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Abstract—This paper presents a novel compact low-profile
dual-polarization base station antenna (or unit cell) designed for
5G mobile communications, which does not require additional
baffles. This proposed base station antenna comprises a lower-
band (LB) element (2.0-2.6 GHz) and four higher-band (HB)
elements (2.7-3.4 GHz). A new three-dimensional frequency
selective surface (3D-FSS) is used in the LB element to minimize
mutual coupling in this unit cell. Since the operating frequency
bands within the HB elements and LB element are adjacent,
the coupling between the elements is also a concern. Meanwhile,
this paper also proposes a unique front-feeding (Fro-Feeding)
and the addition of the extended metal arms(EMA) to hinder
the coupling current and achieve effective decoupling. Simulated
and measured results show our unit cell reaches a high gain in
the LB element (8.3 +0.5 dBi), with an average increase of 1.1
dBi using front-feeding compared to conventional balun-feeding,
and a high gain in HB element (13 +0.7 dBi). The LB and
HB elements exhibit the high port isolation of bigger than 20
dB, the high cross polarization of bigger than 25 dB and stable
radiation patterns, fulfilling the requirements for dual-band 5G
base station antennas.

Index Terms—adjacent frequency decoupling, dual polariza-
tion, base station antenna.

I. INTRODUCTION

HE rapid development of fifth-generation communication

systems (5G) has led to increased interest in dual-
frequency dual-polarization base station antennas. To accom-
modate user needs, 5G must coexist with existing 4G systems,
but the deployment of earlier base station antennas limits avail-
able space for 5G base station antennas. Currently, the trend is
toward shared-aperture multi-frequency-band antenna arrays,
usually consisting of many unit cells [1], which integrate 5G
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Fig. 1. (a) Scattering interference. (b) Common mode interference.

antennas with those of previous generations within the same
radiation aperture, offering cost and space efficiency. Key
design considerations include the frequency ratio and aperture
reuse efficiency. Configurations for shared-aperture antenna
arrays include side-by-side, embedded, stacked, staggered [2],
and structural reuse layouts. In the parallel layout, subarrays
for different frequency bands are placed side by side. However,
this method has low space utilization and requires significant
spacing to reduce coupling, resulting in a larger volume
requirement.

The embedded layout of shared-aperture antennas [3]- [6]
involves embedding one or more HB elements within an LB
element. Antenna arrays operating at different frequencies can
function independently. This approach effectively minimizes
the radiation shielding effect of the LB element on the HB
element while meeting the spacing requirements of various
antenna arrays. As a result, it achieves significant space-saving
benefits.

The stacked layout of shared-aperture antennas [7]- [10]
involves multiple antenna elements that operate in different
frequency bands and are stacked together to cover these
bands effectively. Typically, the HB element is positioned
above the LB element, which has a larger physical size. This
arrangement prevents the LB element from obstructing the HB
element. While this layout allows for a more compact design,
it may also lead to an increase in the overall antenna profile.

The staggered layout of shared-aperture antennas [11]-
[15] involves staggering LB and HB elements to maximize
space utilization. However, both the embedded and stacked
configurations have limitations based on the frequency ratio
between LB and HB elements.

The shared-aperture antenna with structure-reuse technology
enables antennas of different frequency bands to share the
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same aperture by reusing the antenna structure designed for a
specific frequency band. For instance, the same radiator can be
utilized multiple times to cover various frequency bands within
the same aperture, thus saving significant space. However, this
design approach is often more complex. The shared-aperture
antenna encounters significant design challenges in complex
electromagnetic environments due to coupling interference.
This interference can be categorized into two main types:
heterodyne-frequency coupling interference, which occurs be-
tween antennas of different frequency bands, and co-frequency
coupling interference, affecting antennas within the same
frequency band. Coupling interference can result in impedance
mismatch, reduced isolation, signal attenuation, and cross-
interference, thereby degrading signal stability and quality.
It can also diminish antenna performance by reducing gain
and distorting radiation patterns, impacting coverage range
and quality. To address these issues, appropriate decoupling
strategies must be implemented. Heterodyne-frequency cou-
pling interference can be further classified into scattering
interference, common mode interference, as shown in Fig.1,
each requiring specific decoupling technologies to mitigate
their effects.

Currently, some methods such as adding frequency selec-
tive surfaces [16]- [17] and chokes [18]- [22] are employed
to address scattering interference. To tackle common-mode
interference, a metasurface has been introduced beneath the
HB element to form a band-stop filter [23]; however, this
significantly increases the space occupied by the antenna.
Additionally, the insertion of a metal column at the end of
the HB element’s radiation surface has been proposed for
“path extension” to mitigate common-mode interference [24].
Unfortunately, this approach raises both the manufacturing
cost and complexity of the antenna.

In this paper, we present a 5G base station antenna based on
a 3D frequency selective surface (3D-FSS) and a front-feeding
design, which achieves a low profile, minimal coupling, and
a compact footprint. The antenna height is only 30 mm,
adequately meeting the performance requirements for 5G base
stations and offering an effective and reliable implementation
plan for current base station construction.

The main contributions of this paper are as follows.

1) A novel dual-bandwidth, dual-polarization staggered
shared-aperture base station antenna (unit cell) is designed,
featuring closely spaced operating frequency bands. This de-
sign eliminates the need for additional baffles to achieve high
port isolation and resolve coupling issues.

2) The implementation of 3D-FSS effectively addresses
scattering interference when the frequency bands of the anten-
nas are very close (adjacent frequency). Such low-profile and
proximity of elements within the unit cell are firstly addressed
and operate in adjacent frequency.

3) The front-feeding structure effectively mitigates
common-mode interference without increasing the area
occupied by the antenna and without necessitating complex
manufacturing processes, which helps to reduce costs.

The rest of this paper is organized as follows. Section
II describes the overall structure of this unit cell, describes
the 3D-FSS structure with its working principle within the
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Fig. 2. Configuration of the proposed adjacent frequency base station antenna
(unit cell). (a) Top view. (b) Port number assignment. (c) Practical antenna
(Top view). (d) Bottom view. (e) Side view.

LB element, and describes the front-feeding structure that
effectively realizes the band-stop filter of the HB antenna to the
LB antenna, and explains its working principle. The simulation
of the proposed antenna array is designed in Section T with
an experimental verification. Conclusion is drawn in Section
II11.

II. ANTENNA DESIGN
A. Antenna Geometry

The top view, port number assignment, practical antenna top
view, bottom view and side view of the proposed adjacent-
frequency-band base station antenna (unit cell) are shown in
Figs. 2 (a), (b), (c), (d) and (e), an LB element is located in the
center and it adopts the 3D-FSS to make it electromagnetically
transparent to the adjacent-frequency HB elements. The four
HB elements are located at the four corners of the unit cell,
powered by a Wilkinson power divider with a shared aperture
design to save space. The size of the reflector is Dyx Do,
and the height of the LB and HB elements is H; and Ho,
respectively. The LB element operates from 2.0 to 2.6 GHz,
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and the HB elements operate from 2.7 to 3.4 GHz. The
distances Dy and D, can be selected to avoid the generation
of grating lobes.

Based on the theoretical analysis presented in Section II,
C. Principle of 3D-FSS, the dipole arm form of the LB
element was determined. Furthermore, due to the excellent
adjacent-frequency-band decoupling capability of 3D-FSS, the
designed base station antenna (unit cell) has a small overall
cross-section, eliminating the need for additional decoupling
structures.

By adding a power divider to the HB element to improve
system integration, the conventional feeding structure will
produce severe common-mode interference. Therefore, we use
a special band-stop filter design based on Section II, D. Design
of the Higher-Band Element in the HB feeding structure to
mitigate common-mode interference. Excellent simulation and
measurement results are obtained, proving its applicability in
actual large-scale base station antenna arrays.

Fig. 3. The configuration of the proposed LB element: (a) Top view, (b)
Bottom view, and (¢) 3D-choke.

B. Design of The Lower-Band Element

The new type 3D-FSS structure is shown in Fig. 3. The
patches are all printed on the FR4 with dielectric constant of
4 and thickness of 0.762 mm, as shown in Figs. 3 (a),(b).

The evolution of the dipole arm end design from Sg to S;
aims to expand the bandwidth of the LB element as shown
in Fig. 3 (c). As the width of the dipole arm changes, the
impedance also varies, which helps to reduce the coupling
current. To further mitigate the coupling current generated
on the LB dipole arm due to the excitation of the HB
element, we consider adding a 3D-choke into the dipole arm
as shown in Fig. 3 (c). However, since the 3D-choke can
cause a frequency deviation in the resonance point of the LB
antenna, careful selection of its placement is crucial. To ensure

optimal performance of the LB element, the 3D-choke has
been positioned near the impedance change point at the end
of the dipole arm.

Nevertheless, this adjustment alone is insufficient to address
the shadowing effect observed in this adjacent frequency band
antenna unit cell. We can clearly see that embedding the
rectangular parasitic patches in the dipole arm to form the
frequency selective surface (FSS) can significantly change the
pass-band frequency and make it electromagnetically transpar-
ent to the proposed HB elements [16]- [17], but at the same
time, the pass-band is also limited by the size of the FSS, as
shown in Figs. 4 (a),(b) and (c). When we obtain the target
pass-band, we need to greatly increase the length of S and S’
in proportion, which will take up a lot of space.

(a)
0 0
5 5
-10
Target pass-band -10 /
gl 2R
T 20 15 \
E 25 \ =19 mm, S'= 14 mm, TE IncAngle = 0° E 20 [e-S =19 mm, S' = 14 mm, TE IncAngle = 20°
'E‘ 20 ‘ [-=S =20 mm mm, TE IncAngle = 0° 'EL l-e~S =20 mm, S' = 15 mm, TE IncAngle = 20°
=7 fde=S =21 mm mm, TE IncAngle=0°| & -25 6 mm, TE IncAngle = 20°|
=35 |‘ ’ f=S =19 mm, S' = 14 mm, TM IncAngle =09 = 30 =S =19 mm , S' = 14 mm, TM IncAngle = 207
40 5 =20 mm mm, TM IncAngle = 0° =S =20 mm, §' = 15 mm, TM IncAngle = 20°
45 ' s -n mm, $' = 16 mm, TM IncAngle = 0° 35 ¥ =21 mm, ' =16 mm, TM IncAngle = 20°
sf i B TR
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Frequency(GHz) Frequency(GHz)
(b) (c)
0 0
-5 ‘ -5
- [ 5
10 5% 10
E -15 1 5 -15
z-20 z20 S = 19 mm , without FSS, TE IncAngle = 0°
225 225 S =19mm ,S'=10 mm, TE IncAngle = 0°
= Fe=S =19 mm, S = 14 mm, TE IncAngle=40° | ‘E S =19 mm , §'= 12 mm, TE IncAngle = 0°
E"‘m Le"S =20 mm S = 15 mm, TE IncAngle =00 | 3 0 s=19 ::.s':n :::: TE 1:c,\:§::n°
=35 las =21 mm , S = 16 mm, TE IncAngle =400 | = =35 S =19 mm , without FSS, TM IncAngle = 0|
40 S =19 mm, §' = 14 mm, TM IncAngle = 40° -40 S =19 mm, S' =10 mm, TM IncAngle = 0°
45 |-e~S =20 mm , ' = 15 mm, TM IncAngle = 40° 45 S =19 mm ,$' = 12 mm, TM IncAngle = 0°
h |«S =21 mm ' = 16 mm, TM IncAngle = 40° S =19 mm , $' = 14 mm, TM IncAngle = 0°
50 504— -
20 25 3.0 35 40 45 50 20 25 3.0 35 40 45 50 55
Frequency(GHz) Frequency(GHz)
(d) (e)
. JJ1 11
5 / -5
-10 T 10 ‘ I
15

e
S W

S/=19 mm , without FSS, TE IncAngle = 40°
$ =19 mm, §' = 10 mm, TE IncAngle = 40°
f4=S =19 mm , $' = 12 mm, TE IncAngle = 40°

S =19 mm, without FSS, TE IncAngle = 20°
S =19mm, $'= 10 mm, TE IncAngle = 20°
S =19mm, $'= 12 mm, TE IncAngle = 20°

)
S

Magnitude(dB)
o 1
>
Magnitude(dB)
ol o 2
]

S =19mm,S'= 14 mm, TE IncAngle = 20° =S =19 mm , §' =14 mm, TE IncAngle = 40°
=351 S =19 mm , without FSS, TM IncAngle = 20 354 -5 =19 mm, without FSS, TV IncAngle = 40°
-40 S =19mm, 10 mm, TM IncAngle = 20° 404 f4-s=19mm, 10 mm, TM IncAngle = 40°

S =19mm, ' = 12 mm, TM IncAngle = 20° 451 | S S19mm.S =12 mm TV TncAngle = 40°

b
o

S

S =19mm, §' = 14 mm, TM IncAngle = 20°

20 25 30 35 40 45 50 55
Frequency(GHz)

le-S =19 mm , $' = 14 mm, TM IncAngle = 40°

20 25 3.0 35 40 45 50 55
Frequency(GHz)

() (@)

Fig. 4. Simulated transmission coefficients of (a) FSS unit, and the TE/TM
mode under (b) normal incidence, (¢) 20° incidence, (d) 40° incidence, (e)
normal incidence, (f) 20° incidence, (g) 40° incidence.

Therefore, we specifically design the 3D-FSS structure.
It can ensure that the target pass-band is achieved without
increasing the space occupied by the antenna unit. The specific
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Fig. 5. The radiation patterns for HB element with different decouple
structure: (a) Single HB element, (b) HB-LB elements without decoupling
structure for LB element, (c¢) HB-LB elements with FSS for LB element,(d)
HB-LB elements with 3D-FSS for LB element, (e) Representative simulated
Gain curve and HPBW.

part of the parasitic rectangular patch added in the dipole arm
is expanded to fill the part of the dipole arm that is vacant
due to the introduction of the 3D-choke. Cross-shaped slots
are adopted to expand the transmission bandwidth slightly.

To demonstrate the performance advantages of the designed
3D-FSS, we conduct verification experiments, as shown in Fig.
5. In Fig. 5(a), the radiation pattern of a single HB element

is presented. Fig. 5(b) shows the scenario in which the HB-
LB elements are without a decoupling structure for the LB
element, resulting in a distorted radiation pattern for the HB
element. In Fig. 5(c), we can see that when the antenna dipole
arm length Sy is 19.7 mm, adding a rectangular parasitic patch
to the dipole arm is not enough to achieve FSS that meets the
target pass-band. However, as shown in Fig. 5(d), the HB-LB
elements utilizing the 3D-FSS structure for the LB element
effectively resolve this issue, restoring the radiation pattern.

Utilizing a 3D-FSS for decoupling adjacent frequency an-
tennas yields improved results. This approach not only signifi-
cantly improves cross-polarization within the target frequency
band, but it also enhances the consistency of the HB element.

Fig. 6 shows the electric field and current distribution in
various states, which helps to understand the effectiveness
of 3D-FSS decoupling. Fig. 6(a) shows the electric field
distribution of a single HB element. Figs. 6(b), (¢) shows that
when the HB-LB elements are without a decoupling structure
for the LB element, the LB element will generate a strong
coupling current, the electric field of the HB element becomes
distorted, adversely affecting antenna radiation. Figs. 6 (c),
(f) show that when the HB-LB elements adopt FSS structure
for the LB element, the coupling current is slightly reduced
and the radiation pattern is partially restored, but due to the
limitation of Sy length, it is difficult to achieve electromagnetic
transparency in the target frequency band. In Fig. 6(d), The
HB-LB elements utilizing the 3D-FSS structure for the LB
element effectively addresses this issue, allowing the electric
field to return to levels similar to those observed in Fig. 6(a).

E Filed
(V/m)

Fig. 6. Simulated E-field distributions for HB element at 3.2 GHz: (a)
Single HB element without decoupling structure, (b) HB-LB elements without
decoupling structure, (c) HB-LB elements with FSS, (d) HB-LB elements with
3D-FSS; Simulated surface current distributions for LB and HB element at
3.2 GHz: (e) Single HB element without decoupling structure, (f) HB-LB
elements without decoupling structure, (g) HB-LB elements with FSS, (h)
HB-LB elements with 3D-FSS.
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C. Principle of 3D-FSS

The equivalent circuit model of the 3D-FSS is shown in Fig.
7. Tt consists of a parallel resonant circuit at HB (composed
of LEJ and C’é) and a series resonant circuit at LB (composed
of two additional capacitors C’i) [22].

¢ ¢
- e

Ly

Fig. 7. Equivalent filter circuit of 3D-choke.

The above conditions satisfy par
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In this context, fz denotes the open-circuit frequency point
of the HB, while f; represents the short-circuit frequency
point of the LB. At higher-frequency bands, the induced
current is effectively open-circuited as it passes through the
3D-choke. In contrast, at lower frequency bands, the current
is nearly short-circuited, which has a minimal impact on the
lower-frequency operation of the antenna.

Next, we consider how to adjust the pass-band to the
target frequency band while keeping the dipole arm length
unchanged. The square rings from Case 1 to Case 4 have a
uniform width of 1.4 mm, the same as Sg.

The evolution of 3D-FSS will be described in Fig. 8, where
Z, represents the wave impedance in free space and Z is
determined by the geometric dimensions S and dielectric
properties, respectively. In Fig. 8(a), the dipole arm of the LB
element is equivalent to an inductor L and a capacitor Cy in
series. The L-C series circuit provides a band-stop response,
which shows that the traditional loop antenna has a serious
hindering effect on the HB element. In Fig. 8(b), we add
rectangular patches to the dipole arm to shape the FSS. We
can see in Figs. 4 (e), (f), and (g) that when the size of the
square ring remains unchanged and the internal rectangular
patch is enlarged, it is found that while the transmission zero
point on the left remains unchanged, the pass-band shifts to
the left, indicating that a new resonance is introduced, so the
equivalent circuit diagram changes from Case 1 to Case 2.
Case 3 of adding 3D-FSS alone in the dipole arm can be
calculated from its ABCD matrix according to the provided
conversion formula and can be described as
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Among them, § = 27 f/c is the phase constant, f is the
operating frequency, c is the propagation speed of electromag-
netic waves in free space, and h; is the transmission electrical
length. First, we assume
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Fig. 9. Transmission coefficients under (a) normal incidence, (b) 20°
incidence, (c) 40° incidence for different cases and (d) Mutual coupling
coefficient in the adjacent frequency antenna(unit cell) when the LB element
adopts CASE2: S = 23 mm or CASE4: S = 19 mm.

2.0 25 3.0 35 4.0

We continue to derive @ in |Q|?and get

d|QI’
do
From formula (7), we know that if the transfer function is
bandpass, then M = N does not exist. So assuming that
there is a frequency f; as the transmission zero point, then
the corresponding d|Q|?/df = 0, so we can know exists

(7

= sin(260)(N? — M?)

mopc

i ®)

where mg is a constant integer. Therefore, according to
formula (8), simply changing h; can significantly affect the
position of the transmission zero point. The experiment shown
in Fig. 9 shows that adding a 3D-choke will increase the wave
propagation path, thereby increasing the transmission electrical
length, and ultimately causing the transmission zero point to
shift left from Null 2 to Null 3.

Therefore, in Fig. 8 (d), we adopt the solution of Case 2
and Case 3, adopt the 3D choke to shift the transmission zero
to the left, and adopt a special patch to shape FSS, introduce
a new resonance, and shift the pass-band to the left. As shown
in Fig. 9, we can clearly see the movement of the transmission
zero and the realization of the target pass-band.

Other methods to increase the transmission electrical length
include increasing the square ring length S or the dielectric
thickness. Therefore, when we increase S from 19 mm to
23 mm in the CASE2, it can achieve the same pass-band
effect, but this will increase the overall area of LB element
to 146.5% of the original, and will seriously deteriorate the
mutual coupling between the LB element and HB elements in
the adjacent-frequency antenna, as shown in Fig. 9(d).

sm(29) = O, flhl =

Based on the above experiment, we finally designed the
corresponding LB element.

D. Design of The Higher-Band Element

Fig. 10 shows the patch structure of the HB element. The
patches are all printed on the FR4 with dielectric constant of 4
and thickness of 0.762 mm, as shown in Figs. 10 (a) and (b).
The dipole arm is designed in a diamond shape. A semicircle
is dug out of the curved part of the dipole arm, as shown in
Fig.10 (a), to optimize the impedance matching.

(a)

()

©

Fig. 10. The configuration of the proposed HB element. (a) Top view. (b)
Bottom view, (¢) EWG design.

At the same time, we add an extension wire to the end of the
dipole arm, and the upper and lower parts of the patches are
grounded through metal pins, as shown in Fig. 10 (c) (EWG).
Since the current at the end of the dipole arm is close to
an open circuit, it can greatly reduce the coupling from the
HB elements in the antenna (unit cell) as shown in Fig. 11.
EWG can also optimize the impedance matching and increase
resonance depth as shown in Fig. 9.

TABLE 1
OPTIMIZED DIMENSIONS OF THE PROPOSED ANTENNA
(UNIT:MM)

Do D1 D2 Ho Hl H2 SO Sl S2
68 65 100 10 18 30 19.7 10 14
Sg 54 Ss Se S7 Sg Sg SIO GO
10 4 2.1 1.4 2.8 105 386 6.2 0.1
Gy Go G3 Lo 14 Lo Ls Ly Ls
0.6 7 10 1.55 25 1 4 4.6 8.5
Lg L7  Lg Ly Lo Lin L2 L1z L
11.3 2 7.1 6 3 6.5 4.7 6.75 2
Lis Lis Liv Ligs Lig L Wy Wi

13 172 6.6 6 3 12.1 0.9 1.2
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Due to the proximity of the frequency bands for the HB and
LB elements, we find that there is a serious common-mode
interference problem in this adjacent-frequency antenna (unit
cell) when using the conventional balun-feeding as shown in
Fig. 14. In our experiments, we find that the radiation pattern
of the LB component will be seriously affected by the HB
component, resulting in distortion. To address this issue, we
design a new feeding method for the HB element as shown in
Fig. 15, a feeding structure where energy is transferred to the
radiating surface through a slot line on the front side, which
is connected to the slot line on the back side. Both the slot
lines on the front and back sides are connected to the metal
pin through extended metal arms(EMA). This design structure
suppresses the coupling current generated by LB coupling
while maintaining HB performance, thus achieving effective
decoupling.

To verify the superiority of the front-feeding structure
in this adjacent-frequency antenna (unit cell), a simulation
experiment was conducted to compare it with the conventional
balun-feeding structure.

e
‘ﬁ
=) b
' 4 A
0 o 0 Current ™=
(a)
Jsurf » -
@am) I\
.10

I /—‘c

B, Ol

(b)
frord
(c)

Fig. 11. The configuration and current distribution of HB elements (a) with
conventional balun-feeding, (b) with front-feeding when exciting Port 1# at
3.1 GHz. (c)Port number assignment.

The similarity of the simulated S-parameters and Z-
parameters shown in Fig. 12 and Fig. 13 indicates that the
conventional balun-feeding and the proposed front-feeding
designs can be meaningfully compared experimentally. At the
same time, we can see that using the front-feeding structure
can have a better resonance depth and a smoother impedance
transformation.

When the LB element is excited in this unit cell, the
schematic diagram of the different current for HB is presented
in Fig. 16. We can clearly observe that the coupling current at
2.1 GHz and 2.3 GHz is nearly eliminated when the HB uses

«=@=Fro-Feeding without EWGS,, ,;| =f=Fro-Feeding without EWG [S,;,,| =lll=Fro-Feeding with EWG|S ; ;|
enbe=Fro-Feeding with EWG [S Conv-Feeding with EWG |S Conv-Feeding with EWG |S,;
2424 1414 21,281
- 0

54
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S-parameters(dB)

= L] <4 y
20 ' ’7' \f Ifgf
25 ' - f
' ;
-30 = [
£
35

2.4 2.6 2.8 3.0 3.2 34 3.6
Frequency(GHz)

Fig. 12. Simulated S-parameters on HB elements with front-feeding and
conventional balun-feeding of Port 1# and Port 2#.
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Fig. 13. Simulated Z-parameters on HB elements with front-feeding and
conventional balun-feeding of Port 1# and Port 2#.

the proposed front-feeding structure and the coupling current
on the HB element radiation surface is also reduced, achieving
the decoupling function.

We can better understand the principle of front-feeding
structure decoupling from the circuit aspect. The classic band-
stop filter structure is shown in Fig.18. A simple and general
approach for the design of band-stop filters is based on
reactance slope parameters of the resonators. The transition
from low-pass to band-stop characteristics can be obtained by

Q.FBW
[ )i — 9
(/oo — wf) )
Wy = VW12 (10)
FBW = 22~ “1 (an
Wo

where €) is the normalized frequency variable of a low-pass
prototype, €. is its cutoff, and wy and FBW are the mid-band
frequency and fractional bandwidth of the band-stop filter. And
the circuit satisfies

(%) = oo
Yy 9gogn+1

bm G = vy ()
Wt = LT\, ) Q. FBW

12)

fort=1ton
(13)
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m
. o Lo
(b)

Fig. 14. The configuration of conventional balun-feeding. (a) Balunl design,

(b) Balun2 design,
1§
I LlI
(b)
L17
w
(c)

Fig. 15. The configuration of proposed front-feeding. (a) Balunl design front
side, (b) Balun2 design front side (c) Balun design back side.

(@)

where b; is the susceptance slope parameter of series-parallel
resonators. It is obvious that for a chosen low-pass proto-
type, with known element values, the desired reactance slope
parameters can easily be determined using (11) and (12).
The next step is to design microwave band-stop resonators
so as to have prescribed slope parameters. To derive the
formulation for extracting the susceptance slope parameter, let
us consider a two-port network with a single series branch of
Y = jwC + WLL, such as the one in Fig. 15. The series
branch has a parallel-resonant frequency wy = 1/LC and
a susceptance slope parameter b = woC. The transmission
parameter for this two-port network terminated with Yj is

given by
1

2
\/1 + [4@}20) %ﬂ

where (w/wo —wp/w) &~ 2Aw/wq using w = wp+ Aw. This is
at resonance when w = wg or Aw = 0, |S21| = 0 because the
resonant series branch blocks out the transmission and causes
an attenuation pole. The attenuation will then be reduced or
the value of |Sa;| will rise when the frequency shifts away
from wy. When the frequency shifts such that

|S21] =

(14)

Jsurf
(A/m)

Jsurf
(A/m)

Im

(b)

Jsurf

Fig. 16. Current distributions on the HB balun when the LB is excited: (a)
Conventional balun-feeding (2.1 GHz). (b) Proposed front-feeding (2.1 GHz),
(c) Conventional balun-feeding (2.3 GHz), (d) Proposed front-feeding (2.3
GHz).

1w
4(b/Yo) Aws

Therefore, we have

+1 (15)

(16)

< b > ~wo fo
Yo 2Awszap  2Af3aB
In the approximate equivalent circuit of front-feeding as shown
in Fig. 19, Port 1 indicates the direction of energy flowing from
the input end to the antenna radiation surface, while Port 2
represents the direction of energy radiating from the antenna
surface and any other energy coupling into the system.

One aspect that needs to be focused on is the EMA structure.
This structure ensures that the energy can be transmitted from
the exciting port to the radiating surface not only through
electromagnetic coupling through the FR4 medium, but also
through the EMA itself.
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(©

Fig. 17. Simulated E-filed when the LB is excited: (a) Conventional balun-
feeding (2.1 GHz), (b) Proposed front-feeding (2.1 GHz), (c) Conventional
balun-feeding (2.3 GHz), and (d) Proposed front-feeding (2.3 GHz).
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E} Ly

Yo

Fig. 18. The classic band-stop filter structure

In this structure, we can equate the energy transmission
through the FR4 electromagnetic coupling to the parallel
connection of parasitic capacitance and inductance, and the
EMA structure to an LC series circuit. Therefore, this part
can be equivalent to a third-order band-stop filter, and the
length of the EMA structure should be 1/4 wavelength of the
center frequency of the corresponding band-stop frequency
band. After experimental verification, the 1/4 wavelength of
the EMA structure corresponding to 2 GHz is the best choice.
When the LB element is excited, the EMA structure can act
as a band-stop filter and resonate in the target frequency band.
This resonance helps to keep the energy within the EMA
structure and minimize unnecessary coupling.

It is clearly visible in the surface current distribution and
electric field distribution of Figs. 16 and 17 that the adjacent

Fig. 19. Approximate equivalent circuit of front-feeding

frequency antenna (unit cell) benefits from the front-feeding
structure. The EMA structure can be seen in Figs. 16 (b) and
(d) to form the band-stop filter, which effectively suppresses
the common-mode current compared to the traditional balun
feeding of Figs. 16 (a) and (c), which restored the electric
field as shown in Fig. 17. In Fig. 24, it is evident that the
adjacent-frequency antenna (unit cell) benefits from a front-
feeding structure, which increases the gain by an average of 1.1
dBi in the target frequency band compared to the conventional
balun-feeding method. Additionally, the gain and bandwidth
of this configuration are more comparable to those of the LB
placed alone.

o l
LN N
Metal pin
{ yj

Fig. 20. Wilkinson power divider for HB element.

III. THE ADJACENT-FREQUENCY ANTENNA
VERIFICATION

To better integrate the antennas, we consider the adjacent
frequency bands. The HB element causes significant coupling
to the LB antenna when using a T-row power divider. There-
fore, we design the following Wilkinson power divider printed
on the FR4 with dielectric constant of 4 and thickness of 1 mm
as shown in Fig. 20. Figs. 19 and 20 indicate that the E-plane

Fig. 21. Practical antenna and measurement.

e Sim. Co-pol === Sim.Cro-pol =@=Mea.Co-pol -‘-Mea.Cro—pol

Gain(dBi)
Gain(dBi)

Fig. 22. Simulated and measured radiation pattern for LB element when port
5 is excited, E-Plane at (a) 2.1 GHz, (b) 2.5 GHz.

cross-polarization discriminations (XPDs) for the LB element
are below -20 dB at 2.1 GHz and 2.5 GHz. In contrast, the
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Fig. 23. Simulated and measured radiation pattern for HB elements when
port 1 and port 3 are excited: E-Plane at (a) 2.7 GHz, (c) 3.1 GHz, (e) 3.4
GHz; H-Plane at (b) 2.7 GHz, (d) 3.1 GHz, (f) 3.4 GHz.

E-plane XPDs for the HB element are below -25 dB at 2.7
GHz, 3.1 GHz, and 3.4 GHz.

As illustrated in Fig. 24, the return loss for the LB element
is less than -10 dB in the target frequency range of 2.0 GHz
to 2.6 GHz, with an isolation exceeding 25 dB. Likewise, the
return loss for the HB antenna is also below -10 dB in the
frequency range of 2.7 GHz to 3.4 GHz, and its isolation is
better than 20 dB. Fig. 24 shows a high gain of 8.3 + 0.5 dBi
in the LB element is obtained, with an average increase of
1.1 dBi using front-feeding compared to conventional balun-
feeding, and a high gain of 13 £ 0.7 dBi in HB elements
is obtained. At the same time, we can see that the isolation
between HB and LB elements is better than 17dB, which has
a great low coupling characteristic.

IV. CONCLUSION

This paper presents the design of a 3D frequency-selective
surface (3D-FSS) and a front-feeding structure aimed at de-
coupling the primary antenna. Given the close frequency bands
involved, it is essential to minimize coupling between the
higher-frequency and lower-frequency signals simultaneously.
The proposed structures effectively achieve decoupling of
lower-frequency from higher-frequency and vice versa. Sim-
ulated and measured results demonstrate that the proposed
antenna (unit cell) exhibits excellent impedance matching,
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Fig. 24. Simulated and measured S-parameters and Gain (port 1,3 and port
5 are excited) for HB and LB elements.

TABLE II
COMPARISION OF THE PROPOSED ANTENNA WITH THE EXISTING
ANTENNAS
Ref Bandwidth Gain Isolation  Height
% (GHy (dBi) (dB) Mo)
0.69-096 LB 8.6106: >38
B 3333 HB: 8.140.4 s25 025
B 11.1550.65 -
6] 0‘?978_'20'796 HB: 14.65+0.95 igg 0.44
o (2 x barrays )
0.69-0.96 LB: 9403 =30
8] 3333 HB: 8.3+0.7 S>15 033
1827 LB: 72409 =20
16l 3333 HB: 8.6+13 20 024
This  2.0-2.6 LB: 8.3£0.5 25
HB: 13£0.7 0.23
work 2.7-3.4 >20
(1 x 4 arrays)
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high polarization isolation, and effective cross-band isolation.
It also shows a stable radiation pattern and suppression of
cross-band coupling in the lower-frequency range of 2.0 to
2.6 GHz and the higher-frequency range of 2.7 to 3.4 GHz.
Consequently, this proposed antenna is suitable for use as
a dual-band shared-aperture base station antenna array for

5G

mobile communication system. Although the proposed

base station antenna comprises only one LB antenna and
four HB antennas, further research can be conducted on the
additional array by selecting various unit cell combinations.
This flexibility allows for the reconfiguration of multi-band
or full-spectrum access base station antennas with respect to
frequency, bandwidth, and radiation patterns.
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