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[bookmark: _Ref118121670]Introduction
[bookmark: _Hlk67504958]TSG RAN#97-e had approved the revised SID on NR BS RF requirement evolution [1], and TSG RAN4#104-e meeting then identified the feasibility of FR2 multi-band BS from component level perspective is one of key technical challenges to study [2].  Initial feasibility studies were discussed in TSG RAN#104bis-e where some consensus understandings have been agreed as follows [3]. 
	Issue 2-1: RF front-end
Agreement: 
· RAN4 reached consensus on below observations:
· Multi-band beamformer IC with common active RF components with 19.5% FBW in frequency range 24-29 GHz which includes n257/n258/n261 is feasible.
· For RF front-end, commercially available TRX chips cover 24-29.5GHz. 27-41GHz RX is implemented. A harmonic-selection technique is proposed to extend the receiver’s operating bandwidth up to 24.25-71GHz.
Issue 2-2: Antenna array
Agreement: 
· RAN4 reached consensus on below 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.
Issue 2-3: Phase shifters
Agreement: 
· RAN4 reached consensus on below observations:
· Multi-band frequency selective phase shifter might not be soon commercially available but should not be excluded specifically at this stage
· Multiple single band frequency selective phase shifter with common PA is possible while the impact to requirements/performance needs further study.
Issue 2-4: Frequency ranges/groups 
Agreement: 
· The maximum supported bandwidth and the combinations of supported band combinations/groups for FR2 multi-band RIB may be defined based on the feasibility study.



However, the feasibilities of FR2 multi-band RIBs w.r.t. maximum supported bandwidth or feasible band combinations have not been yet concluded. 
This contribution provides further investigation on feasibility of FR2 multi-band BS, not from RF component level but from the viewpoint of the overall RF chains performance. We focus our discussion on the FR2 radios using beamforming phased array antenna whereas FR2 radios using different antenna techniques are out of scope of this paper.
Discussion
Feasibility study on FR2 multi-band RIBs
The feasibility of the multi-band RIB should be seen from both RF component level and whole RF chain level. Feasibility from component level has been intensively discussed in RAN4#104bis-e meeting where some consensus understanding was reached [3]. However, there is not many observations made on feasibility from RF chain level perspective, i.e., what would be potential performances (of RF metrics such as EVM, EIS and energy efficiency) for a multi-band RIB considering the interaction among antennas, circuitries (i.e., interoperability among RF components), and transmit/receive signals. This section provides observations on feasibility of FR2 multi-band RIBs from the viewpoint of feasible RF chain implementations. Here the phased array beamforming system is the main focus as this is main-stream deployment solution for FR2 radios.
As analyzed in [4], if multiple operating bands sharing common array of antenna elements, there is a trade-off between directivity of low operating band and horizontal scanning range of high operating band. 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 alter the array pattern and input impedance matching of the antenna elements while being challenging to analytically predict. The trade-off among directivity, scanning range and mutual coupling effect of antenna array comes from the rules of physics as such optimization for multi-band array with large bandwidth separation becomes extremely difficult, if not to say even unlikely.
[bookmark: _Ref118121681]Optimization for multi-band antenna array with large bandwidth separation between operating bands becomes extremely difficult due to the trade-off among directivity, scanning range and mutual coupling effect of antenna elements. Thus, supporting bandwidth of a multi-band RIB needs to be limited to make common multi-band antenna array feasible.
Due to the small-form factor of FR2 devices, PAs are preferred to be tightly integrated to the antenna elements to reduce power dissipation and consumption, as well as optimize the size of RF transceivers. In such designs, isolator between the PA and the antenna element is absent meaning PAs directly interact with the antenna array. Studies in [5] summarized that the steering angles and mutual coupling effects have remarkable nonlinear impacts to the matching impedance of the PAs, which likely degrades the PA’s efficiency and linearity. For wideband PA covering multiple operating bands in particular, the issue would become more severe due to the higher demand on wideband/multi-band matching of output network compared to the narrower band ones. Therefore, it would be necessary to take into account the impact of antenna array in the PA designs. On the other hand, as mentioned earlier, if the same physical antenna elements are used for multiple operating bands, then the lower frequency would get stronger impact from array mutual coupling effect which poses even more challenging to the design of high-efficient high-linear wideband PAs in such use cases. 
[bookmark: _Ref118121956]In tightly integrated PA and antenna array architecture, which is common for FR2 devices, due to the direct interaction between antenna arrays and PAs, the steering angles and mutual coupling effects have remarkable nonlinear impacts to the matching impedance of the PAs, which likely degrades the PA’s efficiency and linearity. In the case of wideband covering multiple frequency range, the output matching network design towards the high-efficiency high-linearity PA is even more challenging.
Compared to the FR1 counterpart, the output power required by a PA in FR2 transmitter is rather small. Thus, the current FR2 PAs still perform well providing sufficient linearity and efficiency with small power consumption even though the efficient is significantly less than that operating in FR1 frequency. As such the DPD may not be critical for single band FR2 radios. However, DPD may still bring benefit for FR2 transmitters, especially for multi-band cases. For the beamforming phased array, each PAs in different branch may be driven with different input power due to the beamforming techniques applied (i.e., tapering, zero-forcing, etc) or due to the gain error of the phase shifters. In addition, the load impedance of a PA in the isolator-free architecture varies nonlinearly with the steering angles and mutual coupling of the antenna array as discussed earlier. Those cause different efficiency and nonlinear behaviours on different PAs in unpredictable manner. As a result, the beamforming performance without the DPD would potentially degrade where beam is spoiled causing in-band distortion, while nonlinearity of the PAs could increase out-of-band emission and decrease ACLR performance. As an example, there exists studies pointing out the impact of steering angles in achievable ACLR without DPD and benefit of using DPD [5, 6].
For a multi-band RIB adopting wideband PAs, there could have more demands on the DPD as the abovementioned issues with PAs would be magnified. On one hand, this is due to PA matching load impedance, which is even more challenging for wideband, is strongly dependent on the phased array beamforming and causes more nonlinearly behaviours. On the other hand, a multi-band PA will need to deal with the multiple-band signals, each could be with different configuration to the other band signals (e.g., modulation, carrier bandwidth, subcarrier-spacing, beamforming scheme, etc). The RMS and peak power of the multiband signals would vary depending on summed time-domain signals from different bands, which could require even a higher power back-off for the PAs in some use case, especially in multi-carrier transmission per band. This could lead to lower PA efficiency which increases power consumption, and more power is dissipated as heat impacting the stability of RF devices in short term as well as their lifetime in long term. Note that this issue with the multiple-band signals may not be critical in FR1 multiband BS due to the usage of DPD which is somewhat mandatory in FR1 radios.
[bookmark: _Ref118122643][bookmark: _Ref118151901]For FR2 multi-band radios using multiband PAs, DPD may be more demanding as power efficiency and linearity of the radio system may be degraded due to the stronger impact of steering angles and mutual coupling of the array on wideband/multi-band PA output matching, as well as potentially complex characteristics of multi-band signals going through the PAs.
Based on the above observation, we propose to further consider the following issues.
[bookmark: _Ref118151979]To clarify if antenna array in a multiband RIB is common for all operating bands or separate antenna array will be used for each operating band after the common PA as it is critical for defining a feasible maximum supporting bandwidth for multiband RIBs, and for feasibility study of wideband RF components (e.g., in tightly integrated PA-antenna array architecture).
The first proposal is originated from Observation 1 and Observation 2 considering the impact of antenna array to PA’s behaviors if these components are tightly integrated. 
[bookmark: _Ref118151997]To consider DPD in multi-band BS using multi-band RIBs, and/or to study behavior of efficiency and linearity of the multiband system and their impact to the current multi-band RIB requirements.
The second proposal is based on Observation 3 as efficiency and linearity of the FR2 multi-band RIB may not be comparable to the FR1 counter parts. It should also be highlighted that if there is no RF filter available after the PA, which is the typical for FR2 radio, multi-band signals may cause unwanted emissions in the inter-RF bandwidth gap due to nonlinearity of the PA. If the DPD is seen needed for FR2 multi-band RIB, the feasibility studies would need to be taken into account the capability of DAC available in the market.
Frequency range group for FR2 multiband RIBs
As a consensus understanding from the component level point of view, FR2 multiband-RIB is feasible for band combinations within frequency groups with FBW < 19.5% (i.e., n258+n261, n258+n257, n260+n259) as key active RF components such as BFIC (including PA/LNA and phase shifter) are commercially available. Other components on the RF frontend such as RFIC devices for downconverter and upconverter, DAC/ADC are also commercially available for such frequency ranges. For FBW < 19.5%, phased antenna array performance for low and high band could achieve an acceptable trade-off between directivity of low operating band and horizontal scanning range of high operating band while element-spacing difference between operating band are small (< 0.1λ). 
[bookmark: _Ref118151916]Band combinations within frequency groups with FBW < 19.5% seems to be feasible from component and system level point of view.
Some evidence on the feasibility of RF components (e.g., multi-band PA) were provided in [7] for band combination across different frequency groups with FBW > 19.5%. Though the results presented in the recent academic studies are interesting and promising, however the feasibility from the viewpoint of the RF chain performance level are still needed to be studied. To be specific, if considering the preferred RF architecture in mmWave transceiver where PAs are integrated to the array, the designs of the multiband PA in [8,9] does not take into account the direct interaction between these two components in the output matching network; the results seem not to consider the multiple band test signals, but rather single band ones conducted at different bands. Therefore, it may still be early to conclude whether multi-band PAs would be feasible, at least in the time scale of Releases 18 and 19. Furthermore, band combination with FBW > 19.5% would not be feasible in the context of common wideband antenna array covering all operating bands as the array performance for different operating band would be highly compromised.
[bookmark: _Ref118151928]Feasibility of band combinations across different frequency groups with FBW > 19.5% are still early to be concluded due to lacking evidence from RF chain-level performance point of view. Furthermore, band combination with FBW > 19.5% would not be feasible in the context of common wideband antenna array for all operating bands.
[bookmark: _Ref118152011]To limit the FBW of band combinations below 19.5%.
Conclusion
This contribution has provided investigation on feasibility of FR2 multi-band RIBs from the system-level performance point of view. The observations and proposals are summarized as follows:
Observation 1: Optimization for multi-band antenna array with large bandwidth separation between operating bands becomes extremely difficult due to the trade-off among directivity, scanning range and mutual coupling effect of antenna elements. Thus, supporting bandwidth of a multi-band RIB needs to be limited to make common multi-band antenna array feasible.
Observation 2: In tightly integrated PA and antenna array architecture, which is common for FR2 devices, due to the direct interaction between antenna arrays and PAs, the steering angles and mutual coupling effects have remarkable nonlinear impacts to the matching impedance of the PAs, which likely degrades the PA’s efficiency and linearity. In the case of wideband covering multiple frequency range
Observation 3: For FR2 multi-band radios using multiband PAs, DPD may be more demanding as power efficiency and linearity of the radio system may be degraded due to the stronger impact of steering angles and mutual coupling of the array on wideband/multi-band PA output matching, as well as potentially complex characteristics of multi-band signals going through the PAs.
Observation 4: Band combinations within frequency groups with FBW < 19.5% seems to be feasible from component and system level point of view.
Observation 5: Feasibility of band combinations across different frequency groups with FBW > 19.5% are still early to be concluded due to lacking evidence from RF chain-level performance point of view. Furthermore, band combination with FBW > 19.5% would not be feasible in the context of common wideband antenna array for all operating bands.
Proposal 1: To clarify if antenna array in a multiband RIB is common for all operating bands or separate antenna array will be used for each operating band after the common PA as it is critical for defining a feasible maximum supporting bandwidth for multiband RIBs, and for feasibility study of wideband RF components (e.g., in tightly integrated PA-antenna array architecture).
Proposal 2: To consider DPD in multi-band BS using multi-band RIBs, and/or to study behavior of efficiency and linearity of the multiband system and their impact to the current multi-band RIB requirements.
Proposal 3:  To limit the FBW of band combinations below 19.5%.
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