Progress In Electromagnetics Research B, Vol. 101, 175-191, 2023

High-Isolation and Side Lobe Level Reduction for Dual-Band
Series-Fed Centre-Fed X/Ku Shared Aperture Binomial Array
Antenna for Airborne Synthetic Aperture Radar Applications

Praveena Kati and Venkata Kishore Kothapudi®

Abstract—This research paper introduces a novel dual-band single-polarized (DBSP) series-fed center-
fed open stub (SFCFOS) Binomial Antenna Array synthesis technique to improve side lobe levels (SLL)
and better isolation for the use in Airborne Synthetic Aperture Radars (AIR-SARs). The antenna
utilizes a shared-aperture array (SAA) architecture, operating in both X- and Ku-bands with center
frequencies of 9.3 and 13.265 GHz with a frequency ratio of 1: 1.426. The SAA consists of a 7-element
linear array of square microstrip patches for the X/Ku-band. The inter-element spacing between patches
is set at 0.7\ to meet the £25° scan range requirements. The X-band (9.3 GHz) frequency is ideal for soil
moisture estimation in agricultural areas, while the Ku-band (13.265 GHz) is suitable for applications in
snow-covered regions, cold areas, and disaster monitoring. To validate the antenna design, a prototype
is fabricated and tested for S-parameters, radiation characteristics, and gain measurements. The size
of the shared-aperture antenna is 200 mm x 50 mm x 0.787 mm. The measured results of the prototype
align well with the simulated ones, exhibiting excellent radiation performance and high isolation. The
bandwidth of 1.07% (X-band) and 1.5% (Ku-band) and return loss of 25 dB/—15.7 dB at 9.3/13.265 GHz
are achieved. The measured isolation is —45dB which provides a large signal separation at X /Ku-bands.
The antenna design shows a side-lobe level (SLL) of —39.5dB at E-plane (¢ = 0° and —17.9dB for
H-plane (¢ = 90°) for the X-band and —35dB at ¢ = 0° —19dB for H-plane (¢ = 90°) for the
Ku-band. Additionally, it achieves high gain values of 12.8 dBi for the X-band and 13.2dBi for the
Ku-band. This research presents the first reported shared-aperture X/Ku-band single polarized planar
array with binomial amplitude distribution synthesis technique, which holds significant value for AIR-
SAR applications. All the measured results were in line with simulated ones and matched reasonably
well.

1. INTRODUCTION

Synthetic Aperture Radar (SAR) has been widely used for Earth remote sensing for more than 30
years [1,2]. AIR-SARs are very useful over a wide range of applications, including sea and ice monitoring,
mining, oil pollution monitoring, oceanography, snow monitoring, and classification of Earth terrain [3—
8]. The Shuttle Imaging Radar (SIR)-C/X SAR (operating with L./C/X-bands of weight around 3000 kg)
on the American Space Shuttle Endeavour (ASSE), a high-resolution 3D imaging radar, acquired images
for first time throughout the world in 2000 [9]. It consists of three individual dual-polarized sub-arrays.
An SAA compact design for L- and C-bands is proposed by Axness et al. [10] to overcome the limitations
of SAR antenna designs. More commonly, dual-band antenna design can be achieved by either two
single-band elements or one dual-band element or multilayer configuration based on microstrip patch
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antenna technology [11]. The use of two single-band elements (either single or multilayer) is always
considered to be a more efficient antenna aperture than conventional designs with a high-frequency
ratio of more than 2. In [12], a tri-band L/S/X system with a frequency ratio of 1 : 2.8 : 8 was proposed
with a 5-layer configuration. A Bifunctional Metasurface technique with a shared aperture concept was
introduced in [13] with an FR of 2.4 at S/C-band having gains of 7.9 dBi and 2.7dBi. A 2-layer Ku/Ka-
band with a frequency ratio of 2.1 by using the Structure-Reuse Technique has been implemented with
< 9dBi gain having an array size of 2 x 3/4 x 4 [14]. A Metamaterial-Based S/X-Band Shared-Aperture
Phased-Array Antenna with frequency ratio of 2.7 : 1 having a multilayer configuration with a gain of
7.6 dBi and scan angle +50° is implemented in [15]. An SAA with single and dual polarizations has
been implemented with Ku/Ka-band with an isolation of 30dB [16]. A 2D SAA with Ku- and Ka-band
multilayer 8 x 8 array has been implemented with a gain of 22 dBi at both the bands and an isolation
of 30dB in [17]. An SAA with radiation pattern distortion technique has been implemented with FR of
2.1 and achieved with multilayer configuration with a gain of 7.3/13 dBi at both S/L bands in [18]. A
dual-band, dual-circularly-polarized shared-aperture SAA with high highly isolated RF power is used
in [19] as an information receiving system. In [20], an SAA with cavity Slot Antenna-in-Package with
Enhanced Beam Coverage for MIMO applications has been implemented. In [21], an SAA with dual-
band multi-polarization at Ku-/Ka-band for Satellite Communication with a gain of 18 dBi/23.4 dBi
and isolation of 15dB has been implemented. In [22], a K-/Ka-Band Shared-Aperture Phased Array
with the gain of 4.5dBi and isolation of 40 dB was achieved. In [23], a research design operates at L-,
S-, and X-bands with an approximate frequency ratio of 1: 1.9 : 5.5. Three types of radiation elements
resonating at different frequencies, including the square microstrip patch, microstrip dipole, and printed
monopole, are interlaced in the same aperture. A simple metallic strip (MS), comprising four metal
stubs and one rectangle-shaped metal pillar, is utilized to improve the inter-element isolation of the
array in and between the C- and S-bands [24]. A shared aperture multilayer antenna operating at both
S- and X-bands for airborne SAR applications was presented in [25]. The authors in [26-29] reported
a series of designs with a 10-element uniform linear array, Chebyshev amplitude distribution array,
hybrid-fed array (combination of series-fed and corporate-fed), and 1 x 2, 2 x 2, and 3 x 3 series-fed
X-band arrays with complete s-parameters and radiation characteristics have been analyzed. In [30], a
series-fed binomial array has been implemented with extreme side-lobe levels.

In [31], an investigation has been done with binomial and Chebyshev distribution for linear and
rectangular dielectric resonator antenna arrays. In [32], a 23-element series fed linear array at Ka-band
gives a gain of 19 dBi with a beam in broadside direction and has SLL better than —15dB. A 7-element
series-fed antenna array yielded a measured gain of 15.1dBi at 5.79 GHz. In [33], linear arrays along
radiating (E-plane) and non-radiating (H-plane) edges are designed for broadside radiation patterns at
5.8 GHz using U-shaped series- and corner-feed configurations, respectively. Ref. [34] describes a power-
efficient method of beamforming algorithm by using a novel concept of Fractional-Powered Binomial
Array (FPBA). The main beamwidth of FPBA is much narrower, which is power efficient, than that
of the popular binomial array. In [35], an approach for improvement of the binomial array antenna
selectivity is studied. Ref. [36] presents the design and analysis of a large corner-fed microstrip antenna
array at the C band. The side lobe level of lower than —20dB and —14dB in the E and H plane is
achieved.

Obtaining dual-band SAA with single-layer printed circuit board (PCB) is a big challenge with
SLL reduction using the binomial synthesis technique. The basic objective of this article is to design
and develop an SAA technology in single-layer PCB with frequency diversity along with SLL and
isolation improvement. Instead of using two separate dedicated antennas for X- and Ku-bands, SAA
technology is used here. A systematic design for single linear polarization at X- and Ku-bands with
high port isolation has been discussed. Realized prototypes have been experimentally investigated for
binomial array distribution (BAD). The proposed design should find potential applications in SAR with
frequency diversity. In this work, a low-cost and low-profile SAA antenna design prototype for X/Ku-
band AIR-SAR applications is presented. The proposed antenna designs operate at X/Ku frequency
bands covering 9.3/13.265 GHz. The substrate thickness of 0.787 mm with 1oz copper cladding makes
the prototypes flexible. The proposed antenna has many advantages such as: 1) low cost single layer
SAA; 2) improved aperture efficiency with Single layer PCB, 3) the design features amplitude control
with controlling patch width, 4) SLL reduction and gain enhancement at X/Ku-bands (it is a drawback
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in multilayer SAA technology); 5) series-fed design to reduce the microstrip transmission line losses; 6)
scanning capability of £25 with grating lobe free scanning is possible.

The detailed design analysis and results for the prototype are discussed in Sections 2 and 3,
respectively. The prototypes are tested using Vector Network Analyzer (VNA) for S-parameters
measurements and an anechoic chamber for radiation pattern measurement in Section 4. Finally, the
work is concluded in Section 5.

2. ANTENNA STRUCTURE AND DESIGN ANALYSIS

In this work, an RT/Duroid-5880 (made by Rogers) copper cladding substrate with 31 mils (0.787 mm)
height, 1oz, i.e., 0.035mm thick copper with a relative permittivity er = 2.2 and loss tangent
tand = 0.0009, is chosen as the antenna material [38]. All the metal components in the reported
antenna design are taken to be copper with its known material parameters er = 1, ur = 1, and bulk
conductivity ¢ = 5.8 x 107s/m. Table 1 describes the parameters for a dual-band linear-polarized
binomial antenna array. The center frequencies for X-band and Ku-band operations are 9.3, and
13.265 GHz, respectively. The bandwidth of the two bands has to be less than 200 MHz, and the array
should have linear polarizations in each band. The isolations between the linear polarizations must be
greater than 25 dB. Transmitting different arrays within the same aperture is one of the challenges for
linear polarization dual-band binomial array antenna, which is made up of single substrates shown in
Figure 1. Arrays are designed with thickness of ground 0.035 mm, substrate RT duroid with a dielectric
constant of 2.2, a substrate thickness of 0.8 mm, and a loss tangent of 0.0009. All radiating elements’
broadside radiation patterns should be excited at the same phase, and antennas provide an 180° phase
shift along the radiating edges. A coaxial feed is used to excite the arrays at the center element
which provides the remaining 180° phase shift. Asymmetric arrays have an odd number of elements
concerning the center feed elements. The overall size of the X/Ku-DBSP SAA is 200 x 50 x 0.8 mm? (or)
6.12 x 1.55 x 0.024)\g (Free space wavelength-AIR as the medium) (or) 8.94 x 2.236 x 0.035\, (Guided
wavelength-substrate material as a medium), which corresponds to the X-band center frequency 9.3 GHz,
8.845 x 2.211 x 0.035Mp, 12.73 x 3.184 x 0.05\,, which corresponds to the Ku-band center frequency
13.265 GHz. All simulations are performed using the CST Microwave Studio student version [37]. X/Ku-
band SAA element distance based on scan angle requirements on the X-axis can be calculated using
Equation (1) in [25-29].
A
1+ sfn 0 (1)
x

where ), is the x-axis free-space wavelength of 9.3 GHz; d, is the distance between the elements in the
X-direction; and 6, is the maximum scan angles of 25°.

T

Table 1. General specifications of X/Ku-band shared aperture antenna.

Operation bands X-Band | Ku-Band
Centre Frequency 9.3GHz | 13.265 GHz
Polarization Linear Linear
Impedance bandwidth | 200 MHz 200 MHz
Antenna’s size 200 x 50 x 0.8 mm?3
Radiation Efficiency 80% 80%
Gain 13dBi 13dBi
Isolation > 25dB > 25dB
Side-lobe level —15dB —15dB
Scan range 25° 25°
Cross-Polarization > 25dB > 25dB
Inter-element Spacing 0.7)o 0.7Xo
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Figure 1. (a) Geometry of X-band 10-element linear antenna array with binomial synthesis technique.
(b) Surface current distribution (binomial synthesis technique) of X-band 10-element linear antenna
array. (c) Simulated S-parameters |Sq1] in dB at X-band. (d) Simulated gain and radiation efficiency at
X-band. (e) Simulated Co-pol with zero SLL for X-band. (f) 3D radiation pattern for X-band @9.3 GHz.
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General specifications of shared aperture antenna are considered as per Table 1. These specifications
are going to be achieved with the proposed design. The optimized parameters of the X band and Ku
band are given in Tables 2 and 3 based on amplitude values designed with the help of the binomial
synthesis technique as per the design Equations (2) to (5). These final values are achieved by optimizing
the design continues to get a better result.

Table 2. Optimized parameters for the X-band binomial antenna array synthesis technique.

Binomial Amplitude Distribution (X-Band @ 9.3 GHz)
Units Actual Amplitude

Calculated Patch

Parameter Description Patch Width value Di . ( )
(mm/0/Ag) (watts) imensions (mm
mm 10.4 1 1x10.4=104
PW4 Width of patch 4 | A0 0.322 1 1x0.322 =0.322
Ag 0.465 1 1 x 0.465 = 0.465
. mm 10.4 0.75 0.75x104=17.8
PW3 = PW5 xset: 30555 N | 0.322 0.75 0.75 x 0.322 = 0.2415
P Ag 0.465 0.75 0.75 x 0.465 = 0.3487
. mm 10.4 0.35 0.35 x 10.4 = 3.64
PW2=PW6 ;}2701}?;632081;6 A0 0.322 0.35 0.35 x 0.322 = 0.1127
P Ag 0.465 0.35 0.35 x 0.465 = 0.1627
. mm 10.4 0.05 0.05 x 10.4 = 0.52
PW1=PW7 xs;;lo&i7 A0 0.322 0.05 0.05 x 0.322 = 0.0161
P Ag 0.465 0.05 0.05 x 0.465 = 0.0023
mm 10.4
PL1 to PLT lfe:ghth Cftthe? X0 0.322
apehies 210 g 0.465
SFL Series Feed Length 22 mm
SFW Series Feed Width 0.20 mm

In this section, the amplitudes of the radiating sources are arranged according to the coefficient of
successive terms of the following binomial series in [11] of Equation (2) and hence the name

(a + b)n—l _ an—ln; 1an—2b + (n — 1)2(‘71 — 2) CLn—3nQ (2)
where n denotes the number of radiating sources in the array, and a & b are the variables. For it
to avoid the secondary or side lobes in the linear broadside arrays, the radiating sources must have
current amplitudes proportional to the coefficient of the mentioned binomial series. This work is done
by arranging the arrays so that radiating sources in the middle of the broadside array radiated more
strongly than radiating sources at the borders. The secondary lobes may be eliminated. The two
conditions mentioned below should be satisfied. (i) the separation between two consecutive radiating
sources is smaller, and (ii) the current amplitudes in radiating sources are proportional to the coefficients
of the successive terms of the binomial series. These two requirements must be met in binomial arrays,
and the coefficients matching the amplitudes of the sources can be calculated by placing n = 1, 2. For
example, in Equations (3), (4), and (5), the relative amplitudes for arrays of 1 to 7 radiating sources are
as follows in [11,31]. By = binomial coefficients, N = Number of Antenna elements, Cj, = polynoimial
expansion, K = integer.

(N —1)!

N—-1 __
G = EN(N —1—k)!

(3)
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Table 3. Optimized parameters for the Ku-band binomial antenna array synthesis technique.

Binomial Amplitude Distribution (Ku-Band @ 13.265 GHz)
Actual Patch Amplitude
Parameter Description Width value Sa lcula.t ed P(’atch)
(mm/A0/Ag) (watts) imensions (mm
. mm 7.13 1 1x713="7.13
PW4 Wlftﬁ i’f X0 | 0.315 1 1 x0.315 = 0.315
pate g 0.454 1 1 x 0.454 = 0.454
mm 7.13 0.75 0.75 x 7.13 = 5.3475
idth of
PW3 =PW5 :tvclhes 30&5 A0 0.315 0.75 0.75 x 0.315 = 0.2362
P Ag 0.454 0.75 0.75 x 0.454 = 0.3405
. mm 7.13 0.35 0.35 X 7.13 = 2.4955
PW2=PW6 ;Nt(f;;l;&fd; A0 0.315 0.35 0.35 x 0.315 = 0.1102
P Ag 0.454 0.35 0.35 x 0.454 = 0.1589
. mm 7.13 0.05 0.05 x 7.13 = 0.3565
PWlD—HPW7 X}fillo(é? A0 0.315 0.05 0.05 x 0.315 = 0.0157
- P g 0.454 0.05 0.05 x 0.454 = 0.0227
mm 7.13 mm
PL1 to PLT finifht O}f X0 0.315
¢ rate g 0.454
SFI Series Feed 15.4 mm
Length
Series Feed
SFW Width 0.20 mm

*SFL = Series-fed line Length, SFW = Series-fed line Width. PL = Patch Length, PW = Patch width

5 6 1
G G G
cg Cy Gy
0.75 0.3 0.05

CN—I
By = IJCV—I
Cna
1 6 15 20
P B e e
cs g oy Cy
0.05 0.3 075 1
k=20,1,2,3,4,5,6,7...N — 1

2.1. X-Band 7-Element SFCFOS Linear Antenna Array with Binomial Synthesis

Technique

(4)

The binomial array is designed at a frequency of 9.3 GHz for X band, patch width tapering geometry of a
seven-element SFCFOS binomial array. Table 2 shows the optimized parameters of the X-band binomial
antenna array synthesis technique. In the SFCFOS array design, binomial synthesis techniques are
chosen to provide the SLL of > —40dB in practice. To obtain a flat SLL performance, we use amplitude
coefficients modified from a binomial synthesis and introduce a half-wavelength open-ended stub after
the last element for the effective utilization of transmitted power. The width of the center patch is
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10.4 mm. The patch width of the other elements is variable, with a ratio of 1, 0.75, 0.35, and 0.05 from
the array center to the edges. The distance between two adjacent elements is 22 mm (0.7)\g at 9.3 GHz).
The radiating elements’ physical length and width of the X-band were determined as L1 = L7 = 10.4m
and W4 = 10.4mm, W3 = W5 = 7.8 mm, W2 = W6 = 3.64mm, W1 = W7 = 0.52mm, and series
feed length (SFL) and series feed width (SFW) are 22mm and 0.2mm. The series-fed X-band array
has a SFW that is optimized to 0.2mm. The typical inter-element spacing employed in the X-band
array is in the range of 0.7\, which corresponds to the center frequency 9.3 GHz (approximately one-
guided wavelength), SFL. = 22mm in this X-band linear array. The coefficient of the binomial array
distribution was designed for N number of odd elements. From the central element to the end element,
the excitation amplitude can be decreased from arrays and current distribution as shown in Figure 1(b).
The amplitude is controlled by varying the width of the microstrip patch elements, and open-ended stubs
are arranged next to the last antenna element to use the energy of the radiating signal more effectively.
The coaxial probe is fed into the central element at a distance from its center for impedance matching.
Simulated bandwidth (BW) for |Si;| < —10dB is from 9.25 to 9.35 GHz (1.07%) and return loss is
25dB at 9.3 GHz which are shown in Figure 1(c). Figure 1(d) shows the simulated gain and radiation
efficiency with achieved value of 12.8 dBi and 92.5%, respectively. The polar representation of radiation
patterns with zero SLLs and 3D radiation patterns are shown in Figures 1(e) & (f).

2.2. Ku-Band 7-Element SFCFOS Linear Antenna Array with Binomial Synthesis
Technique

The binomial array is designed with a frequency of 13.265 GHz for Ku-band with a seven-element
SFCFOS as shown in Figure 2(a). Table 3 shows the optimized parameters of the Ku-band binomial
antenna array synthesis technique. In the SFCFOS array design, binomial synthesis techniques are
chosen to provide the SLL of > —40dB in practice. To obtain a flat SLL performance, we use
amplitude coefficients modified from a binomial synthesis and introduce a half-wavelength open-ended
stub after the last element for effective utilization of transmitted power. The width of the center
patch is 10.4 mm. The patch width of the other elements is variable, with ratios of 1, 0.75, 0.35, and
0.05 from the array center to the edges. The radiating element length and width in Ku-band were
chosen as L1 = L7 = 7.13mm and w4 = 7.13mm, w3 = wb = 5.34mm, w2 = w6 = 2.49mm,
wl = w7 = 0.35mm, and SFL and SFW are 8 mm and 0.8 mm. The typical inter-element spacing
employed in the Ku-band array is in the range of 0.7\, which corresponds to center frequency 13.265 GHz
(approximately one-guided wavelength), SFL = 20mm in this X-band linear array. From the central
element to the end element, the excitation amplitude can be decreased from arrays and current
distribution as shown in Figure 2(b). The amplitude is controlled by varying the width of the microstrip
patch elements, and open-ended stubs are arranged next to the last antenna element to use the energy
of the radiating signal more effectively. The coaxial probe is fed into the central element at a distance
from its center for impedance matching. Simulated BW for |Si;| < —10dB is from 13.15 to 13.35 GHz
(1.5%), and return loss is —15.7dB at 13.265 GHz which are shown in Figure 2(c). Figure 2(d) shows
the simulated gain and radiation efficiency with achieved values of 13.2dBi and 91%. The polar
representation of radiation patterns with zero SLLs and 3D radiation patterns are shown in Figures 2(e)

& (f).

3. EMBEDDING X/KU DBSP BINOMIAL SHARED APERTURE ANTENNA

The geometry configurations of the proposed X/Ku-band SAA with all dimensions are shown in
Figure 3(a). The array consists of 7 elements arranged in a linear array configuration with a series-fed
center-fed open stub design method. The series-fed X/Ku-band array has a feed width (SFW) that
is optimized to 0.8 mm. The typical inter-element spacing employed in the X-band array is in the
range of 0.7\, which corresponds to center frequency 9.3 GHz (approximately one-guided wavelength),
SFL = 22mm in this SAA X/Ku-band linear array. Optimal spacing is used to save the number of
antenna elements for a narrow beamwidth and directivity. The element distance is restricted by scan
requirement factors. To obtain a flat SLL performance, we use amplitude coefficients modified from
a binomial synthesis and introduce a half-wavelength open-ended stub after the last element for the
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Figure 2. (a) Geometry of Ku-band 10-element linear antenna array with binomial synthesis technique.
(b) Surface current distribution (binomial synthesis technique) of Ku-band 10-element linear antenna
array. (c) Simulated S-parameters |S22| in dB at Ku-band. (d) Simulated gain and radiation efficiency
at Ku-band. (e) Simulated Co-pol with zero SLL for Ku-band. (f) 3D radiation pattern at Ku-band.
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Figure 3. (a) Geometry of shared aperture antenna X/Ku-band binomial array. (b) Surface current
distribution of X/Ku-band binomial array. (c) Simulated isolation between ports for X/Ku-band
binomial array.
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effective utilization of transmitted power. The X/Ku band SAA design has been adopted to reduce
the payload weight, size, and cost. To improve the isolation (reduce the mutual coupling between the
X/Ku-band SAAs) between the ports (i.e., Port-1 & Port-2) or X/Ku-band SAAs, the array distance
considered was greater than 0.5\ at the lowest operating frequency which can be shown as a surface
current distribution when one of the ports was excited in Figure 3(b). The isolation |Sa1| & |[Si2]
between ports are greater than —45dB at port-1 and port-2 and are shown in Figure 3(c).

4. SIMULATED AND EXPERIMENTAL RESULTS AND ANALYSIS

The X/Ku-band binomial shared-aperture array prototype, with central frequencies of 9.3 GHz and
13.265 GHz for X- and Ku-bands, respectively, are fabricated and measured to validate the design. As
shown in Figures 4(a)—(b), the prototype array is incorporated with X/Ku-bands. The S-parameters
and radiation patterns are measured using Keysight-E5063A (100kHz-14 kHz) ENA Series Network
Analyzer as shown in Figure 4(c), and the radiation patterns and gain measurements are measured in
an anechoic chamber. The measurement setups for both S-parameters and radiation patterns are shown
in Figures 4(d)—(e).

X/Ku-Band Shared Aperture Antenna Array (Binomial Synthesis Technique)

- .-

Open Stub PiBan)

T [Ku-Band|

SFL & SFW Coaxial Feed

(a) (b)

SAA-S-Parameters Measurement SAA-Radiation Pattern Measurement

m measurement

Figure 4. Fabricated prototype. (a) Top and (b) bottom view photograph of X/Ku-band binomial
SAA. (c) S-parameters measurement setup. (d) & (e) Radiation pattern measurement setup with
standard gain horn.

The measured return loss S1; of the proposed X /Ku-band binomial SAA is presented in Figure 5(a).
The results show measured return loss or impedance bandwidth of 9.23-9.36 GHz (1.07%) at X-band
and 13.15-13.35 GHz (1.5%) at Ku-band with a resonant frequency of 3.2 GHz and 9.3 GHz, respectively.
The results agree well with simulated and measured antenna parameters. Isolation higher than 45dB
in both X- and Ku-bands is obtained. Figure 5(b) gives the simulated and measured isolation results
between X/Ku-bands. The notations of X-band port is port-1, and port-2 refers to Ku-band array.

Radiation patterns of the antenna system are measured at both X- and Ku-bands as shown in
measurement setup in an anechoic chamber and are displayed in Figures 6(a) & (b). Measured radiation
patterns of the X-band antenna at port-1 at 9.3 GHz are two orthogonal planes (E-plane/Phi = 0° &
H-plane/Phi = 90°) and are shown in Figures 6(a)—(b). Measured radiation patterns of the Ku-band
antenna at port-2 at 13.265 GHz are two orthogonal planes (E-plane/Phi= 0° & H-plane/Phi= 90°)
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Figure 6. Simulated and measured radiation patterns of the X/Ku-band shared aperture antenna at
9.3 GHz: (a) E-plane, Port-1 excitation; (b) H-plane, Port-1 excitation.

and are shown in Figures 1(a)-(d). Good agreement between the simulated and measured results
is obtained with directional characteristics. It can be found that the peak radiation happens in the
broadside direction at these two frequencies. The cross-polarization level at 9.3 GHz in the E- &
H-planes is below —28dB/—26dB. The cross-polarization level at 13.265 GHz in the E- & H-planes
is below —26dB/—27dB. The measured SLL is less than —15.9/—39dB in both E- & H-planes at
9.3 GHz. At 13.265 GHz, the SLL remains below —17.4 and —36.1dB in the E- & H-planes.

The distance between the transmitting antenna and receiving antennas is in the far-field region
as shown in Equation (6) in [11]. The radiation pattern is measured in an anechoic chamber using a
standard gain horn antenna as the reference antenna having a gain (Gr) of 10dBi at X/Ku-band. The
reference antenna and proposed antenna are kept at a distance (R) of 550 cm. The power received by
the horn antenna is 30 dBm for both cases, and the power received by the antenna under test (AUT)
is around 28dBm for X-band and —18.7dBm for Ku-band. The transmitted power (Pt) is 0dBm.
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Figure 7. Simulated and measured radiation patterns of the X/Ku-band shared aperture antenna at
13.265 GHz: (a) E-plane, Port-2 excitation; (b) H-plane, Port-2 excitation.
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The received power (Pr) is 30dBm at X-band/Ku-band. The gain of the antenna under test (Gt) is
calculated using the Friis transmission equation as follows in Equation (5) in [11].

r > 2D?/\ (6)

)\2
PT‘ — PtGrGr (47‘(’_R> (7)
Figures 6(a)—(b) show the simulated and measured X-band radiation patterns 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
beamwidth of 86.8° and a 12.8dBi gain. The half-power beamwidth of 20.5° and a gain of 12.7dBi
are observed in the E-plane. Both planes have an front to back ratio (FTBR) of 18dB or higher.
Figures 7(a)—(b) show the simulated and measured experimental Ku-band antenna radiation patterns
at 13.265 GHz. The antenna has good half-power bandwidth (HPBW) and gains due to the increase in
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Table 4. Summary of the X/Ku-band binomial SAA S-parameters and radiation characteristics.
b . X-Band (9.3 GHz) Ku-Band (13.265 GHz)
arameter
Simulated | Measured | Simulated Measured
Impedance Bandwidth 9.23-9.36 | 9.25-9.36 | 13.15-13.35 | 13.15-13.35
Isolation Between bands > 40dB
Gain 12.8 12.7 13.2 13.2
Radiation efficiency 92.5 93 91 91
SLL (dB) —39.5 —39 —35 —36.1
E.PI HPBW (deg) 86.8 20.5 77.9 21.3
-Plane
X-pol (dB) —28 —26 —26 —26
FTBR (dB) 18 174 18 18.1
SLL (dB) ~15.9 ~17.9 —174 ~19
HoPl HPBW (deg) 20.5 86.8 21.3 77.9
-Plane
X-pol (dB) —928.1 —26.1 ~19 —24
FTBR (dB) 18 18.2 18 17.8
Aperture area (Ap) 200 x 50 x 0.787 mm?®
Effective area (Ae) 165 x 11 mm? 120 x 7mm?
Aperture efficiency (ea) 18.15% 8.4%
Note: For X-band 7-element binomial array is 18.15%
For S-band the utilization effective area is 8.4%
Efficient utilization of X/Ku-band Binomial SAA is 26.9%
Table 5. Comparison with other SA.
Resonance
Band-1 . Gai C -pol | Isolati SLL S . .
S.-No. Baannd-2/ FregLIiIe:cy configuration d;? ro;]s?)po sodaélon (dB) a:;;; Application
Multilayer . . ° Wireless
[13] S/X 8.55 to 9.6 818 7.6dBi NA 35dB NA 450 Application
Multilayer 8.4dBi/ 8.4dBi/ . -
[14] Ku/Ka | . (1)4'32; ?éH Phased Array | 9dBi/ 9dB/ 15dB _1173(2?3/ +25° AW’lr.eletb.s
HTOSREEE 9w 3/4x 4 8.7 dBi 8.7dB B ppreation
o e Multilayer 7.9dBi/ 7.9dBi/ .
[15] s/C 25' 1629f5;“1/ Phased Array | 2.7dBi/ 2.7dB/ 43/25dB NA +25° | Sate“.ltet.
I 6% 6 11.7 dBi 11.7dB ommunication
. 28.2/ 28.2/ ° Satellite
[16] Ku/Ka 13/38 GHz Multilayer 37.9dBi 37.9dB > 30dB NA +25 Communication
2.4/ Multilayer . —12dB ° Wireless
(17] S/C 5.8 GHz 4 x4 11.7dBi 11.7dB 30dB (both) +25 Application
35°/
- Multilayer 22.3dBi/ . 40°/ Satellite
(18] Ku/Ka 16/35 GHz 8x8/8x8 22.1dBi. —22dB >30dB NA 50°/ Communication
60°
3.4-3.8/ . 7.3/ > 20/ > 30dB/ ° future 5G
[19] S/L 0.69 0.96 GHz | Multilayer 13dBi > 15dB > 25dB NA +25 Application
[20] Ka 28 GHz Sl"fli ljyer 9'85 g‘gg’;/ 3.23dB 32dB NA +45° Apl\slliggon
] 16 GHz/ Multilayer 18.4/ 18.4/ R Satellite
(21] Ku/Ka 33.5 GHz 1x4 18 dBi 23.4dB 15dB NA £25" | Gommunication
17.7-21.2/ .. . —7dB ° LEO Satellite
[22] K/Ka 97.5-31.0 GHz Multilayer 4.5 dBi 4.5dB 40dB (both) +60 Communication
This work
. . Linear Array 12.8/ —28/ —39dB/ o SAR
(Binomial X/Ku 9.3/13.265 (single layer) 13.2 —26dB > 45dB —35dB +25 Application

SAA)
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Figure 9. (a) Simulated far-field gain for ¢ = 0° (E-plane), ¢ = 90° (H-plane) at 9.3 GHz. (b)
Simulated far-field gain for ¢ = 0° (E-plane), ¢ = 90° (H-plane) at 13.265 GHz.

electrical size at high-band. The P1 is terminated with a 50 load for Ku-band linear polarization (P2).
The antenna’s HPBW is 21.3°, and its gain is 13.2dBi. The HPBW is 77.9°, and the gain is 13.2dBi.
FTBR > 18dB in both planes.

A standard gain horn antenna is utilized as a reference antenna during the measurement of the
gains. Figure 8 shows the simulated and measured realized gain/efficiencies of this antenna. Peak gain is
12.8dBi at 9.3 GHz, equivalent to efficiencies of 92.5/93%. In the Ku-band, maximal linear polarization
gains are around 13.2dBi at 13.265 GHz, equivalent to efficiencies of 91% at both the planes. Figure 9
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.

A single-layer antenna array is an element array in X and Ku bands. Compared to the SAAs in [13—
22], the suggested SAA has an FR of 1.426, better gains, and better band isolation. The dual-band
prototype has a compact, single-layer, linear binomial SAA architecture. Table 5 compares the SAA
design to different SAA designs. We confirm an SAA design with reasonable performance. This design
can be used to determine the best literary work.

5. CONCLUSION

This research paper proposes a novel dual-band single-polarized (DBSP) series-fed center-fed open stub
(SFCFOS) Binomial Antenna Array synthesis technique to improve side lobe level (SLL) and better
isolation for the use in Airborne Synthetic Aperture Radars (AIR-SARs). The prototype is fabricated
and tested for S-parameters, radiation characteristics, and gain measurements. The measured results of
the prototype align well with the simulated ones, exhibiting excellent radiation performance and high
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isolation. The bandwidth of 1.07% (X-band) and 1.5% (Ku-band) and return loss of 25 dB/—15.7dB at
9.3/13.265 GHz are achieved. The measured isolation is —45 dB which provides a large signal separation
at X/Ku-bands. The antenna design shows a side-lobe level (SLL) of —39.5dB at E-plane (¢ = 0°) and
—17.9dB for H-plane (¢ = 90°) for the X-band and —35dB at ¢ = 0° —19dB for H-plane (¢ = 90°)
for the Ku-band. Additionally, the proposed SAA has high gain values of 12.8 dBi for the X-band and
13.2 dBi for the Ku-band. The size of the shared-aperture antenna is 200 mm x 50 mm x 0.787 mm. The
SAA is best suited for large-size array antennae for SAR applications. The proposed SAA has many
advantages, such as a single-layer structure, easy fabrication, low production cost, and good isolation
between the bands and between the polarizations. The proposed X/Ku band binomial SAA is also
suitable for the synthesis of the array, which holds significant value for AIR-SAR applications.
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