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Abstract—This letter presents a Ka-band high-gain antenna
array loaded with a three-layer metasurface (MS) superstrate fil-
ter for radiation-domain filtering and in-band gain enhancement.
The reference radiator source is a single-port 8 × 8 patch array
designed at the 29.2 GHz center frequency. A new shape three-
layer bandpass MS filter with a good roll-off factor is positioned
above the array with an optimized air gap. Unlike conventional
filtering antennas that mainly exhibit selectivity in the input
reflection coefficient, the proposed structure shows its dominant
filtering effect in the realized-gain and efficiency responses,
while maintaining acceptable impedance matching. The operating
mechanism uses the MS’s bandpass transmission response and
the induced E-field on the MS superstrate by the incident
wave of the reference array. This configuration simultaneously
enhances in-band realized gain through constructive interference,
while suppressing out-of-band radiation via the MS’s frequency-
selective rejection. Simulated and measured results confirm
that the proposed MS-loaded filtering array preserves good in-
band matching from 27.5–31 GHz, covering the Ka-band uplink,
and improves the boresight gain by approximately 3.1 dBic at
29.2 GHz, while attenuating the undesired lower band (LB) gain
by 21.1 dBic and the upper band (UB) by 20.4 dBic. These metrics
make it suitable for Ka-band CubeSat communication systems.

Index Terms—Circularly polarized (CP), Filtering array, High-
gain, Ka-band, Metasurface (MS).

I. INTRODUCTION

H IGH-gain Ka-band CP antenna arrays are attractive
for CubeSat communication systems because of their

compact size, large available bandwidth, and ability to support
high-data-rate links. Due to the congested RF environment
in satellite communication, strong in-band radiation often
requires suppression of undesired out-of-band radiation to
reduce adjacent-band interference and improve spectral purity
[1]. Filtering mechanism in antennas can provide an elegant
way to combine radiation and frequency selectivity in a single
structure.
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Conventionally, filters and antennas in RF front ends are
designed as separate modules [2], [3]. This approach not only
increases the overall system complexity, but can also degrade
in-band performance due to mismatched interconnections and
additional insertion loss. To overcome these limitations, re-
searchers have focused on co-designs and self-filtering [4],
[5], [6], [7]. Although these methods reduce or eliminate the
need for discrete bandpass filters and external filtering circuits,
while maintaining sharp roll-off characteristics on both sides
of the passband. However, the use of lumped elements and
multiple vias makes these single-element designs complex and
challenging to implement in arrays.

MS filters are particularly attractive because they can tailor
both the transmission magnitude and phase observed at the
radiating aperture [8], [9]. A properly designed bandpass
MS filter can support constructive broadside radiation in the
desired band, while weakening radiation outside the operating
band. This mechanism is especially useful in large arrays,
where the superstrate can modify the overall aperture field
distribution in a single module. Based on this, different meta-
surface approaches have been used for filtering in antenna
arrays and gain enhancement [10], [11], [12], [13], [14].
Furthermore, cavity-based advanced filtering antenna concepts
have been implemented at multiple frequency bands [15],
[16], [17], [18]. Although, these periodic structures are often
utilized to construct partially reflective surfaces (PRS) [19],
20. Nevertheless, the majority of such surfaces merely pro-
vide partial reflection/transmission of incident waves without
offering complete frequency-selective filtering functionality.
Moreover, certain metasurfaces have been employed in high-
frequency antennas, which only achieve gain enhancement at
a single resonant frequency, thereby resulting in inherently
narrow bandwidths. Despite these advances, most existing
filtering antenna designs are limited to single-element con-
figurations, thick horn-fed metasurface structures, and small
arrays, making it challenging to extend such designs to high-
gain arrays. Additionally, achieving a filtering response in the
large array’s spatial parameters, such as gain and efficiency, is
quite challenging.

In this work, we proposed and investigated a CP high-gain
8 × 8 Ka-band patch array loaded with a low insertion loss
and wideband three-layer MS filter. The design operates at
the center frequency of 29.2 GHz. The cavity between the
array and the MS is optimized to ensure spatial filtering,
gain improvement, and impedance matching. A distinctive
feature of this design is that the primary filtering properties
manifest in the gain and efficiency vs frequency responses.
Consequently, the proposed antenna is characterized as a high-

This article has been accepted for publication in IEEE Antennas and Wireless Propagation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2026.3720316

© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on October 01,2026 at 17:15:00 UTC from IEEE Xplore.  Restrictions apply. 



IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. XX, NO. XX, XX 2026 2

Fig. 1. Working mechanism of the design and (b) Perspective view of the
proposed filtering array.

gain spatial filtering array for low Earth orbit (LEO) CubeSat
communication applications.

II. DESIGN PROCESS AND ANALYSIS OF THE PROPOSED
FILTERING ARRAY

A. Working Principle

The operating principle and proposed design configuration
of the filtering antenna array are depicted in Fig. 1(a, b),
respectively. The whole antenna mainly consists of three MS
layers on the top and a single-layer CP feed antenna array
located below the bandpass MS filter. The cavity spacing
between the array and the MS filter is a key parameter because
it determines the phase delay accumulated in the air gap to
maintain the radiation pattern.

The polarization-insensitive MS is designed to function as a
spatial filter within the proposed frequency band. The incident
wave from the antenna array passes through the MS in its
passband and radiates into the free space, while out-of-band
waves are reflected.

B. Reference Array Source

The reference source is a single-fed 8 × 8 microstrip patch
array operating in the 27.5–31 GHz range, which covers the
Ka-band uplink. The array is designed on a 0.508 mm-thick
dielectric Rogers RT5880 substrate with relative permittivity
εr = 2.2 and loss tangent tan δ = 0.0009. Each radiating
element is a 2.97 × 2.97 mm2 corner-truncated square patch
with a + shaped slot, tuned to 29.2 GHz. The spacing between
the elements is chosen as 0.62λ◦, Where λ◦ denotes the free-
space wavelength at 29.2 GHz. The 2× 2 subarray consists
of sequentially rotated patch elements excited with equal
amplitude fed with a progressive phase shift of (0◦, 90◦,
180◦, and 270◦). The feed network is implemented using a

Fig. 2. (a) Meta-element with parameters (in mm): a = 0.93, b = 3.14, c
= 1.03, d = 0.38, e = 0.93, f = 0.21, g = 0.15, i = 0.18 (b) Simulated
S-parameters (c) Scan angle performance of the meta-atom in terms of
transmission coefficient, and (d) Extracted constitutive parameters of the meta-
atom.

combination of sequential rotation, as presented in the 2× 2
subarray [21], and a corporate power divider to ensure 90◦

phase-delay excitation across the elements, achieving both
wideband circular polarization and impedance matching. The
simulated array yielded a wideband, a peak gain of 22.2 dBic,
and an axial ratio less than 3 dB in the proposed band as
discussed in section (II-D).

The feeding source array was first optimized to achieve the
required results over the targeted band. After this baseline de-
sign was established, the MS superstrate filter was introduced
above the radiating aperture to study its effect on the matching
and radiation responses.

C. Design of Meta-atom

The simulated structure of the proposed MS unit cell, as
shown in Fig. 2(a), has evolved from structure A to C in three
steps for wideband operation to cover the targeted band. It
consists of three 0.5 mm-thick F4B substrates with relative
permittivity εr = 2.2 and loss tangent tan δ = 0.002. Each
substrate features with an identical conductive layer on one
side and successive substrates are spaced by ha = λ◦/4 air
gaps. The metallic layers consist of a square patch loaded
with multiple integrated slots and a cross-shaped conductive
structure in the center. The dimensions of the suggested
square unit cell are W ×W= 6× 6 mm2, and other optimized
parameters as shown in Fig. 2(a).

The evolution of the unit cell design to expand the operating
bandwidth is illustrated by the S-parameters in Fig. 2(b). In
Design-A, the |S11| and |S21| are well achieved at 29.2 GHz.
However, the operating bandwidth is low, and the meta-atom
functions only as a partially transmissive element. Utilizing
Design-B, the air cavity distance is optimized to achieve wider
bandwidth, minimized in-band reflection, and low transmis-
sion across the stopbands. However, the frequencies are still
uncovered. Design-C is proposed to obtain complete bandpass
filtering properties with enhanced selectivity. The final filtering
MS unit cell reflection loss is < −10 dB, and the insertion loss
is <0.5 dB. Deep suppression at lower and upper frequencies
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Fig. 3. Surface current on each layer of the meta-atom at 25, 29.2, and
33 GHz, respectively.

Fig. 4. (a, b) S-parameters, axial ratio, and realized gain with/without
metasurface, respectively (c, d) Magnitude ratio and relative phase of the
E-field orthogonal components.

is approximately −72 dB and symmetrical, along with two
transmission zeros.

The roll-off factor at LB and UB is 6 dB/0.25 GHz, calcu-
lated according to the 3 dB and 20 dB points criteria in [22].
Moreover, the unit cell was simulated for incident angles of
0◦, 15◦, 30◦, 45◦, and 60◦ to verify its angular stability, as
displayed in Fig. 2(c). For incident angles of 15◦ and 30◦,
the transmission magnitude (|S21|) remained well preserved
across the operating band, with noticeable changes near the
UB edge. A slight increase in insertion loss was observed at
45◦, whereas a significant increase occurred at 60◦, indicating
reduced angular stability at larger scan angles. Moreover, the
maximum surface current at the center frequency and the
minimum currents at the out-of-band frequencies are shown
in Fig. 3, validating the effective filtering characteristics of
the proposed MS.

Finally, the extracted constitutive parameters (εr, µr, and
nr) in Fig. 2(d) confirm the metamaterial properties of the
suggested MS. The relative permittivity exhibits dispersive
electric resonance with negative region near the resonance
frequency, while effective permeability remains relative stable
in the operating band, indicating the filtering response is
mainly governed by E-field. Further, the refractive index(RI)

undergoes a smooth transition from negative to positive values,
providing enhanced phase manipulation.

D. Analysis of the final design

After the reference array and the MS bandpass filter were
individually designed and simulated, they were integrated to
evaluate the effect of the MS on the overall antenna perfor-
mance. The optimized cavity height (h=6.7 mm) provided a
favourable compromise between matching and radiation per-
formance. Comparative analyses were conducted for configu-
rations with and without the MS, considering key simulated
plots, including |S11|, axial ratio (AR), and realized gain, as
given in Fig. 4(a, b), respectively. The MS filter maintains
satisfactory impedance matching within the operating band
and axial ratio bandwidth from 27.5 to 30.3 GHz. Particularly,
the in-band gain is improved by 3.1 dBic from 22.2 dBic
to 25.3 dBic with the MS. Furthermore, Incorporating the
wideband bandpass MS filter substantially suppresses the out-
of-band gain, achieving maximum suppressions of 21.1 dBic
at 25 GHz in the LB and 20.4 dBic at 33 GHz in the UB.

Similarly, the circular polarization was verified from the
simulated data by calculating the magnitude ratio of the elec-
tric field components |Eθ|/|Eϕ| ≈ 1 and their phase difference
∠Eϕ − ∠Eθ ≈ +90◦, as shown in Fig. 4(c, d). Based
on the above criteria, the two electric field components are
orthogonal, and the sense of circular polarization is determined
to be left-hand (LHCP).

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The fabricated design perspective and back views are shown
in Fig. 5(a, b), respectively. The complete dimensions of
the prototype are 7.2λ◦×7.2λ◦×1.3λ◦. Further to verify the
matching of the simulated design, the Ka-band antenna pro-
totype was tested with the help of Vector Network Ana-
lyzer(VNA), as shown in Fig. 6(a). Fig. 6(b) presents the
simulated and measured S-parameters, showing a good agree-
ment. The measured impedance bandwidth for |S11| < −10 dB
reaches 13.4%, covering the range of 27.5–31 GHz.

The radiation performance of the filtering array is measured
in the anechoic chamber, as displayed in Fig. 7(a). The simu-
lated and measured axial ratio, as depicted in the Fig. 7(b), is
<3 dB and closely follows each other. Fig. 7(c) compares the
simulated and measured realized gains at boresight. Overall,
the out-of-band gain is ≤−5 dBic in both the stopbands. The
measured gain is stable across the operating band and filtering
characteristics are clearly observed in the gain plot. At centre
frequency the maximum radiation efficiency is 89.3%, as
presented in Fig. 7(d). Overall, the simulated and measured
efficiencies of the proposed antenna are above 85% in the
passband and below 5% in the stopbands (25–27.5 & 31–
33 GHz). The gain and efficiency results further illustrate that
the suggested antenna efficiently passes the radiation in the
27.5–31 GHz range while significantly suppressing it in the
out-bands.

Fig. 8(a-d) illustrates the simulated and measured radiation
patterns along the boresight in the E- and H-planes at 29.2
and 31 GHz. The results exhibit close similarity between
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Fig. 5. (a) Different views of the fabricated design and (b) Back side of the
proposed filtering array.

Fig. 6. (a) Prototype measurement setup and (b) Simulated and measured
|S11|.

Fig. 7. (a) Anechoic chamber and antenna under test setup. Simulated
and measured plots: (b-d) Axial ratio, realized gain, and efficiency(%),
respectively.

simulation and measurement. The patterns are symmetrical in
both planes, and the half-power beamwidths are ∼7.7◦ and
∼8.3◦, respectively. Moreover, the magnitude of the simulated
and measured cross-polarization level is smaller than −17.6 dB
and significantly lower than the magnitude co-polarization.
Similarly, the side-lobe levels at the proposed frequencies
are below −10 dB in both planes. The slight discrepancies
in the measured results are caused by manufacturing and
assembly misalignments. However, the overall results of the
final filtering antenna array remain within the acceptable range.

IV. COMPARISON

Table I presents a comparative summary of the proposed
MS-loaded array with other cavity-based and MS-filtering
antenna designs reported in the literature. The existing designs

Fig. 8. Simulated and measured radiation patterns: (a, b) E-plane at 29.2 and
31 GHz and (c, d) H-plane at 29.2 and 31 GHz.

TABLE I
COMPARISON OF THE PROPOSED WORK WITH OTHER FILTERING DESIGNS.

Ref. Freq.
(GHz)

Design
configuration

Complex
filtering

Max. gain
suppression
level (dBic)

Polarization Peak gain (dBic) Efficiency (%)

[15] 10 Filtering cavity resonator
+ superstrate grid-patch Yes 9 LP 13.7 NA

[16] 60.5 Patch + MS No 15.2 LP 17.7 66
[17] 3 Filtering source + PRS No 14 LP 9.5 NA
[18] 24–26.3 SIW array + FSS Yes 9 LP 16 NA

[19] 22–30.5 Low-pass source +
High-pass MS Yes 14 LP 19.5 60

This
Work 27.5–31 Array source + MS Filter No 21.1 CP 25.3 89.3

are linearly polarized, complex, narrow-band (except [19]),
and limited to single-element antennas or small arrays, also
offering lower gain and radiation efficiency. In contrast, the
proposed wideband 8 × 8 antenna array and MS configuration
offer high-gain, circular polarization, good filtering properties,
a simpler structure, and a high in-band radiation efficiency.
With these metrics, the proposed design effectively reduces
the need for additional discrete bandpass filters in the RF front
end and can be efficiently used in a high-frequency CubeSat
communication system.

V. CONCLUSION

A Ka-band 8 × 8 patch array loaded with a three-layer
MS superstrate filter has been presented for radiation-domain
filtering and in-band gain improvement. The proposed antenna
preserves good in-band impedance matching while exhibiting
a clear band-selective realized-gain and efficiency response.
The fabricated prototype was measured to verify the simulated
results. The relative 3 dB gain bandwidth of the proposed
filtering antenna array is 11.9%, and the 3 dB AR bandwidth is
10.9%, respectively. Further, the out-band gain is significantly
reduced, while the in-band gain is enhanced. Similarly, the
radiation efficiency over 85% is well maintained in the band,
conversely dropped to <5% in the lower and upper stopbands,
respectively.

With the advantages such as low-cost, ease of fabrication,
wideband, high-gain, CP, and spatial filtering, the proposed
design is a promising candidate for Ka-band CubeSat com-
munication systems.
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