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1	Introduction
During RAN4 NR discussion, some discussions on NR capability have already begun, and the importance of this work is highlighted given that RAN2 had extensive discussion related to capability signaling and coordination will be needed for baseband capabilities for Multi-RAT DC (MR-DC), while further input from RAN4 is essential for further progress [1]. In this paper, we provide further analysis and input on baseband capability issues. Particularly, for RAN2’s question on which of the baseband capabilities are shared and split between LTE and NR by eNB/gNB, we would like to provide our views. 

2 Discussion
2.1 Capability Separation btw. RF and Baseband
It is well known that in current LTE design, some RF-related capabilities are reported combined with baseband capabilities. The below table excerpted from TS36.331 is the RRC IE design for band combination support. Specifically, UE will list all supported band combination explicitly. In each band combination, baseband related capability supportedNAICS-2CRS-AP-r13 is reported. Moreover, for each band of each band combination (per BoBC), uplink MIMO (CA-MIMO-ParametersUL-r10), downlink MIMO (CA-MIMO-ParametersDL-r13) and supported CSI processes are reported separately. 
Furthermore, with different carriers in the intra-band contiguous CA, the support of MIMO could be different (e.g., UEs can support more MIMO layers when configured with fewer carriers). In current signaling design, this was realized by duplication band combination. Similarly, to claim NAICS and CSI processes capabilities, even more band combination could be listed.
BandCombinationList-r13 ::= SEQUENCE (SIZE (maxBandComb-r13)) OF BandCombination-r13

BandCombination-r13 ::=		SEQUENCE {
	additionalFallbackSupported-r13		ENUMERATED {true}				OPTIONAL,
	bandCombinationParameters-r13		BandCombinationParametersCommon-r13
}

BandCombinationParametersCommon-r13 ::= SEQUENCE {
	bandParameterList-r13			SEQUENCE (SIZE (1..maxSimultaneousBands-r10)) OF BandParameters-r13,
	supportedBandwidthCombinationSet-r13		SupportedBandwidthCombinationSet-r10		OPTIONAL,
	multipleTimingAdvance-r13		ENUMERATED {supported}					OPTIONAL,
	simultaneousRx-Tx-r13			ENUMERATED {supported}					OPTIONAL,
	bandInfoEUTRA-r13				BandInfoEUTRA,
	dc-Support-r13					SEQUENCE {
		asynchronous-r13			ENUMERATED {supported}			OPTIONAL,
		supportedCellGrouping-r13		CHOICE {
				threeEntries-r13				BIT STRING (SIZE(3)),
				fourEntries-r13					BIT STRING (SIZE(7)),
				fiveEntries-r13					BIT STRING (SIZE(15))
		}																OPTIONAL
	}																	OPTIONAL,
	supportedNAICS-2CRS-AP-r13		BIT STRING (SIZE (1..maxNAICS-Entries-r12))		OPTIONAL,
	commSupportedBandsPerBC-r13		BIT STRING (SIZE (1.. maxBands))		OPTIONAL
}
BandParameters-r13 ::= SEQUENCE {
	bandEUTRA-r13					FreqBandIndicator-r11,
	bandParametersUL-r13				BandParametersUL-r13				OPTIONAL,
	bandParametersDL-r13				BandParametersDL-r13				OPTIONAL,
	supportedCSI-Proc-r13			ENUMERATED {n1, n3, n4}			OPTIONAL
}
BandParametersUL-r13 ::= SEQUENCE OF CA-MIMO-ParametersUL-r10

CA-MIMO-ParametersUL-r10 ::= SEQUENCE {
	ca-BandwidthClassUL-r10				CA-BandwidthClass-r10,
	supportedMIMO-CapabilityUL-r10		MIMO-CapabilityUL-r10				OPTIONAL
}
BandParametersDL-r13 ::= SEQUENCE OF CA-MIMO-ParametersDL-r13

CA-MIMO-ParametersDL-r13 ::= SEQUENCE {
	ca-BandwidthClassDL-r13					CA-BandwidthClass-r10,
	supportedMIMO-CapabilityDL-r13			MIMO-CapabilityDL-r10				OPTIONAL,
	fourLayerTM3-TM4-r13						ENUMERATED {supported}				OPTIONAL,
	intraBandContiguousCC-InfoList-r13		SEQUENCE (SIZE (1..maxServCell-r13)) OF IntraBandContiguousCC-Info-r12
}

IntraBandContiguousCC-Info-r12 ::= SEQUENCE {
	fourLayerTM3-TM4-perCC-r12			ENUMERATED {supported}				OPTIONAL,
	supportedMIMO-CapabilityDL-r12		MIMO-CapabilityDL-r10				OPTIONAL,
	supportedCSI-Proc-r12				ENUMERATED {n1, n3, n4}				OPTIONAL
}
CA-BandwidthClass-r10 ::= ENUMERATED {a, b, c, d, e, f, ...}

MIMO-CapabilityUL-r10 ::= ENUMERATED {twoLayers, fourLayers}

MIMO-CapabilityDL-r10 ::= ENUMERATED {twoLayers, fourLayers, eightLayers}


Another example is the capability of measurement gap. In Rel-8 measurement gap design, for each band combination, the need of measurement gap is reported for each inter-frequency and inter-RAT measurement objects. Considering the measurement capability is also related with both RF and baseband, it could be another example of per-BoBC signaling involving baseband. 
BandInfoEUTRA ::=					SEQUENCE {
	interFreqBandList					InterFreqBandList,
	interRAT-BandList					InterRAT-BandList		OPTIONAL
}

InterFreqBandList ::=				SEQUENCE (SIZE (1..maxBands)) OF InterFreqBandInfo

InterFreqBandInfo ::=				SEQUENCE {
	interFreqNeedForGaps				BOOLEAN
}

InterRAT-BandList ::=				SEQUENCE (SIZE (1..maxBands)) OF InterRAT-BandInfo

InterRAT-BandInfo ::=				SEQUENCE {
	interRAT-NeedForGaps				BOOLEAN
}

Considering the increased number of band combination (in current Rel-15 NR WID, significant number of frequency ranges and band combinations has already been proposed and an even large number is expected in the future), the per-BoBC signaling overhead is not trivial to be overlooked. 
It should also be noted that in corresponding RAN2 discussion, all the options till now are all considering to avoid per-BoBC signaling. From our understanding, it is in RAN4 scope and responsibility that to clarify whether RF and baseband capabilities can be claimed separately. At least, RAN4 should try to identify the independent capabilities as much as possible. 
Proposal 1: From RAN4 perspective, investigate and confirm the general principle to pull baseband processing related capabilities from RF capability/restriction as much as possible:
- Identify baseband capabilities which can be generally independent from RF capability/restriction.
- If needed, UE still be allowed to report per-band RF restriction (e.g., maximum layer for a specific band), which will be considered in baseband processing capability configuration.

2.2 Baseband Capability

Some UE capabilities may depend on the LTE/NR band combinations (such as MIMO layers), which has been confirmed in the reply-LS [3] and also the reason why the above per-BoBC signaling is introduced (which guarantee the maximum implementation flexibility). 
However, it is obvious that if all the baseband capabilities are dependent with each other, or dependent on RF capability/restriction, then we still have to resort to a very large table per CA combination. The below is a typical example from RAN2’s discussion: 
	Entry #
	 # of CCs
	# of MIMO layer per CC
	Bandwidth of each CC
	Baseband capability combination

	1
	1
	2 layer at CC1

	10MHz at CC1
	CC1: A(3) + B(3) + C(2)

	2
	2
	4 layer at CC1
4 layer at CC2
	10MHz at CC1
10MHz at CC2
	CC1: A(2)+B(2)+C(2)
CC2: A(2) +B(1)+C(1)

	3
	2
	4 layer at CC1
4 layer at CC2
	10MHz at CC1
10MHz at CC2
	CC1: A(2)+B(2)+C(1)
CC2: A(2) +B(1)+C(2)

	…
	
	
	
	

	N
	
	
	
	



In the above example, three pure baseband features are considered, i.e., A, B and C, and the number in bracket after each feature indicate the allowed UE capability on current CC for this feature. 
Based on this example, if feature A, B and C cannot be decoupled, multiple entries will be informed to indicate different baseband capability combination, e.g., entry #2 and #3 have the same MIMO layer and BW configuration, but different capability combination for feature B and C, which leads to two entries inevitably. Another example of dependent baseband feature is feature A in above table, whose maximum total capability is dependent on CA combination, i.e., for single CC case the total capability for A is 3, while for two CC CA the total capability is 4. 

From RAN4 perspective, it is reasonable to categorize two kinds of baseband features as below: 
- [Group-1] Independent baseband features (independent from RF restrictions and other baseband features): For these UE features, it is allowed as long as BS configure the total per-feature baseband processing resource less than the total capability claimed by UE. All kinds of processing resource allocation among CCs are allowed as long as under the total budget limit. 
- [Group-2] Dependent baseband features (dependent on RF restrictions and other baseband features): For these UE features, the above baseband capability combination is inevitable. 
Obviously, to avoid listing the big baseband capability combination table (to equivalently to reduce capability signaling size), the above group-2 baseband capability (dependent baseband features) should be avoided as much as possible. 

Proposal 2: RAN4 categorize baseband-related processing capability into two groups: (1) Independent baseband features (independent from RF restrictions and other baseband features) and (2) Dependent baseband features (dependent on RF restrictions and other baseband features).

3 Reply LS to RAN2
Furthermore, in RAN2 NR#2 (Hangzhou) meeting, RAN2 had further discussed issues related to capability signaling and coordination will be needed for baseband capabilities between LTE and NR [1], with the following content provided: 
	1. Overall Description:
RAN2 understands for LTE and NR dual-connectivity i.e. MR-DC (Multi-RAT DC) the capability signalling and coordination will be needed for baseband capabilities between LTE and NR if baseband capabilities are shared and should be split by the network (eNB/gNB). Based on the RAN2 outgoing LS in [1] and the RAN1 and RAN4 response LS in [2] and [3] respectively, RAN4 responded as follows: “RAN4 has identified that some NR UE capabilities may depend on the LTE/NR band combinations, such as MIMO layers, however it is FFS to identify all parameters”. However, it is not clear which specific baseband capabilities are shared and split by eNB/gNB. 
[bookmark: OLE_LINK159][bookmark: OLE_LINK160]Q1: In the context of the above discussion, RAN2 would like to know which of the baseband capabilities are shared and split between LTE and NR by eNB/gNB? 

2. Actions:
To RAN4, RAN1:
Action: RAN2 kindly asks RAN4 to provide their feedback.



As mentioned above, RAN1 and RAN4 has provided the corresponding LS in the NR study item [2][3], and per requested by RAN2, further analysis and input is needed from RAN4 on which of the baseband capabilities are shared and split between LTE and NR by eNB/gNB. Though it is still not easy for RAN4 to conclude all baseband capabilities which are shared and split between LTE and NR, considering the large number of NR refarming bands from LTE for below 6GHz, at least we could confirm that MIMO capability (MIMO layer support, advanced MIMO receiver capability, etc.) and per-CC measurement gap capability should be shared between NR and LTE. 

Draft Response: 
Q1: In the context of the above discussion, RAN2 would like to know which of the baseband capabilities are shared and split between LTE and NR by eNB/gNB?
[bookmark: _GoBack]Reply: 
Given current information on physical layer design, it is still not easy for RAN4 to conclude all baseband capabilities which are shared and split between LTE and NR. Considering the large number of NR refarming bands from LTE for below 6GHz, at least we could confirm that MIMO capability (MIMO layer support, advanced MIMO receiver capability, etc.) and per-CC measurement gap capability should be shared between NR and LTE. 

4 Conclusion
In this paper, we provide our views on baseband capability and corresponding response to RAN2’s LS, that is: 
Proposal 1: From RAN4 perspective, investigate and confirm the general principle to pull baseband processing related capabilities from RF capability/restriction as much as possible:
- Identify baseband capabilities which can be generally independent from RF capability/restriction.
- If needed, UE still be allowed to report per-band RF restriction (e.g., maximum layer for a specific band), which will be considered in baseband processing capability configuration.
Proposal 2: RAN4 categorize baseband-related processing capability into two groups: (1) Independent baseband features (independent from RF restrictions and other baseband features) and (2) Dependent baseband features (dependent on RF restrictions and other baseband features).
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