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Introduction
At the RAN2-AH2 meeting RAN2 made a couple of agreements for capability signalling: 
Agreements for NR UE capabilities:
1: 	NR will support gNB requested band combination signalling. 
2: 	For gNB requested band combination signalling the gNB can provide super-set BCs. 
3	UE can skip subset of band combinations if corresponding UE capabilities are the same.  
4	RAN2 aim not to duplicate band combinations to indicate the combination of DL bands and UL bands.
5	RAN2 aim to introduce per UE baseband capabilities separated from the band combinations (e.g. FD-MIMO capabilities, number of CSI processes, etc) and minimise per band combination signalling.

The email discussion [NR-AH2#09] investigated how the duplication of band combinations could be avoided. A conclusion could not be reached yet. 
In this document, we investigate and compare the different means for achieving the agreements 4 and 5 above.

[bookmark: _Ref178064866]Discussion
[bookmark: _Ref473294622][bookmark: _Toc473202654]UL Band Combinations
At the NR-AH2 meeting RAN2 agreed to “aim not to duplicate band combinations to indicate the combination of DL bands and UL bands”. 
In LTE the UE can include zero or one uplink BandwidthClass in each band entry of a band combination. The following ASN.1 snippet shows one band combination entry:
[bookmark: TBandCombinationParametersr13]BandCombinationParameters-r13 ::=	SEQUENCE {
	differentFallbackSupported-r13	ENUMERATED {true}				OPTIONAL,
	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
}

[bookmark: TBandParametersr13]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
}

[bookmark: TBandParametersULr13]BandParametersUL-r13 ::= CA-MIMO-ParametersUL-r10

[bookmark: TCAMIMOParametersULr10]CA-MIMO-ParametersUL-r10 ::= SEQUENCE {
	ca-BandwidthClassUL-r10				CA-BandwidthClass-r10,
	supportedMIMO-CapabilityUL-r10		MIMO-CapabilityUL-r10				OPTIONAL
}

[bookmark: TBandParametersDLr13]BandParametersDL-r13 ::= CA-MIMO-ParametersDL-r13
[bookmark: TCAMIMOParametersDLr13]
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
}

If an LTE UE wants to advertise support for a 2DL+1UL band combination where the UL carrier may be on the first or the second band, it must duplicate the band combination (same DL bands). For a 3DL+1UL combination it must include 3 instances of the same band combination. If the UE can support 3DL+2UL it might support up to three 3DL+2UL instances and up to three 3DL+1UL instances. 
A more efficient way to encode the supported DL+UL combinations is to allow including several sets of UL band combinations in each DL band combination. 
This can be realized by an ASN.1 structure where the UE may include one or more sets of UL CA-BandwidthClasses for each (DL) band combination. The information (not the ASN.1) could look as follows:
		bandsDL = [BandX, BandY, BandZ]			// band combination with band X, Y and Z
		bwClassesListUL = [
			[A,-,-],							// ... with one UL CC on band X, or
			[-,A,-], 							// ... with one UL CC on band Y, or
			[-,-,A] 							// ... with one UL CC on band Z
		]

Or, assuming that a UE supports more advanced UL carrier aggregation combinations:
		bandsDL = [BandX, BandY, BandZ]			// band combination with band X, Y and Z
		bwClassesListUL = [
			[C,-,-],							// ... with two contiguous UL CC on band X, or
			[A,A,-], 							// ... with one UL CC on band X and one on Y, or
			[-,A,A] 							// ... with one UL CC on band Y and one on Z, or
		]

Of course, also this more advanced UE should support fallback to the single UL carrier operation. But since the aim is to omit fallback band combinations, those are not listed in the second example. 
[bookmark: _Toc490217814][bookmark: _Toc490217914][bookmark: _Toc490226743][bookmark: _Toc490226821][bookmark: _Toc490251201]The UE advertises several Uplink Band Combinations (several sets of Uplink BandwidthClasses) in a single DL band combination instead of duplicating the entire (downlink) band combination.
Separating RF- from Baseband capabilities
As discussed in the last meeting, the inclusion of baseband capabilities into the band combinations increases the overall number of band combinations since the UE creates several versions of the same band combination in order to advertise different combinations of the contained baseband features. 
The effect becomes worse if the UE includes fallback combinations (with fewer carriers) to advertise additional baseband functionality and different combinations thereof. 
It was hence a good step that RAN2 agreed to extract these baseband capabilities from the band combination structure to avoid the need for such duplication. 
The common property of the possible realizations of this intention is to define “rules” according to which the network can determine in which carrier/band configuration it may apply which baseband features. In the following sub-sections we address some general aspects of the baseband capability extraction and compare then the different proposals that are on the table. 
Testability
Some companies raised the concern that the removal of baseband capabilities from the supportedBandCombination structure would no longer allow fine-grained IODT. Of course, one may still test all combinations if that is considered necessary and feasible. But during these tests one must ensure that the UE supports these baseband capabilities in all bands before advertising the feature in the UE capabilities. However, a UE supporting 15 bands and aggregation of carriers from up to 5 bands could advertise almost 5000 band combinations – not counting the duplicates occurring for different baseband feature combinations. 
[bookmark: _Toc490217809][bookmark: _Toc490217909][bookmark: _Toc490226738][bookmark: _Toc490226816][bookmark: _Toc490251196]Indicating individual IODT success/failure for all baseband features in all band combinations is not necessary. The reduced granularity in IODT bits should hence not be a concern when extracting baseband capabilities from the supportedBandCombination IE. 
[bookmark: _Ref490216191]MIMO RF restrictions
It is generally acknowledged that the number of MIMO layers is not only limited by the baseband processing resources but also by the RF and antennas. MIMO is therefore also “band dependent”. The UE should hence be able to indicate the maximum number of MIMO layers for each band but one should avoid indicating it for each band combination. After choosing a band combination (from supportedBandCombination) the network may use the MIMO-per-band table before determining the configurable baseband features. For example, if the network chose a band combination with a carrier on a band that supports only two-layer MIMO (due to RF restrictions) the network cannot choose four-layer MIMO even if the baseband capabilities seem to allow that for the chosen number of carriers. 
For example, a UE could provide a table as follows:
-	Band A: up to 2 Layer
-	Band B: up to 2 Layer
-	Band C: up to 4 Layer
-	Band D: up to 4 Layer
Expressing additional RF restrictions by means of per-band capabilities is in fact common to all proposals that were discussed in the email discussion. Hence, we suggest:
[bookmark: _Toc490217815][bookmark: _Toc490217915][bookmark: _Toc490226744][bookmark: _Toc490226822][bookmark: _Toc490251202]The UE indicates its MIMO-RF-capability independently for each band (but not for each band combination)
[bookmark: _Ref490216501]Table-Based baseband capability signalling
Two solutions discussed in the email-discussion [NR-AH2#09] intend to realize these rules by means of a table. For a given number of configured component carriers the table lists the level of other features that may be configured. Hence, the network may select a set of carriers based on the supportedBandCombination table and, in a second step, check based on the additional table, which baseband features it may configure for the chosen number of carriers. The supportedBandCombination table contains no explicit pointers to the baseband feature table or to entries therein. The only “pointer” is the number (and possibly bandwidth) of the configured carriers. 
As today, the UE may be able to support the different combinations of these baseband features (e.g. more or fewer CSI processes; more of fewer NAICS bandwidth; more of fewer MIMO layers). The UE could advertise those by several rows in the table of baseband capabilities. Depending on the number of baseband capabilities and “levels”, this table may also grow large. However, the intention is to include this table only once so that the possible combination of baseband capabilities do not need to be repeated for each band combination. 
One should bear in mind that a UE supporting 10 bands and aggregation of carriers from up to 5 bands, could advertise 252 top-level band combinations and 637 band combinations in total. If it would (as in LTE) provide 2, 5 or maybe 10 versions of all of those to advertise possible baseband capability combinations, the transmission and processing would become unbearable. 
Therefore, we expect also the table based solutions to be still much smaller and easier to handle on the network side than the LTE supportedBandCombination IE. 
[bookmark: _Toc490217810][bookmark: _Toc490217910][bookmark: _Toc490226739][bookmark: _Toc490226817][bookmark: _Toc490251197]Even though the baseband capability table proposed in solutions 1 and 3 of the email discussion may grow large, it is still much better than listing those baseband capability combinations for all band combinations. 
When new features and capability bits are added, RAN1/2/4 will (as today) discuss whether they require just a single per-UE capability bit or fine granular signalling. If it is decided that the processing requirements grow with the number of carriers or with the bandwidth, they can be added to the baseband capability table. However, that table will grow quickly with the number of capabilities and with the number of “levels” that UEs may indicate per capability.
[bookmark: _Toc490217811][bookmark: _Toc490217911][bookmark: _Toc490226740][bookmark: _Toc490226818][bookmark: _Toc490251198]Additions of (future) capabilities to the table should be done with great care since the size of the table will grow quickly. 
[bookmark: _Ref490223965]Formula-based baseband capability signalling
In our previous papers we suggested to express the possible baseband capabilities by means of a formula, a.k.a. cost function. Instead of listing possible combinations of MIMO, NAICS, CSI-Processes explicitly for different number of serving carriers, the UE advertises a processing capability and a processing cost for each of the baseband features. 
For LTE, RAN2 discussed whether the complexity of a feature scales with the number of carriers (e.g. MIMO) with supported bandwidth (NAICS) or with the number of instances (CSI-Processes). The same discussion would need to take place to determine the unit of the cost of a feature. 
For example, 3GPP could conclude that the MIMO processing cost scales with the number of layer and with the number of carriers that it is configured on. If the MIMO processing cost does not scale linearly with the number of layers (e.g. 4 layer more than twice as complex as 2 layer MIMO), one could express it as different cost values for the different number of MIMO layers as shown in the example below.
Assuming that the NAICS processing cost scales with carrier bandwidth and the CSI processing cost with the number of CSI-Processes, the UE would advertise all three baseband capabilities with only the following five numbers. 
-	Total processing budget:			2000
-	MIMO processing cost per carrier: 	2 Layer: 500; 4 Layer: 1200
-	NAICS processing cost per MHz: 	50
-	CSI processing cost per CSI-Process:	600
In its capability signalling the UE would indicate both, its overall processing budget (“2000” in the example above) as well as the processing cost per feature (“500”, “1200”, “50”, “600” in the example). These numbers may be chosen by the UE implementation. 
If a network chooses (for the UE according to the example above) a band combination with two carriers, the total processing budget (2000) allows for at most 2 layer MIMO for one carrier (cost = 500) and 4 layer MIMO on another carrier (1200). Alternatively, it could configure 2 layer MIMO on both carriers (500 + 500) and configure one CSI-process on one of the carriers. 
As explained above, the MIMO capability would of course additionally be limited by the RF-MIMO capability. 
[bookmark: _Toc490217812][bookmark: _Toc490217912][bookmark: _Toc490226741][bookmark: _Toc490226819][bookmark: _Toc490251199]The signalling overhead with a formula-based approach (cost function) is lower than with a table approach since possible combinations are not listed explicitly. It will hence grow slow even if many additional capabilities (their “cost”) are included in the future.
A possible downside of the formula-based approach is that the UE cannot exclude certain combinations. It must support all feature combinations that are possible according to the formula. We do not expect this to be a severe limitation provided that new capabilities and their cost-unit are chosen properly. 
[bookmark: _Toc490217813][bookmark: _Toc490217913][bookmark: _Toc490226742][bookmark: _Toc490226820][bookmark: _Toc490251200]A formula-based approach requires that a UE supports all feature combinations that are possible according to the processing cost/capability function. Excluding certain combinations is not (easily) possible. 

[bookmark: _Toc490217816][bookmark: _Toc490217916][bookmark: _Toc490226745][bookmark: _Toc490226823][bookmark: _Toc490251203]Discuss whether to favour the reduced capability size achievable with a formula-based approach or the possibility to explicitly list baseband capability combinations with a table-based approach. 

Conclusion
In section 2 we made the following observations:
Observation 1	Indicating individual IODT success/failure for all baseband features in all band combinations is not necessary. The reduced granularity in IODT bits should hence not be a concern when extracting baseband capabilities from the supportedBandCombination IE.
Observation 2	Even though the baseband capability table proposed in solutions 1 and 3 of the email discussion may grow large, it is still much better than listing those baseband capability combinations for all band combinations.
Observation 3	Additions of (future) capabilities to the table should be done with great care since the size of the table will grow quickly.
Observation 4	The signalling overhead with a formula-based approach (cost function) is lower than with a table approach since possible combinations are not listed explicitly. It will hence grow slow even if many additional capabilities (their “cost”) are included in the future.
Observation 5	A formula-based approach requires that a UE supports all feature combinations that are possible according to the processing cost/capability function. Excluding certain combinations is not (easily) possible.

Based on the discussion in section 2 we propose the following:
Proposal 1	The UE advertises several Uplink Band Combinations (several sets of Uplink BandwidthClasses) in a single DL band combination instead of duplicating the entire (downlink) band combination.
Proposal 2	The UE indicates its MIMO-RF-capability independently for each band (but not for each band combination)
Proposal 3	Discuss whether to favour the reduced capability size achievable with a formula-based approach or the possibility to explicitly list baseband capability combinations with a table-based approach.
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