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ABSTRACT This research paper introduces a novel dual-band single-polarized (DBSP) high gain shared
aperture antenna (SAA) with better isolation is proposed for the use in Airborne Synthetic Aperture Radars
(AIR-SARs). The SAA operating in both X-band and Ku-band with center frequencies of 9.3GHz (ideal for
soil moisture estimation in agricultural areas) and 13.265GHz (suitable for applications in snow-covered
regions, cold areas, and disaster monitoring) with a frequency ratio of 1:1.426. The SAA consists of
four groups of 5-element series-fed center-fed planar array square microstrip patches for the X-band and
one group of 5-element series-fed center-fed planar array square microstrip patches for the Ku-band. The
inter-element spacing between patches is set at 0.7A to meet the +25° scan range requirements. To validate
the antenna design, a prototype is fabricated and tested for S-parameters, radiation characteristics, and
gain measurements. The antenna with return loss of S11 < —10 dB has an impedance bandwidth (BW)
(9.1919-9.4674 GHz) (276 MHz with 2.96% BW) in X-band and (13.054-13.513 GHz) (459 MHz with
3.46% BW) in Ku-band. More than 25 dB of isolation has been measured between Sy; =S5 for case 3 and
are >35dB isolation between in-band ports (P12/P23/P13) for case 4. Additionally, it achieves high gain
values of 12.8 dBi for the X-band and 12 dBi for the Ku-band for case 3. The 2 x 2 planar array (5-elements
in each group excited with coaxial probe feed) is connected with 8-way power divider (4-groups are feed with
4 power divider ports and other 4-ports are matched with 502 terminations) and achieved a gain of 19 dBi
for the X-band and 12 dBi for the Ku-band for case 4. The combined gain is varied between 19dBi to 20dBi
with 0° to 259 scan angle. The combined 2 x 2 planar x-band array Half-Power Beam width (HPBW) values
are 16° in the E-plane and 12.6° in the H-plane for the X-band, while for the Ku-band, they are 22.7° in
the E-plane and 78.4° in the H-plane. The antenna design shows a side-lobe level (SLL) of -16.2 dB at
E-plane/p = 0° for the X-band and -14.1 dB at E-plane/p = 0° for the Ku-band. The size of the
shared-aperture antenna is 160 mm x 160 mm x 1.6 mm. This paper presents the first reported SAA X/
Ku-DBSP, which holds significant value for AIR-SAR applications. All the measured results were in line
with simulated results and matched reasonably well.

INDEX TERMS Dual-band single-polarized aperture antenna, airborne synthetic aperture radar, dual
frequency dual-polarization SAR.
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I. INTRODUCTION

Synthetic Aperture Radar (SAR) has been widely used for
Earth remote sensing for more than 30 years [1]. AIR- SARs
has been very useful over a wide range of applications, includ-
ing sea and ice monitoring, mining, oil pollution monitoring,
oceanography, snow monitoring, and classification of Earth
terrain [3]. A prototype of a Dual-Frequency (C and X band)
Dual-Linear Polarization Synthetic Aperture Radar (SAR)
array antenna was developed, incorporating two interlaced
arrays and their respective feed networks [2]. Researchers
have conducted studies on series-fed square patch array
antennas, which involve connecting half-wavelength patches
of a standard resonator array antenna using A/2 transmis-
sion lines [3]. One key advantage of series-fed antennas is
their ability to provide equal aperture transfer and unidi-
rectional radiation when all patches have the same width.
Series-feed networks offer simplicity and compactness com-
pared to corporate systems, enabling the implementation of
low-loss feeding structures, as proposed by Pozar et al. [4].
The innovative microstrip series-fed tapered arrays demon-
strate improved VSWR performance compared to conven-
tional antenna arrays [5]. The utilization of a tapered design
helps to reduce the side-lobe level in marine radar systems
operating in the S, X, and Ku bands with an operating
bandwidth of 9.3 to 9.4 GHz [6]. Recent developments in
antenna technology have led to the development of coplanar
proximity-coupled arrays and series-fed arrays. In particular,
X-band 12 linear arrays have been designed, featuring direct
coupling at 9.3 GHz and series feeding in the XZ and YZ
planes [7]. It is necessary to achieve an isolation level better
than 40 dB across the entire frequency band. These require-
ments are vital for accurate and reliable weather measure-
ments, ensuring minimal interference and maximizing the
antenna’s performance in capturing relevant data [8]. A high-
isolation dual-polarization microstrip patch antenna with
omnidirectional radiation patterns has been proposed [9]. The
antenna design achieved a wide impedance bandwidth, with
the prototype-1 antenna providing an impedance bandwidth
greater than 140 MHz (9.56-9.72 GHz) and the prototype-2
antenna achieving an impedance bandwidth of 140 MHz
(9.58-9.74 GHz) for all individual ports [10]. The antenna
design in [11] demonstrates impressive performance charac-
teristics, including port isolation of 40 dB, cross-polarization
of 20 dB. The L/S/X tri-band dual-polarization (TBDP)
shared-aperture microstrip array antenna is designed for syn-
thetic aperture radar (SAR) applications. It consists of two
dual-band (L/S and L/X) dual-polarization shared-aperture
sub-arrays and one L-band sub-array [12]. In the hybrid
S-band feed architecture, linear and circular polarization
characteristics of 2 x 2, 3 x 3, and 6 x 6 arrays have
been tested. The antenna isolation between the elements is
measured to be 45 dB for linear polarization and 43 dB for
circular polarization has been achieved [13]. Circularly polar-
ized magneto-electric dipole antenna arrays are employed
in [14]. The dual-band antenna exhibits a gain of 8 dBi
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at 2.5 GHz. It also achieves 18 dB isolation between orthog-
onal ports within the S-band frequency range. In the X-band,
with a measured gain of 11.5 dBi at 8§ GHz and 28 dB mea-
sured isolation between orthogonal connections. The antenna
effectively isolates both frequency bands with a minimum of
38 dB separation. The gain of the S-band antenna measures
at 7.5 dBi, while the X-band antenna achieves a gain of
10.5 dBi [15], [16]. In [17], the design provides a gain of
8 dBi at the center frequency of 2.5 GHz and ensures a
high level of isolation, measuring 18 dB between orthog-
onal ports within the S-band. For the X-band, it achieves
a gain of 11.5 dBi at the center frequency of 8 GHz and
maintains a significant isolation of 28 dB between orthog-
onal ports specifically designed for the X-band. In [18],
by utilizing electromagnetic coupling (EMCP), the antennas
exhibit high isolation between perpendicular ports, surpass-
ing 28 dB at frequencies of 2.5 GHz and 8.2 GHz. With
a gain of 7.4 dBi at 2.5 GHz and 10 dBi at 8§ GHz, these
satellite antennas are capable of accurately tracking, moni-
toring, and commanding operations [18]. The planar antenna
array demonstrates accuracy bandwidths of 3.6% in the
X-band, 6.7% in the Ku-band, and 5.3% in the Ka-band [19].
A Metamaterial-Based S/X-Band Shared-Aperture Phased-
Array Antenna frequency ratio of 2.7:1 having a multilayer
configuration with a gain of 7.6dBi with scan angle +50° is
implemented in [32]. A 2-layer Ku/Ka band with frequency
ratio of 2.1 by using Structure-Reuse Technique has been
implemented <9dBi gain having an array size of 2 x 3.4 x4 is
implemented in [31]. A Bifunctional Meta surface technique
with shared aperture concept was introduced in [30] with a
FR of 2.4 at S/C-band having again of 7.9dBi and 2.7dBi.
An SAA with single and dual polarization has been imple-
mented with Ku/Ka-band with an isolation of 30dB in [33].
A 2D SAA with Ku- and Ka-Band multilayer 8 x 8 array has
been implemented with again of 22dBi at booth the bands
with an isolation of 30dB in [34]. An SAA with radiation
pattern distortion technique has been implemented with FR
of 2.1 has been achieved with multilayer configuration with a
gain of 7.3/13DBi at both S/L-bands in [35]. In [36], An SAA
with high Highly-Isolated RF Power and Information Receiv-
ing System Based on Dual-Band Dual-Circular-Polarized
Shared-Aperture Antenna. In [37], An SAA with cavity
Slot Antenna-in-Package with Enhanced Beam Coverage for
MIMO applications has been implemented. In [38], An SAA
with dual band multi polarization at Ku-/Ka-band for Satellite
Communication with a gain of 18dBi/23.4dBi and isolation
of 15dB has been implemented. In [39], K-/Ka-Band Shared-
Aperture Phased Array gain of 4.5dBi and isolation of 40dB
was achieved.

The works reported in the present SAA design, have
many advantages like: 1) Low cost and low profile (sin-
gle layer PCB); 2) Efficient utilization of physical aperture;
Single-layer PCB features array segmentation, and gain
enhancement with power divider/combiner (20dBi/13dBi at
X/Ku-bands) (it’s a drawback in multilayer SAA technology);
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3)series-fed design to reduce the microstrip transmission line
losses; 4) Minimized aperture size 160mm 160mm 1.6mm
(Almost 250mm 250mm 15mm in multilayer SAA); S)design
provides four groups of X-band 5-element series- fed arrays,
one of the groups can be used as TX and other can be
used as Rx; 6) Passive phased array system. 7) Inter-element
spacing of 0.7 free space wavelengths allows less number
of elements with required directivity and beam width and
provides a scanning capability of £25° which allows grating
lobe free scanning. All of these advantages make it ideal for
present SAA design. The specifications and design goals of
this work are summarized in table 1.

This paper is organized accordingly. Section II presents the
synthetic aperture radar, section III presents design specifica-
tions and section IV presents SAA design configuration and
case wise design analysis. Section V presents simulated and
measured results analysis of X/Ku-band, section VI presents
directions of improvement and finally section VII presents
conclusions of the proposed research work.

Il. SYNTHETIC APERTURE RADAR

SAR technology operates across a frequency range span-
ning from Very High Frequency (VHF) to Terahertz (THz).
Lower frequencies are advantageous for better penetration
through weather, vegetation, and the ground, while higher
frequencies enable the capture of finer details in the resulting
images [20]. SAR is also employed in snow tracking, partic-
ularly in regions with significant snowfall. Their applications
encompass monitoring sea and ice, detecting oil pollution,
supporting meteorological studies, tracking snow dynamics,
and facilitating terrain classification [1], [21], [22], [23],
[24], [25]. SAR systems are designed with a side-looking
imaging geometry and employ pulsed radar technology on a
forward-moving platform [26]. As the SAR platform travels
along a linear trajectory above a reference point, it emits
high-frequency microwave pulses towards the antenna’s illu-
minating area and captures the resulting echoes reflected
from the Earth’s surface. This arrangement involves incorpo-
rating a ‘two-way signal time delay’ and ‘pulse number’ to
properly position the echoes within the array, enabling subse-
quent analysis and interpretation of the SAR data [27]. These
techniques and features in civil-use SAR systems contribute
to advancements in SAR imaging quality, data analysis, and
the extraction of valuable information for a wide range of
applications [28]. Starting in 2003, several satellite missions
initiated the delivery of multi-mode Synthetic Aperture Radar
(SAR) data across different frequency bands. These missions
include COSMO-Sky Med, ALMAZ-1, Radarsat-2 (C-band),
Sea salt, JERS-1, Terra SAR-X, and Tan DEM-X (X-band),
along with Radarsat-2 (C-band). Among them, Terra SAR-
X, Tan DEM-X, COSMO-Sky Med, and Radarsat-2 operate
in the X-band, while Radarsat-1, ERS-1, and ERS-2 primarily
utilize the C-band. These satellites have been instrumental in
providing SAR data, enabling a wide range of applications.
By leveraging radar technology, these missions have signifi-
cantly contributed to various fields such as Earth observation,
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environmental monitoring, disaster management, and map-
ping. [29].
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FIGURE 1. Airborne synthetic aperture radar geometry.

TABLE 1. X/Ku-band single-layer shared aperture antenna specifications.

Operation bands X-band Ku-band
Center frequency 9.3 GHz 13.265 GHz
Polarization Linear Linear
Impedance bandwidth >200 MHz >200 MHz
Antenna size 160 x 160 x 1.6 mm’
Radiation efficiency 80% 80%
Gain >20 dBi >12dBi
Cross polarization >-25 >-25
Isolation >25 >25
Side Lobe Level -15dB -15dB
Scan Range +£25° +25
Inter-element Spacing 0.7% 0.7

Ill. SAA DESIGN SPECIFICATIONS

The given specifications in Table-1 outline the requirements
for the single-polarized X-band and Ku-band SAA (Syn-
thetic Aperture Radar) operations. The X-band operates at
a frequency of 9.3 GHz, while the Ku-band operates at
13.265 GHz. In both bands, it is essential to maintain a band-
width of >200MHz. The expected polarization for both bands
is linear. To ensure proper functionality, the isolation between
ports must exceed 25 dB. Additionally, the antenna should
exhibit low cross-polarization, with a minimum of -25 dB.
These specifications have been carefully chosen to meet the
specific needs of the Airborne SAR application. The choice
of beam patterns has been guided by the requirements of this
application. Airborne Synthetic Aperture Radar Geometry as
shown in Figure-1.

IV. SAA DESIGN CONFIGURATION

A. CASE-1: X-BAND 5-ELEMENT DESIGN

In Figure 2(a), the X-band first group patch is depicted with
five orthogonal elements that have linearly aligned antenna
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physical parameters. To achieve linear polarization, the patch
is excited using a 50 Q direct-coupled coaxial feeding.
In order to achieve impedance matching, a direct-coupled
coaxial feed matching transformer is utilized with a 12-mm
series feed length and 1.5-mm width. The X-band antenna,
which consists of a 5-element planar array, is designed with
a single port (coaxial probe). The implementation of a coax-
ial feed helps improve the impedance characteristics of the
proposed antenna. To calculate the element distance in the
X-band Square Array Antenna (SAA) square distribution,
Equations (1) and (2) can be utilized.

AvX
dy = —222 1
X 1+ sinfx M
Anx
dy = ———— 2
T T sinG, @

Table 2 presents the optimized parameters for the X-band
element, which consists of a 12 mm series feed length,
a guided wavelength (1g) of 21.7 mm at 9.3 GHz, and
a 1.6 mm series feed width. The frequency response of
the X-band elements of S-parameter and gain depicted in
Figure 2(c). The antenna exhibits resonance at 9.3 GHz with
a single-port S11 value of -19 dB. The impedance band-
width spans from 9.1919 GHz to 9.4674 GHz, equivalent to
275.5 MHz, while maintaining |S11]| < -10 dB and |S21| <
—50 dB. Figure 2(b) showcases the surface current distribu-
tion, providing insights into the polarization of the S11 port.

X-Band 5-Element Array

X-SUBL

10 Gain of X-band @9.3 GHz s

Return Loss (dB)
Gain (dBi)

-25 —=—Return Loss of X-band @9.3GHz

84 86 88 90 92 94 96 98 100
Frequency (GHz)

(c)

FIGURE 2. a)Geometry of X-band b) Surface current distribution for
X-band c) Return loss and gain vs frequency for X-band.

B. CASE-2: KU-BAND 5-ELEMENT DESIGN

Figure 3 illustrates the physical characteristics of a 5-element
single-group antenna designed for linear polarization in the
Ku-band. The antenna is excited using a 50 €2 direct-coupled
coaxial feeding, with impedance matching achieved through a
9 mm length and 1.2 mm width matching transformer. Table 2
presents the parameter values specific to the X/Ku-SAA unit
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FIGURE 3. a) Geometry of Ku-Band b) Surface current distribution for
Ku-band c) Return loss and gain vs frequency for Ku-band.

TABLE 2. X/Ku-SAA unit Parameters for Ku-Band (Optimized).

Parameter XL XwW XSFL XSFW

Value mm) 10 10 12 1.6
Vale(Ao) 0.31 0.31 0.372 0.049

Value(rg) 0.46 0.46 0.55 0.073

20: Free space wavelength concerning the velocity of propagation in air
center frequency (9.3GHz) (0.0322 meters)

Ag: Guided wavelength concerning the velocity of propagation in substrate
material (RT-Duroid-5880) (0.0217 meters)

Parameter KuL KuWw Ku SFL Ku SFW
Value 7 7 9 12
(mm)

Vale(h) 0.309 0.309 0.398 0.053

Value(rAg) 0.449 0.449 0.577 0.076

A0: Free space wavelength concerning the velocity of propagation in air
center frequency (13.265GHz) (0.0226 meters),

Ag: Guided wavelength concerning the velocity of propagation in substrate
material (RT-Duroid-5880) (0.0217 meters)

in the Ku-band, while Equations (1) and (2) are used to
calculate the element distance on the X and Y-axes of the Ku-
band SAA. The optimized Ku-band element parameters are
provided in Table 2, and Figure 3(a) depicts the ideal configu-
ration with a 9 mm series feed length, a guided wavelength of
15.59 mm at 13.265 GHz, and a series feed width of 1.6 mm
at 9.3 GHz. The frequency response of the Ku-band elements
of return loss and gain shown in Figure 3(c), resonating
at 13.265 GHz at port S11, while Figure 3(b) displays the
surface current distribution of the S11 port.

C. CASE-3: GEOMETRY CONFIGURATIONS OF A SINGLE
GROUP OF X-BAND AND Ku-BAND SAA

Figure 4(a) depicts the geometry configurations of the pro-
posed X/Ku-band single element for X-band and Ku-Band
SAA and shows the evolution stages. The array consists of
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X/Ku-Band Shared Aperture Antenna Array
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FIGURE 4. (a) X/Ku-band shared aperture antenna geometry; (b) Surface
current distribution for X-band and ku-band shared aperture antenna
array.

5 identical group elements arranged in a series-fed config-
uration, with both vertical and horizontal planes containing
three-element groups. The X-band array utilizes a series-fed
design with an optimized feed width (SFW) of 1.6 mm. For
the X-band array, the inter-element spacing is typically cho-
sen to be around 0.7, corresponding to a center frequency of
9.3 GHz (approximately one guided wavelength). In this spe-
cific SAA X-band antenna, the inter-element spacing (SFL)
is set at 12 mm. This optimal spacing allows for a narrower
beam width and improved directivity while minimizing the
number of antenna elements required. Similarly, in the SAA
Ku-band linear array, the element spacing is set at 0.7A,
which corresponds to a resonance frequency of 13.265 GHz
(approximately one guided wavelength).

The design process for the entire system utilizes CST
software, a full-wave electromagnetic solver. Figures 4(a)
provide a visual representation of the design parameters,
showcasing the geometry view of the X-band and Ku-band
arrays, as well as the surface current distribution, respectively.
Regarding the propagation velocity, the overall size of the
X/Ku-DBSP SAA is 120 x 60 x 1.6 mm?, indicating its com-
pact form. The proposed SAA mutual coupling effect on both
transmitting and receiving modes, antenna elements must
be calculated to detect estimations of arrival, accuracy, and
resolution. The isolation of the antenna depends on the correct
calculation of current distribution on the complete body of
the SAA, computing the SCD shown in Figure 4(b) takes
the mutual coupling effect into account. Boundary conditions
are not needed to be specified to reduce complexity and
processing time. The presence of a mutual coupling effect in
an antenna receiver relies on correctly calculating the current
distribution across the entire antenna structure. In order to
account for the mutual coupling effect, the computation of the
surface current distribution, as depicted in Figure 4(b), takes
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TABLE 3. Specifications of the proposed substrate material.

Substrate Material (RT/Duroid-5880) (L x W x H)
Parameter L w H Param | L w H
eter
Value 160 160 1.6 Value 160 160 1.6
(mm) (mm)
Value (\0) | 3.72 1.86 0.04 | Value 5.309 2.654 | 0.07
@9.3 GHz 3 9 (A0) 07
@13.2
65
GHz
Value (Ag) 5.529 2.76 0.07 | Value 7.697 3.848 | 0.10
@13.265 4 3 (Ag) 2
GHz @13.2
65
GHz
mm: millimeter; L: Length; W: Width; H: Height.

this factor into consideration. The scattering matrix of X/Ku-
band is given in matrix format by representing returnloss and
isolation for all the ports for case 3 and case 4 as given below.

El Sﬂ EM ﬂ Case-3
$21 S22 288 -32.9

-19.8 -612 -59.7 -67.0 -47.0 [Cgse-4
-61.2 -19.8 -67.2 -61.4 -52.4

-59.7 -67.1 -19.8 -617 -47.1

-67.0 -61.4 -61.7 -19.8 -52.4
-47.0 -52.4 -47.1 -52.4 -22.2

S11 512 S§13 S14 S15
$21 $22 S$23 §24 S25
§31 $32 S§33 §34 S35
541 5§42 S$43 S44 S45
§51 §52 §53 §54 S55

D. CASE-4: GEOMETRY AND CONFIGURATION AT

4- GROUPS (X-BAND) AND FIFTH GROUP (Ku-BAND)

FOR X/Ku-BAND- SAA

The X-band and Ku-band SAA configurations employ a
single-layer design to achieve linear polarization with a
frequency ratio of 1:1.426. Figure 5 provides a top view,
illustrating a common aperture with 2 x 2 planar square patch
antenna array consisting of 4 groups. To enhance gain, narrow
the beamwidth, and ensure port isolation, both antennas are
positioned on top of the substrate for the X-band and in
the middle for the Ku-band. The antennas utilize microstrip
patch and series feed, employing coaxial probe feeding for
the X/Ku-band SAA. The RT/Duroid 5880 substrate mate-
rial [40], is used to support the design and fabrication with a
loss tangent of 0.0009 and a relative dielectric constant of 2.2,
resulting in the overall size of the X/Ku-DBSP SAA of 160 x
160 x 1.6 mm?> and are tabuleted in table 3. This corresponds
to 3.72 x 3.72 x 0.049 Ay with respect to the propaga-
tion velocity in the air, or 5.329 x 2.764 x 0.073 Ay with
respect to the propagation velocity in the substrate mate-
rial, aligning with the X-band center frequency of 9.3 GHz,
or 7.697 x 3.848 x 0.102 A9 for the Ku-band center fre-
quency of 13.265 GHz. All simulations were conducted using
CST Microwave Studio 2016 [41], and FIT-Finite Integra-
tion Technique based on the FDTD-Finite Difference Time
Domain simulation program. The SAA design incorporates
both bands into a compact area to enable frequency diversity.
The antenna design employs a high X/Ku-band frequency
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X/Ku-Band Shared Aperture Antenna Array
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(a)

~ Surface Current
g |

Group-5

FIGURE 5. (a) The geometry of the configuration with optimized dimensions of 2 x 2 planar array (SAA). (b) Surface current
distribution for X-band (4-Groups); (c) Surface current distribution for Ku-band (single group).
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FIGURE 6. (a) : Simulated return Loss for X-band (b) Simulated gain vs
frequency for X-band (c) Simulated isolation between Port1-Port4 (d)
Simulated isolation between Port-(5,1).

ratio, a 4-group 5-element planar array, and a S-element
single-group in the middle with a series feed and center feed
of five ports. Series feeding allows the fabrication of the
antenna on the same substrate, reducing production com-
plexity and costs. By combining the radiating components of
both bands within the same aperture, it is essential to investi-
gate the current radiating patch distribution. Figure 5(b & c)
displays the current distribution of the propagating com-
ponents at the respective frequencies, demonstrating that
at 9.3 GHz in the X-band operation, the cross-patches are
stimulated while the apertures remain passive, as shown in
Figure 6(c). The current distribution analysis reveals mini-
mal mutual interaction between the antenna array elements
at the two bands, confirming that the antenna operates
independently in the X and Ku bands. Figure-6(a)-(d) and
Figure 7(a)-(d) show casing of simulated return Loss, gain,
radiation efficiency, isolation between the X-band ports and

86276

Simulated S5 for Ku-Band (Port-5) 20 112 118 120 124 128 132 138 Mo 144
1.0
10 PP -
o

T e Radiation EfMiciency for Ku-Band @ 13,265 GHz {08

2 Jor
S0 mnn
H
<

Jos
—e— Maximum Gain for Ku Band @ 13265 GHz ] 4

1048 Seate

Return Loss (4B)
Radiation Efficiency (%)

13268 GH2 Ho.3

o2

25 4
R4 8 12T, 92 1A A WIS TR0 112 116 120 124 128 132 136 140 144
(a) Frequency(GHz) (b) Frequency(GHz)

Ialation between Bands (dB)
& G X4k k ok

Frequency(GHz)

(c) I‘N«‘]mncy(ﬂzﬂz) (d)

FIGURE 7. (a) : Simulated return loss for X-band (b) Simulated gain vs
frequency for X-band (c) Simulated isolation between Port1-Port5
(d) Simulated isolation between Ports-(5,1)-(5,2)-(5,3)-(5,4).

isolation between X- and Ku-bands. Simulated Isolation
between Port-1 to Port-5 (d) Simulated Isolation between
Port-1 to Port-5. From the Figure-6(a)-(d) and 7(a)-(d) it is
observed that the antenna with return loss of S11 < —10 dB
has an impedance bandwidth (BW) (9.1919-9.4674 GHz)
(275 MHz with 2.96% BW) in X-band and (13.054-
13.513 GHz) (459 MHz with 3.46% BW) in Ku-band. More
than 25 dB of isolation has been observed between the bands
and ports for case 4 and are >35dB isolation between in-band
ports (P12/P23/P13) for case 4. Additionally, it achieves high
gain values of 12.8 dBi for the X-band (Port-1) and 12 dBi
for the Ku-band (Port-5) for case 4. All remaining ports i.e
P2, P3, and P4 also having similar performance and has been
given in Table 4.

V. SIMULATED AND MEASURED RESULTS ANALYSIS FOR
X/Ku-SAA

The X/Ku-band shared-aperture antenna array prototype,
with central frequencies of 9.3 GHz and 13.265 GHz for
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X/Ku-Band Shared Aperture Antenna Array

Bottom View

(c)

FIGURE 8. Fabricated and measurement results prototype of case-3 (a) Top view of X/Ku-band SAA array (b) Bottom view of X/Ku-band SAA
(c) Measurement setup with VNA (d) Measurement setup in anechoic chamber for X-band (e)Measurement setup in anechoic chamber for

Ku-Band (f) Measurement setup using standard horn gain.

X- and Ku-bands, respectively, are fabricated and measured
to validate the design for both case-3 and case-4. As shown in
Figure 8 (a-f), the prototype array is incorporated with X/Ku-
bands. The top and bottom views of X/Ku band SAA is shown
in figure 8(a & b). The S-parameters and radiation patterns
are measured using Keysight-E5063A (100 KHz-14 KHz)
ENA Series Network Analyzer as shown in Figure 8(c),
and the radiation patterns and gain measurements are mea-
sured in an anechoic chamber. The measurement setups
for both S-parameters and radiation patterns are shown in
Figures 4(c-f). The X/Ku-band SAA is fabricated and exper-
imentally verified. Similarly Figure 14 presents the SAA
prototype measurement set-up, top view and bottom view of
2 x 2 X-band planar array with Ku-band 5-element array. The
measurement setup of 4-groups of 5-element X-band array
and Ku-band 5-element array for both S-parameters and radi-
ation patterns are shown in Figures 14(c-f). Figure 20(a-d)
presents the combined ports with two-way power com-
biner/dividers for maximum combined X-band gain with
linear polarization. The notations of excitation port denotes
X-band port (port-1) and Ku-band (port-2) for case 3.
The notations of ports for case 4 are X-band group-1 as
port-1, Group 2 as port-2, group 3 as port-3, group 4
as port-4, and finally group 5 i.e Ku-band 5-element
array excitation port as port-5. Following subsections deals
with case-3 and case-4 along with each port excitations
individually.

A. CASE 3

1) PORT-1 EXCITED (X-BAND@9.3 GHz)

Figure 9 shows the comparison between the simulated and
measured S-parameters of the proposed SAA at X/Ku-band
antenna. For port-1 the simulated return loss bandwidth S11
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FIGURE 9. Simulated and measured return loss of S11 and S22 for
X/Ku-Band SAA. (b) Simulated and measured.

Simulated and measured experimental S-parameters (S11) of
X/Ku-band shown in Figure-9(a), Simulated and measured
Isolation between bands that port-1 (P1) and port-2 (P2)
(IS12] = |S21]) shown in Figure-9(b), the return loss results
show a -10dB bandwidth at port-1 Sy and port-2 Sy, X-band
ranging from 9.1919-9.4674 GHz. Isolation results between
X/Ku-band over 48 dB.

Figure 7 (a-b) shows the simulated and measured X-band
radiation pattern at 9.3 GHz. The antenna radiates well on the
broadside. A 50 load on port 1 (X-band linear polarization)
gives P1 a half-power beam width of 78.5% and a 12.3 dBi
gain. A half-power beam width of 23.4° and a gain of 12 dBi
are observed in the E-plane. In the H-planes, the observed
SLL are under -16.2 dB and cross-pol levels are -30 dB
(E-Plane), -21.7 dB (H-Plane). Both planes have an FTBR
of 18 dB or higher.

2) PORT-2 EXCITED (Ku-BAND@13.265 GHz)

Figure 9 shows the comparison between the simulated and
measured S-parameters of the proposed SAA at X/Ku-band
antenna. For port-2 the simulated return loss bandwidth S11
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FIGURE 11. (a) Simulated and measured gain and (b) Simulated radiation
efficiency of X/Ku-Band.

Simulated and measured experimental S-parameters (S11) of
X/Ku-band shown in Figure-9(a), Simulated and measured
isolation between bands that port-1 (P1) and port-2 (P2)
(IS12] = |S21]) shown in Figure-9(b), the return loss results
show a -10dB bandwidth at port-2 S;» Ku-band ranging from
13.054-13.513 GHz. Isolation results between X/Ku-band
over 48 dB.

Figure 10 (a-b) shows the simulated and measured exper-
imental Ku-band antenna radiation pattern at 13.265 GHz.
The antenna has good HPBW and gains due to the increase
in electrical size at high-band. The P1 is terminated with a
50 load for Ku-band linear polarization (P2). The antenna’s
HPBW is 20.1° and its gain is 11.3 dBi. The HPBW is 76.6°
and the gain is 11.3 dBi. In the H-planes, SLL is -14.1 dB.
The cross-pol is below -29 dB in the E and H planes at
13.265 GHz. FTBR > 18 dB in both planes.

A standard gain is utilized as a reference antenna dur-
ing the measurement of the gains. Figure 11 shows the
simulated realized gains of this antenna. Peak gain is
12.3 dBi at 9.3 GHz, equivalent to efficiencies of 93/92 %.
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FIGURE 12. 3D radiation patterns of single-layer SAA design
configuration at X/Ku-Band (a) X-band- E-Plane, (b) X-band-H-Plane,
(c) Ku-Band-E-Plane and (d) Ku-Band-H-Plane.

In the Ku-band, maximal linear polarization gains are
around 11.6 dBi at 13.265 GHz, equivalent to efficien-
cies of 94 % and 92%. Figure 12 depicts 3D radiation
patterns. The X/Ku-band SAA S-parameters and radiation
properties such as bandwidth, gain radiation efficiency,
SLL, HPBW, and cross-pol, are determined and summarized
in Table-4

B. CASE 4

1) PORT-1 EXCITED (P2-P3-P4 MATCHED WITH 50w
TERMINATIONS) (X-BAND@9.3 GHz) AND PORT-2

EXCITED Ku-BAND @13.265GHz

Figure 13 presents the SAA prototype measurement set-
up, top view and bottom view of 2 x 2 X-band planar
array with Ku-band 5-element array. The measurement setup
of 4-groups of 5-element X-band array and Ku-band
5-element array for both S-parameters and gain, radiation
characteristics of X/Ku-SAA and 3D patterns are shown in
Figures 14 (a-b), 15(a-c), 16(a-d), 17(a-d), 18(a-b), 19(a-e).
The notation of P1 refers to the group-1 of the X-band and
P2 refers to the group-2 of the X-band and P3 refers to
the group-3 of the X-band, P4 refers to the group-4 of the
X-band. A good agreement between measured and simulated
results was observed, with a bandwidth (BW) of 10 dB at
port-1 (P1), port-2 (P2), port-3 (P3) and port-4 (P4) rang-
ing from (9.1919-9.4674 GHz) (275 MHz with 2.96% BW)
in X-band and (13.054-13.513 GHz) (459 MHz with
3.46% BW) in Ku-band are shown in Figure 16 (a). More
than 25 dB of isolation has been observed between the bands
and ports for case 4 and are >35dB isolation between in-band
ports (P12/P23/P13) for case 4 are shown in Figure 15 (a)-(c)
Additionally, it achieves high gain values of 12.8 dBi for
the X-band (Port-1,2,3,4) and 12 dBi for the Ku-band
(Port-5) for case 4 are shown inf Figure 14(b). All remaining
ports i.e P2, P3, and P4 also having similar performance
and has been given in Table 4. Figure 16-18 shows the
polar radiation patterns for all excitation ports i.e X-band
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Case-4-Antenna Under test at X-band

FIGURE 13. Fabricated and measurement results prototype of case-4 (a) Top view of X/Ku-band SAA Array (b) Bottom view of
X/Ku-Band SAA (c) Measurement setup with VNA (d) Measurement setup in anechoic chamber for X-band (e)Measurement setup
in anechoic chamber for Ku-band (f) Measurement setup using standard horn gain.
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FIGURE 14. (a) Simulated and measured return loss for S-parameters
(S11,522,533,544 and S55) for X/Ku-Band (b) Simulated and measured
gain vs frequency for SAA.

(P1, P2, P3, and P4) and Ku-band (P5) and results were
presented in table 4. Figure 19(a-¢) shows the 3D radiation
patterns of X/Ku-band SAA.

2) POWER DIVIDER/COMBINER PORT IS EXCITED
(X-BAND@9.3 GHz) AND PORT-2 EXCITED WHEN X-BAND
GROUPS COMBINED (Ku-BAND@13.265 GHz)

Figure 20(a-d) shows the X/Ku-band SAA at 9.3 GHz when
power divider/combiner port is excited and P5 (Ku-band)
is terminated with a 50 €2 matched load. The experimental
results are in good agreement with the simulations, showing
better scattering and linear polarization characteristics with
better gain and narrow beam width.

Figure 21(a-b) shows the simulated and measured radi-
ation patterns of the X-band combined array using power
divider/combiner and Ku-band 5-element array at 9.3 GHz
and 13.265 GHz. In the experiment, the SLLs are below -
15dB. The measured cross-pol is higher than 25 dB. The
measured gain of X-band array at 9.3GHz is 19 dBi and the
radiation efficiency is about 90%. For the X-band design,
the half-power beamwidth (HPBW) is 16°/12.1° for the
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FIGURE 15. (a) Simulated and measured isolation between ports (1,2)
(1,3) and (1,4) for X/ku-band. (b) Simulated and measured isolation
between ports (2,3) (2,4) and (3,4) for X/ku-band.(c) Simulated and
measured isolation between ports (5,1) (5,2) (5,3) and (5,4) for
X/Ku-band.

E/H-planes. For Ku-band similar characteristics has been
observed as discussed in case-3 and case-4.

3) BEAM SCANNING MECHANISM FOR X-BAND @9.3 GHz
The beam scanning capability of the combined four-port
2 x 2 planar array configuration is achieved by applying
different excitation phase values to the four input ports for
linear polarization, along with a 4-way power divider to max-
imize gain. To study the beam scanning capability, the initial
configuration involves exciting all ports with a zero-degree
phase and equal amplitude. Figure-22 Scan angle patterns
for different progressive phase shift, Figure-22(a) X-band
E-plane. Figure-22(b) X-band H-plane.
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For example, tilt angles of & = 0°, 5°, and 10° result in
phase settings of 22.5°, 45°, and 67.5° for the first port,
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FIGURE 19. 3D Radiation patterns of Single-layer SAA design
configuration at X/Ku-Band for port-1 (a) X-band- E-Plane,
X-band-H-Plane (b) Port-2 X-band E-Plane, X-band H-Plane (c) Port-3
X-band E-Plane, X-band H-Plane (d) Port-4 X-band E-Plane, X-band
H-Plane (e) Port-5 Ku-band E-Plane, Ku-band H-Plane.

Eight-Way RF-Cables

;
(c) (d)

FIGURE 20. (a) Fabricated top view of power divider X-band (b) Bottom
view of connected X/Ku-Band SAA (c) Measurement setup with vector

network analyzer.(d) Measured return loss using four-way power divider
for X-band.

respectively. Similarly, other tilt angles are achieved by
adjusting the phases accordingly (e.g., 8§ = 10° with phases of
45°,90°, and 135°). These different phase settings are illus-
trated in Figure 23. As an example, Figures 23 show the 3D
beam patterns obtained using CST simulation by changing
the phase excitation values of the four ports. By adjusting the
phase values of the ports, the beam direction can be steered
to different angles, allowing for beam scanning capability in
the 2 x 2 planar array configuration.

To prove the concept of shared aperture antenna using
a single layer the prototype has been developed and
achieved reasonable electrical (S-parameters) and radiation
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FIGURE 22. Scan angle patterns for different progressive phase shift
(a) X-band E-plane. (b) X-band H-plane

characteristics in comparison with simulated and measured
results. The summary of X/Ku-band SAA for both case-3 and

case-4 has been given in Table 4.

Table 5 shows the comparison with other SAAs.Upon com-
paring the proposed antenna with the previous state-of-the-art
works listed [11], [12], [14], [15], [16], [17], [19], [30], [31],
[32], [36], [37], [38], [39], several key improvements can be
observed. Firstly, the proposed antenna achieves a higher gain
of 20 dBi and 12 dBi, surpassing the gains reported in the pre-
vious works. This signifies a notable advancement in signal
strength and reception capability. Additionally, the proposed
antenna demonstrates a significantly improved isolation of
67 dB. This indicates a reduced level of interference and
better performance compared to the previous state-of-the-
art antennas [11], [12], [14], [16], [17], [18], [19], [30], [31],
[32], [33], [34], [35], [36], [38], [39], where lower isolation
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FIGURE 23. 3D far-field gain, elevation tilt angle (¢ = 0° & 6 =-59, -100,
and -159), broadside direction (¢ = 0° & 6 = 0°), Elevation tilt angle
(¢ = 0°&9 = +59, +10°, +159).

values were reported. The higher isolation value achieved by
the proposed antenna enhances its ability to reject unwanted
signals and minimize interference between the bands. One of
the most impressive achievements of the proposed antenna
is its aperture efficiency of 93%. This surpasses the aper-
ture efficiencies reported in the previous works [11], [12],
(14], [15], [16], [17], [18], [19], [31], [32], [33], [34],
[35], [36], [37], [38]. The higher aperture efficiency indi-
cates a greater ability to capture and utilize incoming
electromagnetic energy, resulting in improved overall
antenna performance and effectiveness. Overall, the com-
parison highlights the superior performance of the proposed
antenna in terms of gain, isolation, and aperture efficiency.
These advancements signify the potential for enhanced sig-
nal reception, reduced interference, and improved overall
functionality, positioning the proposed work as a significant
development in the field of antenna design.

VI. DIRECTIONS OF IMPROVEMENT AND FUTURE SCOPE
Shared aperture antennas are designed to consolidate the
functions of multiple antennas into a single unit. By utilizing
wideband multiple beam technology, these antennas combine
numerous antennas into a single aperture. This approach has
proven beneficial in various applications, including airborne
Synthetic Aperture Radar (SAR) systems. The design prin-
ciples of shared aperture antennas can be adapted and mod-
ified to accommodate high-frequency ratios. For instance,
a recommended design could involve the utilization of a Ku-
band 5-element group with coaxial feeding, which can be
integrated with a 5-element 4-group X-band planar array.
Coaxial probe feeding is advantageous as it allows flexi-
bility in placing the feed at any location inside the patch,
ensuring optimal matching of the input. However, when
working with thicker substrates, the length of the probe
needs to be increased to counteract the inductive effect
that arises, thus limiting the effectiveness of coaxial probe
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TABLE 4. Summary of simulated and measured results for X-band 1 to 4-ports for Ku-band (port-5).

Operating Band X-Band (X-Band |[X-Band |X-Band X-Band | X-Band | X-Band | X-Band X-Band All Operation Bands Ku-Band | Ku-Band
Simulated | Simulated | Simulated | Simulated | Measured | Measured | Measured | Measured Groups Simulated | Measured
Group-1 |Group-2 |Group-3 |Group-4 Results | Results | Results | Results Combined Results | Results
from from from from With power Group-V | Group-V
Group-1 | Group-2 | Group-3 | Group-4 |divider/combiner
Centre Frequency 93GHz |93GHz |93GHz |93GHz | 93GHz | 93GHz | 93 GHz | 9.3 GHz 9.3 GHz Centre Frequency 13.265 13.265
GHz GHz
Polarization linear linear linear linear linear linear linear linear linear Polarization Linear Linear
Impedance bandwidth 275(MHz) |275(MHz) [275(MHz) |275(MHz) | 269(MHz) | 269(MHz) | 269(MHz) | 269(MHz) 269(MHz) Impedance bandwidth |459(MHz) 459
(MHz) (MHz) (MHz)
Isolation >50dB >50dB >50dB Isolation >60dB
Antenna size(mm) 160mm>160mmx1.6 mm Power divider |Antenna size(mm) 160mmx160mm>x1.6
externally mm
connected with
RF cables
Gain (dBi) 123 12.3 123 123 12 12 12 12 21 Gain(dBi) 11.6 11.3
Radiation Efficiency 93% 93% 93% 93% 92% 92% 92% 92% 90% Radiation Efficiency 94% 92%
E-Plane |Cross-pol (dB) [-35 -35 -35 -35 -26 -26 -26 -26 -25 E-Plane Cross-pol -35 -29
(dB)
HPBW (deg) |80.5 80.5 80.5 80.5 78.5 78.5 78.5 78.5 16 HPBW (deg) 78.9 76.6
SLL (dB) -16 -16 -16 -16 -16.2 -16.2 -16.2 -16.2 -15 SLL (dB) -16.8 -16.5
H-Plane |Cross-Pol (dB)|-21.7 -21.7 -21.7 -21.7 -19.5 -19.5 -195 -19.5 -20.1 H-Plane | Cross-Pol -12 -12
(dB)
HPBW (deg) |22.2 222 222 222 234 234 234 23.4 12.6 HPBW (deg) 20.1 225
SLL (dB) -14 -14 -14 -14 -14.8 -14.8 -14.8 -14.8 -15 SLL (dB) -13.9 -14.1

TABLE 5. Comparison with other shared aperture antennas.

S-No | Year | Band-1 Resonance | Frequency | Band-Width configuration Gain Cross-pol Isolation | Aperture | Aperture size Scan Application
/Band-2 | Frequency | ratio dBi dB dB efficienc angle
GHz y
[11] 2018 | X/Ku 11.2/13.5 1:1.2053 18.62% Planar array 85 NA 40 90% 2.99x1.87x0.059 | +25° Radar
2x3 3 Application
[12] 2011 | L/IS/IX 1.25/3.5/10 | 1:2.8:2.8 13.4%/14.8%/1 | Planar array 22-21 30 37 62% NA *27° Radar
6.8% 16x2 61.2% Application
[14] 2018 | S/L 2-4/1-2 NA 6.9%/28.5% Planar array 5/7.16 NA 40/45 92% 80x80x1.6mm’ 45" Radar
20%20 Application
[15] 2017 | L/IC 1.25/5.5 4.4 12.7%/16.8% NA 12.9/26.8 -28/25 -28/28dB NA 86% NA +55° Wireless
Application
[16] 2017 | S/IX 2.5/8.2 1:3.3. 13% Planar array 7.5 dBi NA 38 90% NA +25° Radar
2x2 Application
[17] 2017 | S/X 2.6- NA 7% /10.5% NA 8/11.5dB -18/-22dB 20dB 91% 140 x 140 x 64 £25° satellite
2.8/7.7-8.5 mm’® applications.
[18] 2017 | X/Ku/Ka | 9.6, 14.8, 1:1.8:4.5 3.6%, 6.7%, Planar array NA -25dB <30 85% NA 257 SAR
and 34.5 and 5.3% Application
GHz
[19] 2021 | S/X 2.3- 1:3.3 12.2%/6.2% Planar array 7.4/10 -17 28/32 90% NA 257 SAR
2.6/7.8-8.3 Application
[31] 2020 | S/X 8.55t09.6 | 2.7:1. 11.7% Multilayer 7.6 dBi NA 35dB 95% NA +50¢ Wireless
8x16 Application
[32] 2021 | Ku/Ka 14.2- 2.1 14.2-18.0% Multilayer Phased | 8.4dbi/9dbi/8.7dbi 8.4dbi/9dB/8.7dB 15dB 86% NA +25° Wireless
18/31.0- Array Application
33.6 GHz 2x3/4x4
[33] 2021 | S/IC 2.12- 24 25.8% Multilayer Phased | 7.9dbi/2.7dbi/11.7dbi | 7.9dbi/2.7dB/11.7d | 43/25dB | 86% NA 257 Satellite
2.75/5.69- Array 6 X 6 B Communication
591
[34] 2022 | Ku/Ka 13/38 GHz | 2.9 25.0% 11.4% Multilayer 28.2/37.2 dbi 28.2/37.2dB >30dB 44.9% 9.6mmx 9.6 mm | 25" Satellite
and Communication
41.8%,
[35] 2022 | S/IC 2.4/5.8 24 43% Multilayer 11.7 dbi 11.7 db 30dB 61.6% 2.8 cm x 4.9 cm, +25° Wireless
GHz 44 Application
[36] 2022 | KuKa 16/35GHz | 2.2 25/11.4% Multilayer 22.3 dBi/22.1 dBi. -22dB >30dB 86% - 35%40%5 | Satellite
8x8/8x8 0°/60° C i
[37] 2022 | S/L 34- 21 3.4/3.8 Multilayer 7.3/13 db >20/>15 dB >30 89% 123x123x100 257 future 5G
3.8/0.69- dB/>25d Application
0.96 GHz B
[38] 2023 | Ka 28 GHz 30.62- Single ayerl x 4 9.56-dBi/8.9dBi 3.23dB 32dB 90% 22x4.1x197 +45¢ MIMO
27.51(3.11) mm3 Application
391 2023 | Ku/Ka 16 GHz 121 19.4% 7.4% Multilayer 18.4/18 dBi 18.4/23.4 dB 15dB 60/50 90.5%90.5x58.279 | 25" Satellite
/33.5 GHz 1x4 23.4/22.9 dBic Cc i
[40] 2023 | K/Ka 17.7-21.2 1.5 18/12% Multilayer 4.5dBi 4.5dB 40dB NA NA 60 LEO Satellite
/27.5-31.0 Communication
GHz
This work X/Ku 9.3/13.265 1:1.4263 276/459MHz Planar array 22.3/12.8 -16.5/-18 >50dB 93% 160x160>1.6mm 257 SAR
(Single Layer) Application
feeding in such cases. The advancement of airborne and new avenues for data analysis and information extraction.
spaceborne sensors has significantly improved SAR capa- The combination of higher spatial resolution and novel imag-

bilities, enabling the acquisition of high-quality SAR data ing modalities has played a vital role in achieving these
with decimeter resolution. This breakthrough has opened up advancements.
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VIi. CONCLUSION

A novel dual-band single-polarized (DBSP) high gain
shared aperture antenna (SAA) with better isolation is pro-
posed for the use in Airborne Synthetic Aperture Radars
(AIR-SARs). To validate the antenna design, a prototype
is fabricated and tested for S-parameters, radiation charac-
teristics, and gain measurements. The antenna with return
loss of S11 < —10 dB has an impedance bandwidth (BW)
(9.1919-9.4674 GHz) (276 MHz with 2.96% BW) in X-band
and (13.054-13.513 GHz) (459 MHz with 3.46% BW) in
Ku-band. More than 25 dB of isolation has been measured
between Sp; =Sy for case 3 and are >35dB isolation
between in-band ports (P12/P23/P13) for case 4. Addition-
ally, it achieves high gain values of 12.8 dBi for the X-band
and 12 dBi for the Ku-band for case 3. The 2 x 2 pla-
nar array (5-elements in each group excited with coaxial
probe feed) is connected with 8-way power divider (4-groups
are feed with 4 power divider ports and other 4-ports are
matched with 502 terminations) and achieved a gain of
19 dBi for the X-band and 12 dBi for the Ku-band for
case 4. The combined gain was varied between 19dBi to
20dBi with 0° to 25° scan angle. The combined 2 x 2 pla-
nar x-band array Half-Power Beam width (HPBW) values
are 16° in the E-plane and 12.6° in the H-plane for the
X-band, while for the Ku-band, they are 22.7° in the E-plane
and 78.4° in the H-plane. The size of the shared-aperture
antenna is 160 mm x 160 mm x 1.6 mm. The proposed
SAA is ideal for soil moisture estimation in agricultural areas
and suitable for applications in snow-covered regions, cold
areas, and disaster monitoring. Finally the present reported
SAA X/Ku-DBSP holds significant value for AIR-SAR
applications.
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