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Abstract—This paper introduces a novel +45° shared-aperture,
dual-band, dual-polarized interleaved array for vehicle-mounted
base station systems. The array integrates a lower band (LB)
antenna with four higher band (HB) antennas. To address the
issue of cross-band scattering and its impact on higher band
performance, we employ an innovative method that involves
reducing the aperture size and incorporating lumped or
distributed inductors. These inductors function as frequency-
selective structures, permitting low-frequency currents to pass
while blocking high-frequency currents. Consequently, at high
frequencies, these inductors act as open circuits, making the low-
frequency antenna radiator resemble multiple discontinuous
small metal strips. This approach achieves an electromagnetic
transparent (EMT) bandwidth of over 82.9%, making it highly
suitable for mobile base station applications. By integrating this
low-scattering LB antenna with four bandwidth-optimized cross
dipoles, we achieve a dual-band interleaved array. The measured
results confirm that the dual-band array operates effectively
within the 0.85-0.98 GHz and 1.4-2.7 GHz frequency ranges,
maintaining stable radiation performance. The superior
performance of this design makes it an ideal choice for vehicle-
based base stations.

Index Terms—Array antenna, cross-band scattering, dual-
polarized antenna, vehicle to everything, Vehicle-Mounted Base
Station.
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Fig. 1. Schematic diagram of a typical urban communication network.

I. INTRODUCTION

EHICLE to everything (V2X) communication [1]
represents a significant evolution in how vehicles
interact with their environment. As shown in Fig. 1,

V2X technology unifies various communication channels,
creating an extensive network that connects vehicles not only
with each other (V2V) but also with broader infrastructure
systems. This enables real-time data exchange between
vehicles and base stations (V2B), vehicles and users (V2U),
and vehicles and satellites (V2S).

In this ecosystem, fixed base stations and vehicle-mounted
base stations are essential components, serving as central
nodes that link terminal devices to broader networks. Fixed
base stations [2] ensure reliable and stable coverage across
urban, suburban, and rural regions. They play a crucial role in
maintaining the smooth operation of cellular networks,
supporting services like voice, data, and multimedia. These
stations are strategically located in areas with high
communication demand, such as cities, towns, highways, and
densely populated zones. Installing them requires significant
infrastructure,  including power supplies, backhaul
connections, and site security.

In contrast, vehicle-mounted base stations [3], [4], offer
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Fig. 2. Application scenarios of the vehicle-mounted base stations.

flexible and temporary coverage, particularly useful in areas
where fixed base stations are not available or during
emergency situations. As shown in Fig.2, these mobile units
can be quickly deployed to provide network services in
various scenarios, such as rural area coverage, large events
like music festivals, medical missions, and disaster relief
operations. Unlike fixed base stations, vehicle-mounted base
stations do not require extensive infrastructure and can be
moved as needed, offering a versatile solution for maintaining
connectivity in dynamic environments. Their mobility makes
them invaluable in ensuring continuous communication, even
in challenging or rapidly changing situations.

To support these dynamic applications, vehicle-mounted
base stations commonly utilize dual-polarized antennas [5],
[6], [7], [8], [9], [10]. These antennas, capable of
simultaneously receiving and transmitting two orthogonal
polarization signals, enhance spectral efficiency and signal
quality, which is crucial for robust communication in
challenging conditions. However, as the demand for V2X
services grows, along with the need to support multiple
frequency bands used by user terminals, more antennas are
being placed within the limited space of vehicle-mounted base
stations [11]. This shift towards more compact and densely
packed designs has introduced challenges, particularly
concerning in-band/cross-band mutual coupling between
antennas, which can degrade base station performance [12],
[13]. Addressing these challenges is essential to ensure that
vehicle-mounted base stations maintain the high levels of
isolation required for efficient operation across multiple
frequency bands, thereby continuing to support the growing
demands of the V2X ecosystem.

In-band mutual coupling can be effectively suppressed by
utilizing decoupling ground [14], planar metamaterial
structure (PMS) and array-antenna decoupling surface (ADS)
[15], and metallic strips [16]. However, the cross-band mutual
coupling is still a challenge. The use of filtering antennas [17],
[18], [19] emerged as a viable solution to enhance port
isolation of base station antennas. Nevertheless, in a dual-band
shared-aperture array, the antennas operating at the lower
frequency band (LB antennas) are typically positioned above
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Fig. 3. (a) Schematic diagram of the cross-band scattering, (b)E-field
distribution of HB array alone, (c) E-field distribution of the HB array with
unaltered LB antenna, and (d) influence of cross-band scattering on vehicle-
mounted base stations.

those operating at the higher frequency band (HB antennas).
When the HB antennas are excited, they radiate
electromagnetic (EM) waves into free space. These radiated
waves induce currents in the radiators of the LB antennas,
which in turn generate secondary EM waves that radiate into
free space. A phenomenon known as cross-band scattering
[20]. This alteration leads to unexpected changes in the gains
and radiation patterns of the HB array. Addressing this
challenge is crucial for the continued advancement and
reliability of vehicle-mounted base stations.

In recent years, several innovative methods were developed
to solve this problem. Frequency selective surfaces are used in
[21] and [22] to reduce the cross-band scattering. These
frequency selective surfaces can selectively pass or block
electromagnetic waves in different frequency bands.
Therefore, by rationally arranging the relative positions of LB
and higher band (HB) antennas, physical isolation between
them can be achieved, thereby reducing cross-band scattering.
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Fig. 4. The geometry of the low-scattering LB antenna. (a) Overall view, (b)
Top view, (c) Side view, and (d), (¢) Baluns.

However, this will greatly increase the complexity of the base
station. Chokes [23], [24] and meta surface [25], [26] can also
be utilized to mitigate the cross-band scattering in dual-/multi-
band arrays. However, the electromagnetic transparent (EMT)
bandwidths of the LB antennas in these designs are relatively
narrow. To obtain a wider EMT bandwidth, several EMT
antennas are realized by using slot loaded radiator [27], open-
end branches [28], [29], and multiple folded dipole antenna
[30]. Although the EMT bandwidths of these designs are
wider than 30%, it still falls short for the needs of today's
highly integrated vehicle-mounted base stations.

We present an innovative approach to reduce cross-band
scattering in dual-band arrays and applied it in the design of
dual-band vehicle-mounted base stations, thereby enhancing
the performance of mobile base station-centric wireless
communication networks. By minimizing the antenna aperture
and incorporating lumped and distributed inductors, we have
developed an LB antenna with an EMT bandwidth exceeding
82.9%. This represents the widest EMT bandwidth compared
to published articles. All simulated results presented in this
paper were obtained using ANSYS HFSS (High-Frequency
Structure Simulator).
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Fig. 5. Evolution of the radiator. Configurations of (a) Rad.1, (b) Rad.2, (c)
Rad.3, (d) Rad.4, and (¢) Rad.5.

II. MINIATURIZED DUAL-POLARIZED LB ANTENNA

The design of the low-scattering LB antenna from multiple
angles are given in Fig. 4. The horizontal parts of the radiator are
printed on substrate H, while the vertical parts are printed on
substrate V. To achieve +45° polarizations, two vertically printed
baluns are connected to the antenna radiator. Additionally, Fig. 4
also provides the precise sizes of both the radiator and the baluns.
The design uses Rogers Ro4003™ substrates, known for their
relative permittivity of 3.55 and dielectric loss tangent of 0.0027.
Substrate G has a thickness of 1.524 mm, whereas substrates H
and V each have a thickness of 0.813 mm. A thicker substrate
was selected to prevent any deformation that could occur with
larger sizes, which might otherwise impair the antenna's
performance.

Fig. 5 outlines the step-by-step development of the
antenna's radiator, showing how the design evolves from its
initial concept (single polarized radiator) to the final version
(miniaturized dual-polarized radiator). The process starts with
a simple folded dipole antenna, named Rad.1. This basic
model is then modified through bending to create Rad.2. The
evolution continues by combining two Rad.2 units, resulting
in Rad.3. To make the antenna easier to manufacture, the next
step involves adding a substrate to the design, evolving it into
Rad.4. The final adjustment in the design process is bending
Rad.4 vertically, creating Rad.5. This version is more compact
but still retains the performance of its predecessors, addressing
the need for an antenna that performs well while saving space.
It's important to highlight that the radiator's aperture size can
be significantly decreased by 59.5%, bringing it down to
40.5% ofits original size.

To determine the operating frequency band of the design,
the input impedance of Rad.1 and reflection coefficient can be
used as a starting point. The input impedance Z;, of the printed
dipole antenna can be calculated by using [31]:
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Fig. 6. Calculated and simulated reflection coefficients of the radiators.
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where Z; and Z; are the input impedances of the transmission
line mode and dipole mode. (1+a)? is the impedance step-up
ratio [32]. In this case, given that the printed strips maintain a
consistent width, the value of « is set to 1. Thus, equation (1)
can be reduced to:

47,7,

o= 2
2724+ Z, )

The input impedance of the transmission line mode (Z;) can
be represented as:

l
Zy = jZotan(k ) 3)

k is the propagation constant; / is the length of the folded
dipole antenna. Z, is the characteristic impedance of a
coplanar strip transmission line. It can be calculated as:

K()

Zy =120 ;
0 K@

“

In (6), K(x) is the complete elliptic function of the first kind.
It has the following characteristics:

K'(x) = K(x" Q)

x2+x?%=1 (6)

Where x is related to the size of the folded dipole antenna:
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Fig. 7. Simulated peak realized gain and S-parameters of the proposed LB
antenna.

the equivalent radius (a.) into the following equations [33]:

R .

AL ®)
sin?(kl)

where R; and X; can be obtained by using the equations in

[33].

With the help of the commercial software MATLAB, we
obtained the calculated reflection coefficient for the folded
dipole based on the input impedance derived from the above
method, as illustrated in Fig. 6. When this is compared to the
simulated result derived from another commercial software,
ANSYS HFSS, it becomes evident that the calculated and
simulated results are almost identical. Hence, the equations
allow for the swift identification of printed folded dipole's
resonant  frequency without using the full wave
electromagnetic simulation software.

By bending the folded dipole in its middle, a bended folded
dipole (Rad.2) can be realized. It can be clearly seen in Fig. 6
that bending has little effect on the S parameter of folded
dipole. Then, by combining two identical bended folded
dipoles together. A four-legged loaded element (Rad.3) can be
realized. Fig. 6 demonstrates that the introduction of the
substrate causes a slight shift in the resonant frequency of the
four-legged loaded element towards the lower frequency band.
Finally, to reduce the aperture size of the radiator, it was bent
longitudinally to form Rad.5. The Rad.5 has not only a much
smaller aperture size (40% of Rad.4), but also a better
impedance bandwidth.

Rad.5 is a balanced structure, while coaxial cables are
typically unbalanced. Therefore, a balun is required to connect
Rad.5 to the cables, enabling the conversion between balanced
and unbalanced configurations. By adjusting the widths and
lengths of the microstrip and coupled microstrip lines, the
input impedance of the radiator can be transformed to 50 Q.
The incorporation of the L-shaped structure adds flexibility to
the balun design, simplifying the impedance transformation
process.

Fig. 7 illustrates the |Sii|, |S21], and peak realized gain of the
final LB antenna. The antenna operates within the 0.84-0.97
GHz frequency range, achieving an average peak realized gain
of 7.9 dBi. The simulated isolation of the proposed LB
antenna exceeds 27.24 dB across the operating frequency
range, making it a good candidate for base station applications.



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

@ ©
Fig. 8. The geometry of the proposed dual-band dual-polarized array. (a)
Overall view, (b) top view, (c)top view of HB element, and (d), (¢) baluns of
HB element.
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Fig. 9. Comparison of the LB antenna in (a) the reference array and (b) the
proposed array.

III. SUPPRESSION OF CROSS-BAND SCATTERING

The configuration of the proposed dual-band dual-polarized
array is shown in Fig. 8. It includes one LB element and four
HB elements. The array features a total of 10 input ports, with
8 designated for activating HB antennas and 2 for the LB
antenna. The operating principle of the HB antenna has been
detailed in [34]. In this design, cross strips and open-end
branches are removed since there is no need for radiation
suppression in the higher frequency band. The detailed
dimensions of the HB element are provided in Fig. 8(c)-(e).To
better demonstrate the advantages of the proposed design, a
reference dual-band dual-polarized array is simulated by using
ANSYS HFSS. It is worth noting that the configuration of the
reference array is nearly identical with the proposed array
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Fig. 10. Simulated [S;;| of the miniaturized lumped inductor-loaded LB
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Fig. 11. (a) The radiator with lumped inductors, (b) the equivalent structure of
the lumped inductor-loaded LB radiator in the HB, (c) side view of the radiator
with distributed inductors, and (d) 3D view of the radiator with distributed
inductors.

except the structure of the LB antenna.

The low-scattering characteristics of the proposed LB
antenna is achieved through a two-step method. First, the size
of the LB radiator is reduced to minimize the metal area above
the HB array. As shown in Fig. 9, the radiator of the proposed
LB antenna is concentrated in the central cross area, with no
metal directly above the HB antennas. The entire radiator can
be seen as a folded loop, effectively reducing cross-band
scattering.

The second step involves introducing lumped/distributed
inductors. Starting with Rad. 4 in Fig. 5, to further mitigate
cross-band scattering, the aperture size has been reduced, and
several lumped inductors have been added, as illustrated in Fig.
10. These inductors perform two main functions. First, they
help in tuning the LB antenna's resonant frequency, as shown
by the simulated |Sii| under various inductance values in Fig.
10. As observed, adjusting the inductance values shifts the
resonant frequency of the antenna towards the lower
frequency band, without changing the antenna size.

Second, the inductors act as filters, allowing low-frequency
currents to pass with relatively small impedance while
blocking high-frequency currents. This behavior is due to the
inductive reactance, which increases with frequency, thus
enabling low-frequency signals to pass and significantly
impeding high-frequency signals. Consequently, as shown in
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Fig. 13. Simulated normalized radiation patterns in horizontal planes (yoz) of
the HB array (ports 1 and 5 are excited) in different configurations at (a) 1.2
GHz, (b) 1.7 GHz, (¢) 2.0 GHz, (d) 2.3 GHz, (¢) 2.6 GHz, and (f) 2.9 GHz.

Fig. 11, the radiator can be modeled as many small metal
strips, each much smaller than 2 A7 gu, (free space
wavelength at the highest frequency of HB), resulting in low
cross-band scattering.

Benefit from the impedance transformation characteristics
of transmission lines, a section of short-circuit transmission
lines can be equivalent to an inductor when its length is
shorter than % A [35]. Thus, the lumped inductors can be
replaced by short-circuit transmission lines with certain
lengths, as shown in Fig. 11 (c) and (d). By replacing the
lump inductors in Fig. 11(a) with short-circuit transmission

(©) (d)

Fig. 14. Photos of the prototype. (a) Overall view, (b) top view, (c) side view,
and (d) back view.

lines and connecting the radiator to optimized baluns, the
proposed LB antenna (with distributed inductors) can be
obtained.

To demonstrate the effectiveness of the proposed new
antenna and method, simulated gains and radiation patterns of
the HB array alone, with traditional dual-polarized LB antenna,
and with the proposed miniaturized dual-polarized LB
antennas are compared in Fig. 12 and 13. It is clear that the
proposed LB antennas has minimal effect on the HB array's
radiation performance, which is vital for dual-/multiband
interleaved array designs.

The simulated peak realized gains are shown in Fig. 12. As
observed, the reference LB antenna significantly affects the
gain of the HB array. The maximum difference in peak
realized gain for the HB array, with and without reference LB
antenna, is 1.95 dBi. This results in severe impairment of
mobile base station performance in this frequency band. The
difference in peak realized gain for the HB array, with and
without the proposed distributed inductor-loaded LB antenna,
is less than 0.5 dBi, which is significantly smaller than the
1.95 dBi difference typically observed in traditional dual-band
arrays. Additionally, the difference in peak realized gain for
the HB array, with and without the lumped inductor-loaded
LB antenna, is even smaller at less than 0.45 dBi, indicating
slightly better performance than the distributed design.
However, as the distributed inductor-loaded design is easier to
fabricate and the performance difference is minimal, we
selected it for fabrication.

Fig. 13 compares the normalized radiation patterns for the
HB array in various configurations: the HB array alone, the
HB array with the reference LB antenna, and the HB array
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Fig. 16. Boresight realized gains of the proposed dual-band array.

with the proposed distributed LB antenna. Due to the
symmetry of the array, only ports 1 and 5 are excited as
examples. It is evident that the induced current on the radiator
of the reference LB antenna emits unwanted electromagnetic
waves within the HB antennas' operating band, causing
significant distortion in the HB antenna's radiation pattern.
The change in the radiation patterns can lead to poor
directivity and reduced controllability in the mobile base
station antenna. This, in turn, affects the communication
quality of mobile base station-centered wireless networks,
ultimately  diminishing users' experience with the
infrastructure. Fig. 13 also illustrate that the proposed LB
antenna with distributed inductors have very little influence on
the radiation patterns of the HB array. Thus, this antenna
achieve coverage in the lower frequency band while
maintaining low cross-band scattering in the higher frequency
band. It is noteworthy that while the impedance bandwidth of
the HB array proposed in this paper does not fully cover the
1.2-2.9 GHz range, Figs. 12 and 13 clearly demonstrate that
the EMT band of the proposed LB antenna successfully covers
the 1.2-2.9 GHz range. The distortion observed in the
radiation patterns in Fig. 13(f) is caused by the imbalance of
the baluns at 2.9 GHz. At this frequency, the baluns fail to
effectively convert the unbalanced feed into a balanced feed,
resulting in an uneven current distribution between the two
arms of the dipoles and, consequently, distortion in the
radiation pattern.
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Fig. 17. Normalized radiation patterns of the LB array at (a) 0.85 GHz, (b)
0.95 GHz, and HB array at (c) 1.4 GHz, (d) 1.8 GHz, (e) 2.2 GHz, and (f) 2.6
GHz.

IV. MEASURED RESULTS AND DISCUSSION

To demonstrate the design concept, a prototype of this dual-
band array was fabricated and tested. The photos of the
prototype are shown in Fig. 14. The power dividers connected
to the HB antennas are used to measure the radiation patterns
of the HB array. The measured results show a close match
with the simulated ones. The discrepancies observed were
primarily due to fabrication and measurement inaccuracies.

Fig. 15 depicts the operational frequency range of the LB
antenna, spanning from 0.85 GHz to 0.98 GHz, while the HB
antenna covers the range from 1.4 GHz to 2.7 GHz. The
measured isolations of the LB antenna in the dual-band array
align closely with the simulated results, with values exceeding
27 dB throughout the operating frequency band. Fig. 16
presents the boresight realized gains for both LB and HB
modes of the dual-band array. The LB antenna achieved an
average measured realized gain of 7.1 dBi within its
operational range. The HB array, when excited at ports H; and
Hs, demonstrated an average measured realized gain of 9.1
dBi within its frequency band.

The radiation performance of the dual-band array were
measured at the University of Kent's antenna lab. Fig. 17(a)
and (b) shows the radiation pattern of the LB antenna at 0.85
GHz and 0.95 GHz, including both measured and simulated
results. The results indicate stable radiation patterns with
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TABLEI
COMPARISON OF THE DUAL-BAND DUAL-POLARIZED ARRAYS

. Gain EMT Bandwidth LB Bandwidth . HB Spacing

Ref. Configuration Comparison (GHz) (GHz) FR Complexity Methods i)
. 40.8% (0.66- . Metasurface
0 -
[20] Interleaved Yes, 1.4 dBi 45% (1.71-2.71) 0.997) 2.67 High cloak 0.64 x 0.98
2x2 HB .
[22] above LB No 33% (3.5-4.9) 32.7% (0.69-0.96)  5.09 High FSS 0.73 x 0.73
[24] Interleaved No 11.4% (3.3-3.7) 31.6% (1.65-2.27) 1.76 Moderate Chokes 0.76 x 0.99
[27] Interleaved No 34% (1.7-2.4) 32.7% (0.69-0.96)  2.48 High Slots 0.71 x 0.71
. Open-end
0 _ o X

[28] Interleaved No 46% (1.7-2.7) 32.7% (0.69-0.96) 2.7 Simple Branches /
[36] Interleaved Yes, 0.5 dBi 14% (3.3-3.8) 24% (1.71-2.17) 1.8 Moderate ;2;?123 0.57 x 0.86
[37] LOBnS;afllgd Yes, £0.4 dBi 14% (3.3-3.8) 16% (2.3-2.7) 1.42 Simple FSS Radiator /
[38] LOBnS;aIC{kgd No 66.7% (1.36-2.72)  18.2% (0.80-0.96)  2.32 High Helical Filters /
Pro. Interleaved Yes, 0.5 dBi 82.9% (1.2-2.9) 14.2% (0.85-0.98)  2.27 Moderate ]iins(til:?tl(l) tresd 0.58 x 0.58

* Gain Comparison refers to the evaluation of the gain between the HB array alone and the array with the proposed design. 44, is the wavelength at the

lowest operating frequency in free space of higher band. EMT represents electromagnetic transparent, FR means frequency ratio.

HPBWs of approximately 64° throughout its operational band.
Fig. 17(c)-(f) illustrates the normalized radiation patterns of
the HB array, where the measured data closely match the
simulations. These simulations were conducted using Ansys
HEFSS software:

E,(8) * cos45° + Eg(0) * cos45°
max(Etotal)

E145:(0) = ©

E(0) * cos45° — E,(0) * cos45°
max(Etotal)

E_,s(0) = (10)

Table I provides a detailed comparison of the proposed dual-
band array with several other designs previously presented.
The design in [20] achieves a relatively wide EMT bandwidth
when the impedance bandwidth itself is also relatively wide.
However, its in-band characteristics are unstable, with a
mutation point (914 MHz) in the GSM 900 and LTE 900
bands. The designs in [22], [24], [27], [28] achieve wider
impedance bandwidths, but their EMT bandwidths are much
narrower than the design proposed in this paper. None of these
designs can cover the widely used 1.4-2.7 GHz frequency
band for base stations, and they did not provide a gain
comparison of the HB antenna/array under different conditions
to do a fair comparison. Moreover, the designs in [22] and
[27] are more complex, making them harder to design and
fabricate. [36] and [37] include a gain comparison of HB
antenna/array under different conditions and show that the LB
antenna impacts the HB antenna/array’s gain by less than 0.5
dBi, similar to the design in this paper. However, their EMT
bandwidth is only one-sixth of the bandwidth achieved by the
proposed design. [38] presents an EMT antenna with
performance similar to the design in this paper. However, its

array layout (with the LB antenna stacked on the HB antenna)
differs from this design, and its EMT bandwidth is narrower.
The paper did not provide a gain comparison of the high-
frequency antenna under different conditions, and its three-
dimensional spiral structure is more complex and harder to
fabricate compared to this design.

V. CONCLUSION

This paper introduces a novel shared-aperture dual-band
dual-polarized interleaved array that integrates a low-
scattering LB antenna with four bandwidth-enhanced tightly
coupled cross-dipoles. The operational principles, including
impedance and scattering characteristics of the LB antenna,
were rigorously analyzed through calculations and
simulations. By minimizing the metal area and integrating
lumped/distributed inductors, we effectively reduced the
cross-band  scattering of the LB antenna without
compromising its impedance bandwidth. The performance of
this innovative array was validated through simulation,
fabrication, and measurement. Results confirmed that the array
operates efficiently within two important frequency ranges
(0.85-0.98 GHz: GSM 850, GSM 900, UMTS 900, LTE 900,
etc. and 1.4-2.7 GHz: IMT services, GSM 1800, UMTS 2100,
LTE 2300, LTE 2500, LTE 2600, etc.). Additionally, the
minimal interference between antennas operating in different
bands makes this array particularly suitable for integrated
vehicle-mounted base station applications, enhancing
connectivity and performance in diverse environments.
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