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1 Background
WID for FR2 enhancements was approved and it contains objective for “FR2 UE requirements for inter-band DL CA”, and “FR2 UE requirements for inter-band UL CA” [1]. 

In RAN#92, the WF on FR2 Inter-band CA [2] has also been agreed:
· UE requirements will be applicable under moderate power imbalance, exact number is FFS
· Companies are encouraged to study feasibility of existing 8 us time difference requirement (MRTD) of the received symbols
· For FR2 inter-band downlink CA (28 + 39 GHz), requirement derivation for spherical coverage assumption shall be studied in the next meeting. (e.g. whether UE is capable for forming beams towards the same directions and different directions which on both bands simultaneously)   
· Impact of different directions only to multiband relaxations shall be part of study

In this contribution, we share our views on the UE capability on beamforming when it operates in inter-band CA. 
2 Discussion
Whether UE is capable of forming beams towards the same directions on both bands simultaneously depends on many factors. One is the shape of the element patterns at different frequencies, and the other one is the array factors at different frequencies. Here, we provide our understanding of the above issues based on two possible deployments of inter-band CA in the UE.
Beamforming direction for co-located UE antenna panels
In [3], it has observed that UE which can support all bands on same module is superior in performance and enables easier requirement derivation. Therefore, we start our analysis based on the assumption that the UE configured with antenna panels which can support multiple bands on the same aperture.
2.1.1 Impact from Antenna element direction
In such a configuration, the element patterns usually face in the same direction and have similar spatial coverage. A simulation of the element radiation patterns in a device with a smartphone form factor is shown in Fig. 1. There are two panels where one is on top, and the other one is on the bottom of the device. It can be observed that the antenna element from the same antenna panel has roughly the same shape of radiation pattern at different frequencies.
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Fig. 1. The element pattern at 26 GHz and 39 GHz of two un-collocated antenna patterns.
2.1.2 Impact from Antenna Array factor
When the antenna panels operate at two bands are co-located, or even aperture shared design, the physical inter-element distance is fixed, but the electrical inter-element distance (the distance in terms of wavelength λ) varies dramatically across the whole FR2 bands. An example of array factor changes with different inter-element distance is shown in Fig. 2. The array factor is calculated based on a 4×1 linear array, and the inter-element distance varies from 0.4 wavelengths (λ) to 0.7 wavelengths (λ). If we assume the 0.5 λ is defined according to 28 GHz, then we can interpret the results of 0.4 λ is roughly at 24 GHz, and the results of 0.7 λ are roughly at 39 GHz. Therefore, when the antenna panels operate at two bands are co-located and share the same hardware, the same codeword (phase shift values) are likely to be used for the two bands. Such a configuration can lead to a mismatch in beam direction between 24 GHz and 39 GHz about 20º when the progressive phase shift value reaches 90º between adjunct elements.
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Fig. 2. The array factor with different inter-element distance in terms of wavelength.
In addition, the phase shift value of a typic phase shifter is also frequency depends. If a wideband phase shifter is used to cover all the bands, the direction mismatches can be even more substantial when the progressive phase shift value goes even higher, or the frequency separation becomes larger. There is also true-time delay (TTD) phase shifters could offer constant phase shift over the frequency bands, but to our understanding, the cost of such a phase shifter is not capable for mobile handset applications. 
[bookmark: _GoBack]Observation 1: 	There is no guarantee that the UE is capable for forming beam towards the same directions if the signal on both CC share the same hardware. This is critical for the case that one CC is below 30 GHz (n257, n258, n261) and one is above (n259, n260).
On the other hand, if the signals on different bands can be routed through different hardware, especially for different phase shifters, the beam squint can be fixed by using different codeword. In such a configuration, the beams on different bands can be aligned towards the same directions.
Observation 2: 	It is possible to calibrate the beam direction for each band if the hardware allows to assign different phase shifts at different CCs.  
Based on the discussion above, quantifying the impact due to beam squint is necessary for defining a relaxation on spherical coverage for inter-band CA, this relaxation shall be applied on both DL and UL. However, this relaxation may depend on the separation of the two bands. Since the beam squint is not critical for the case that two bands are close to each, the UL CA configurations with overlapping bands (e.g., n258+n257, n261+n257, n259+n260) could be potential excluded from this discussion. Similar logic has been proposed in [4] for deriving the UL carrier switching time derivation. 
Proposal 1: 	The beam squint or beam directional mis alignment needs to be quantified and taken into account for CA relaxation for the hardware shared configuration when one CC is below 30 GHz and the other one is above 30 GHz.
Beamforming direction for non-collocated UE antenna panels
2.1.3 Impact from Antenna element direction
The first factor that would impact the beam directions for two non-collocated antenna panels is the element pattern. There are two possibilities here: Two antenna panel faces different side, and two antenna panels face to the same side. The former case would have very limited spherical coverage to operate in inter-band CA. Therefore, it should not be considered in the scope of the SID. 
For the two antenna panels face in the same direction, they are spatial or spherical coverage shall be similar. This can also be observed from simulations in Fig. 1, where the radiation patterns of the two-antenna element from the two panels are similar to each other at both 26 GHz and 39 GHz. 
Observation 3: 	Antenna element patterns have similar coverage even they are non-collocated.   
2.1.4 Impact from Antenna Array factor
For the antenna array factor, since the two antenna panels will operate with individual hardware at the two frequency bands, it is possible to calibrate and configure them with certain phase shift values to form their beam point towards the same direction. 
Based on our discussion above, the critical point is not whether the antenna panels at two bands are co-located or not. It is how the hardware, especially the phase shifters, are implemented and shared for the inter-band CA. 
Proposal 2: 	RAN4 shall agree on the reference RF architecture for deriving the inter-band CA spherical coverage. 
Network configuration
The cell grids of 28 GHz and a 39 GHz will be different due to the difference in propagation characteristics. Therefore, co-sited antennas that could imply the similar angular spectrum towards a UE are less likely. Moreover, even if the gNB antennas would be co-located the angular spectra could still differ due to the difference in carrier frequency. Hence, UE antenna beam-peak directions in an inter-band CA configuration including 28 GHz and 39 GHz carriers are not expected to be aligned. The same considerations apply for CA in the DL only. 

The specification of inter-band CA spherical coverage should account for the fact that 28 GHz and 39 GHz are not expected to be co-sited but with due account of the hardware limitations explained above.

Observation 4: 	UE antenna beam-peak directions in an inter-band CA configuration including 28 GHz and 39 GHz carriers are not expected to be aligned. The same considerations apply for CA in the DL only.

Proposal 3: 	The specification of inter-band CA spherical coverage should account for the fact that 28 GHz and 39 GHz are not expected to be co-sited but with due account of the hardware limitations.

3 Conclusion
In this contribution we have we share our views on the UE capability on beamforming when it operates in inter-band CA, where we analysis it from both UE hardware capability and network configuration aspects. . The following observations and proposals have been given:
Observation 1: 	There is no guarantee that the UE is capable for forming beam towards the same directions if the signal on both CC share the same hardware. This is critical for the case that one CC is below 30 GHz (n257, n258, n261) and one is above (n259, n260).
Observation 2: 	It is possible to calibrate the beam direction for each band if the hardware allows to assign different phase shifts at different CCs.  
Observation 3: 	Antenna element patterns have similar coverage even they are non-collocated.   
Observation 4: 	UE antenna beam-peak directions in an inter-band CA configuration including 28 GHz and 39 GHz carriers are not expected to be aligned. The same considerations apply for CA in the DL only.

Proposal 1: 	The beam squint or beam directional mis alignment needs to be quantified and taken into account for CA relaxation for the hardware shared configuration when one CC is below 30 GHz and the other one is above 30 GHz.
Proposal 2: 	RAN4 shall agree on the reference RF architecture for deriving the inter-band CA spherical coverage. 
Proposal 3: 	The specification of inter-band CA spherical coverage should account for the fact that 28 GHz and 39 GHz are not expected to be co-sited but with due account of the hardware limitations.
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