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1.	Introduction
The revised SID on NR BS RF requirement evolution was approved at TSG RAN#97-e [1] in which one of the objectives is to study the following aspects relating to FR2 multi-band BS:
· Investigate the feasibility and performance of wideband RF and antenna architectures covering multiple FR2 bands

This topic was discussed throughout several RAN4 meetings and the recent RAN#106 reviewed TPs to TR38.877 [2] on identified feasibility and performance aspects of the FR2 multiband BS, which has been approved by TSG RAN#99 [3].
This contribution aims at providing text proposals on some feasibility aspects into TR 38.877 as follows:
· In Clause 5.2.2 Phase Shifter, we additionally discuss capability of some phase shifters to adjust gain. We also provide an example to support an argument discussing limitation of wideband phase shifters.
· In Clause 5.3.2 Single array bandwidth, we add an example of dependency of directivity on element separation. We also additionally discuss about challenges posed by mutual coupling to the wideband antenna design. 

2.	Text proposal
[bookmark: _Toc112318699]<Start of change>
[bookmark: _Toc112318693]5	Feasibility study
[bookmark: _Toc112318694]5.1	General

[bookmark: _Toc112318695]5.2	Wideband RF architectures
5.2.1	Digital pre-distortion

5.2.2	Phase shifter
[bookmark: _Hlk130589679]Analog phase shifters in mmWave BS are used to control the phase of signals in order to steer the beam.
In some architectures, attenuators or variable-gain amplifiers are also placed along with the phase shifter to control the gain of beamformed signals to achieve desirable beamforming performance. 
[bookmark: _Hlk130589696]Current phase shifter designs are wideband, meaning single phase shifted value can be applied for the whole frequency range at a time, and as such it would prove difficult to apply different phase shifts to different bands. Hence it is not possible to independently steer beams to different directions in the different bands, and it may even not be feasible to steer the beams in the same directions for to two separate bands if the bands are sufficiently far apart in frequency that the beamforming weights would need to be different for each band. 

Examples of beam steering results when wide-band phase shifters and wideband phased array are used in a multiband transmitter are shown below. The phase shifters only control the beam weights of the lower frequency band. Two steering angles are considered, i.e., 0 and 20 degrees. Figure 5.2.3-1 illustrates the beam patterns when the element separation for lower band and upper band is 0.5λ and 0.6λ, respectively, which corresponds to the case of, for example, the combination n258+n261. Figure 5.2.3-2 presents the case when the operating bands are further apart, i.e., the element separation for lower band and upper band is 0.35λ and 0.65λ, respectively, which can be the case of combinations across different frequency groups. As can be seen, except when UEs of different bands are at the boresight of the array, otherwise the transmitter cannot steer the beam to multiple UEs independently. Even if different-band UEs are located at same direction (but not boresight), the beam for upper-band UEs is not pointed to its desired direction and a larger frequency separation of the bands results in bigger error of the steering angle.
[image: ][image: ]
Figure 5.2.3-1. Beam pattern of different band signals when using wideband phase shifter and antenna array. Phase shifters apply beam weights for the lower band. Array separation for lower band 0.5λ, and upper band 0.6 λ: (Left) 0-degree steering angle; (Right) 20-degree steering angle 
[image: ][image: ]
Figure 5.2.3-2. Beam pattern of different band signals when using wideband phase shifter and antenna array. Phase shifters apply beam weights for the lower band. Array separation for lower band 0.35λ, and upper band 0.65λ: (Left) 0-degree steering angle; (Right) 20-degree steering angle.

Thus, it is not clear such a wide band phase shifter as shown in Figure 5.2.3-1 2 would be of use. Within the time frame of this SI it seems commercially available multi-band frequency selective phase shifters that can apply a different phase shift per band are unlikely to be available. However, any specification should not preclude a potential future architecture based on frequency dependent phase shifters. If and when frequency dependent phase shifters become viable, it is possible that RAN4 requirements created in Rel-18 would need re-visiting.
[image: ]
Figure 5.2.3-3. Example of Mmulti-band phase shifter prior to a multi-band PA
In order to apply independent phase shift and hence independent steering to each band, phase shifters need to be applied differently to each band.  Using technology available today it may be possible to use multiple single band phase shifters to provide the beam steering to each band independently whilst feeding into a multi-band PA shown in Figure 5.2.3-23, although this may have some performance penalty. 
Note that Figures 5.2.3-2 and 5.2.3-3 show example architectures for a multi-band BS. Depending on the implementation, filter may or may not be placed after the multi-band PAs.
[image: ]
Figure 5.2.3-4. Example of Ssingle band phase shifter prior to a multi-band PA to steer each band signal separately
[bookmark: _Hlk130589745]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).
[image: ]
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.
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

[image: ][image: ]
[image: ]
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.
[image: ]     [image: ]
(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. 

Taking another example, Figure 5.3.2-3 shows the directivity of an 8x8 uniform rectangular phased array with respect to different element separations. The antenna elements described in [TS38.901] are used in the simulation. It is seen that lower element separation will result in low array directivity. This means if the separations seen by lower frequency band is low, it likely consumes more energy to deliver acceptable array performance and cause power imbalance with higher bands, while the EIS receiver sensitive is low. The directivity difference between operating frequency bands may also be a consideration when planning an antenna design.

[image: ]
Figure 5.3.2-3. Directivity of uniform rectangular array (URA) with respect to array element separations.

The coupling effect may also pose challenges in wideband antenna array designs. It should be further noticed that the lower and higher band will see different impact of the mutual coupling effect among radiators due to different element spacing, i.e., the narrower element spacing suffers stronger mutual coupling. This effect could change the array pattern and input impedance matching of the antenna elements while being difficult to analytically predict. 
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.


<End of change>
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