figure 6 (b) reports the simulated and measured directivity D
for both RHCP radiation and left-hand circular polarization
(LHCP) radiation as well as the measured total efficiency 7.

The measured peak gain is G = 13.9 dBic with a 3 — dB
gain bandwidth from f = 12.3 GHz to f = 17.5 GHz,
i.e. arelative bandwidth of 34.9% within the impedance band-
width. RHCP radiation (solid lines) is the dominant operating
mode of the designed and fabricated antenna.
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FIGURE 7. Simulated (solid line) and measured (dashed line) axial ratio
AR of the proposed antenna.
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FIGURE 8. Simulated (black line) and measured (red line) RHCP (solid
line) and LHCP (dashed line) radiation patterns of the constructed

antenna: a) frequency f= 12 GHz, b) frequency f= 14 GHz, c) frequency
f=16 GHz.
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TABLE 2. Comparison with literature circularly polarized antennas.

Size S = S < 3—-dB 3—-dB Peak Number of
Ref. no Structure 2 —10dB —10dB AR BW G BW gain substrates
(40) (GHz) BW (%) (%) (%) (dBic)
Patch antenna array 1.26 X 4.4
[3] with stacked 1.26 X ~ 55.6 41.7 18.2 12.1 2
metasurface 0.046 8.0
Square ring, two 0.88 x 4.7 .
[4]  layerspatchesand 0.8 x ~ 432 26.5 32.6 ** 8.5 2+ vertical
vertical walls 0.12* 7.2 walls
Sequential phase 1.55 x 5.2
[14] fed patch antenna 1.55 x ~ 18.7 12.7 12.7 12.0 1
array 0.03 6.2
Polarization 2.06 x 5.4
[20] conversion 2.06 x ~ 32.6 26.35 - 13.5 2
metasurface array 0.08* 7.5
SISL sequentially 24 % 5.0
[21] rotation feeding 2.4 X ~ 20.2 18.9 > 20 13.8 5
antenna 0.102* 6.2
1D 1.39 x 10.8
[22] M-Probe 1.39 x ~ > 30.0 > 30.0 - 11.3 3
0.14 > 16
Rotated-stair 2.8 % 10.1
[23] dielectric resonator 2.0x ~ 25.1 21.4 - 15.1 3
antenna 0.3* 13.0
Ths  fdpchamema 216X 116
. 2.16 X ~ 43.8 36.6 34.9 139 2
work array with holed
0.12 18.1
metasurface

Ag is calculated as the free-space wavelength referring to the center frequency of the 3 — dB gain bandwidth
* Ao is calculated as the free-space wavelength referring to the center frequency of the impedance bandwidth

** 1 — dB gain bandwidth

The simulated and measured axial ratio AR is reported
in Fig. 7, proving a measured 3 — dB axial ratio bandwidth
fromf = 11.6 GHztof = 16.8 GHz (36.6%). The simulated
3—dB AR bandwidth is larger than the measured one. This can
be also ascribed to fabrication tolerance, presence of screws
neglected in the simulation and connector soldering.

Figure 8 reports the antenna radiation patterns in the xOz
and yOz planes at three different frequencies, (a) frequency
f = 12 GHz, (b) frequency f = 14 GHz and (c) frequency
f = 16 GHz. The RHCP radiation (solid lines), as expected,
is the dominant operating mode of the designed and fabricated
antenna.

The performance of the proposed antenna is compared
to that of similar antenna designs in terms of antenna size,
impedance bandwidth, 3 — dB AR bandwidth, 3 — dB gain
bandwidth, peak gain, and fabrication complexity as shown
in Table 2. By the table inspection, the proposed antenna
has wide impedance matching, 3 — dB AR, and 3 — dB gain
bandwidths. It is also worth mentioning that the proposed
design operates at larger frequency and generated a peak gain
of 13.9 dBic at the frequency f = 14 GHz. With respect to the
state of the art, the proposed antenna exhibits an improvement
in performance metrics while preserving a compact size with
no air gaps.

IV. CONCLUSION

In this paper, a CP antenna designed for Ku-band applica-
tions is proposed. The antenna structure consists of a stacked
configuration without air gaps, where a 2 x 2 square patch
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metasurface array is placed directly above the sequential-
phase fed patch antenna array.

The metasurface plays a key role in enhancing the antenna
electromagnetic performance via surface wave propaga-
tion, introducing additional resonances to improve both the
impedance bandwidth and the 3 — dB AR bandwidth.

The incorporation of a square-shaped aperture in the meta-
surface layer is demonstrated as novel effective approach
to further enhance broadband performance, reducing phase
delay variation among array elements over frequency in the
sequential-phase feeding network. The designed and fab-
ricated antenna predominantly operates in the right-hand
circular polarization.

Experimental results demonstrate a high level of agree-
ment with simulations, confirming the antenna performance
in terms of impedance matching, stable gain, and broadband
operation. Specifically, the antenna achieves a consistent gain
above 10 dBic throughout the CP bandwidth, making it an
ideal candidate for space-based applications, including satel-
lite communications, and radar systems, where high gain,
wide bandwidth, and reliable polarization performance are
essential.
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