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1	Introduction
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]In RAN2 #99 meeting, RAN2 has discussed to introduce baseband capability signaling [1], and send LS to RAN4 [2]. In this LS, the following agreement is provided:  
	[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Agreements
1. RAN2 will define a solution based where the baseband capabilities are extracted from the BC structure and convey the baseband capabilities in a separate table. We intend to avoid providing fallback combinations and duplication of combinations.


While the following question is proposed to RAN4: 
	To RAN4.
ACTION: RAN2 respectfully asks RAN4 to take into account the above RAN2 agreements and to provide feedback if there is any concern on the agreed solution direction. RAN2 also respectfully ask RAN4 to provide which NR capabilities can be considered as baseband capabilities after NR UE capabilities are defined.


Furthermore, two examples in RAN2 discussion have been listed as potential solution, which has been captured in the following discussion part in this contribution. 
In last meeting, we present our views on baseband capabilities for MR-DC[3], and In this paper, we would like to provide our further analysis and views on baseband capability signaling design, based on additional input from RAN2. 

2 Discussion
2.1 Capability Separation btw. RF and Baseband
[bookmark: OLE_LINK18]Based on RAN2’s agreement listed here, RAN2 is working on the solution for baseband capabilities which could be extracted from the BC structure and convey the baseband capabilities in a separate table. Generally, it is aligned with our proposal and observations in our previous paper [3]. 
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}


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. From this perspective, we generally agree with RAN2’s effort towards the solution for baseband capabilities which could be extracted from the BC structure and conveying the baseband capabilities in a separate table.
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 should 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 Analysis Based on Example-1 in RAN2 LS
In the example-1 listed in the incoming LS, the table-based method with Each entry include baseband combination per CC indexed by number of component carriers, MIMO layers per CC and BW per CC, i.e., 
	Entry #
	 # of CCs
	# of MIMO layer per CC
	Bandwidth of each CC
	Baseband capability combination

	1
	1
	2 layer at CC1

	10MHz at CC1
	[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC1

	2
	2
	4 layer at CC1
4 layer at CC2
	10MHz at CC1
10MHz at CC2
	[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC1
[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC2

	3
	2
	2 layer at CC1
2 layer at CC2
	20MHz at CC1
20MHz at CC2
	[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC1
[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC2

	….
	
	
	
	

	N
	5
	4 layer at CC1
4 layer at CC2
2 layer at CC3
2 layer at CC4
2 layer at CC5

	10MHz at CC1
10MHz at CC2
10MHz at CC3
10MHz at CC4
10MHz at CC5
	[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC1
[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC2
[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC3
[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC4
[supportedCSI-Proc-r11, nonPrecoded-r13, beamformed-r13,dmrs-Enhancements-r13, csi-ReportingNP-r14, csi-ReportingAdvanced-r14] at CC5



From our understanding, the above table represent the effort to decouple the baseband capability from specific operating bands or band combinations, while still captures the coupling between 
(a) The number of component carriers, MIMO layers per CC and BW per CC;
(b) Baseband capability combination.
For some of the baseband capability, the above coupling between (a) and (b) has been confirmed in RAN4’s reply LS to RAN2 [4]. From our understanding, it is also the reason why the above table is introduced (which guarantees 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. 
Based on the above example, if different baseband feature (i.e., supportedCSI-Proc-r11, nonPrecoded-r13, etc.) cannot be decoupled, multiple entries will be informed to indicate different baseband capability combination, e.g., in the below simplified two entries #2 and #3, both 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 below 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. 
	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
	
	
	
	



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).

2.3 Analysis Based on Example-2 in RAN2 LS
As listed in RAN2’s LS, in Example-2, the table is provided with entries, and one of entry indicates the baseband capability combinations with MIMO layer (Maximum layers in total, Maximum layers per CC), total CC bandwidth, CSI process (Maximum processes in total, Maximum processes per CC) and potential other baseband capabilities, as below. 
	Entry #
	MIMO layer (Maximum layers in total, Maximum layers per CC)
	Total CC bandwidth
	CSI
(Maximum processes in total, Maximum processes per CC)
	Other possible baseband function

	1
	(16, 4)
	40M
	(12,4)
	

	2
	(20,4) 
	40M
	(10,4)
	

	3
	(24,4)
	40M
	(4,4)
	

	….
	
	
	
	

	N
	
	
	
	



Based on our understanding, the above method is also designed to capture the above-mentioned coupled (a) and (b). Furthermore, for each baseband capability, the maximum number in total and the maximum number per CC are provided to leave enough flexibility to gNB scheduling. Considering only two upper bounds are provided for each feature, which avoid listing all combination of baseband feature in each CC extensively in Example-1, the signaling overhead can be somehow reduced. 
Although it is obviously not the perfect solution, we do observe some benefits from this example, e.g., the reduced overhead as mentioned above, and UE’s reported capability can exclude the combination which is not achievable by current UE implementation. From that sense, we suggest RAN4 to continue the study based on Example-2, and refine the details, e.g., the number of CCs in each entry should be added. 
Proposal 3: RAN4 to continue the study based on Example-2, and refine the details, e.g., the number of CCs in each entry should be added.

3 Conclusion
In this paper, we provided our further analysis and views on baseband capability signaling design, based on additional input from RAN2. Specifically, the following proposals are given: 
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 should 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).
Proposal 3: RAN4 to continue the study based on Example-2, and refine the details, e.g., the number of CCs in each entry should be added.
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