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1 Introduction
In the last meetings the WF’s [1] and [2] were approved with some agreed observation the Antenna array. This TP captures those agreements along with some background behind.
From [1]
· 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.
From [2]
· Further study the impact of supporting multi-bands with separate antenna array used for each band
· RAN4 have common observation as following:
· MB BS supporting about 26G+40G has possible solution (e.g. stacked patches) from antenna implementation perspective. The performance impact needs to be further studied.
· It is possible to implement diplexer below multi-band mmWave array antenna elements to divide each signal of different frequency group’s bands.

2 TP for TR 38.877
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[bookmark: _Toc112318696]5.3	Wideband antenna architectures
5.3.1	General
Antenna arrays are resonant structures. The optimum radiating element size (a dipole is nominally λ/2) and the array element separation are both dependent on frequency. If an antenna is required to operate over a broad range of frequencies it is difficult to maintain optimum element size and element spacing over the whole range. The required percentage bandwidth of the multi-band signal in Table 5.1-1 is therefore important when looking at the feasibility of a broadband antenna.

From antenna design perspective, solutions covering multiple bands can be achieved in three main ways: a single broadband design covering the entire range of the bands (trades certain performance parameters), designing an antenna with multiple resonances in the desired bands, or having separate antenna designs each covering a band (lower percentage bandwidth

5.3.2	Single array bandwidth
It can be noted for comparison that there are FR1 multi-band fixed antenna arrays covering 1710MHz to 2690MHz, with a FBW of 44.5% (VSWR of < 1.5:1). Fixed antenna arrays (with no or limited beam steering) however have more flexibility on element separation with values of up to 0.9λ being acceptable as the grating lobe is also fixed and can be attenuated with the element pattern. Whilst FR1 antennas build practices are different, the limitations on element size and spacing between elements are similar to those for FR2.
The radiating element can trade bandwidth against radiation performance. Short dipoles still radiate but the performance degrades the farther from the ideal frequency they are operated at. Defining an exact “acceptable” level of radiation efficiency for a broadband product is not straightforward as other aspects have to be considered (some radiation efficiency may be traded to achieve a broadband system). Also, as the element becomes smaller, its radiation pattern becomes broader these negating its ability to act as a spatial filter for array grating lobes.
The size of the radiating element and the element separation are also dependent, e.g. the elements cannot touch each other. The separation of the elements in terms of wavelength occurs at the highest frequency, as the maximum separation is limited by the grating lobe performance there is an upper limit to how large this separation may be. Therefore, this sets the maximum size of the element (which will be electrically shortest at the lowest frequency).
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Figure 5.3.2-1: Example of physical limitations of element size and separation
The maximum separation is also a parameter which is difficult to agree as it depends on a number of things, a fixed antenna array may have a separation of up to 0.9λ (at its maximum operational frequency). In previous studies [xx] it has been assumed for BS antenna simulations that a fully steerable antenna array has a separation of 0.5-0.7λ to avoid grating lobes. 
For example, taking 0.5λ as a lower limit (this could be smaller if short dipoles were used), it then needs to be decided what an acceptable level of side lobe / grating lobe suppression is and also what range of steering is required.
Below, three examples with similar grating lobe levels and different element spacing and steering can be seen:
· 0.7λ element separation with 30° steering
· 0.8λ element separation with 20° steering
· 0.9λ element separation with 10° steering
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Figure 5.3.2-1	 Array pattern: 0.7λ element separation with 30° steering, 0.8λ element separation with 20° steering, 0.9λ element separation with 10° steering
Each of these maximum separations equates to a percentage BW of 33%, 46% and 57%, respectively, and it is clear that grating lobe level and steering range can be traded against FBW. Once again, selecting an exact set of conditions to estimate a maximum FBW is difficult as it depends on the product definition.
Using another approach and taking antenna element separation 0.5λ at a higher limit, the scanning angle reaches ±60º at 26 GHz and ±45º at 38 GHz with acceptable side lobe/grating lobe levels, as shown in Figure 5.3.2-2. 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.
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(a)                                           (b)
Figure 5.3.2-2. Beam scanning performance in azimuth plane when antenna element separation is 0.5λ at higher limit (a) 26 GHz, and (b) 38 GHz.

In addition to the physical limitations and grating lobe performance discussed, it should also be noted that the array is electrically shorter at lower frequencies than higher frequencies and this also affects the antenna directivity and gain. For example, there is approximately 3dB gain difference between low band (26GHz) and high band (38GHz) that can be seen in Figure 5.3.2-2. This factor may also be a consideration when planning an antenna design.
However, based on existing technology it has been agreed that 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 perspective.

5.3.3	Interleaved array structures
If the required multi-band antenna bandwidth is too great to be handled by a single antenna array (for the required steering range) it is also possible to use interleaved array structures such as stacked patches. Using stacked patches allows the different bands to feed different elements which are tuned for the specific band. This resolves some of the physical restrictions on the element size. However, if the arrays are stacked then restrictions still exist on the element separation in the array.
Stacked patches can be designed with either a single dual band input or with separate input ports. As the bands are separated (for example 26GHz and 40GHz), it is possible to implement a diplexer to separate the bands for each of the antenna arrays, if necessary.


[image: ]  
Figure 5.3.3-1: Multi-band PA with stacked single band arrays (single and dual input ports)
A number of papers have been identified [x1], [x2], [x3], and [x4] which have demonstrated the feasibility of operational stacked patch antennas in the range 26 to 40 GHz
Dual band performance can be achieved by using multiple patches stacked on top of each other. For example, in [x2] a simple stack with a high band patch and a low band patch with a single input port was shown. Using these patches, a 2x2 array was demonstrated with acceptable levels of input match, boresight gain isolation and scanning angle. Although of course such small arrays are more suitable for a handset than a BS.
In [x4] a larger 8x4 array was demonstrated along with separate single band beamformers. While this is still small for BS purposes, it demonstrates the scalability of such structures and that larger BS-size arrays may be technically feasible to implement.
[bookmark: _Hlk128497662]5.3.4	MIMO EM simulation results
To enhance the capacity and reliability of data transmission the BSs utilize MIMO of antenna arrays. Therefore, the antenna array designs need to ensure key metrics (such as isolation between antenna elements and diversity performance parameters) achievable in order to deliver expected MIMO performances. The following simulation results demonstrate the capability of a dual-band antenna array design to achieve acceptable performance metrics required for the MIMO.
Uniform phased antenna arrays in multiple panels spanning beams in two dimensions (2D) are employed at BSs, to serve multiple users within the same time-frequency resource via spatial beamforming across the azimuth and elevation domains. Figure 5.3.4-1 shows the example of 2D multibeam scanning of an 8-panel massive MIMO antenna array system of in 3-D view at 26 GHz and 38 GHz, which has been designed by considering antenna element separation of 0.5λ at higher limit. When various phased antenna arrays are employed in multiple panels in a small physical size, the mutual coupling between them can greatly affect the performance. The isolation between panels’ adjacent antenna elements and correlation between the radiated beams needs to be ensured. The performance metrics are isolation (between antenna elements) and diversity performance parameters e.g., envelope correlation coefficient (ECC). The ECC is commonly used to measure amount of radiated beams correlation. The ECC values are calculated using radiated far-field equation (1) given in [x5]. For good diversity action the ECC should be low. 
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Figure 5.3.4-1. Example of 2-D multibeam scanning of an 8-panel MIMO antenna array system in 3-D view: 26 GHz (left), 38 GHz (right)
MIMO diversity performance of massive MIMO antenna system has been evaluated for three different cases by considering one panel steering the beam at different angles with respect to the other panels’ main beam in a fixed direction.
Case 1: When Panel 1 (AA1) radiates the field in the azimuth plane at (40º,0º) and Panel 2 (AA2) steers the beam at different angles i.e. -40º, -20º, 0º, 20º, and 40º in the azimuth plane.
Case 2: When Panel 1 (AA1) radiates the field in the elevation plane at (0º, 20º) and Panel 3 (AA3) steers the beam at different angles i.e. -40º, -20º, 0º, 20º, and 40º in the elevation plane. 
Case 3: When Panel 1 (AA1) radiates field at (20º, 20º) and Panel 4 (AA4) steers beam at different angles i.e. (-40º, -40º), (-20º, -20º), (0º, 0º), (20º, 20º), and (40º, 40º). 
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Figure 5.3.4-2. Diversity performance: when beam steered in azimuth plane, when beam steered in elevation plane, when beam steered diagonally
BSs implemented with MIMO antenna systems can serve multiple users via spatial beamforming across the azimuth and elevation domains with good diversity performance over multiple frequency bands.

<end of proposal>
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