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Dual-band dual-polarized sub-6
GHz phased array antenna
with suppressed higher order
modes

Debaprasad Barad'*, Jogesh Chandra Dash?, Debdeep Sarkar* & P. Srinivasulu?

This manuscript proposes a dual-band dual-polarized 64-element phased array antenna (PAA) with
suppressed higher order modes (HoMs). Each array element is a microstrip patch structure with
complementary split ring resonator (CSRR) loading, allowing for simultaneous dual-band and dual-
polarization performance at 3.45 GHz and 3.87 GHz. The proposed PAA exhibits impedance matching
of < —20dB at 3.45 GHz and 3.87 GHz while limiting the mutual coupling below —19 dB between the
adjacent elements at both the operating bands. The proposed design includes a plated through hole
placed near the CSRR loading to suppress any higher-order modes (HOMs). Two antenna prototypes,
without and with HOMs suppression techniques are fabricated and measured. In addition, we
demonstrate the beam steering of the proposed PAA up to £60° using an off-the-shelf 6-bit phase
shifter module. The proposed 64 -element array achieves a gain of 23 dBi, and shows a minimal
steering loss of >~ 3 dB over the steering angle.

The future wireless communication technology is expected to use intelligent metasurfaces, massive beamforming
for improved user experience, potentially providing dedicated links to individual users'~>. This communication
technology can be fulfilled using a phased array antenna (PAA), which provides multiple beams with high-
speed and precise beam forming, beam steering in azimuth, and elevation plane over a wide angular coverage®”.
The mmWave beam forming technique using PAA is discussed in®'°. However, because of strict line-of-sight
(LOS), prone to signal degradation due to natural obstructions like trees, buildings, and poor signal penetra-
tion capabilities in the mm-wave frequency band (FR2), researchers in academia and industry are focused on
the realization of base station antenna in FR1 frequency band''2. Several works discuss the 5G base station
antenna using the phased array technique,'*!*, operating at single resonance and single polarized. However,
the upcoming frequency standards in future communication technology, such as 5G require multi-band PAAs,
which can save cost and space for additional base stations'®. On the other hand, the multi-path fading in the
base station communication system is a critical parameter to study, which can be addressed using the pattern
diversity method with a dual-polarization'®.

A dual-band dual-polarized antenna using modified mushroom unit cell'”, double loop dipole antenna with
metasurface'®, differential-fed with a microstrip line with open-circuit stepped-impedance resonators', a mas-
sive metamaterial loaded MIMO antenna® for sub-6 GHz base station applications are discussed. In sub-6 GHz,
a4 x 4 array configuration using wideband spiral antenna demonstrates beam steering of +40%!. Few designs
report the baffles shape with FSS and ferrite loading?, bent dipole embedded with two individual microstrip
balun?, produces dual-band, dual-polarized 5G base station arrays. A butler matrix embedded antenna array*,
demonstrates fixed beam steering up to £40°. In?, a dual-band dual-polarized multi-beam antenna configura-
tion is demonstrated for +-40° fixed beam steering. A dual-polarized 10 x 10 PAA using a cavity-backed patch
embedded with vertical orthogonal balun shows beam steering up to +45° is discussed in®. However, the cavity-
like structure of microstrip antenna is very common for higher order modes (HOMs) excitation. The HOMs
accelerate the EMI/EMC issues and give rise to spurious harmonic generation in the RF and communication
system of the base station unit leading to radiation pattern distortion, and undesirable side lobe level (SLL). In
addition to these unwanted problems, due to energy distribution in the unwanted HOMs, the main beam gain
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of the array decreases when the main beam of the phased array scans to the larger angles. Moreover, when the
unwanted SLL is more, the array can not scan the large angle?”. To the best of the author’s knowledge, a dual-
band dual-polarized massive PAA with wide-angle beam steering and suppressed HOMs for sub-6 GHz is not
available in open literature.

This article proposes a massive (8 x 8) dual-band, dual-polarized PAA using CSRR loading for sub-6 GHz
5G base station applications, where a plated through hole (PTH) is used to suppress the HOMs while improving
the impedance matching. Further, the beam steering performance is demonstrated up to +60° using Ansys HFSS
Electromagnetic solver as well as in measurement using a 6—bit phase shifter module.

Methods

Design of dual-band dual-polarized 8 x 8 PAA with reduced HOM

The proposed dual-band dual-polarized 8 x 8 antenna is designed on a single-layer dielectric substrate (Rog-
ers 3003), with €, = 3, tand = 0.001 and 1.52 mm thickness. Here, an individual antenna element is a square
microstrip patch antenna (L, x L,) with CSRR loading (see Fig. 1). The CSRR has a dimension of p x p with
a split gap (g) and ring width of (r) and is etched out from the top surface of the antenna radiator as shown in
Fig. 1b. The CSRR at the top surface is a high Q-factor resonator, which exhibits capacitive and magnetic cou-
pling through the ring slot and split gap respectively. This coupled field between the CSRR and patch exhibits
dual-band response without affecting primary radiation pattern®*?. Next, the excitation and CSRR positions
are optimized thoroughly in the HFSS full-wave solver (see Fig. 2). The S-parameter plot, in Fig. 3a, shows the
dual-band response at 3.45 GHz and 3.87 GHz of the proposed design. In order to achieve proper functional-
ity of PAA with low mutual coupling, the antennas are spaced at a distance of 0.5, where A is the free-space
wavelength at 3.87 GHz operating frequency. This spacing allows for mutual coupling between adjacent elements
to be less than or equal to —19 dB, with impedance matching of less than or equal to —20 dB at both resonances
(see Fig. 3a). The polarization state of the primary CSRR-loaded square patch element (i.e.m = n =0)in8 x 8
PAA is described by the simulated surface current distribution at two operating frequencies (see Fig. 3b,c). The
proposed antenna has mutually orthogonal field directions at ¢ = 135%and ¢ = 45° for 3.45 GHz and 3.87 GHz,
representing a dual polarization state (refer to Fig. 3b,c). In addition to the dual-band and dual-polarization
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Figure 1. Proposed 8 x 8 PAA configuration with a zoomed view of the microstrip patch element: (a) without
CSRR loading, (b) with CSRR loading. Dimensions: L; = 24 mm, L, = 20 mm, X, = 10 mm, Y, = 6.55

mm, Ly = 9.5mm, L, = 10mm, g = r = 0.4 mm, p = 6 mm, dx = dy = d = 39 mm, m, n are the element
position.
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Figure 2. Sensitivity analysis of the CSRR Loaded patch antenna (a) by changing the excitation position (b) by
changing the CSRR location (c) single element radiation pattern w/o and with CSRR loading.
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Figure 3. (a) S-parameter of the 8 x 8 PAA without PTH, current distribution of m = n = 0 element at (b)
3.45 GHz, (c) 3.87 GHz.

state, the proposed antenna loaded with CSRRs also exhibits undesired higher-order modes, as shown in the
S-parameter response in Fig. 3a.

Configuration of dual-band massive antenna array with HOMs suppression technique
In the proposed microstrip antenna loaded with CSRR, the unwanted higher-order mode (HoM) is suppressed
by placing a PTH near the CSRR. The location of the PTH is determined through a parametric study, as demon-
strated in the S-parameter plot shown in Fig. 4a. Figures 4b,c display the simulated surface current distribution
along ¢ = 135% and ¢ = 459 at 3.45 GHz and 3.87 GHz, respectively, for the CSRR-loaded antenna in the pres-
ence of PTH. The presence of PTH does not interrupt operating frequencies or surface current distribution. The
PTH suppresses the HOM:s present in the X-band region (4 — 9 GHz) while improving the dual-band impedance
matching (see Fig. 4a). In order to provide a clearer insight into HOMs suppression, a simplified approximate
circuit model®*-*° of the patch with CSRR loading and CSRR loaded patch with via is presented in Fig. 5a,b
respectively. Here, the co-axial excitation is represented as the inductive probe (Ly). The patch is represented as
the RLC resonator (Ry, L1, C1) and the CSRR loading is represented as a shunt RLC resonator (R», Ly, C;) which
exhibits a low resonance frequency compared to conventional pagch shown in Fig. 1a. Similarly, the HOMs of
the patch and CSRR are represented as separate RLC resonators (R 5, L; ,, C1 »)> as shown in Fig. 5a, responsible
for the unwanted auxiliary radiation. Figure 5b presents a CSRR- loaded patch with a via (L3), which routes the
fundamental radiating mode current through a short circuit path to ground thereby suppressing the HOMs.
Next, the element with suppressed HOMs is used to configure 8 x 8 antenna array with an inter-element
spacing of 0.54¢. The S-parameter response of the 8 x 8 antenna array is studied in Fig. 6. It is observed that the
mutual coupling between antenna elements in the array is below —20 dB, regardless of the antenna position in
the array (see Fig. 6).
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Figure 4. (a) Optimization of S-parameter by changing PTH position, current distribution at (b) 3.45 GHz, (c)
3.87 GHz.
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Figure 5. Equivalent circuit model of (a) patch with CSRR loading, (b) patch with CSRR loading and PTH.
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Figure 6. S-parameter of the 8 x 8 PAA with suppressed HOMs.

PAA beam steering performance

The 5G base station technology demonstrates three sector deployment structure with 3D sectorization of the
beam pattern in azimuth and elevation, where each sector is equipped with a beam-forming antenna module
(usually a PAA) to provide an angular range of 120° (i.e 260°)"%2, In this scenario, the PAA steers the beam by
controlling the aperture distribution. This is achieved by compensating the progressive phase shift in the array
factor (AF) of the planar M x N array and represented in Eq. (1)%.

AF = I()EnAleej(m_l)<k0dx sin 6 cos ¢+ fy) % Eiv=19j(n_1)(k0dy sin 6 sin p+pBy) (1)

where, I is the uniform excitation amplitude for all m and n elements, kg is the wave number. The common main
beam of PAA is in the direction of = 6 is the beam steering angle and ¢ = ¢y is the plane of the beam steering.
The principal maximum of the main beam is specified by (6, ¢o). To steer the main beam from the broadside,
the element steering phase (B, B,) is summed at each element (1, 1) for providing a combined phasing (Aph)
at the mn' element using Eqs. (2)-(4). Moreover, the steered beam is controlled by active element pattern®*,

Bx = — kody sin 6y cos ¢ (2)
B, = — kod, sin 6 sin ¢ (3)
Aph =(m x By) + (n x By) (4)

The active element pattern can be reshaped by controlling the mutual coupling between the elements. This
is possible with increasing the inter-element spacing while maintaining the maximum peak gain and good side
lobe levels, but large spacing raises the grating lobe issues. The element spacing is a trade-off between the grating
lobe and mutual coupling issues in PAA%, For beam steering upto +60°, the PAA must satisfy the Eq. (5) at the
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highest operating frequency to confirm a single main lobe and no grating lobe in —7 /2 < 6 < 7 /2 region. Fur-
ther, the PAA with N elements restricts the Eq. (5) by (N — 1)/N and the 3 dB beam width of the antenna array*.

o= ()
A G [ —
/10_ 1—|—sin(90)

Here, the proposed 8 x 8 PAA uses 0.54¢ spacing to minimize the mutual coupling up to < —19 dB and achieves
abeam steering up to £60°. The beam steering performance is demonstrated using HFSS EM solver by exciting
each element with a uniform amplitude and phase coefficient (using Eq. 4)*-*%. The solver calculates the absolute
phase coefficient for each element and steers the main beam to the desired angle. The 3D beam steering pattern
is presented using contour plots at 30° step (see Fig. 7). A minimum steering loss close to 3 dB is achieved by
optimizing the active element for a stable radiation pattern on the order of cos'?> 6*°. In addition to this, the
proposed 8 x 8 PAA shows a consistent active return loss of < —12 dB (see Fig. 8), which ensures no scanning
blindness during the beam steering performance up to 60°.

(5)

Experimental characterization of dual-band dual-polarized 8 x 8 PAA with reduced
HOM

The proposed massive array without and with HOMs suppression is fabricated. The fabricated PCB and the
co-axial connector (SMA-F) are assembled on a metal plate. First, the fabricated prototype is validated through
S-parameter measurement (see the test setup in Fig. 9a,b). Here, the measurement is conducted using Keysight
PNA. The port-1 and port-2 of the PNA are connected to port-1 and port-2 of the AUT while terminating the
remaining ports with 502 load. The measured S-parameter results show both the prototypes achieve dual-band
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Figure 7. Visualization of 3D beam steering radiation pattern of 64-Element array in contour plot (a-j) —60° to
60°, at f;=3.45 GHz, £,=3.87 GHz.
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Figure 9. Measurement setup for S-parameter characterization, (a) without PTH, (b) with PTH, (c) beam
steering characterization of the fabricated 8 x 8 PAA.

resonance with impedance matching of < —20 dB and mutual coupling of < —19 dB and are in good agreement
with the simulated S-parameter result (see Fig. 10a). In addition to this, the total active reflection coefficient
(TARC) of < —15dB is achieved at both the operating frequency (see Fig. 10b), which assure efficient operation
in active mode®.

Next, the radiation pattern of the proposed CSRR-loaded massive antenna array is measured in the near field
test range (NFTR). The proposed antenna array is integrated with an RF phase shifter and control module with
RF cables (see Fig. 9¢). The phase shifter module incorporates a 1 : 32 way power divider (PD) network, where
each output port of PD has a 6-bit digital phase shifter and RF switch to enable phase control of each element,
which is commercial off-the-shelf hardware of M/s Astra microwave product ltd (2 phase shifter modules are
used here). The integrated RF module introduces phase errors, which are captured in discrete measurements.
The phase errors are normalized using the phase collimation process, where a suitable phase state is applied to

WDy BRI 3

®=sim. |S,,/[wo PTH =w=sim. |S§“|with PTH

b oo sim. [S )lwo PTH  =ve=sim. |S,with PTH
=p=meas. |S,;/wo PTH =t=meas. ES“|with PTH
43 L me meas. [S;,jwo PTH =0 meas. ESlz|with PTH
o W 4+ meas. S, /wo PTH = meas. {S ,|with PTH
- meas. |S,;glwo PTH =® meas. ESIS|with PTH
meas. [S, ,5|lwo PTH= =meas. ESl 28\w1th PT

5 6 7 8
Frequency (GHz)
T
‘n.ﬂ“-
o TTLLLL.
3 TTITLLEL
O |igEE@@E @@
3[]4 --sim. (port 1 and 2)
£ _3() |*meas. (port 1 and 2)
-=sim. (port 1 and 28)
_40 -e-meas. (port 1 and 28) )
3 3.5 4
Frequency (GHz)

(b)

Figure 10. (a) Comparison of S-parameter result of 8 x 8 PAA without and with HOMs suppression, (b)
comparison of TARC result.
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Figure 11. Comparison of the measured radiation pattern with simulation, boresight (a) 3.45 GHz, (b) 3.87
GHz, beam steering (c) 3.45 GHz, (d) 3.87 GHz.

References | Array dimension | Operating bands Beam steering range | HOMs suppression
2 4x4 3.3-5 GHz +40° No
» 1x4 2.5-2.69 GHz, 3.3-3.6 GHz No No
2 1x6 5.4-5.6 GHz +40° No
2 12 x 12 3.3-4.2 GHz, 5.15-5.93 GHz | +40° No
% 10 x 10 3.6-4.4 GHz +45° No
Thiswork |8 x 8 3.43-3.48,3.84-3.92 +56° + 530 Yes

Table 1. Comparison of the proposed antenna array with available open literature.

each element. First, the boresight un-calibrated pattern is measured. The un-calibrated pattern is not capable of
producing a perfect SLL and first null, which is essential to estimate the Rayleigh resolution. Later, the antenna
array is calibrated using the phase collimation process. In this, the proposed antenna array plane is transformed
to measurement plane in the NFTR acquisition system. The NFTR probe is aligned to the antenna elements as
per the measurement plane. The respective phase error of each element is acquired and then corrected by com-
pensating the suitable phase state through the control and phase shifter module**#!. This process is repeated for
both the resonances to ensure nearly zero beam pointing error and minimum SLL. The calibrated antenna array
yields a well-defined SLL (=~ 13 dB) and first null (see Fig. 11a,b). The proposed antenna achieves boresight gain
of 21.8 dBi, 23 dBi, and 3 dB beam width (6,) of 14%,12.5° at 3.45 GHz, 3.87 GHz respectively and are in good

Scientific Reports | (2024) 14:6139 |

https://doi.org/10.1038/s41598-024-56218-8

nature portfolio



www.nature.com/scientificreports/

agreement with simulated results. Next, the beam steering patterns are measured at every 15° step (see Fig. 11¢,d),
by loading the required phase state to the phase shifter module (using equ.4). It is observed, at 8y = 60° the 3
dB beam width is increased to 24°, 220 at 3.45 GHz, 3.87 GHz respectively (with a factor of ),/ cos 6p). Also, the
steered beam located at =~ 56°,~ 530 (i.e < 60°) at 3.45 GHz, 3.87 GHz respectively, which is because of the active
element pattern with a factor of +/cos @ and applied progressive phase bits of A = 5.625° corresponds to the
6-bit phase shifter. A comparison study between the available literature and the proposed sub-6 GHz antenna
array is presented in Table L. It infers that, a dual-band dual-polarized wide angle beam steering up to £60°
(~ 56°, & 53° measured) with suppressed HoMs. This shows the superiority of the proposed work compared
to published works.

Conclusion

Here, a 64 element PAA configuration uses a CSRR-loaded antenna element, which facilitates achieving a wide-
angle beam steering performance at both resonances. Here, a CSRR loading on a square microstrip antenna is
studied for dual-band dual-polarized operation at 3.45 GHz, 3.87 GHz, with improved impedance matching
< —20dB and mutual coupling < —19 dB. The HOMs suppression is achieved by placing a PTH near the vicinity
of the CSRR loading. To date, fixed beam steering using Butler matrix circuit-based antennas is demonstrated®*?°,
even a modified cavity technique is reported to enhance the scan performance® by reducing the mutual coupling,
and it is limited up to +45° by the element size. The proposed array configuration uses a CSRR-loaded antenna
element, which facilitates achieving a wide angle beam steering performance up to ~ 56°, ~ 53% at 3.45 GHz,
3.87 GHz respectively. The wide angle beam steering performance is studied using a contour plot and validated
by measuring the fabricated prototype. The phase collimation method helps to achieve a well-defined SLL and
first null. The proposed antenna array achieves a maximum gain of 23 dBi, while maintaining a minimum scan
loss of > 3 dB.

Data availability
The authors declare that the data supporting the findings of this study are available within the paper.

Received: 5 January 2024; Accepted: 4 March 2024
Published online: 13 March 2024

References
1. Megahed, A. A., Abdelazim, M., Abdelhay, E. H. & Soliman, H. Y. M. Sub-6 GHz highly isolated wideband MIMO antenna arrays.
IEEE Access 10, 19875-19889. https://doi.org/10.1109/ACCESS.2022.3150278 (2022).
2. Ahn, B. et al. Wide-angle scanning phased array antenna using high gain pattern reconfigurable antenna elements. Sci. Rep.https://
doi.org/10.1038/s41598-019-54120-2 (2019).
3. Massive MIMO for new radio. Tech. Rep., Samsung Electronics., https://www.samsung.com/global/business/networks/insights/
white-papers/1208-massive-mimo-for-new-radio/ (2020).
4. Li, ], Yuan, Y., Wu, Q. & Zhang, K. Bi-isotropic Huygens’ metasurface for polarization-insensitive cross-polarization conversion
and wavefront manipulation. IEEE Trans. Antennas Propag.https://doi.org/10.1109/TAP.2024.3355483 (2024).
5. Li, L., Zhao, H,, Liu, C,, Li, L. & Cui, T. ]. Intelligent metasurfaces: control, communication and computing. eLighthttps://doi.org/
10.1186/s43593-022-00013-3 (2022).
6. Gupta, A. & Jha, R. K. A survey of 5g network: Architecture and emerging technologies. IEEE Access 3, 1206-1232. https://doi.
0rg/10.1109/ACCESS.2015.2461602 (2015).
7. Hong, W. et al. Multibeam antenna technologies for 5G wireless communications. IEEE Trans. Antennas Propag. 65, 6231-6249.
https://doi.org/10.1109/TAP.2017.2712819 (2017).
8. Roh, W. et al. Millimeter-wave beamforming as an enabling technology for 5g cellular communications: theoretical feasibility and
prototype results. IEEE Commun. Mag. 52, 106-113. https://doi.org/10.1109/MCOM.2014.6736750 (2014).
9. Broucke, R. et al. A compact SiGe d-band power amplifier for scalable photonic-enabled phased antenna arrays. Sci. Rep.https://
doi.org/10.1038/541598-023-47908-w (2023).
10. Santacruz, J. P. et al. Outdoor mm-wave 5G/6G transmission with adaptive analog beamforming and IFoF fronthaul. Sci. Rep.https://
doi.org/10.1038/s41598-023-40112-w (2023).
11. 5G spectrum bands explained low, mid and high band. Tech. Rep., Nokia. https://www.nokia.com/thought-leadership/articles/
spectrum-bands-5g-world/ (2023).
12. Wen, L. et al. A dual-polarized aperture-sharing phased-array antenna for 5G (3.5, 26) GHz communication. IEEE Trans. Antennas
Propag. 71, 3785-3796. https://doi.org/10.1109/TAP.2023.3245183 (2023).
13. Wang, Z., Dong, Y., Peng, Z. & Hong, W. Hybrid metasurface, dielectric resonator, low-cost, wide-angle beam-scanning antenna
for 5G base station application. IEEE Trans. Antennas Propag. 70, 7646-7658. https://doi.org/10.1109/TAP.2022.3169067 (2022).
14. Schulpen, R., Johannsen, U,, Pires, S. & Smolders, A. Design of a phased-array antenna for 5G base station applications in the
3.4-3.8 GHz band. In 12th European Conference on Antennas and Propagation (EuCAP 2018) 1-5. https://doi.org/10.1049/cp.2018.
1102 (2018).
15. Hu, H.-N,, Lai, E-P. & Chen, Y.-S. Dual-band dual-polarized scalable antenna subarray for compact millimeter-wave 5G base
stations. IEEE Access 8, 129180-129192. https://doi.org/10.1109/ACCESS.2020.3009431 (2020).
16. Wang, Y. & Du, Z. Dual-polarized dual-band microstrip antenna with similar-shaped radiation pattern. IEEE Trans. Antennas
Propag. 63, 5923-5928. https://doi.org/10.1109/TAP.2015.2487520 (2015).
17. Saurav, K., Sarkar, D. & Srivastava, K. V. Dual-polarized dual-band patch antenna loaded with modified mushroom unit cell. IEEE
Antennas Wirel. Propag. Lett. 13, 1357-1360. https://doi.org/10.1109/LAWP.2014.2337911 (2014).
18. Chen, Y. et al. Dual-band dual-polarized antenna based on TDLS metasurface for 4G/5G base station applications. IEEE Trans.
Circuits Syst. II Express Briefshttps://doi.org/10.1109/TCSII.2023.3309003 (2023).
19. Li, Y., Zhao, Z., Tang, Z. & Yin, Y. Differentially fed, dual-band dual-polarized filtering antenna with high selectivity for 5G sub-6
GHz base station applications. IEEE Trans. Antennas Propag. 68, 3231-3236. https://doi.org/10.1109/TAP.2019.2957720 (2020).
20. Al-Bawri, S. S., Islam, M. T., Islam, M. S., Singh, M. J. & Alsaif, H. Massive metamaterial system-loaded MIMO antenna array for
5G base stations. Sci. Rep.https://doi.org/10.1038/s41598-022-18329-y (2022).
21. Falkner, B.J. et al. A low-profile wideband compressed single-arm spiral antenna array for mid-band 5G beam steering applica-
tions. Sci. Rep.https://doi.org/10.1038/s41598-022-16423-9 (2022).

Scientific Reports |

(2024) 14:6139 | https://doi.org/10.1038/s41598-024-56218-8 nature portfolio


https://doi.org/10.1109/ACCESS.2022.3150278
https://doi.org/10.1038/s41598-019-54120-2
https://doi.org/10.1038/s41598-019-54120-2
https://www.samsung.com/global/business/networks/insights/white-papers/1208-massive-mimo-for-new-radio/
https://www.samsung.com/global/business/networks/insights/white-papers/1208-massive-mimo-for-new-radio/
https://doi.org/10.1109/TAP.2024.3355483
https://doi.org/10.1186/s43593-022-00013-3
https://doi.org/10.1186/s43593-022-00013-3
https://doi.org/10.1109/ACCESS.2015.2461602
https://doi.org/10.1109/ACCESS.2015.2461602
https://doi.org/10.1109/TAP.2017.2712819
https://doi.org/10.1109/MCOM.2014.6736750
https://doi.org/10.1038/s41598-023-47908-w
https://doi.org/10.1038/s41598-023-47908-w
https://doi.org/10.1038/s41598-023-40112-w
https://doi.org/10.1038/s41598-023-40112-w
https://www.nokia.com/thought-leadership/articles/spectrum-bands-5g-world/
https://www.nokia.com/thought-leadership/articles/spectrum-bands-5g-world/
https://doi.org/10.1109/TAP.2023.3245183
https://doi.org/10.1109/TAP.2022.3169067
https://doi.org/10.1049/cp.2018.1102
https://doi.org/10.1049/cp.2018.1102
https://doi.org/10.1109/ACCESS.2020.3009431
https://doi.org/10.1109/TAP.2015.2487520
https://doi.org/10.1109/LAWP.2014.2337911
https://doi.org/10.1109/TCSII.2023.3309003
https://doi.org/10.1109/TAP.2019.2957720
https://doi.org/10.1038/s41598-022-18329-y
https://doi.org/10.1038/s41598-022-16423-9

www.nature.com/scientificreports/

22. Zhu, Y., Chen, Y. & Yang, S. Integration of 5G rectangular MIMO antenna array and GSM antenna for dual-band base station
applications. IEEE Access 8, 63175-63187. https://doi.org/10.1109/ACCESS.2020.2984246 (2020).

23. Liu, Y., Wang, S., Li, N., Wang, J.-B. & Zhao, J. A compact dual-band dual-polarized antenna with filtering structures for sub-6
GHz base station applications. IEEE Antennas Wirel. Propag. Lett. 17, 1764-1768. https://doi.org/10.1109/LAWP.2018.2864604
(2018).

24. Han, K., Wei, G., Wang, M. & Qiu, T. Design and extension of modified butler matrix based on three-way directional coupler and
its multibeam application. IEEE Trans. Circuits Syst. II Express Briefs 70, 1395-1399. https://doi.org/10.1109/TCSI1.2022.3222543
(2023).

25. Shen, L.-P,, Wang, H., Jones, B., Jamali, H. & Wu, X. A 36 port dual polarized high gain sub-6 GHz multibeam base station antenna.
In 2022 IEEE International Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting (AP-S/URSI) 615-616.
https://doi.org/10.1109/AP-S/USNC-URSI47032.2022.9886663 (2022).

26. Zhang, P, Qu, S.-W. & Yang, S. Dual-polarized planar phased array antenna with cavity-backed elements. IEEE Antennas Wirel.
Propag. Lett. 18, 1736-1740. https://doi.org/10.1109/LAWP.2019.2928886 (2019).

27. Bai, Y.-Y,, Xiao, S., Tang, M.-C., Ding, Z.-F. & Wang, B.-Z. Wide-angle scanning phased array with pattern reconfigurable elements.
IEEE Trans. Antennas Propag. 59, 4071-4076. https://doi.org/10.1109/TAP.2011.2164176 (2011).

28. Dash, J. C. & Sarkar, D. A four-port CSRR-loaded dual-band MIMO antenna with suppressed higher order modes. IEEE Access
10, 30770-30778. https://doi.org/10.1109/ACCESS.2022.3160831 (2022).

29. Dong, Y., Toyao, H. & Itoh, T. Design and characterization of miniaturized patch antennas loaded with complementary split-ring
resonators. IEEE Trans. Antennas Propag. 60, 772-785. https://doi.org/10.1109/TAP.2011.2173120 (2012).

30. Dash, J. C. & Sarkar, D. A co-linearly polarized shared radiator-based full-duplex antenna with high Tx-Rx isolation using vias
and stub resonator. IEEE Trans. Circuits Syst. II Express Briefs 70, 2400-2404. https://doi.org/10.1109/TCSI1.2023.3238710 (2023).

31. Nam, Y.-H. et al. Full-dimension MIMO (FD-MIMO) for next generation cellular technology. IEEE Commun. Mag. 51, 172-179.
https://doi.org/10.1109/MCOM.2013.6525612 (2013).

32. Chen, S., Sun, S., Gao, Q. & Su, X. Adaptive beamforming in TDD-based mobile communication systems: State of the art and 5G
research directions. IEEE Wirel. Commun. 23, 81-87. https://doi.org/10.1109/MWC.2016.1500105WC (2016).

33. Balanis, C. A. Antenna Theory: Analysis and Design 4th edn. (Wiley, 2015).

34. Skolnik, M. I. Radar Handbook 2nd edn. (McGraw-Hill, 1990).

35. Chen, Z. et al. A compact phase-controlled pattern-reconfigurable dielectric resonator antenna for passive wide-angle beam scan-
ning. IEEE Trans. Antennas Propag. 69, 2981-2986. https://doi.org/10.1109/TAP.2020.3030549 (2021).

36. Mailloux, R. Phased Array Antenna Handbook 2nd edn. (Artech, 2017).

37. Barad, D., Dash, J. C,, Sarkar, D. & Srinivasulu, P. A CSRR loaded triple-band microstrip patch antenna with suppressed higher
order modes for sub-6 GHz phased array application. In 2022 IEEE Microwaves, Antennas, and Propagation Conference (MAPCON)
903-908. https://doi.org/10.1109/MAPCON56011.2022.10046689 (2022).

38. Barad, D., Dash, J. C., Sarkar, D. & Srinivasulu, P. Mushroom unit cell loaded triple band microstrip antenna for sub-6 GHz mimo
and phased array application. In 2023 IEEE Wireless Antenna and Microwave Symposium (WAMS) 1-6. https://doi.org/10.1109/
WAMS57261.2023.10242986 (2023).

39. Agrawal, A. K., Kopp, B. A, Luesse, M. H. & O’Haver, K. W. Active phased array antenna development for modern shipboard
radar systems. Johns Hopkins APL technical digest 22, 600-613. https://doi.org/10.1109/TAP.2020.3030549 (2001).

40. Long, R. & Yang, J. O. Planar phased array calibration based on near-field measurement system. Prog. Electromagn. Res. C 71,
23-31. https://doi.org/10.2528/PIERC16112004 (2017).

41. Kim, S., Dong, H.-].,, Yu, J.-W. & Lee, H. L. Phased array calibration system with high accuracy and low complexity. Alex. Eng. J.
69, 759-770. https://doi.org/10.1016/j.a¢j.2023.02.026 (2023).

Acknowledgements

The authors thank M/s Astra Microwave Products Ltd. for extending the fabrication and NFTR facility for
measurements. The author also like to thanks the editor and anonymous reviewer for their valuable comment
for improving the quality of the manuscript.

Author contributions

D.PB., J.C.D. and D.S. conceived the idea of phased array antenna system in sub-6 GHz base station for 5G
and put forward the design. P.S. and D.P.B. carried out the fabrication of the antenna array. D.P.B carried out
the measurements and beam steering characterization. D.P.B., ].C.D. and D.S. structure the manuscript. D.S.
reviewed the design methodology, structure of the manuscript and provided significant feedback and direction.
All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:6139 | https://doi.org/10.1038/s41598-024-56218-8 nature portfolio


https://doi.org/10.1109/ACCESS.2020.2984246
https://doi.org/10.1109/LAWP.2018.2864604
https://doi.org/10.1109/TCSII.2022.3222543
https://doi.org/10.1109/AP-S/USNC-URSI47032.2022.9886663
https://doi.org/10.1109/LAWP.2019.2928886
https://doi.org/10.1109/TAP.2011.2164176
https://doi.org/10.1109/ACCESS.2022.3160831
https://doi.org/10.1109/TAP.2011.2173120
https://doi.org/10.1109/TCSII.2023.3238710
https://doi.org/10.1109/MCOM.2013.6525612
https://doi.org/10.1109/MWC.2016.1500105WC
https://doi.org/10.1109/TAP.2020.3030549
https://doi.org/10.1109/MAPCON56011.2022.10046689
https://doi.org/10.1109/WAMS57261.2023.10242986
https://doi.org/10.1109/WAMS57261.2023.10242986
https://doi.org/10.1109/TAP.2020.3030549
https://doi.org/10.2528/PIERC16112004
https://doi.org/10.1016/j.aej.2023.02.026
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dual-band dual-polarized sub-6 GHz phased array antenna with suppressed higher order modes
	Methods
	Design of dual-band dual-polarized  PAA with reduced HOM
	Configuration of dual-band massive antenna array with HOMs suppression technique
	PAA beam steering performance

	Experimental characterization of dual-band dual-polarized  PAA with reduced HOM
	Conclusion
	References
	Acknowledgements


