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Introduction
In this document we discuss basic principles for the UE capability signalling structure. At a first glance it may appear too early to discuss these aspects but since capability signalling is a vital functionality that has caused quite some problems in the past, RAN2 should start discussing it as soon as possible. Furthermore, the coordination and “abstraction” of capabilities for LTE/NR tight interworking cannot be discussed without detailing the NR capability structure first. 
[bookmark: _Ref178064866]Discussion
Problem Analysis
[bookmark: _Toc473202654]In LTE the UE lists all supported band combinations explicitly in the supportedBandCombination IE. Each BandCombinationParameters entry specifies the properties of one supported band combination. There are capabilities per band combination but also additional capabilities per Band of a band combination (inside BandParameters) and even separated between uplink (CA-MIMO-ParametersUL) and downlink (CA-MIMO-ParametersDL). 

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
}

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 ::= CA-MIMO-ParametersUL-r10

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

BandParametersDL-r13 ::= 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
}

When introducing the CA band combination signalling, only a fraction of the capabilities was available per band combination. Secondly, it was assumed that usually a UE would provide one band combination covering e.g. two bands and one or several carriers in each of those bands. A UE supporting 2 carriers in band X and additionally 2 carriers in band Y would always support also 1 carrier in each of the two bands. And maybe one was hoping that a UE would always support as many uplink as downlink carriers. 
In practice, UEs support far less uplink than downlink carriers which makes it necessary to multiply the band combinations so that the uplink carrier can either be in one or the other band. 
[bookmark: _Toc477721391][bookmark: _Ref477721485][bookmark: _Toc477722422][bookmark: _Toc477722486][bookmark: _Toc477854715][bookmark: _Toc478058325][bookmark: _Toc478163678][bookmark: _Toc481141650][bookmark: _Toc485391025][bookmark: _Toc485426355]UEs duplicate band combination entries to offer the downlink carrier aggregation configuration in combination with different uplink carrier configurations. 
Furthermore, UEs can support more MIMO layers when configured with fewer carriers. This was also realized by duplication of band combinations. Later, similar processing limitation for NAICS and CSI processes were introduced and also those resulted in even more band combination lists. 
[bookmark: _Ref473295953][bookmark: _Toc473303045][bookmark: _Toc476744661][bookmark: _Toc477721392][bookmark: _Toc477722423][bookmark: _Toc477722487][bookmark: _Toc477854716][bookmark: _Toc478058326][bookmark: _Toc478163679][bookmark: _Toc481141651][bookmark: _Toc485391026][bookmark: _Toc485426356]UEs duplicate band combination entries to offer the carrier aggregation configuration in combination with different other capabilities such as MIMO, CSI-Processes, NAICS.
When RAN2 noticed that it wasn’t possible to transmit and store the continuously increasing band combination table, several means were introduced to attempt to reduce its size again. Specifically, the network may request …
· band combinations only for selected bands
· only band combinations up to a certain maximum number of carriers
· exclusion of “fallback” combinations, i.e., omitting CA combinations with fewer carriers than an explicitly signalled CA. 
When an eNB uses one of the two former options the NW does not necessarily get the full UE capabilities. While the provided capabilities may suffice for operation in the current serving cell, another cell may operate at different bands or support more carriers. To be able to serve the UE properly in that cell, the NW must re-request the UE capabilities with appropriately adjusted restrictions. 
[bookmark: _Toc473294992][bookmark: _Toc473303046][bookmark: _Toc476744662][bookmark: _Toc477721393][bookmark: _Toc477722424][bookmark: _Toc477722488][bookmark: _Toc477854717][bookmark: _Toc478058327][bookmark: _Toc478163680][bookmark: _Toc481141652][bookmark: _Toc485391027][bookmark: _Toc485426357]A network supporting (possibly in different places) many different bands, may have to request additional subsets of the UE capabilities and it should combine and store those subsequent fractional UE capabilities. 
[bookmark: _Toc473294993][bookmark: _Toc473303047][bookmark: _Toc476744663][bookmark: _Toc477721394][bookmark: _Toc477722425][bookmark: _Toc477722489][bookmark: _Toc477854718][bookmark: _Toc478058328][bookmark: _Toc478163681][bookmark: _Toc481141653][bookmark: _Toc485391028][bookmark: _Toc485426358]A network supporting many carriers does not benefit from the possibility to request UE capabilities only up to a certain number of carriers. 
The possibility to exclude so-called fallback combinations has potential to reduce the size of the signaled capabilities significantly. However, as explained above (Observation 2), it is common that UEs support e.g. more MIMO layers, more CSI processes or a higher degree of NACIS when configured with fewer carriers. But if the UE omits those “fallback” combinations the network is not aware of the UE’s additional processing capabilities. Hence, the UE indicates anyway, that it has “better” fallback combinations available and the network will eventually request and store those, too. 
[bookmark: _Toc473294994][bookmark: _Ref473296123][bookmark: _Toc473303048][bookmark: _Toc476744664][bookmark: _Toc477721395][bookmark: _Toc477722426][bookmark: _Toc477722490][bookmark: _Toc477854719][bookmark: _Toc478058329][bookmark: _Toc478163682][bookmark: _Toc481141654][bookmark: _Toc485391029][bookmark: _Toc485426359]The efficiency of the “exclude fallback band combinations” mechanism suffers from the fact that most UEs support e.g. more MIMO layers, more CSI processes or a higher degree of NACIS when configured with fewer carriers.
[bookmark: _Ref473294622]Separating RF- from Baseband capabilities
Due to the large number of band-combination-specific parameters UEs include duplicate entries for most band combinations (Observation 2). This does not only increase the overall number of band combinations but also limits the possibility to exclude fallback combinations (Observation 5). We therefore consider it essential to minimize the number of the per-band-combination capabilities – preferably without limiting the granularity at which UEs can advertise their features. 
[bookmark: _Toc473303054][bookmark: _Toc476744670][bookmark: _Toc477721398][bookmark: _Ref477721681][bookmark: _Toc477722429][bookmark: _Toc477722493][bookmark: _Toc477854722][bookmark: _Toc478058332][bookmark: _Toc478163685][bookmark: _Toc481141657][bookmark: _Toc485391032][bookmark: _Toc485416358][bookmark: _Toc485426349]RAN2 aims to avoid the use of “per-band-combination capabilities” preferably without limiting the granularity at which UEs can advertise their features.
In the following sub-sections we suggest how to achieve this for the MIMO, NAICS and CSI-RS-Process related capabilities. 
MIMO
The number of MIMO layers that a UE can support depends both on the number of antennas and receiver chains (RF) as well as on the UE’s processing power. 
To reflect the RF (antenna) limitations, the UE could e.g. indicate for each band (not band-combination!) how many MIMO layers it supports.
-	Band A: up to 2 Layer
-	Band B: up to 2 Layer
-	Band C: up to 4 Layer
-	Band D: up to 4 Layer
In addition, but separately from the per-band MIMO capabilities, the UE could indicate its overall MIMO processing capabilities:
-	MIMO Processing Power Capability [Layers x Carriers]: 6
In this example, the unit of the MIMO processing capability is [Number of MIMO Layers x Number of Carriers]. That means, we assume that the MIMO processing cost scales linearly with the number of layers and with the number of carriers that UE is configured with. 
A UE with the capabilities exemplified above, could e.g. be configured with any of the following: 
-	three carriers running 2 layer MIMO; or
-	two carriers, one with 2 Layer MIMO and one (in band C or D) with 4 Layer MIMO, or
-	one carrier (in band C or D) running 4 layer MIMO

Such a clean separation of RF- and processing capabilities would allow removing the MIMO capabilities from the band combination signalling structure. 
[bookmark: _Toc473303055][bookmark: _Toc476744671][bookmark: _Ref477423448][bookmark: _Toc477721399][bookmark: _Ref477721683][bookmark: _Toc477722430][bookmark: _Toc477722494][bookmark: _Toc477854723][bookmark: _Toc478058333][bookmark: _Toc478163686][bookmark: _Toc481141658][bookmark: _Toc485391033][bookmark: _Toc485416359][bookmark: _Toc485426350]The UE indicates its MIMO-RF-capability independently for each band
[bookmark: _Ref473301716][bookmark: _Toc473303056][bookmark: _Toc476744672][bookmark: _Ref477423450][bookmark: _Toc477721400][bookmark: _Ref477721685][bookmark: _Toc477722431][bookmark: _Toc477722495][bookmark: _Toc477854724][bookmark: _Toc478058334][bookmark: _Toc478163687][bookmark: _Toc481141659][bookmark: _Toc485391034][bookmark: _Toc485416360][bookmark: _Toc485426351]The UE indicates its cumulative Processing-MIMO capability available for all bands.
CSI Measurements and NAICS
The number of supported CSI processes as well as NAICS support depend on the UEs processing capability and does not depend on the number of antennas. Hence, the number of CSI processes could in principle be reflected as a single processing capability per UE. 
[bookmark: _Toc473303049][bookmark: _Toc476744665][bookmark: _Toc477721396][bookmark: _Toc477722427][bookmark: _Toc477722491][bookmark: _Toc477854720][bookmark: _Toc478058330][bookmark: _Toc478163683][bookmark: _Toc481141655][bookmark: _Toc485391030][bookmark: _Toc485426360]The number of supported CSI processes and NAICS support depend on the UEs processing capabilities and not on e.g. the number of available antennas. 
We assume however, that UE implementations will typically share the same processing resources across functions such as MIMO, CSI measurements and NAICS. Hence, a UE may be able to run with more CSI processes if configured for fewer MIMO layers and vice versa. The UE could list all these combinations explicitly. But since there may be more “processing” capabilities in the future, the corresponding IEs may grow soon even though not as much as the current band combination IE. To avoid this, we suggested therefore in [1] that the UE announces its overall processing capabilities and individual processing costs for e.g. MIMO, NAICS and CSI measurements. The UE would then advertise its features as a combination of capability and cost. 
-	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
As today, RAN2 and RAN4 would discuss for each feature whether the UE requirements scale with the bandwidth, the number of carriers or the number of physical resource blocks. Depending on that decision, RAN2 specifies the “unit” of the “processing cost” (e.g. NAICS processing cost is today in “per MHz”, CSI-RS processing cost is today in “per carrier”). 
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 (e.g. “50”, “600”). These numbers and the relation between them may be chosen by the UE implementation. 
As explained above, the MIMO capability would of course additionally be limited by the RF-MIMO capability. 
[bookmark: _Toc473303057][bookmark: _Toc476744673][bookmark: _Ref477423455][bookmark: _Toc477721401][bookmark: _Ref477721697][bookmark: _Toc477722432][bookmark: _Toc477722496][bookmark: _Toc477854725][bookmark: _Toc478058335][bookmark: _Toc478163688][bookmark: _Toc481141660][bookmark: _Toc485391035][bookmark: _Toc485416361][bookmark: _Toc485426352]RAN2 considers expressing processing capabilities as cost function.
UL Band Combinations
As elaborated in Observation 1, LTE UEs duplicate band combination entries to offer the downlink carrier aggregation configuration in combination with different uplink carrier configurations. 
With the principles suggested in Proposal 1, Proposal 2, Proposal 3 and Proposal 4 the UE advertises only the top level band combination which decreases the band combinations that a UE advertises. Furthermore, we suggest including a list of supported UL band combinations into the (top-level) DL band combination rather than duplicating the entire DL band combination. This avoids duplicating the band numbers and other downlink related capabilities.
[bookmark: _Toc477722433][bookmark: _Toc477722497][bookmark: _Toc477854726][bookmark: _Toc478058336][bookmark: _Toc478163689][bookmark: _Toc481141661][bookmark: _Toc485391036][bookmark: _Toc485416362][bookmark: _Toc485426353]The UE may advertise several Uplink Band Combinations (several lists of Uplink BandwidthClasses) in a single DL band combination instead of duplicating the entire (downlink) band combination.
Indexing or explicit signalling of band combinations
If RAN4 continues to list all band combinations explicitly, the UE could report its supported band combinations by a bitmap (each bit represents one band combination in the table). However, such lists may become very long in RAN4 specifications and hence, the UE would have to signal correspondingly long bitmaps. We assume that a UE supporting aggregation of many carriers will also support the fallback combinations. If those are omitted (as already done in LTE Rel-13) and if the baseband/processing capabilities are separated from the RF capabilities (see section 2.2), we expect explicit signalling of band numbers in the CA Band Combination IE to be more efficient than a bitmap. 
[bookmark: _Toc473294995][bookmark: _Toc473303050][bookmark: _Toc477721397][bookmark: _Toc477722428][bookmark: _Toc477722492][bookmark: _Toc477854721][bookmark: _Toc478058331][bookmark: _Toc478163684][bookmark: _Toc481141656][bookmark: _Toc485391031][bookmark: _Toc485426361]When omitting fallback band combinations and when splitting RF from Processing capabilities, the number of signalled band combination entries becomes small compared to the total number of defined band combinations. Hence, it may be more efficient to signal band numbers explicitly in the band combination IE (instead of referring to an index RAN4’s specifications). 
Anyway, such signalling aspects should be analysed further when RAN4 has decided how to specify band combinations.
[bookmark: _Toc473294999][bookmark: _Toc473303058][bookmark: _Toc477721402][bookmark: _Toc477722434][bookmark: _Toc477722498][bookmark: _Toc477854727][bookmark: _Toc478058337][bookmark: _Toc478163690][bookmark: _Toc481141662][bookmark: _Toc485391037][bookmark: _Toc485416363][bookmark: _Toc485426354]Investigate later whether to signal band numbers explicitly in the band combination IE or whether to refer to an index in RAN4’s specifications. 
Conclusion
In section 2 we made the following observations:
[bookmark: _GoBack]Observation 1	UEs duplicate band combination entries to offer the downlink carrier aggregation configuration in combination with different uplink carrier configurations.
Observation 2	UEs duplicate band combination entries to offer the carrier aggregation configuration in combination with different other capabilities such as MIMO, CSI-Processes, NAICS.
Observation 3	A network supporting (possibly in different places) many different bands, may have to request additional subsets of the UE capabilities and it should combine and store those subsequent fractional UE capabilities.
Observation 4	A network supporting many carriers does not benefit from the possibility to request UE capabilities only up to a certain number of carriers.
Observation 5	The efficiency of the “exclude fallback band combinations” mechanism suffers from the fact that most UEs support e.g. more MIMO layers, more CSI processes or a higher degree of NACIS when configured with fewer carriers.
Observation 6	The number of supported CSI processes and NAICS support depend on the UEs processing capabilities and not on e.g. the number of available antennas.
Observation 7	When omitting fallback band combinations and when splitting RF from Processing capabilities, the number of signalled band combination entries becomes small compared to the total number of defined band combinations. Hence, it may be more efficient to signal band numbers explicitly in the band combination IE (instead of referring to an index RAN4’s specifications).

Based on the discussion in section 2 we propose the following:
Proposal 1	RAN2 aims to avoid the use of “per-band-combination capabilities” preferably without limiting the granularity at which UEs can advertise their features.
Proposal 2	The UE indicates its MIMO-RF-capability independently for each band
Proposal 3	The UE indicates its cumulative Processing-MIMO capability available for all bands.
Proposal 4	RAN2 considers expressing processing capabilities as cost function.
Proposal 5	The UE may advertise several Uplink Band Combinations (several lists of Uplink BandwidthClasses) in a single DL band combination instead of duplicating the entire (downlink) band combination.
Proposal 6	Investigate later whether to signal band numbers explicitly in the band combination IE or whether to refer to an index in RAN4’s specifications.
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