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Abstract

Shared-aperture antennas (SAAs) are becoming more popular due to their desirable traits such as miniaturization
and multi-band operation. However, achieving adequate SAA performance often requires a high total antenna profile
or costly manufacturing. In this work, we review the state-of-the-art SAAs and present the design concept and
simulation results of a novel dual-circularly polarized SAA for satellite communications. The S-band element is
realized with a band-to-band isolating dipole, and the steerable X-band array utilizes slot antennas as radiating
elements. An artificial magnetic conductor (AMC) reflector is employed to manage reflection phases, enabling a
reduced total antenna profile of 0.083 A at the lowest operation frequency, and co-planar placement of the S-band
and X-band elements. This architecture utilizes a single, cost-effective two-layer PCB shared by both the low-band
and high-band radiating elements, reducing manufacturing costs and time. The SAA simulations indicate a —10-dB
total active reflection coefficient bandwidths of 20.7% for the S-band and 13.7% for the X-band array broadside
beam. The axial ratio (AR) is less than 1 dB for the broadside beam across the target band for both the S-band and
X-band, and the AR remains below 3 dB for the X-band array when steering £40° in the principal and diagonal planes.
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1. Introduction

The requirements for cost, size reduction, and performance in
modern wireless systems continue to escalate rapidly. For this
reason, shared-aperture antennas (SAAs) have gained promi-
nence in applications such as defense [1], space [2], communi-
cations [3], and radar [4]. SAAs integrate two or more elements
for different frequency bands within a single radiating aperture,
enabling miniaturization and potential cost savings. However,
the design of SAAs is inherently more complex than single-
band arrays due to space constraints, which pose challenges
in achieving adequate band-to-band and intra-band isolation,

bandwidth, and radiation performance. This work begins with
a brief overview of state-of-the-art SAAs, describing various
SAA concepts and discussing their tradeoffs. These designs
typically employ traditional antenna elements such as dipoles,
microstrip patch antennas (MPAs), dielectric resonator antennas
(DRAS), and traveling-wave (TW) antennas.

Building on this review, we introduce a novel SAA design
based on [5] that leverages frequency-selective surfaces (FSSs)
and filtering techniques to address limitations of existing ap-
proaches. The proposed SAA features a filtering dipole antenna
for the low-band (LB), operating at S-band (2.2-2.29 GHz),
and a 4x4 rectangular slot antenna array for the high-band
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Figure 1: Illustration of the SAA concept of this work. The SAA is
backed by an AMC reflector.

(HB), operating at X-band (8-8.4 GHz). These elements are co-
located on a cost-effective two-layer PCB (RO4350B, &, = 3.66,
tan = 0.0037), positioned above an artificial magnetic conduc-
tor (AMC) reflector (Alumina 96%, €, = 9.4, tan8 = 10~%), as
illustrated in Fig 1. The AMC reflector works as an FSS that
provides the desired reflection phases for the radiating elements.
The proposed design introduces several novel advancements:

1. First co-planar integration of LB dipole and HB slots
above an AMC: For the first time, LB dipole and HB slot
antennas (or any reflector-based elements) are co-located
on the same plane above an AMC reflector, eliminating
the need for complex interleaved and stacked designs that
increase manufacturing time, complexity, and costs.

2. First SAA with wide axial ratio (AR) bandwidth and
beamwidth: The design achieves excellent AR perfor-
mance, maintaining a wide AR bandwidth and beamwidth
for both S-band and X-band.

3. First dipole-based SAA with ultra-low total profile:
The proposed SAA achieves a total profile of 0.0831;,
where A; is the lowest operating frequency. A first for
dipole-containing SAAs, enabled by the altered reflection
phase provided by the AMC.

To enhance band-to-band isolation in this compact co-planar
arrangement, a dual-ring FSS element surrounds the dipole
feeds, acting as a band-stop filter (BSF) for the X-band and
a matching structure for the S-band. Additionally, the band-
to-band isolation is enhanced by slotting the dipole arms to
function as a low-pass stepped-impedance filter (SILPF) for
the X-band. These filtering structures improve band-to-band
isolation by more than 16 dB while maintaining all antenna
elements on a low-cost two-layer PCB. The simulation results
of the proposed design are compared with state-of-the-art SAAs,
demonstrating its competitive performance while maintaining
low complexity. The paper concludes with a discussion of the
design’s implications and future prospects for the proposed
SAA development.

2. State of The Art

The art of antenna design is deeply influenced by the specific
application requirements, as they dictate the performance, struc-
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ture, complexity, and cost of the antenna. Certain applications
necessitate broad bandwidth, while others require high isolation
within a narrower frequency range. Some designs prioritize high
directivity, whereas others demand an omnidirectional radiation
pattern. This section serves as an overview for the state-of-
the-art SAAs, where the performance and structural tradeoffs
between the SAA topologies are investigated and compared. To
align with the theme of this work, the review of state-of-the-
art designs is organized from highest-profile to lowest-profile
configurations.

2.1. Traveling-Wave SAAs
TW-antennas are well known for their unmatched wide-band
characteristics, this feature is naturally retained in their SAA
formation. For example, an SAA designed with horns [6], or
Vivaldi elements [7] exhibit this trait. The horn SAA achieves
bandwidths more than 16/28.5% for the LB and HB, whereas
the SAA realized with Vivaldi elements reach 80.7/46.2% band-
widths. The Vivaldi SAA concept is illustrated in Fig. 2.
However, the cost of the wide bandwidth is a rather bulky,
high-profile structure, which can be more than a wavelength at
the LB frequency. Such designs can also be subject to moder-
ately high manufacturing costs due to complex processes such
as machining or metal 3D printing. Furthermore, TW-SAAs
typically exhibit significant mutual coupling between elements
due to the proximity of large LB and HB radiating apertures.
This typically results in a band-to-band isolation of about 15 dB
for state-of-the-art horn and Vivaldi-based SAAs [6,7]. More-
over, particularly very wide-band horn and Vivaldi SAA designs
often exhibit single-linear (SLIN) polarization. This stems from
the large element size, which complicates the integration of the
orthogonally polarized element within a constrained space. This
limits their suitability for applications that require dual-linear
(DLIN), single-circular (SC), or dual-circular (DC) polariza-
tions.

Figure 2: Example TW-SAA concept with Vivaldi elements, which is
similar to the design in [7]. The grey color indicates the dielectric, and
the black color denotes copper.

2.2. Dipole SAAs

Traditional dipoles are valued for their simplicity, predictable
radiation patterns, efficiency, easy implementation of DLIN and
DC polarizations, and ease of construction. Although not in-
herently wide-band, modern SAA designs achieve bandwidths
greater than 15% for LB elements and more than 10% for HB el-
ements through various feeding and matching techniques [3,8,9].
While dipoles are often fabricated on cost-effective two-layer
PCBs, their total manufacturing cost for SAA implementations
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can be high due to the need for interleaved LB and HB dipoles
at different heights as shown in Fig. 3, requiring a complex
assembly process.

This interleaved placement is required because traditional
reflectors maintain a constant 180° reflection phase at the reflec-
tor surface across frequencies, unlike AMC reflectors, which
can enable co-planar designs as will be discussed in Section 3.1.
Consequently, the total profile height, dictated by the LB ele-
ment, is typically ~ 0.25 A;. Due to the high separation distance
of LB and HB dipoles, dipole-based SAAs can achieve com-
petitive isolation. For instance, in [8], a tri-band dipole SAA
achieves a worst-case band-to-band isolation of about 25 dB
through spatial separation of elements and filtering techniques.

HB dipole T
Reflector l LB dipole

l

Figure 3: Example SAA concept with dipole elements as in [9]. In
this example, each dipole is printed on individual PCBs.

2.3. Dielectric Resonator SAAs

DRAs are known for their compact size and wide bandwidth,
which can be controlled by the dielectric permittivity, geometry
of the DRA, and the feeding mechanism. Hence, DRAs can be
considered as strong candidates for space-constrained antenna
designs such as SAAs [10, 11]. DRAs can be desirably co-
located on the same plane, as they typically do not require a
dedicated reflector as shown in Fig. 4. Contrary to the TW-
SAAs, achieving DLIN or DC polarization is also conveniently
possible with DRAs, as the orthogonal polarizations can share
the same DRA element while maintaining a compact form-
factor.

Although the complexity of DR SAAs varies by design, a
key common factor is the reliance on the dielectric properties of
the resonator material to excite specific resonant modes. This
often requires precise material selection and, in some cases,
integration of external vertical feeding structures. In addition,
they often need a PCB as a platform and for excitation, which
can include several metal layers, thereby increasing total manu-
facturing costs and assembly complexity.

ML-PCB

Figure 4: Example SAA concept with DRA elements. The ML-PCB
includes the feeding structure for the DRA elements.

2.4. FSS-Based and Hybrid SAAs
Recently, new type of dipole-based SAAs, depicted in Fig. 5,
that utilize FSSs have emerged in the literature [12—-15]. In [12],
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an FSS was used to lower the profile of the DLIN polarized
dipole SAA, where the total profile of the structure is about
0.14A;, VSWR = 2. Furthermore, the worst-case band-to-band
isolation reported is better than 20 dB. Although the profile was
reduced while the performance of the SAA was maintained,
the complexity is higher than SAAs utilizing only traditional
reflectors due to the additional FSS layer between the LB and
HB elements.

The FSS concept has also been used together with DRA
elements for a steerable DLIN polarized tri-band SAA [16],
where the achieved fractional bandwidths were 15/5.7/3.6%,
while having a total profile of 0.14 A, for the lowest operating
frequency. The LB element utilizes the FSS for LB radiation,
while the DRAS radiate in mid-band (MB) and HB. However,
the manufacturing complexity is very high. The design includes
multi-layer PCBs for feeding, baluns for the LB radiator, and
3D-printed DRAs with external feeding structures.

HB dipole
Reflector T
l LB dipold ESS

Figure 5: Example SAA concept from [12] with dipole elements and
a decoupling FSS.

2.5. Multilayer PCB SAAs

Multilayer PCB antennas are known for their versatile design
possibilities while maintaining compact form factor and achiev-
ing DLIN or circular polarization. MPAs in particular are one
of the staple elementary building blocks in antenna array de-
sign, and the LB and HB elements can be co-located on the
same PCB with relative ease as depicted in Fig. 6. Even though
MPAs are generally known for their simplicity, achieving dual
or circular polarization while maintaining sufficient isolation
in their SAA form can require several PCB layers [2,4, 17-19].
This increases the PCB manufacturing costs significantly [20].
However, the prototype assembly costs are typically lower com-
pared to the other types of SAAs, if the PCB only requires the
attachment of connectors. Typically, multilayer PCB SAAs
exhibit a narrow bandwidth for the LB. For the cited works in
this section, the profile is less than 0.1 Az, while the bandwidth
in the LB is less than 10%.

Figure 6: Example SAA concept with patch antennas. The HB
patches (red) are embedded within the LB patch (blue).

2.6. Comparison of the State of The Art
The typical performance metrics and total profile heights of
the discussed state-of-the-art SAAs are summarized in Table 1.
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Dipole-based SAAs provide a balanced trade-off between pro-
file and performance, while TW-SAAs offer the widest band-
width but have the highest profile and typically support only
SLIN polarization with the lowest band-to-band isolation. ML-
PCB SAAs achieve the lowest profile, highest isolation through
various integrated filtering structures, and simplest assembly,
but are constrained by the narrowest bandwidth and potentially
higher PCB manufacturing costs. DRA-based SAAs enable
compact designs through dielectric-driven resonance, though
they can require precise material selection and exhibit at least
moderate assembly complexity and isolation metrics. Emerg-
ing dipole and hybrid SAAs with FSSs offer a reduced profile
compared to traditional dipole SAAs, albeit with significantly
increased design and manufacturing complexity.

Table 1: Typical achievable traits of modern SAA designs.

Technology | Profile (A1) BW Isolation | Complex.
™ ~1 Widest Lowest Low
Dipole ~0.25 Wide High High
Hybrid + FSS ~0.14 Wide High Highest
DRA ~0.14 Wide | Moderate | Moderate
ML-PCB <0.1 Narrow | Highest Lowest

3. Proposed Design Concept

The proposed design belongs to the hybrid + FSS category, but
reduces the total profile to < 0.1 A, and the complexity to low.
As shown in Fig. 1, the proposed SAA concept integrates a
4x4 HB array comprised of dual-polarized slot antennas with
the central dual-polarized LB dipole. The dipole and slot el-
ements are placed on top of an AMC reflector to enable the
coplanar placement of the LB and HB elements with reduced
total antenna profile. The choice of HB slot antenna and LB
dipole antenna is based on the diverse near-field distributions
of the two elements. The HB element behaves as a magnetic
dipole, whereas the LB element operates as an electric dipole.
Compared to an all-dipole array, this can inherently yield better
band-to-band isolation, despite the LB and HB elements being
in very close proximity.

In this design, DC polarization is achieved by feeding the
orthogonal ports individually. Hence, a 20-dB isolation between
the orthogonal feed ports is considered sufficient to achieve an
adequate AR below 3 dB for each element. To maintain AR
performance during beamforming across a wide band, the HB
elements are sequentially rotated to reduce cross-polarization,
and cross-shaped decoupling structures are introduced between
them. The cross-shaped decoupling structures slightly enhance
the intra-band isolation at HB to further reduce AR.

Together with the element pattern, the steering performance
of any array can be characterized through the well-known array
factor

AF — i anejk(x,l sin 6 cos 9+yy sin9sin¢+znc056), ()

n=1
where N denotes the number of elements, a, is the excitation
coefficient of element n, k is the wavenumber, and (x,,,y,,2,)
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Figure 7: a) S/X-band SAA dimensions with one S-band element and
16 X-band elements, where Wy = 125.9 mm, dx = 23.9 mm and

dsy = 11.95 mm. The intra-band isolation structure has values

Wiso = 1 mm, and /j;o = 20 mm. b) Appearance angle of grating lobe

maxima as a function of steering angle in principal steering planes for
the target X-band frequencies.

denote the coordinates of element 7.

The inter-element distance d, of the HB elements is 0.67 Ay,
exceeding the typical grating-lobe (GL) free limit for scanning
arrays. However, this limit is for an all-angle scanning array.
The benefit of increasing the inter-element distance is increased
array directivity. Additionally, it is also common for element-
to-element isolation to improve. Hence, it can be beneficial to
tailor the inter-element distance for the case-specific steering
range, side lobe level (SLL) or grating lobe level (GLL), and
achievable element pattern. The appearance angle of the GL
maxima as a function of steering direction can be obtained by

A
6, = sin”! (sin 6y + m) , )
de
where m = —1 for the first GL. The SAA array arrangement
and GL appearance angles as a function of main beam direction
for the target frequency band is depicted in Fig. 7.

3.1. AMC Reflector

AMC:s, a subset of FSSs, can be used to reduce antenna pro-
files by altering the reflection phase for single-element de-
signs [21,22] and SAAs [15, 23,24]. However, prior work
has not demonstrated major reductions in complexity and total
antenna profiles for the SAAs with FSSs due to the interleaved
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Figure 8: Conceptual SAA element arrangement for constructive
interference, with a) traditional metal reflector, and b) proposed AMC
reflector.

and stacked design approach. The reported total profiles of
SAAs still remain well above 0.1 ;.

In this design, the AMC is implemented as a periodic sur-
face realized with another two-layer PCB, which is engineered
to alter the reflection phase of the incident waves such that
constructive superposition is achieved towards the intended
radiation direction for both the LB and HB elements. This
superposition is desirable for matching the radiating elements
and to obtain constructive superposition of fields towards the
desired radiation direction. The operational principles of the
SAA with both traditional perfect electric conductor (PEC) -like
and AMC reflectors are depicted in Fig. 8. In this figure, ¢g
represents the initial phase of the transmitted wave,

b =2d,(27/A) 3)

denotes the phase shift accumulated by the wave during its
round-trip from the radiating element to the reflector and back,
¢, is the phase introduced by the reflector upon reflection, and

O = 9o+ 0n + 0, “4)

is the total phase of the wave at the element plane, combining
the initial and reflected phase contributions. For constructive in-
terference between the initial and reflected waves in the desired
frequency bands, the wrapped total phase must satisfy the condi-
tion (Pp —90°) < ¢y < (¢ +90°). With a traditional PEC-like
reflector, the reflection phase ¢, = 180° remains theoretically
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Figure 9: a) Planar AMC unit-cell (UC) geometry, b) the periodic
boundary condition (BC) setup in CST MWS and the thickness
dimensions of the AMC, c) equivalent circuit model of the AMC,
where 1) is the free-space impedance, and d) grid impedance
transmission line model of the AMC according to [25].

constant across all frequencies upon reflection, this requires to
adjust d, for the band-respective elements separately. Hence,
the AMC reflector is used to reduce the total antenna profile,
manufacturing costs, and assembly complexity by co-locating
the LB and HB antennas in the same plane. The AMC can be
engineered to exhibit multi-band operation, and can theoreti-
cally be modeled as an equivalent circuit [26,27], or as a grid
impedance transmission line (TL) model [25]. While the circuit
model is a simpler and faster approach, the grid impedance TL
model also includes the harmonic effects. In this work, the
AMC was designed for the LB with the circuit model approach,
which was validated with unit cell simulations using CST MWS.
The AMC geometry, simulation model, circuit model, and the
grid impedance TL model are shown in Fig. 9.

The AMC achieves zero-phase reflection at the resonance
frequency, which for a resonant LC circuit is determined as

1
-~ 2nVIC'

where the capacitance and inductance are determined by the
geometry of the patch by

fr

(&)

L = p, o hs amc and (6)
g6 Wp ! ( Wamc > . 7
Wamc — Wp

The reflection phase of the AMC for the LB from the circuit
model can then be obtained with

Zamc —No
o =1Im (In( Z224C€ 1)) 8
¢ m<n(ZAMc+T?0>) ®)
Zawe = (X' X2 9)

As previously mentioned, the target is to obtain wrapped phase
(9o —90°) < ¢ < (¢ +90°) for both the LB and the HB to

C=

where
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Table 2: X-band antenna element dimensions

Parameter d. d; d, Lf lis lus Ly ITms Ly VAN Tan re
Value (mm) | 2.93 5 2 1.75 | 3.25 2 1125 | 05 | 11.5 | 0.67 03 | 0.1
Parameter | We | Wy | Wi | Wys | Wy | W | Wg Ty Ty Sel se2 | Wy
Value(mm) | 0.2 | 0.15 ] 05| 0.75 | 0.3 | 045 1 03 | 0.15 | 0.123 | 025 | 0.5
180 :
90 : : —— Simulation| |
ol - - -Analytical | |

-180 '/
(Lf)' rbqug) f}fﬁ ° %9’
Frequency (GHz)
b)

o>

Figure 10: a) Simulated vs. analytical circuit model reflection phase
of the AMC for the S-band, b) simulated ¢,, computed ¢,;, and
computed ¢; of the AMC for d, = 9 mm, Wyyc = 16.4 mm,

Wp = 15.4mm, hy oyc = 3 mm, and 7 = 0.035 mm.

obtain constructive interference in the designated radiation di-
rection of the SAA. In this AMC design, the reflection phase of
the LB waves are engineered to achieve this feature, whereas the
HB waves have a reflection phase of ~ 180°. Hence, the AMC
effectively operates as a perfect magnetic conductor (PMC) for
the LB and as a PEC-like reflector for the HB. This results in
a trivial design process for the AMC, since one can focus the
efforts on only altering the LB reflection phase.

The proposed arrangement enables the profile of the antenna
height to be dictated by the HB frequency instead of the LB
frequency. Therefore, the LB and HB elements are placed at a
A /4 distance at HB above the AMC reflector, which is ~ 9 mm
at 8.2 GHz. Thus, the reflection phase for the LB was designed
to be ~ 50° to achieve wrapped ¢ ~ 0° at the center frequency
of the LB. The simulation results of the FSS in conjunction with
the computations indicate that the reflection phase is altered
such that the desired constructive interference occurs for both
LB and HB for d, = 9 mm as shown in Fig. 10.

3.2. X-band Element

The HB element is a compact dual-polarized slot antenna, where
the slots share the same junction to obtain near-mutual phase
centers for the orthogonal polarizations. This is beneficial for
achieving adequate AR performance in circular polarization ap-
plications, as co-located phase centers ensure a stable 90° phase

Figure 11: Final X-band element dimensions of the SAA. Grey color
indicates the top copper layer and the blue color the bottom copper
layer, respectively. Vias are indicated with green color, and the coaxial
cable inner conductors with red color. The CPW excites the 45°
polarization, and the MS the 135° polarization, respectively.

difference across the beamwidth, minimizing angle-dependent
phase errors.

However, achieving a dual-polarized slot antenna with a
shared junction on the same PCB layer poses a challenge due
to poor isolation between the orthogonal ports. Since the slots
share the same junction, fields can easily couple between the
two slots at the junction point. This problem was addressed
in [28], where co-located microstrip (MS) and coplanar waveg-
uide (CPW) feeds were used to excite the two orthogonal slots,
achieving a measured isolation better than 30 dB with a band-
width greater than 6%. The HB element in this work utilizes a
similar concept for the X-band, albeit with additional modifica-
tions:

1. The bandwidth is improved to 15% by tapering the slots.

2. By adding an isolation slot, the simulated isolation is
maintained at better than 27 dB even with the presence of
a reflector.

3. The feeding structure is modified to allow for vertical
coaxial cable feeding.

The proposed slot antenna used in the HB array is shown in
Fig. 11, and its dimensional values are displayed in Table 2.
Following the design modifications, the performance of the ele-
ment is characterized through its S-parameters, radiation pattern,
AR, and modal analysis. These metrics validate the antenna’s
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Figure 12: Comparisons for the slot antenna elements without the
isolation slot (left), and with isolation slot (right) for a) modal
significance, b) normalized surface current distribution of coupling
mode 11, and c¢) S-parameters.

suitability for circularly-polarized operation, particularly for
applications requiring low AR.

The shared junction supports a common mode that facilitates
cross-coupling, degrading isolation to below 20 dB without the
isolation slot. The isolation slot disrupts this mode by altering
the current distribution, effectively suppressing the unwanted
resonance. Modal analysis in Fig. 12a reveals the absence
of the undesired eigenmode in the modified structure, while
Fig. 12b shows the mode’s surface current distributions. Since
the AMC operates as a PEC-like reflector for the HB element,
a PEC reflector was used in the modal analysis. The antenna
operates over a 15% bandwidth in the X-band as shown in
Fig. 12c, where the reflection coefficients for both orthogonal
ports are below —10dB. The isolation between the orthogonal
ports exceeds 27 dB even with the presence of the reflector, due
to the isolation slot suppressing cross-coupling at the shared
junction.

When fed with coefficients for circular polarization, a gain
of approximately 9 dBi is obtained towards the broadside across
the target band, while the AR is maintained well below 3 dB
as shown in Fig. 13a. The stable and low AR performance is
explained by the shared slot junction and high isolation of the
HB element. Furthermore, the 3-dB beamwidth is almost 80°
at the center frequency as shown in Fig. 13b, which partially
determines the steering range of the X-band array.
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Figure 13: a) Broadside RHCP realized gain and AR of the HB
element, and b) RHCP realized gain patterns of the HB element. The
broadside AR is below 3 dB within 7.9-9.2 GHz.

3.3. S-band element

The LB printed dipole element is designed without a separate
balun to minimize costs and manufacturing complexity. Al-
though the diverse field distributions between the dipole and
slot antennas yield moderate isolation, the very close proximity
of the dipole and slot antennas results in relatively high cou-
pling. Hence, two filtering mechanisms are introduced to the
dipole to reduce band-to-band coupling:

1. The dipole arms are slotted so that they act as a SILPF
for the HB.

2. A dual-ring FSS element is introduced around the dipole
feed points, operating as a matching structure for the
dipole and a BSF for the HB.

The SILPF and BSF filtering cut-off and resonance frequencies
can initially be characterized with an equivalent circuit or TL
model before full-wave simulations. The band-to-band isolation
to a nearby HB element, and the surface current distributions
of the traditional and proposed filtering dipole are presented
in Figs. 14a and b. The surface current distribution shows the
self-cancellation of the coupled HB currents on the LB filtering
dipole in Fig. 14b, resulting in an improvement of more than
16 dB in band-to-band isolation as shown in Fig. 14c. With-
out the filtering structures, a higher-order mode is excited on
the dipole arms, causing unwanted radiation and significantly



RoE Journal

Profile-Reduced S/X-Band Shared-Aperture Antenna Array with Frequency-Selective Surfaces - 8/12

Table 3: Values of the S-band element dimensions.

Parameter | d, Ly L, I; Linst Lns2 I, I; r'AS Tpsl Fbs2
Value 1.3 | 41.75 | 3.75 | 2.25 1 029 | 575|677 | 0.2 | 0345 | 0.63
Parameter | r. Til rin Tol T2 rvs W1 Wi wi wys W,
Value 0.1 2 3551295 | 45 |0.075| 0.8 | 6.13 | 0.08 | 0.125 7
wn A/m (dB)
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Figure 14: Normalized coupled surface current distributions from
port 3 of the slot to the arms of the a) baseline dipole antenna, and b)
proposed filtering dipole antenna at 8.2 GHz, ¢) coupling between the
LB dipole and HB slot at X-band.

higher band-to-band coupling. Together with the dipole di-
mensions, the dual-ring FSS element also aids in impedance
matching by essentially adding inductance to the dipole’s in-
put impedance. The final design is shown in Fig. 15, and its
respective dimensional values in Table 3.

3.4. SAA Performance
The excitation coefficients for circular polarization and beam
steering were obtained with

ap(0,9,iiq) = cE(0,9) -ii, (10)

where c is a scaling coefficient, E, is the port-wise radiated
electric field, and u is the polarization vector. The polarization
vector is defined as

o = —=(itp £ jug), an
which is used for generating excitation coefficients for circular
polarization in MATLAB post-processing. The active reflec-
tion coefficient (ARC) for the S-band element with circular
polarization coefficients was obtained with

N an
1—‘A,m = Z Smn_7 (12)
n=1 Am

copper layer and the blue color the bottom copper layer, respectively.
Vias are indicated with green color, and the coaxial cable inner
conductors with red color.

where N is the number of ports, a,,, are the excitation coet-
ficients for the ports n and m, and S,,,,, are the coupling coeffi-
cients. Ports 1 and 2 are the S-band ports (m), and ports 3-34
are the X-band ports. The total active reflection coefficient
(TARC) is used to determine the impedance bandwidth, which

is computed by
FT — Zf’LVZI |bn|2
ZIrY:l |an|?

where b, is the scattered signal. Due to the high isolation
between the orthogonal ports indicated in Fig. 16a, the —10-dB
I'7 bandwidth is 20.7% ranging from 2.055-2.530 GHz for the
S-band dipole as shown in Fig. 16b. The band-to-band coupling
envelope Cs x shown in Fig. 16¢c was obtained from passive
S-parameters, and describes the worst-case passive coupling
between the S- and X-band elements. A very low coupling
envelope was achieved for the target S-band, having a maximum
value of —47.2dB, and a maximum value of —28.4dB for
the target X-band. As shown in Fig. 17a, the S-band dipole
achieves a maximum gain of 5.9 dBi toward the broadside while
maintaining the AR below 1 dB across the target frequencies.
The 3-dB AR beamwidths for the S-band center target frequency
are more than 42° in the diagonal cut and more than 98° in the
principal cuts, as shown in Fig. 17b. The 3-dB realized gain
beamwidths are more than 75° for the principal cuts and 71°
for the diagonal cut, as displayed in Fig. 17c.

(13)
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Figure 16: a) Passive S-parameters of the LB filtering dipole, b)
ARCs and TARC of the LB dipole, when fed with LHCP excitations,
c) passive coupling envelope between the S-band element ports and
X-band array ports.
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Figure 17: S-band element a) LHCP realized gain and AR across
frequency, b) ARs at 2.245 GHz for the principal and diagonal cuts,
and c¢) LHCP realized gains for the same cuts.
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Figure 18: Broadside beam radiation (7,) and total (1) efficiencies
for the S-band element and X-band array.
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Figure 19: RHCP TARC:S of the X-band array for a) broadside beam
across frequency, and as a function of steering angle for b) 8 GHz, and
¢) 8.4 GHz.
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Figure 20: RHCP Realized gain of the X-band array for a) broadside
beam across frequency, and when the beam is steered between

6y = —40°...40° at 8.2 GHz for the cuts b) ¢ =0°, c) ¢ =45° d)

¢ =90°, and e) RHCP AR as a function of steering angle at 8.2 GHz.

The radiation and total efficiencies for the broadside beam are
shown in Fig. 18, where the worst-case radiation efficiencies
are —0.14 dB for the target S-band, and —0.45 dB for the tar-
get X-band. The respective values for the total efficiencies
are —0.17 dB, and —0.66 dB. Although the simulated efficiency
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Table 4: Performance comparison of relevant SAAs

Work Tech. Profile (A;) | N.o Bands BW (%) Isol. (dB) Pol. Gain (dBi) | Steerable? | Comp.
This? | Hybrid 0.08 2 20.7/13.7° 47/28 DCP 5.9/18.6° | 2D (£40°) | Low
[6] ™ > 1 2 >16/25 15 SLIN | 14.9/20.8°¢ No Mod.
[7] ™ >1.2 2 80.7/46.2 >15/27 SLIN 8.3/7 ID (£30°) | Low
[8] Dipole 0.27 3 15.7/21.1/11.1 | >27/25/17 | DLIN | 6.3/6.8/7.3 | 2D (N/A) High
[9] Dipole <0.23 2 >32.7/11.1 N/A DLIN 7.3/13 2D (N/A) High
[10] DRA 0.13 2 10.8/6.4 >22/20 SLIN 5.5/6.2 No Mod.
[1172 DRA 0.20 2 51.4/24.3 N/A SLIN N/A 2D (N/A) Mod.
[12] | Dipole+FSS 0.14 2 32.7/33.3 >35/25 DLIN 9.8/9.3 2D (N/A) High
[14] | Dipole+FSS 0.14 2 >32.7/14.1 N/A DLIN 9/8.4 2D (N/A) High
[15] | Dipole+FSS 0.15 2 37.6/70.8 34/30 DLIN 9.2/8.4 2D (N/A) High
[16] | DRA+FSS 0.14 3 15/5.7/3.6 N/A DLIN | >6/6/7.9 | 1D (+55°) | High
[17] ML-PCB 0.04 2 7.4/12.1 > 45/40 SLIN 6.9/14.6%¢| 1D (£30°) | Low

Only total antenna profiles are presented except for [8], including reflector and PCB thicknesses when applicable.
Tech. is technology, Isol. is band-to-band isolation, and Comp. is assembly complexity.

4 Denotes simulated values
b Values obtained from —10dB TARC bandwidth.
¢ Denotes array gain.

values are very competitive, longer coaxial cables employed dur-
ing the prototyping phase are expected to introduce a marginal
reduction in efficiency due to increased resistive losses and
potential impedance mismatches. The X-band array TARC
for the broadside beam is better than —10 dB across the 13.4%
bandwidth, as shown in Fig. 19a, and the TARC is better than
—9.1dB when scanning the circularly polarized beam within
0o = —90°...90°, B8y = —40°...40° as shown in Figs. 19b and
c. The simulated maximum broadside RHCP realized gain of
the HB array is 18.6 dBi within the target band, as shown in
Fig. 20a, and the scan loss is about 3 dB when steering the beam
in the principal and diagonal planes as indicated in Figs. 20b—d.
The axial ratio is maintained below 1 dB for the broadside beam
across the target frequencies and below 3 dB when steering
the beam in the principal and diagonal planes as indicated in
Fig. 20e.

4. Performance Comparison

Table 4 presents a comparative analysis of the proposed SAA
design with state-of-the-art counterparts in the literature. Multi-
layer PCB-based SAAs achieve total profiles below 0.1 A, but
their LB bandwidth typically falls below 10%. Dipole-based
SAAs exhibit profiles nearly three times larger than the pro-
posed design with greater manufacturing complexity, whereas
TW-SAAs have profiles larger by more than an order of mag-
nitude while only exhibiting SLIN polarization. The proposed
design not only rivals the band-to-band isolation of most state-
of-the-art designs in the HB, but also outperforms all of them
in the LB. While most state-of-the-art designs support beam
steering, it was not demonstrated for many of them. It can be
observed that the proposed SAA design exhibits competitive
simulated performance in terms of profile, bandwidth, isolation,
beam steering range, and gain, while maintaining low assembly
complexity.
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5. Conclusion

This work addressed critical trade-offs in SAA technologies,
including profile height, bandwidth, isolation, and fabrication
complexity. Existing TW, DRA, and dipole-based SAAs often
achieve wide bandwidths at the cost of elevated profiles or
complex structures, while FSS-integrated designs reduce form
factor but compromise manufacturing cost and simplicity. ML-
PCB SAAs offer high isolation and low profiles but require
costly manufacturing and exhibit narrow bandwidths.

To overcome these challenges, a dual-band, polarization-
reconfigurable S/X-band SAA was introduced, integrating a
novel planar filtering dipole and a slot antenna array over an
AMC reflector. The low-complexity AMC reflector adjusts the
reflection phase for the LB radiator, enabling a total profile of
0.083 A, dictated by the HB frequency. The design achieves
simulated —10-dB TARC bandwidths of 20.7% for the LB and
13.7% for the HB. Radiation metrics demonstrate robust circular
polarization, with ARs below 1 dB in broadside directions for
both bands, a 3-dB AR beamwidth of more than 98° for the LB
dipole’s principal cuts, and a 3-dB AR scan range of +40° for
the X-band array. Circularly polarized maximum realized gains
reach 5.9 dBi for the LB element and 18.6 dBi for the HB array.
Despite the close proximity of co-located LB and HB elements
on the same plane, band-to-band isolation exceeds 47 dB in the
LB and 28 dB in the HB, enabled by embedded BSF and SILPF
structures in the LB dipole.

The presented results were achieved without multilayer
PCBs or complex assemblies, ensuring manufacturability, cost
efficiency, and scalability. This approach provides a compelling
solution for compact, dual-band antenna systems in spaceborne
and terrestrial applications, such as SATCOM terminals and
next-generation wireless infrastructure. Future work will ex-
plore tri-band extensions, prototype fabrication, and experimen-
tal validation under realistic conditions.
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