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1 Introduction 
There were extensive discussions on the feasibility of FR2 multi-band BS in the last RAN4 meetings. A WF [1] was agreed. As per antenna array, RAN4 reached consensus on the following observation:
· Multi-band AA (Antenna Array) with common radiated element with 19.5% FBW in frequency range 24-29 GHz which includes n257/n258/n261, or with 26.3% FBW in frequency range 37-48 GHz which includes n260/n259/n262 is feasible at least from antenna array aspect; other aspects FFS.
In this paper we discuss realizable scanning ranges for different antenna elements separation for MB-BS and further discuss one recent IEEE paper.
2 [bookmark: _Ref178064866]Discussion
When sperate antenna arrays are used for each band, it is easy to maintain 0.5λ separation and obtain scanning range of ±45º with acceptable side lobe or grating lobe suppression for each band. But for wideband or multi-band antenna array, there is always a trade-off between the element spacing and array performance. 
If the antenna element separation is taken as 0.5λ at lower limit, the separation becomes relatively large in the higher band, and grating lobes will be generated for fully steerable array. Paper [2] discusses the reduction in steering range for different antenna element separations. If the antenna element separation is taken as 0.5λ at higher limit, the separation becomes relatively smaller in the lower band, which increase coupling between the elements. Maintaining the coupling between the antenna elements especially critical in arrays at millimetre-wave frequencies. The coupling might be from two paths: one is due to free-space radiation and another is due to surface waves through the dielectric substrate.
In this paper, we taken different antenna element separations at higher limit and shown array performance in terms of possible scanning ranges and isolation for both lower and higher bands.
2.1 Beam Scanning performance for different antenna element separations
Case 1: When antenna element separation is taken as 0.4λ at higher limit.
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(a)                                           (b)
Figure 1. Beam scanning performance in azimuth plane when antenna element separation is 0.4λ at higher limit (a) 26 GHz, and (b) 38 GHz.
Observation 1: If the separation between antenna elements is taken as 0.4λ at a higher limit, the scanning angle reaches ±60º at 26 GHz (lower band) and ±60º at 38 GHz (higher band). However, the corresponding spacing will only be 0.27λ at a lower limit which increases realization complexities in terms of maintaining isolation between antenna elements.

Case 2: When antenna element separation is taken as 0.5λ at higher limit.
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(a)                                           (b)
Figure 2. Beam scanning performance in azimuth plane when antenna element separation is 0.5λ at higher limit (a) 26 GHz, and (b) 38 GHz.
Observation 2: If the separation between antenna elements is taken as 0.5λ at a higher limit, the scanning angle reaches ±60º at 26 GHz and ±45º at 38 GHz. The corresponding spacing will be 0.34λ at a lower limit. The isolation among the antenna elements at a lower limit can be ensured with the use of decoupling structures.

Case 3: When antenna element separation is taken as 0.6λ at higher limit.
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Figure 3. Beam scanning performance in azimuth plane when antenna element separation is 0.6λ at higher limit (a) 26 GHz, and (b) 38 GHz.
Observation 3: If the separation between antenna elements is taken as 0.6λ at a higher limit, the scanning angle reaches ±60º at 26 GHz; however, at 38 GHz, it is reduced to ±20º. At a lower limit, the corresponding spacing will be 0.41λ, at which acceptable isolation among the antenna element can be achieved.

Case 4: When antenna element separation is taken as 0.7λ at higher limit.
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(a) (b)
Figure 4. Beam scanning performance in azimuth plane when antenna element separation is 0.7λ at higher limit (a) 26 GHz, and (b) 38 GHz.
Observation 4: If the separation between antenna elements is taken as 0.7λ at a higher limit, good isolation can be achieved at a lower limit (as the corresponding spacing is 0.48λ), but the scanning angle reaches only ±45º at 26 GHz and ±10º at 38 GHz.

From all the above-considered cases, it can be seen that despite taking 0.5λ at a lower limit and then deciding the acceptable level of side lobe or grating lobe suppression and steering range, if spacing of 0.5λ is taken at a higher limit with decoupling structure, the antenna array’s scanning angle reaches ±60º at the lower limit and ±45º at the higher limit with acceptable side lobe or grating lobe levels.

2.2 24-28/36-42 GHz four-element antenna array
The paper [3] presented a 24-28 GHz and 36-42 GHz dual-polarized four-element patch antenna array having antenna element spacing of 0.5λ at a higher limit with satisfactory performance on elements' mutual coupling and beam scanning capabilities. Figure 5 shows the structure of the proposed compact antenna element. It uses a stacked patch structure, where the large bottom patch is used to generate a lower resonant frequency, while the smaller patch on the top is for a higher resonant frequency. Dual-probe feeding method is utilized to achieve ±45º linear polarizations. 

[image: ]
Figure 5. Structure of the proposed dual-band dual-polarized antenna element (a) 3D view, (b) sketch of the higher band patch, and (c) sketch of the lower band patch [3].

[bookmark: _Hlk126189439]Figure 6 shows the simulated S-parameters of the proposed antenna elements. It achieves an FBW of 13.5% and 19% ranging from 24.2-27.7 GHz (lower band) and 36.2-43.8 GHz (higher band), respectively. Isolation between dual-polarized ports is more than 10 dB at both bands.
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Figure 6. Simulated S-parameters of the antenna element at two operating bands [3].
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Figure 7. Four-element patch antenna array with decoupling structures (a) I-shaped resonator, and (b) C-shaped split ring slot [3].
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Figure 8. Prototype of the proposed 4-element antenna array [3].

Figure 7 shows the antenna array formed by four antenna elements with an element spacing of 4.2 mm (equivalent to 0.5λ at 39 GHz). Here, two sets of decoupling structures: one modified I-shaped parasitic resonator between the elements and another C-shaped split ring slot etched on the ground plane, are utilised to isolate the antenna elements. A prototype of a four-element antenna array was fabricated to validate the simulated results, as shown in Figure 8.
Figure 9 shows the measured S-parameters of the proposed antenna array. The experimental results have shown that it covers FBW from 24-28 GHz and 36-42 GHz simultaneously, while isolation among all the ports is better than 15 dB.
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Figure 9. Measured S-parameters of the proposed antenna array (a) reflection coefficient, (b) isolation [3].
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(a) (b)
Figure 10. Simulated 2D beam scanning patterns of the antenna array in the plane of theta=90º at 26.6 GHz. (a) for +45º polarization, and (b) for -45º polarization [3].
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  (a)                                             (b) 
Figure 11. Simulated 2D beam scanning patterns of the antenna array in the plane of theta=90º at 38 GHz. (a) for +45º polarization, and (b) for -45º polarization [3].
Figure 10 and 11 shows the beam scanning capability of the four-element antenna array for both polarizations at 26.6 GHz and 38 GHz, respectively. The scanning angle of the proposed antenna array can reach ±63º at 26.6 GHz, and the scanning angle is about ±45º at 38 GHz.

Observation 5: Paper [3] presented a prototype of a 24-28/36-42 GHz dual-polarized four-element antenna array. The spacing between the antenna elements is taken approximately equal to 0.5λ at a higher limit. The proposed antenna uses a stacked patch structure to achieve multi-band operation. It uses two sets of decoupling structures (modified I-shaped parasitic resonator and C-shaped split ring) between the antenna elements. The proposed antenna array demonstrated minimum isolation of 15 dB among all the antenna elements and provided ±60º and ±45º beam scanning performance in the low- and high-bands, respectively.

3 Summary
The antenna element separation for antenna array has been studied with different values in this paper and the following observations are made:
Observation 1: If the separation between antenna elements is taken as 0.4λ at a higher limit, the scanning angle reaches ±60º at 26 GHz (lower band) and ±60º at 38 GHz (higher band). However, the corresponding spacing will only be 0.27λ at a lower limit which increases realization complexities in terms of maintaining isolation between antenna elements.
Observation 2: If the separation between antenna elements is taken as 0.5λ at a higher limit, the scanning angle reaches ±60º at 26 GHz and ±45º at 38 GHz. The corresponding spacing will be 0.34λ at a lower limit. The isolation among the antenna elements at a lower limit can be ensured with the use of decoupling structures.
Observation 3: If the separation between antenna elements is taken as 0.6λ at a higher limit, the scanning angle reaches ±60º at 26 GHz; however, at 38 GHz, it is reduced to ±20º. At a lower limit, the corresponding spacing will be 0.41λ, at which acceptable isolation among the antenna element can be achieved.
Observation 4: If the separation between antenna elements is taken as 0.7λ at a higher limit, good isolation can be achieved at a lower limit (as the corresponding spacing is 0.48λ), but the scanning angle reaches only ±45º at 26 GHz and ±10º at 38 GHz.
Observation 5: Paper [3] presented a prototype of a 24-28/36-42 GHz dual-polarized four-element antenna array. The spacing between the antenna elements is taken approximately equal to 0.5λ at a higher limit. The proposed antenna uses a stacked patch structure to achieve multi-band operation. It uses two sets of decoupling structures (modified I-shaped parasitic resonator and C-shaped split ring) between the antenna elements. The proposed antenna array demonstrated minimum isolation of 15 dB among all the antenna elements and provided ±60º and ±45º beam scanning performance in the low- and high-bands, respectively.

Proposal 1: For fully steerable wideband or multiband BS antenna arrays supporting 26G+40G, a minimum beam steering range of ±45º with acceptable side lobe/grating lobe levels can be achieved by taking the separation between the antenna elements as 0.5λ at a higher limit.
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FIGURE 2. Geometrical configuration of the proposed mm-Wave antenna
‘clement. (a) 3D view. (b) Sketch of the HB patch. (c) Sketch of the LB
patch.
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FIGURE 3. Simulated S-parameters of the antenna element at two
operating bands.
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FIGURE 7. 4-element patch antenna array with decoupling structures.
(a) I-shaped resonator. (b) C-shaped split ring slot.
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