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ABSTRACT We propose a 2 x 2 patch array filtenna specifically designed for radio altimeter applications
with significant suppression of unwanted adjacent 5G spectrum signals. The patch radiator is carefully
selected to meet the radiation requirement of radio altimeters and the substrate integrated waveguide (SIW)
feeding network is meticulously designed to provide shielding property and excellent suppression level
for adjacent 5G spectrum through the evanescent mode characteristic. In specific, the proposed filtenna
harnesses inherent suppression characteristic of low-band RF signals below a cutoff frequency in the
SIW feeding network, eliminating the need for additional filtering geometries. The proposed filtenna is
fabricated and measured, and experimental results confirm its effective operation in the radio altimeter band
(4.2-4.4 GHz), exhibiting successful suppression of 5G spectrum (3.4—-4 GHz) by 40.70-dB to 43.26-dB.
Comparative analysis reveals that the proposed filtenna demonstrates superior suppression level for adjacent

spectrums compared to previous planar array filtennas.

INDEX TERMS Filtenna, SIW, radio altimeter.

I. INTRODUCTION

The radio altimeter, an aircraft-mounted radar used to mea-
sure absolute altitude during takeoff and landing, demands
high reliability [1]. However, with the upcoming exten-
sion of the 5G spectrum to 3.7 — 4 GHz (from the current
3.4-3.7GHz) in South Korea, there is growing concern
about interference from the adjacent 5G spectrum to the
radio altimeter band (4.2 —4.4 GHz) [2]. This concern is
substantiated by a detailed analysis of the safety interference
limit outlined in [3]. Additionally, [1] recommends that the
interfered signals should be suppressed by up to 40 dB.
Therefore, achieving significant suppression of the adjacent
5G spectrum is necessary to ensure the high reliability of
radio altimeters.

The associate editor coordinating the review of this manuscript and
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The conventional approach to suppress a specific spectrum
involves cascading a filter at the end of an antenna [4], [5],
[6], [71, [8], [9], [10], [11], [12]. However, this approach
suffers from mismatch and transmission losses between each
component [13]. Moreover, when filtering signals in adjacent
spectrums, high-order filters are often cascaded, resulting in
significant losses [14], [15].

Recently, a novel concept called the filtering antenna, com-
monly referred to as a “filtenna” was proposed to address
the limitations of the traditional approach [16], [17]. The
filtenna is an antenna that incorporates filtering geometries in
a feed line and/or a radiator. The filtenna effectively reduces
mismatch losses by considering the input impedance of a
radiator and customizing its filtering geometries [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29]. Pre-
vious planar array filtennas typically employed band-pass
filtering geometries based on resonator coupling principles.

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Efforts to enhance suppression, as reported in [20], [23],
and [26], involve diverse strategies such as employing loops,
L-shaped probes, stubs, symmetric U-shaped hairpin lines,
and utilizing current cancellation effects between radiators.
Despite these approaches, however, achieving 40 dB sup-
pression of adjacent RF spectrum signals remains highly
challenging.

A substrate integrated waveguide (SIW) is a waveguid-
ing structure formed by connecting the upper and lower
metal plates of a substrate using periodic via holes [30],
[31], [32]. In the context of patch antennas, the SIW feeding
network offers several advantages over the microstrip-based
feeding network: lower transmission loss, reduction in para-
sitic radiation, and improvement in shielding properties [33].
Inherently, the SIW feeding network exhibits high-pass fil-
tering characteristics and the cutoff frequency is adjusted by
changing the width of the SIW transmission line. Its high-pass
filtering characteristics can lead to the evanescent-mode oper-
ation of RF signals below the cutoff frequency.

In this work, we propose an innovative filtenna designed
for radio altimeters by harnessing the inherent evanescent-
mode characteristic of the SIW feeding network to achieve
significant suppression of the adjacent 5G spectrum. The
proposed filtenna comprises an SIW feeding network and
a 2 x 2 patch array radiator. The cutoff frequency of SIW is
precisely determined to effectively suppress the 5G spectrum
while maintaining good transmission performance within the
radio altimeter band. The SIW feeding network is designed
to include bends, T-junctions, and slots with the goal of effi-
ciently coupling RF signals in the radio altimeter band with
the 2 x 2 patch array radiator and simultaneously maintaining
the evanescent-mode characteristic within the adjacent 5G
spectrum. It will be shown that the proposed filtenna exhibits
remarkable suppression of the adjacent 5G spectrum through
the evanescent mode of the SIW feeding network, rendering
it highly suitable for radio altimeter applications without
additional band-pass filtering geometries. The remainder of
this paper is organized as follows: First, we present the design
and analysis of the proposed filtenna. Next, we present exper-
imental results and verification of the fabricated filtenna.
Finally, we provide concluding remarks.

Il. DESIGN & ANALYLSIS
Fig. 1 illustrates the proposed 2 x 2 patch array filtenna,
consisting of the 2 x 2 patch array radiator and the SIW
feeding network. The overall dimensions of the proposed
filtenna are 110 x 160 x 4.064 mm?>. The 2 x 2 patch array
radiator is designed on a 3.048 mm thick FABM substrate
(¢, = 4.4, tan 6 = 0.0033) and the SIW feeding network is
designed on the same substrate with a thickness of 1.016 mm.
In Fig. 2, the schematic of the 2 x 2 patch array radiator
(Substrate 1) is presented. For the operating frequencies rang-
ing from 4.2 GHz to 4.4 GHz, the patch radiators are designed
with dimensions of 13.3 mm (Lpatch) and 34 mm (Wpaech).
To meet the directivity requirement for radio altimeters, the
spacing between the patch radiators is set to 40 mm. The outer

VOLUME 11, 2023

7 Substrate 1
E ! Substrate 2

(b)

(d)

FIGURE 1. Geometry of the proposed 2 x 2 patch array filtenna.
(a) Isometric view. (b) Side view. (c) Bottom view. (d) Exploded view.
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FIGURE 2. Schematic of the 2 x 2 patch array radiator (Substrate 1).

rectangular conductor ring has a width of 5 mm. Within this
ring, the via holes with a 1 mm radius and an 8 mm gap
are inserted. The final dimensions of the 2 x 2 patch array
radiator are summarized in Table 1.

Fig. 3 displays the detailed schematic of the SIW feed-
ing network (Substrate 2). The SIW feeding network is
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TABLE 1. Geometrical parameters of the 2 x 2 patch array radiator
(Substrate 1).

Parameter Dimension Parameter Dimension
[mm] [mm]
[ 133 Lo 110
Woateh 34 Wiun 160
Lspacing 40 Wring 5
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FIGURE 3. Schematic of the SIW feeding network (Substrate 2).

intentionally designed to possess symmetry, ensuring the
in-phase coupling of each patch radiator. The filtenna is
excited to the center of the SIW transmission line through
the 50 2 SMA connector. The position of the feeding point is
determined to split RF signals equally into left and right sides.
RF signals excited from the feeding point are efficiently cou-
pled with the 2 x 2 patch array radiator by employing bends,
T-junctions, and slots. As a result, this SIW feeding network
comprises eight bends, two T-junctions, and four slots, all
of which should be optimized for impedance matching with
the 2 x 2 patch radiator.

As alluded previously, in the proposed filtenna, the SIW
transmission line should be meticulously designed to effi-
ciently guide RF signals in the radio altimeter band, while sig-
nificantly suppressing the 5G spectrum. The cutoff frequency
of the SIW transmission line is determined by the substrate,
via holes, and the SIW width (Wgspw). In specific, Wgrw is
calculated by the cutoff frequency as follows [34], [35]:

1 N d?
2f-10/0€  0.95s

where f;1¢ is the TEjo mode cutoff frequency of SIW, d and
s denote the diameter of via holes and the center-to-center
distance, while ¢ and u represent the permittivity and per-
meability of the substrate, respectively. In this work, via
holes with a 1 mm diameter (s) and a 2 mm the center-
to-center distance (d) are employed, in accordance with
SIW design guidelines [30]. The cutoff frequency (f;19) is
set as 4.16 GHz to ensure good transmission performance
at 4.2 GHz. Therefore, we choose Wgsw as 17.9 mm.
Fig. 4 presents the simulated transmission coefficient of the
SIW transmission line with respect to Wgrw. The simu-
lated SIW transmission line’s length is set as 173.65 mm,

ey

Wsw =
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FIGURE 4. Simulated transmission coefficient of the SIW transmission
line versus the SIW width (Wg),).

representing the distance between the feeding point and slots.
The blue box represents the target operating frequency range
for radio altimeters (4.2 — 4.4 GHz), while the gray box
indicates the adjacent 5G spectrum to be suppressed. The
simulation results indicate that the SIW transmission line,
designed with the calculated STW width, operates effectively
in the radio altimeter band but does not function within the
5G spectrum.

Fig. 5 presents the simulated reflection coefficient of the
proposed filtenna with respect to the position of via holes
for bends (Pgyiax1 and Pyiay1). The radius of via holes for
bends is selected for I mm. The position of via holes for bends
is chosen to have good reflection coefficient in the range of
operating frequencies. The Pgyiax1 is chosen as 6 mm and the
Pgyiay1 is chosen as 7 mm.
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FIGURE 5. Simulated reflection coefficient of the proposed filtenna
versus the position of via holes for bends. (a) Ppyjax1 - (b) Ppyiay1-
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FIGURE 6. Simulated reflection coefficient of the proposed filtenna
versus the position of the via holes for T-junctions (Prjy;a)-

Fig. 6 displays the simulated reflection coefficient of the
proposed filtenna in relation to the position of the via holes
for the T-junctions (Prjyia). The via holes for the T-junctions
are specified with a radius of 1 mm, and there is a 4 mm
gap between the via holes. The optimal position for the via
holes (Prjyia) is identified as 5 mm, where good impedance
matching is achieved. The via holes of bends near the
T-junctions are strategically positioned for impedance match-
ing, with the specific parameters Ppyiax2 and Ppyiay2 set to
6 mm, distinct from other bends.
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FIGURE 7. Simulated reflection coefficient of the proposed filtenna
versus the position of slots (Pgjq¢)-

Fig. 7 presents the simulated reflection coefficient of the
proposed filtenna as a function of the position of slots (Pgjot)
which is defined as the intercenter distance between the
SIW and slots. As shown in the figure, the optimal position
of slots (Pgor) is determined to be 6 mm, enabling opti-
mized impedance matching within the operating frequency
range. In addition, other slot parameters are carefully cho-
sen to achieve favorable reflection coefficients. The width
of the slot (Wglor) is set at 3 mm, and its length (Lgjor)
is chosen as 24 mm. To precisely position the slots at the
center of each patch radiator, Logrser1 and Logrserz are set
as 20.05 mm and 14.15 mm, respectively. The remaining
parameters are optimized in a similar fashion: Lg, =
6 mm, Lgrwi = 145.6 mm, Lgiwo = 55.8 mm, Lgiwz =
51.9 mm, and Ltjunction = 22.1 mm. The final dimensions
of the SIW feeding network (Substrate 2) are summarized
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TABLE 2. Geometrical parameters of the SIW feeding network
(Substrate 2).

Dimension Dimension
Parameter Parameter

[mm] [mm]

Wialot 3 Pguiaxa 6

Lot 24 Phyiay2 6
Pyio 6 Weiw 179
Pguyiaxi 6 Lsiwi 145.6
Phyiay1 7 Lsiwz 55.8
Prjvia 5 Lsiws 51.9
Lrjunction 22.1 Loftectt 20.05
Leap 6 Loftset2 14.15

in Table 2. Finally, the simulated reflection coefficient of the
proposed filtenna is below —10 dB in the frequency range
from 4.19 GHz to 4.4 GHz, meeting the requirement for radio
altimeters.
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FIGURE 8. Electric field distribution of the SIW feeding network.
(a) 4 GHz. (b) 4.2 GHz.

Fig. 8 illustrates the electric field distributions inside the
SIW feeding network at 4 GHz and 4.2 GHz. As shown
in the electric field distribution at 4 GHz (Fig. 8(a)), the
RF signal below the cutoff frequency cannot propagate due
to its evanescent-mode characteristic, resulting in negligible
electric fields near slots for coupling the patch radiators.
This evanescent-mode behavior is even more pronounced for
frequencies below 4 GHz, contributing to the significant sup-
pression of the adjacent 5G spectrum. Meanwhile, as depicted
in the electric field distribution at 4.2 GHz (Fig. 8(b)),
the RF signal operate in the propagating TE;yp mode and
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effectively couple with the patch radiators through all slots
in the SIW feeding network. Consequently, RF signals in
the radio altimeter band efficiently radiate through the patch
radiators.
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FIGURE 9. Simulated peak realized gain versus the frequency.

Fig. 9 illustrates the simulated peak realized gain versus
the frequency for the proposed filtenna. For comparison,
a conventional antenna—specifically, the 2 x 2 patch array
antenna with a microstrip-based feeding network depicted in
Figure 1 of [36]—is designed on a 3.048 mm thick F4ABM
substrate (same as the proposed filtenna). The conventional
antenna exhibits a simulated realized gain ranging from
7.57 to 11.46 dBi in the radio altimeter band and a simulated
realized gain ranging from 5.21 to 7.34 dBi in the adjacent
5G spectrum. Despite the patch antenna’s narrow bandwidth
characteristic, its realized gain is decreased slightly in the
adjacent 5G spectrum. Conversely, the proposed filtenna
exhibits a realized gain ranging from 10.01 to 11.37 dBi
in the radio altimeter band, significantly dropping to
-31.34 to —66.00 dBi in the adjacent 5G spectrum. Con-
sequently, the conventional antenna’s suppression level in
the adjacent 5G spectrum is ranging from 4.12 to 6.25 dB,
whereas the proposed filtenna achieves notably higher sup-
pression, ranging from 42.71 to 77.37 dB. This suppression
level is calculated as the difference between the highest
realized gain in the radio altimeter band and the realized
gain in the 5G spectrum. Both the proposed filtenna and
the conventional antenna have similar peak realized gain
in the radio altimeter band. However, unlike the conven-
tional antenna with the microstrip feeding network, the
proposed filtenna with the SIW feeding network, operating
specifically in the evanescent-mode characteristic at the 5G
spectrum, effectively suppresses adjacent 5G signals. The
simulation results demonstrate that the proposed filtenna
achieves good radiation in the radio altimeter band while
efficiently suppressing RF signals in the adjacent 5G spec-
trum thanks to our simple yet intelligent feeding network
approach.

IIl. MEASUREMENT & VERIFICATION

Fig. 10 displays the fabricated filtenna and the antenna
measurement setup within an anechoic chamber. Fig. 11
illustrates the simulated and measured reflection coefficients
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FIGURE 10. Fabricated filtenna and measurement setup. (a) Top view of
the fabricated filtenna. (b) Bottom view of the fabricated filtenna.
(c) Measurement setup.
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FIGURE 11. Simulated and measured reflection coefficients of the
proposed filtenna.

of the proposed filtenna. Notably, the measured reflection
coefficient remains below —10 dB across the frequency range
of 420 GHz to 4.40 GHz, which agrees well with the
simulated results. As a result, the fabricated filtenna suc-
cessfully meets the required operating frequencies for radio
altimeters.

The simulated and measured peak realized gains of the
proposed filtenna are presented in Fig. 12. Across the oper-
ating frequency range, the measured peak realized gain
ranges from 8.06 dBi to 9.17 dBi. The observed difference
between the simulated and measured peak realized gain may
be attributed to fabrication and measurement errors. In the
adjacent 5G band, the measured peak realized gain of the
fabricated filtenna ranges from —31.53 dBi to —34.09 dBi
which is much higher than the simulation result. The disparity
between the simulated and measured peak realized gain in
this frequency band can be attributed to the limitations in
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TABLE 3. Performance comparison of the proposed filtenna with previous planar array filtennas in the literature.

Ref. | Operating frequency | Size (AoX Ao) | Layer | Shielding | Radiator E:gj;?ﬁ Supllz/rlci:slisrir(l)lrllnllevel
;23( 4.20 - 4.40 GHz 1.57 x2.14 2 (¢} Patch SIW 40.70
[18] 3.45-3.55GHz Not presented 1 (0] Patch Microstrip 23.1
[19] 27.15 - 28.55 GHz 3.08 x2.52 3 0] Patch SIW 15
[20] 5.13-5.35 GHz 1.39 x 1.25 2 X Patch Microstrip 22
[21] 2.60—3.40 GHz 1.40 x 2.00 3 X Patch Microstrip 30
[22] 26.87 —27.35 GHz 2.62 X 1.59 1 (¢} Slot SIW 26
[23] 23.50 - 31.50 GHz 2.66 X 2.20 4 (¢} Patch SIW 29
[24] 9.83 -10.19 GHz 2.00 X 0.67 1 X Patch Microstrip 30
[25] 9.20-10.91 GHz 3.70 x 3.70 2 o Patch SIW 33
[26] 57.50 — 66.60 GHz 3.40 X 3.40 2 O Patch SIW 27
[27] 13.35-13.91 GHz 1.66 x 1.80 2 X Patch SIW 13
[28] 13.01 — 13.44 GHz 1.74 % 0.59 2 X Patch SIW 22
[29] 13.32 - 13.88 GHz 0.88 x 0.88 2 X Patch SIW 27.5

X A is the free-space wavelength of the center operating frequency.
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FIGURE 12. Simulated and measured peak realized gains of the proposed
filtenna.

measurement performance. To address this issue, additional
measurements are performed for various input power levels
of the vector network analyzer (VNA). At 4 GHz, the peak
realized gain for the input power level of —30 dBm, —20 dBm,
—10 dBm, and 0 dBm is —12.64 dBi, —24.74 dBi, —-28.61 dBi,
and —31.53 dBi, respectively. Consequently, due to the limited
measurable power level in our measurement facility, the sup-
pression level does not match the simulated counterpart. For
the 0 dBm power level, the measured suppression level of the
adjacent 5G spectrum is 40.70 dB to 43.26 dB. Despite the
constraints of our measurement performance, the measured
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FIGURE 13. Simulated and measured radiation patterns of the proposed
filtenna at 4.3 GHz. (a) Azimuth plane (yz-plane). (b) Elevation plane
(xz-plane).

suppression level of the fabricated filtenna exceeds the 40 dB
threshold recommended by ITU-R M.2059.0 [1].
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Fig. 13 displays the simulated and measured radiation
patterns of the proposed filtenna at 4.3 GHz. The simulated
-3 dB beamwidths are 48.90° in the azimuth plane and 49.08°
in the elevation plane, while the measured —3 dB beamwidths
are 47.18° in the azimuth plane and 41.62° in the elevation
plane. Notably, the measured —3 dB beamwidth fulfills the
requirements for radio altimeters [1].

Table 3 presents a performance comparison between the
proposed filtenna and previous planar array filtennas in
the literature. The conventional filtennas in the table uti-
lize couplings between resonators or transmission lines as
their fundamental approach, and some of them employ addi-
tional or modified geometries to enhance suppression level.
For example, [20], [23], and [26] utilize current cancella-
tion effects between radiators, [23] employs loops, L-shaped
probes, and stubs, and [26] exploits two symmetric U-shaped
hairpin lines. As highlighted in Table 3, our proposed fil-
tenna employing the evanescent-mode characteristic excels
in achieving superior suppression level compared to previous
works based on the band-pass filtering geometries. Moreover,
[20], [21], [24], [27], [28], and [29] lacked the shielding char-
acteristic. In summary, our proposed filtenna leverages the
intelligent SIW feeding network without additional filtering
geometries, offering high-performance filtering and shielding
characteristics.

IV. CONCLUDING REMARKS

In this study, we address the critical challenge of potential
interference between the expanding 5G spectrum and the
radio altimeter band, essential for aviation safety. By inge-
niously harnessing inherent suppression characteristics of RF
signals below the cutoff frequency within the SIW feeding
network, we develop the novel filtenna configuration that
achieves remarkable suppression of the adjacent 5G spec-
trum without resorting to additional filtering geometries. The
proposed filtenna design, featuring a 2 x 2 patch array radi-
ator coupled with the SIW feeding network, demonstrates
promising potential for radio altimeter applications. Through
meticulous optimization and precise engineering, the pro-
posed filtenna meets the requirements by ITU-R M.2059.0.
Our approach stands out from prior works by leveraging
the SIW feeding network’s unique evanescent-mode and
shielding characteristics. This strategic integration eliminates
the need for complex band-pass filtering components, ulti-
mately contributing to the simplicity and effectiveness of
our work. The measurement results validate the filtenna’s
capabilities, with good agreement with simulated results
in reflection coefficient, realized gain, and radiation pat-
terns. Despite measurement limitations, our proposed filtenna
exhibits excellent performance, meeting crucial operational
requirements for radio altimeters. Therefore, we present
the SIW-fed patch array filtenna as a promising solution
for radio altimeters, effectively suppressing the adjacent
5G spectrum.
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