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Introduction
[bookmark: _Ref178064866]In this contribution, we explain the problematic state of UE capability discussions for NR, when we combine RAN1, RAN2 and RAN4 views on this topic. 
We propose multiple solutions that can solve the real problem, which is to minimize or manage the size of the UE categories, and its processing.
Discussion
The LTE capabilities grew to exceed the current 8k limit of PDCP packet sizes for some configurations. With the addition of NR, the size of the UE capabilities is forecast to be a problem as well. 
3GPP RAN2 has already agreed to introduce LTE mechanism (query of bands) in NR from the start, but has also taken the additional step of splitting the capabilities into baseband and RF capabilities. 
The current RAN2 UE RF capability (e.g. CA band combination) and baseband capabilities (e.g. modulation scheme) are separated:
· Baseband capability is called Baseband Processing Capability (BPC)
· BPC includes bandwidth class information (TBD), MIMO
· Potentially numerology, and other capabilities that are not dependent on the RF band.
· RF capabilities are divided in two groups (RF Capability):
· Per band capabilities (including MIMO)
· Per band combination capability  
To reconstruct the UE’s capability, the network has to bridge the BPC and the RF capability via the (still undefined) bandwidth class.
NR Standalone
For NR standalone, a given BPC is applicable in `band combinations which consist of bands 1) with equal bandwidth class, and 2) equal or higher MIMO layer capability. This applicability rule also applies to fallback combinations which may not be signalled.
“Reduced” MIMO capability can be provided in BPC. 
There is also an additional proposal to introduce MIMO restriction on a subset of bands, regardless whether there are additional bands in the configured band combination.
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[bookmark: _Toc504609428]Figure 1 NR BPC and RF dependence
In Figure 1, we show the different inputs, and the derived bridges are the lines between the BPC and the RF capabilities. 

[bookmark: _Toc504609396]EN-DC BPC-RF dependency
For EN-DC EN-DC, the same concept is being proposed. So, we will have to define the UE’s baseband capabilities for LTE and perform the same exercise on combined LTE/NR baseband capabilities.
The same split is done for LTE part of MR-DC UE capability.
The dependency between LTE BPCs and NR BPCs is signaled as part of UE capability and comprehended by eNB and gNB.
RAN4 status
In the meantime, RAN4 is still discussing the definition of the bandwidth class. Many proposals are attempting to inherit the UE definition of the LTE bandwidth class
The problems 
The types of problems we will face depend on the final agreements RAN2/RAN4 will make this week. This is a list of potential problems depending on the chosen solutions. 
Lack of forward compatibility of UEs
Without major change in direction in RAN2 and RAN4, we observe that:
1. The UE cannot limit the expression of its configurations/capabilities, to match exactly the requested band combinations and configurations from the operators and OEMs.
2. Depending on RAN4’s agreement on BCS, the UE may not be able to limit the allowed bandwidth configurations.
[bookmark: _Ref506490711]Matching requested UE configurations
For example, assume the requirement is to support these configuration:
· CA combination 1 
· n1; DL-BCL=a, #DL Layers= 2, with UL-BCL=a, with some other baseband parameters obp0
· n2; DL-BCL=c, #DL Layers= 4, without uplink, with some other baseband parameters obp1
· CA combination 2
· n3; DL-BCL=a, #DL Layers=4, with UL-BCL=a, with the baseband parameters obp1
· n4, DL-BCL=a, #DL Layers=2, without uplink, with the baseband parameters obp0
· n5, DL-BCL=c, #DL Layers=2, without uplink, with the baseband parameters obp0
· Intra-band CA:
· N5, DL-BCL=c, #DL Layers=4, with UL-BCL=a, with the baseband parameters -obp1
Based on the above, the current design of the BPC/RF split would require the following to be signalled:
· BPC
· Every baseband combination entry is a list of BasebandParametersPerBand’s which has the DL and UL MIMO. This structure will also contain other entries which we will denote by obpX, and may contain the numerology, detailed bandwidth information, and other baseband capabilities that depend on the number of configured carriers (aka Type 2).
	BPC ID 
	“Virtual” Band 1
(basebandParametersPerBand)
	“Virtual” Band 2
(basebandParametersPerBand)
	“Virtual” Band 3
(basebandParametersPerBand)

	
	DL-BCL
	#DL Layers
	UL-BCL
	other-baseband
	DL-BCL
	#DL Layers
	UL-BCL
	other-baseband
	DL-BCL
	#DL Layers
	UL-BCL
	other-baseband

	1
	C
	4
	a
	obp1
	
	
	
	
	
	
	
	

	2
	A
	2
	a
	obp0
	c
	4
	
	obp1
	
	
	
	

	3
	A
	4
	a
	obp1
	a
	2
	
	obp0
	c
	2
	
	obp0



Table 1 BPC table example
· RF per band, downlink support of maximum class/Layers

	Band
	DL-Layers

	n1
	2

	n2
	4

	n3
	4

	n4
	2

	n5
	4



· RF per band combination
	RF Combination #
	RF Band 1
	RF Band 2
	RF Band 3

	
	Band
	DL-BCL
	UL-BCL
	Band
	DL-BCL
	UL-BCL
	Band
	DL-BCL
	UL-BCL

	1
	n5
	c
	a
	
	
	
	
	
	

	2
	n1
	a
	a
	n2
	c
	
	
	
	

	3
	n3
	a
	a
	n4
	a
	
	n5
	c
	



Then we need to support all the original configurations, but also additionally the following two new ones. They are the result of the product of the RF and baseband capabilities: 
· New config 1: BPC#3 with RF Combination #2, because of the bandwidth class matches (a;c)
· n1; DL-BCL=a; #DL Layers=2; UL-BCL=a; with obp1
· n2; DL-BCL=c; #DL Layers=2; no uplink, with obp0
· The difference compared to what was required by the OEMs/operators would be the support of obp1 on n1 and obp0 on n2 (opposite of what is requested). This could be a numerology switch or a bandwidth combination inversion, or whatever other baseband combinations are defined.
· New config 2: BPC#2 with RF Combination #3, because of the bandwidth class matches (a;c)
· n3; DL-BCL=a; #DL Layers=2; UL-BCL=a; with obp0
· n5; DL-BCL=c; #DL Layers=4; no uplink, with obp1
· The difference compared to what was required by the OEMs/operators would be the support of 4 layers on n5, along with obp1.

Qualcomm has applied the proposed signalling to our existing LTE capabilities, and we found the following:
· Around ~25% of existing configurations would be over-reported. ie, we would need to test for configurations that the operator did not request, and where the network vendors may not support.
· An additional ~60% of new configurations would neither be a subset nor a superset of the UE supported configurations. These new configurations would need to be supported, verified and tested, when they are unrelated to the requirement (for example shifting resources and capabilities from one band to another), and most probably not supported by any network vendors. 
This is a partial heatmap, showing visually how new unrequested configurations show up (in red), or are over dimensioned (in orange), while the green represents exact UE capabilities. The horizontal lines are RF capabilities, while the vertical lines are baseband capabilities. The coloured cells are valid intersections based on matching bandwidth classes.
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Figure 2 Partial heatmap of new configurations to test
[bookmark: _Hlk506434970]Observation 1: The additional design and testing required by the current RAN2 signalling is not acceptable, realistic nor feasible for lack of IOT. No company will prioritize testing of configurations that nobody has asked for, over the continuous development work. 
Matching requested bandwidth configurations
RAN4 is considering the need to support the BCS concept (Bandwidth Combination Set, which defines subsets of configurations the UE needs to support for CA in a certain band or band combination). However, with or without BCS, we still have a problem derived from the previous analysis, when applied to the bandwidths and numerologies. 
First, we should note that in any proposal, RAN4 specifications limit the combinations that the UE is allowed to support, as it has been in LTE. In LTE, even if the UE supports bandwidth class c on a number of bands, RAN4 defines different CC bandwith combinations that the UE shall support for every one of those bands, and they can be different. Thus, in Figure 3, RAN2 signalling will be a superset of RAN4 defined test cases.
RAN4 will continuously define new band combinations subsets, which may be targeting new markets with different numerologies and layers, but, maybe the same bandwidth class.  To avoid having dynamic UE capabilities depending on the evolution of RAN4 specifications, we would either need to make RAN4 specifications release dependent (see related discussion in the next section), or evolve the current agreement in RAN2 about linking the RF and BPC with bandwidth class.
This was not a problem in LTE, because LTE allowed the UE to express what baseband it supports per RF band, per RF band combination.
Allowing the UE to explicitly list the supported bandwidths per band configuration is the only workable solution for NR as well. That list of supported bandwidths is dependent on the number of layers and numerologies, in that particular bandwidth combination. Without such linking, we fall to a similar problem as in Figures 2 and 3.
Keeping the BCS concept by itself is not enough, because the same BCS0 for a legacy bandwidth combination, could tomorrow be mapped to a new required baseband class with a different numerology, for a new band combination. When that happens, the UE suddenly has to verify the application of the new numerology to all the “intersecting” RF bandwidths, as demonstrated in the example in 3.1.1.
The problem is visually expressed inFigure 3:


[bookmark: _Ref506490745]Figure 3 Forward compatibility danger

Potential impact to RAN4
To address the problem above, we either have to make changes to RAN4 or to RAN2. Let us start by examining what RAN4 could do:
· RAN4 could increase the number of RF band combinations configurations to be defined and studied:
· With more bands defined, the introduction of any numerology in a certain combination, would require a lot of new studies for all other combinations that match the bandwidth classes combination.
· This is deemed unfeasible by our RAN4 colleagues, as RAN4 has been historically backlogged.
· RAN4 specifications can become release dependent.
· Breaking years of release independent specifications of GSM/UMTS/LTE, and
· Making the network’s job very difficult in figuring out what are the actual UE capabilities. The network will have to refer to historical RAN4 specifications (not just the latest), to understand older UE capabilities.
· UE vendors wanting to add a new band combination recently defined by RAN4, would have to guarantee the operation of any new baseband classes with all intersecting RF band combinations and their evolution.
· RAN4 can keep the use of bandwidth class and bandwidth combination set. 
· This still is problematic for UE vendors as mentioned in the previous section, where any new numerology will have to be checked to work in any existing matching combination of bandwidth classes.
[bookmark: _Hlk506435049]Observation 2: RAN4 doesn’t have the time to define additional requirements, so the UE capabilities will need to be bound but what RAN4 has defined at the time of manufacturing. Other choices have negative impacts that are avoidable.

Impact to UE vendors
Depending on which route RAN4 would take, UE vendors would still have to either: 
· Additional testing that is not required by any customer, or 
· When trying to add compliance to a new release/specification date, the UE may have to pick up new configurations that it doesn’t need, in case we go with release dependent RAN4 specifications. 
There is an added risk to EN-DC:
· The definition of EN-DC baseband capabilities would result into the same problem for LTE. This may become a  huge issue, if we need to nearly double the amount of additional testing, for the bands supporting EN-DC – when no IOT will be present.
Observation 3: There is a special risk for the LTE part of EN-DC, because of the BPC definition of LTE.

Impact to network vendors
Impact to the network vendors:
· Figuring out the UE’s capabilities now requires an exhaustive cross multiplication of the baseband and RF capabilities, potentially restricted by per band MIMO and layer restrictions, and potentially by RAN4 release dates (above).
· In order to figure out all of the UE capabilities, the network would need to evaluate a very large number of combinations, which grows in the order of:
· ~Cst* number of BPC * number of RF * FACT(Number of Carriers)*[(Average Number of L2 constraints) ^NCarriers * (Average Number of numerology constraints)]^NCarriers .
· This requires multi-level recursion for full list (or lots of for loops), and very intricate optimizations to minimize the number of dead leaves.
· Alternatively, the network could save the results once, per type of UE, per area, per requested set of bands. That’s an alternative solution, but still requires the additional development and constant maintenance of such databases.

Table 1 is an example shows how fast the number of iterations grows:
[image: ]
Table 2 Network iterations to figure out the UE’s capabilities
Observation 4: In any case, there is additional work in the network to manage and make sense of the new RAN2 capability structure. 

Capability types disconnect
RAN1 and RAN2 are discussing the types of UE NR capabilities, as defined in R2-1712078. 
The yellow highlight is our understanding of how the types are mapped to the current RAN2 structures:
	Type 1:	Layer-1 features relevant to RF characteristics
· They are reported per band (not per band combination).
· RF, per band
· These capabilities may be either (1A) per band, (1B) per group of bands, outside the band combinations.
Type 2:	Layer-1 features that influence baseband processing when UE is configured with NR CA/MR-DC/SUL
· They are reported in the baseband capability combination signaling.
· These capabilities may be either per virtual band, per virtual band combination (2A) or just per virtual band combination (2B)
Type 3;	Layer-1 features having both Type 1 and Type 2 characteristics (like the MIMO capability and the other LTE UE capabilities included per band in the band combination or per band combination)
· It is noted that for type-3 features RAN2 aims to follow the above agreements and working assumptions made for the MIMO capability.
· These capabilities will be repeated per RF band per RF band combination.
Type 4:	Layer-1 features independent from the other features and not categorized into any of the above types
· In LTE, they are defined as physical layer parameters in TS 36.306. They are reported without linkage to band combination signalling.
· Unrelated to bands/baseband

RAN1’s list contains 187 capabilities, and in one proposal R1-1802849 the types statistics are:
· Type 1: 35 entries
· Type 2: 1 entry
· Type 3: 30 entries
· Type 4: 94 entries
· (N.A.:27)
The premise of splitting the UE capabilities into baseband and RF is the assumption that many parameters will be baseband related like MIMO. In reality, very little parameters will be of Type 2. 
Observation 5: There is no need to create a baseband container, as there are very little parameters which will be baseband only, per current RAN1 discussions.
Based on these observations, we propose:

Proposals
Having gone through the problems with current situation, we do want to optimize the size of the UE capabilities, which is the real problem. In the process, we want to confirm that:
Proposal 1: Agree that 3GPP/RAN4 will only introduce requirements requested by operators. ie RAN2 signalling structure shall not result in work that no operator has requested.
Proposal 2: RAN2 shall define signaling allowing the UE to signal exact capabilities meant to be deployed, and that is not dependent on the version of the RAN4 specifications.
Splitting the capabilities in baseband and RF was a tool to achieve the capability size savings, but that’s not the only tool. RAN2 should be open to revisit this decision based on the above extensive analysis with the large impact to testing and thus deployment schedules.
Proposal 3: Merge the RF and BPC containers, but keep a “configuration” container that can be reused across bands.
The following proposals achieve the same or better capability size savings. In order to ensure that the UE is built and tested for exactly what the operators have requested:
Proposal 4:  RAN2 signaling shall support:
1) The UE defines capabilities per adjacent CC, per virtual band, per virtual band combination. They include Type 2 and type 3 as defined in R2-1712078.
2) The RF capabilities are per band per band combination, and reference the UE defined capabilities above.
Proposal 5: RAN2/RAN4 shall agree on 1 of these solutions:
· Option 1: The UE signaling spells out the supported bandwidths, layers and numerologies per RF band per RF band combination. 
· Option 2: RAN4 specifications shall keep the BCS- Bandwidth Combination Set for NR per RF Band combination (as in LTE) and add Layers, numerologies and potentially other parameters to the bandwidth class definition.
· Option 3: RAN4 specifications shall keep the BCS- Bandwidth Combination Set for NR per RF Band combination (as in LTE) and add Layers, numerologies and potentially other parameters considerations to the Bandwidth combination set (BCS) definitions.

Details of the proposals
All the proposals revolve around the idea that we need to link parameters such as the Bandwidth, Numerology, Number of layers, and potentially when defining the UE’s capabilities. 

[bookmark: _Toc504609397]Option 1: Explicit RAN2 signalling
In this proposal, the UE defines “baseband capabilities for adjacent carriers within a band”, and references these in the RF capabilities, per band, per band combination.
The UE lists a “list of bandwidths” associated with a modulation and subcarrier spacing. Then, the UE can reference these building blocks from the RF capabilities. 
In the RF capabilities, we have mostly Type 3 capabilities, and the occasional Type 2 capabilities, listed and indexed separately for better encoding (dubbed other band combinations capabilities: Obc1, Obc2, etc…)

[image: ]
Figure 4 Option 1
Signalling details
· For RF band combinations, 
· Per RF band combination
· List of DL baseband configuration IDs (defined below)
· Per band per DL band combination, including intra-band non-contiguous:
· Band number
· Reference to a List of supported uplink band combinations 
· BCS
· Per band per UL band combination:
· List of UL baseband configuration IDs (defined below) 
· …
· Per RF band, or group of bands (repeat entries allowed):
· Downlink Band number(s)
· Maximum Aggregate DL Bandwidth
· Maximum Number of Layers on the downlink 
· Per RF band, or group of bands (repeat entries allowed):
· Uplink Band number(s)
· Maximum Aggregate UL Bandwidth
· Maximum Number of Layers on the uplink 
· For (virtual) band  (referenced for RF)
· DL baseband configuration ID (implicit or explicit numbering)
· Scaling factor? 
· Per virtual Band
· Per Carrier per virtual band (B)
· Numerology
· DL-Bandwidth
· Maximum number of layers
· Maximum modulation order
· Scaling factor?
· UL Baseband configuration IDs
·  Bandwidths, Max number of layers, …
·  …
Signalling size comparison
This solution is comparable in size to the current RAN2 solution, as instead of bandwidth class on both sides, we use the index of OBCs in the RF.
The advantage is that the UE can express exactly what it supports.
The network has a very easy task figuring out what configurations are allowed, without having to cross reference multiple tables. 

Option 2: RAN4 to consider baseband in the bandwidth class
Additional granularity is required in the NR CA combination tables to capture baseband limitations when combining NR component carriers.
In this option, RAN4 defines the bandwidth classes in conjunction with baseband, but could still group multiple capabilities together. The important is to couple the triplet as discussed previously.
This triplet can still be used to link the BPC and RF capabilities as per the current RAN2 structures.
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Figure 5 Option 2


Option 3: RAN4 to consider baseband in the BCS
In this option, the bandwidth class is kept as is, so is the RAN2 signalling, but each CA Configuration defines its BCS in terms of layers and numerologies that are expected to be supported as shown in Figure.
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Figure 6 Option 3


The CA table examples are repeated outside the figure for clarity:

	Single Carrier configuration / Bandwidth combination set

	NR CA Configuration
	Uplink configurations
	NR Bands
	5
MHz
	40
MHz
	50
MHz
	60
MHz
	80
MHz
	100
MHz
	Maximum aggregated bandwidth
[MHz]
	Bandwidth combination set

	n10A
	
	N10
	
	
	2L,15K 
	
	
	
	
	Z10

	
	
	
	
	
	4L,30K
	
	
	
	
	Z11

	
	
	
	
	
	
	
	
	2L,30K
	
	Z12



	NR CA configuration / Bandwidth combination set

	NR CA Configuration
	Uplink CA configurations 
	NR Bands
	5
MHz
	40
MHz
	50
MHz
	60
MHz
	80
MHz
	100
MHz
	Maximum aggregated bandwidth
[MHz]
	Bandwidth combination set

	CAn20B
	
	N20
	
	2L,15K
	
	
	
	
	
	Z20

	
	
	
	
	
	
	2L,30K
	
	
	
	

	
	
	N20
	
	
	4L,30K
	
	
	
	
	Z21

	
	
	
	
	
	4L,30K
	
	
	
	
	



	CAn30A-31A

	
	N30
	
	
	
	
	
	4L,30K
	
	Z30

	
	
	N31
	
	
	4L,30K
	
	
	2L,30K
	
	

	
	
	N30
	
	
	4L,30K
	
	
	2L,30K
	
	Z31

	
	
	N31
	
	
	
	
	
	4L,30K
	
	



	CAn40A- n41A- n42A- n43A
	
	N40
	
	
	2L,15K
	
	
	
	
	Z40

	
	
	N41
	
	
	2L,15K
	
	
	
	
	

	
	
	N42
	
	
	4L, 30K
	
	
	
	
	

	
	
	N43
	
	
	
	
	
	2L,30K
	
	






Conclusion
We observe:
Having gone through the problems with current situation, we do want to optimize the size of the UE capabilities, which is the real problem. In the process, we want to confirm that:
Proposal 1: Agree that 3GPP/RAN4 will only introduce requirements requested by operators. ie RAN2 signalling structure shall not result in work that no operator has requested.
Proposal 2: RAN2 shall define signaling allowing the UE to signal exact capabilities meant to be deployed, and that is not dependent on the version of the RAN4 specifications.
Splitting the capabilities in baseband and RF was a tool to achieve the capability size savings, but that’s not the only tool. RAN2 should be open to revisit this decision based on the above extensive analysis with the large impact to testing and thus deployment schedules.
Proposal 3: Merge the RF and BPC containers, but keep a “configuration” container that can be reused across bands.
The following proposals achieve the same or better capability size savings. In order to ensure that the UE is built and tested for exactly what the operators have requested:
Proposal 4:  RAN2 signaling shall support:
1) The UE defines capabilities per adjacent CC, per virtual band, per virtual band combination. They include Type 2 and type 3 as defined in R2-1712078.
2) The RF capabilities are per band per band combination, and reference the UE defined capabilities above.
Proposal 5: RAN2/RAN4 shall agree on 1 of these solutions:
· Option 1: The UE signaling spells out the supported bandwidths, layers and numerologies per RF band per RF band combination. 
· Option 2: RAN4 specifications shall keep the BCS- Bandwidth Combination Set for NR per RF Band combination (as in LTE) and add Layers, numerologies and potentially other parameters to the bandwidth class definition.
· Option 3: RAN4 specifications shall keep the BCS- Bandwidth Combination Set for NR per RF Band combination (as in LTE) and add Layers, numerologies and potentially other parameters considerations to the Bandwidth combination set (BCS) definitions.
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{n41,50Mhz, 2L, 15 Khz}+

{n42,50Mhz, 4L, 30 Khz}+

{n43,100Mhz, 2L, 30 Khz}

But not 5+5+80+80, etc

Ex4: Inter-band 

4CC

 

Types 2,3

 

Single Carrier   configuration / Bandwidth combination set  

NR CA  Configuration  Uplink   configurations  NR  Bands  5   MHz  40   MHz  50   MHz  60   MHz  80   MHz  100   MHz  Maximum  aggregated  bandwidth   [MHz]  Bandwidth  combination  set  

n10A   N10    2L,15K       Z1 0  

    4L,30K      Z11  

       2L,30K   Z12  

 

NR CA configuration / Bandwidth combination set  

NR CA  Configuration  Uplink CA  configurations   NR  Bands  5   MHz  40   MHz  50   MHz  60   MHz  80   MHz  100   MHz  Maximum  aggregated  bandwidth   [MHz]  Bandwidth  combination  set  

CA n 20B   N20   2L,15K       Z2 0  

     2L,30K     

 N20    4L,30K      Z2 1  

    4L,30K      

 

C A n 3 0A - 3 1 A     N30       4L,30K   Z3 0  

 N31    4 L,30K    2L,30K   

 N30    4 L,30K    2L,30K   Z3 1  

 N31       4 L,30K   

 

CAn40A -   n41A -   n42A -   n43A   N40    2L,15K      Z4 0  

 N41    2L,15K      

 N42    4L, 30K      

 N43       2L,30K   
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(1) Either Band A or Band B can be configured with 4 layer MIMO
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