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A Cross-Band Coupling Suppressed Tri-Band Base
Station Array with Simultaneously Wideband
Decoupling and Radiation Characteristics

Lin Feng, Yibo Wang, Ari Sihvola, IEEE Life Fellow, Jinghui Qiu, and Jiaran Qi, Senior Member, IEEE

Abstract—The simultaneous realization of wideband radiation
and wideband cross-band decoupling in current 5G tri-band base
station array remains a critical technical impediment. To address
this challenge, a cross-band coupling suppressed tri-band base
station antenna array based on radiative deep-subwavelength
frequency selective surface (RFSS) with wideband decoupling
and wideband radiation characteristics is proposed. The designed
array consists of a low-band (LB) antenna operating in the range
of 0.69-0.96 GHz (32.7%), a 222 middle -band (MB) antenna
subarray operating in the range of 1.4-2.7 GHz (63.4%), and a
44 high -band (HB) antenna array operating in the range of 3.3—
3.8 GHz (14.1%). In this configuration, the LB and MB antennas
improve the radiation pattern distortions in 1.4-3.8 GHz (92.3%,
which covers the bandwidth of MB and HB) and 3.3-3.8 GHz,
respectively. A prototype for proof of the tri-band array is
fabricated and measured. Experimental results confirm that the
tri-band array exhibits the capability to achieve cross-band
decoupling within wideband operational bandwidths.

Index Terms—Tri-band antenna, wideband radiation,
wideband transmission, radiative deep-subwavelength frequency
selective surface (RFSS), cross-band decoupling, base station
antenna.

I. INTRODUCTION

HE commercialization of the fifth-generation (5G) has
established tri-band multi-antenna arrays as an
essential requirement for new 5G base station
deployments [1]. Due to the trend of global base station
integration, the frequency band that needs to be covered by the
new 5G base station antenna expands significantly.
Consequently, tri-band base station antennas with wideband
characteristics have emerged as a prominent research focus.
However, the cross-band coupling occurs in tri-band
induces radiation pattern distortion in antenna elements,
significantly compromising base station performance. To
address cross-band coupling challenges in base station antenna
arrays, electromagnetic transparent antennas [2]-[5] are
proposed for cross-band scattering suppression. Chokes [6]-

This work was funded by the Natural Science Foundation of China (NSFC)
Projects under Grant 62571161 and 62271170, and National Key Laboratory
of Laser Spatial Information Foundation LSI2025ZZKYO03. (Corresponding
author: Jiaran Qi, e-mail: qi.jiaran@hit.edu.cn).

Lin Feng, Yibo Wang, Jinghui Qiu and Jiaran Qi are with the Department
of Microwave Engineering, Harbin Institute of Technology, Harbin, 150001,
China. (e-mail: qi.jiaran@hit.edu.cn).

Ari Sihvola is with the Department of Electronics and Nanoengineering,
Aalto University, 00076 Espoo, Finland.

TABLE I
COMPARISON WITH THE RELATED TRI-BAND DECOUPLING ARRAYS

Ref  Decoupling LBOBW ~ MBOBW  HBOBW  LBTBW/
" Structure (GHz) (GHz) (GHz) RBW(GHz)
0] SSR 0.79096 171217 \’35')";%2165 ~
unitcells  (19.4%) (23.7%) (5.7%)
3] Ccaosgl‘ie 0.76:0.88 190270 330-390 _
shaped (14.6%) (34.8%) (16.7%)
143-1.52
[16] B B 6.1%)&  3.30-3.80 B
1.92-2.18 (14.1%)
(12.7%)
23] FSS 069096  1.802.70  3.30-3.80  1.80-3.80
(32.7%) (40.0%) (14.1%) (71.4%)
RC<-15dB _ RC<-15dB
FSS RC<-15dB  HBI1:330-  3.30-3.80
27 odls - 170270 3.8(14.1%)  (14.1%)
(45.5%)  HB2:4.80- /4.80-5.00
5.00 (4.1%) (4.1%)
328-3.80  3.28-3.80
28] FSS B 1.60-2.70  (14.9%) &  (14.9%) &
unit cells (50.4%) 475518  4755.18
(8.6%) (8.6%)
HB1:340-  3.40-3.60
29] FSS B 185215 3.60(5.7%)  (57%) &
unit cell (15%) HB2:540-  5.40-5.60
5.60 (3.6%) (3.6%)
0.69-0.96 140270  3.30-3.80  1.40-3.80
Pro. RFSS (327%)  (63.4%) (14.1%) 92.3%)

OBW: Operating Bandwidth. TBW: Transmission Bandwidth. RBW:
Reflection Bandwidth. RC: Reflection Coefficient.

[10] have been implemented for decoupling enhancement.
Various shaped strips or branches [11]-[13] are integrated on
the low-band (LB) radiator to suppress cross-band decoupling.
A novel low-scattering antenna is proposed in [14] by
discretizing solid metal into metal atoms and strategically
connecting them to suppress strong scattering and mutual
coupling. A filtered bowl-shaped LB antenna with helical
filters integrated into radiators and LC circuits integrated into
balun is designed in [15] to realize wideband decoupling. In
[16], a tri-band base station antenna with low cross-band
scattering characteristics is achieved through a stacked
configuration. Besides, reactive loadings [17], metasurface
[18]-[20], and partially reflecting surfaces [21] techniques
have been employed to facilitate cross-band decoupling. In
addition, frequency selective surface (FSS) has emerged as the
commonly employed decoupling mechanism [22]-[29]. In [22]
and [23], FSSs are inserted between antennas operating in
different frequency bands to achieve decoupling. In [24], the
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Fig. 1. Configuration of the proposed tri-band antenna array. (a) Tri-band
array. (b) LB antenna element. (c¢) MB antenna element. (d) HB antenna
element. (Units: mm.)
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Fig. 2. (a) Transmission coefficient of the FSS unit cell. E-field distributions
of the HB and MB antenna elements in yoz-plane. (b) Isolated HB antenna at
3.5 GHz. (c) HB antenna + conventional LB radiator at 3.5 GHz. (d) HB
antenna + RFSS-based LB radiator at 3.5 GHz. (e) Isolated MB antenna at 2.0
GHz. (f) MB antenna + conventional LB radiator at 2.0 GHz. (g) MB antenna
+ RFSS-based LB radiator at 2.0 GHz.

LB antenna composed of a 6>6 FSS array serves as a reflector
for the high-band (HB) antenna elements positioned above. A
two-layer FSS serves as an LB radiator to reduce its blockage
on the HB elements located beneath in [25]. In [26]-[29], FSS
unit cells are employed. However, the approaches above have
yet to achieve wideband decoupling in tri-band arrays.

In this letter, a cross-band coupling suppressed tri-band
base station array based on radiative deep-subwavelength
frequency selective surface (RFSS) is designed. Although the
RFSS method has been firstly proposed in previous published
articles by the author in [30], however, compared with [30],
this letter advances the prior framework by incorporating
wideband decoupling characteristics alongside established
wideband radiation performance, thereby extending dual-band
to tri-band operational paradigms. The integration of RFSS
enables simultaneously realization of wideband decoupling
and wideband radiation within the proposed tri-band array.

II. CONFIGURATION AND OPERATING MECHANISM OF THE
TRI-BAND ANTENNA ARRAY

A. Configuration of the Tri-band Antenna Array

The proposed tri-band antenna array, depicted in Fig. 1(a),
incorporates a LB antenna, a 2>2 middle-band (MB) subarray,
and a 44 HB subarray. The LB and MB antenna are designed
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Fig. 3 The impedance characteristics of four distinct radiator
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Fig. 4 Prototype of the proposed tri-band array. (a) 3-D view. (b) Port lables.

to exhibit decoupling within respective bands — LB achieving
decoupling for both MB and HB, and MB attains decoupling
for HB. The structure of LB antenna element is shown in Fig.
1(b). The substrate of the LB radiator adopts F4B (g, = 2.2,
tand = 0.001) with a thickness of 0.8 mm. Approximately 232
FSS unit cells are etched on the radiator, with the unit size of
9.96 mm x9.96 mm x0.8 mm (0.086 Ao X0.086 2y x0.0069
Ao at 2.6 GHz). The balun utilizes F4B with a thickness of 1.5
mm. The cushion adopts FR-4 with a thickness of 0.8 mm.
The MB antenna element incorporates the antenna
architectural configuration reported in [30]. Dimensional
modifications are implemented to optimize the performance
within the tri-band array configuration as shown in Fig. 1(c).
The structure of HB antenna element is shown in Fig. 1(d). All
dielectric substrates are fabricated from F4B (g, = 3.5, tand =
0.001) with a thickness of 0.8 mm.

B. Decoupling Mechanism of the LB Antenna Element

The radiation characteristics of the MB antenna elements
operating within 1.4-2.7 GHz, along with the transmission
properties for electromagnetic waves in the HB band, have
been comprehensively analyzed in the prior paper,
consequently, this letter primarily examines the operational
mechanism of the LB antenna. Firstly, the decoupling
mechanism of LB antenna element for MB and HB is
analyzed. Fig. 2(a) demonstrates that the deep-subwavelength
FSS unit cell achieves transmission coefficients exceeding —1
dB throughout 1.4-3.8 GHz (encompassing both MB and HB).
The compact, meandering topological within the FSS structure
ensures current paths corresponding to distinct resonant
frequency points, thereby achieving the observed wideband
characteristics. Fig. 2(b) - (f) delineates the FE-field
distributions across three distinct operational scenarios: the
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Fig. 5. The S-parameter measurement results of the tri-band base station antenna. (a) Reflection coefficient of the HB antenna elements. (b) Reflection coefficient
and coupling coefficient of the MB antenna elements. (c¢) Reflection coefficient and coupling coefficient of the LB antenna elements. (d) Coupling coefficient of
LB and MB antenna elements. (¢) Co-polarization coupling coefficient of LB and HB antenna elements. (f) Co-polarization coupling coefficient of MB and HB
antenna elements. (g) Co-polarization coupling coefficient of the HB antenna elements. (h) Cross-polarization coupling coefficient of HB antenna elements.
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Fig. 6. Simulated and measured radiation patterns when port 1, port 2, port 11 and port 12 are excited, respectively.

isolated HB/MB antenna element, the HB/MB element
beneath conventional LB radiator, and the HB/MB element
beneath the proposed LB RFSS-based radiator. The
conventional radiator maintains identical structural parameters
to the proposed RFSS-based design, with the critical
distinction residing in their dipole architectures, the RFSS
implementation features a dipole structure integrating a deep-
subwavelength FSS circumscribed by a narrow frame,
whereas the conventional configuration employs a
fundamental dipole topology. Comparative analysis reveals
obvious FE-field distortion in HB/MB elements beneath
conventional LB radiators, whereas LB RFSS-based radiators
mitigate distorted fields, restoring the field distributions to a
state relatively consistent with those of isolated elements.

C. Radiation Mechanism of the LB Antenna Element

The LB RFSS-based radiator integrates an FSS-based
radiator and a narrow frame. To elucidate the radiation

mechanisms, comparative impedance analyses are conducted
across four distinct radiator configurations: an RFSS-based LB
radiator, a deep-subwavelength FSS-based radiator, a
conventional radiator and a frame radiator. As shown in Fig. 3,
the deep-subwavelength FSS-based radiator exhibit
pronounced and erratic impedance oscillations, rendering
effective impedance matching unattainable. Referring to the
working mechanism of conventional radiators, a narrow frame
is incorporated along the contour to form the RFSS-based
radiator. The impedance characteristics of RFSS-based
radiator exhibits both real and imaginary parts confined within
an optimal operational range, which becomes more
approximate to that of conventional radiators. Although the
frame radiator exhibits comparatively stabilized impedance
characteristics, the substantial magnitude of its real component
within 0.69-0.80 GHz presents significant constraints on
wideband impedance matching optimization.
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Fig. 8. Measured realized gain and HPBW of the tri-band antenna array.

III. IMPLEMENTATION

A. Simulated and Measured Results

The proposed tri-band base station antenna is fabricated and
measured, and the photograph of the antenna array is shown in
Fig. 4(a). Fig. 4(b) delineates the antenna port configuration
schema. Considering the structural symmetry of the array,
experimental validation for MB is confined to P33-P34, while HB
analysis focuses exclusively on ports P1, P2, P11 and P12.

As depicted in Fig. 5, the impedance bandwidths of the HB,
MB and LB antenna elements encompass 3.3-3.8 GHz, 1.4-2.7
GHz and 0.69-0.96 GHz, respectively, with the reflection
coefficient remaining below —10 dB. The cross-band isolation
between MB and LB antenna elements exceed 20 dB within LB
and 17 dB within MB. The cross-band co-polarization isolation
between LB and HB antenna elements exceeds 25 dB across both
LB and HB. The cross-band co-polarization isolation between
MB and HB antenna elements exceed 15 dB and 20 dB within
MB and HB. Both the co-polarization and cross-polarization
isolation between HB elements exceed 18 dB. In Fig. 6 and 7, the
black curve represents the simulated radiation patterns of the
antenna elements in the isolated HB/MB/LB array (without
antenna elements operating in other frequency bands), the blue
dashed line represents the simulated radiation patterns of the
HB/MB antenna elements proposed in the conventional tri-band
array (without any decoupling structures), and the red dotted line
represents the measured radiation pattern of the HB/MB/LB
antenna elements in the proposed RFSS-based decoupled tri-band
array. From the results in Fig. 6, comparing the blue dashed line

and the black line, the antenna element with ports labeled P11 and
P12 located at the center of the array have particularly severe
distortion in the radiation patterns in the conventional array.
Antenna element corresponding to edge-positioned ports P1 and
P2 still exhibit radiation pattern distortions. Compared with the
blue curve, by loading the RFSS structure, the red dotted line
significantly alleviates the distortion of the radiation patterns. A
comparable conclusion emerges from a comparison of the
radiation patterns of P33 and P34 depicted in Fig. 7. At the
boresight direction, the cross-polarization discrimination (XPD)
of HB, MB, and LB antenna elements are greater than 14.5, 13,
and 15.2 dB, respectively. Fig. 8 shows the measured realized
gain and HPBW of the antenna elements in the tri-band array.

B. Comparison

Table 1 compares this work with the previous tri-band
decoupled antenna arrays. Existing FSS-based decoupling
methods typically employ approximately 4 FSS unit cells of
conventional dimensions onto the radiators or insert FSS between
antenna elements of different frequency bands for decoupling.
Different from the aforementioned approaches, by integrating
approximately 232 FSS unit cells with deep-subwavelength
dimensions onto the LB radiator, periodicity is maximized —
thereby ensuring the wideband decoupling capability.
Simultaneously, the incorporation of narrow frame, together with
FSS, form the RFSS configuration, collectively enables radiation.

IV. CONCLUSION

In this letter, a tri-band base station antenna array based on
RFSS cross-band decoupling method with wideband decoupling
and wideband radiation characteristics is proposed. To achieve
wideband decoupling, a deep-subwavelength FSS with
transmission bandwidth of 92.3% is utilized. The optimized tri-
band array demonstrates operational coverage spanning the LB
from 0.69 to 0.96 GHz (32.7%), the MB from 1.4 to 2.7 GHz
(63.4%), and the HB from 3.3 to 3.8 GHz (14.1%).
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