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1. Introduction

During the recent meetings RAN4 had multiple discussions on the optimization of LTE UE baseband capabilities signalling in order to avoid excessive signalling overhead and complexity associated with per band per CA band combination granularity of capability signalling of many baseband features. During the discussions there was a common understanding that certain enhancements can be beneficial, however, no consensus on the particular solution was reached and in the end RAN4 decided to postpone discussions and handle the question jointly for LTE/NR.

The similar topic of LTE/NR UE baseband capabilities signalling optimization was also discussed in the RAN2 WG. In the Aug’17 RAN2 meeting the LS to RAN4 was agreed [1]:
	1. Overall Description:

RAN2 would like to inform the following agreement for NR introducing baseband capability signalling. 

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.

RAN2 will continue discussing on the detailed solution. For information, RAN2 include two examples based on LTE capabilities are included in Annex. 

2. Actions:

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.

…


RAN4 had initial discussion on this topic in RAN4 NR-AH3 meeting and the following agreements were reached [2]:

	· RAN2 solutions direction in which “baseband capabilities are extracted from the BC structure and the baseband capabilities are conveyed in a separate table” is feasible and recommended from RAN4 perspective

· At least the following factors have impact on the UE baseband complexity and should be considered as a part of baseband capabilities signalling:

· Number of supported CCs

· BW per each supported CC

· Number of MIMO layers per each CC

· Open issues for further discussion in RAN4 #84bis

· List of NR UE baseband capabilities to be included in the Baseband capability signalling

· Feasibility of having MIMO layers reporting extracted from BC structure

· Analysis of pros/cons of Example 1 and 2 in RAN2 LS

· Details of UE baseband capabilities reporting structure based on Example 1 or 2.

· Other examples are not precluded

· Whether similar signalling approach is applicable for LTE baseband capabilities


In this contribution we share our further views on the questions raised by RAN2 and address the open issues identified in the previous RAN4 meeting.
2. Discussion

2.1 NR baseband UE capabilities

The UE baseband complexity mainly depends on the complexity of DL signal demodulation and CSI estimation. In table 1 we highlight the typical factors which drive the UE implementation complexity.
Table 1. UE baseband complexity factors

	DL demodulation
	Channel estimation: RS patterns (front-loaded or not); number of processed APs; aggregated channel bandwidth (number of processed REs); interference mitigations (number of estimated signals)

	
	Demodulation: Number of processed data REs; number of MIMO layers per each RE; number of RX antennas; receiver algorithms (e.g. MMSE, R-ML); interference mitigations assumptions (e.g. CRS-IC, NAICS, detection of interference parameters); number of simultaneously handled numerologies; processing time requirements.

	
	Decoding: Decoder algorithm design; peak TBS which is expected to depend on the CBW per each CC, number of co-processed TBs in one time unit which may depend on the number of MIMO layers and number of supported CCs; processing time requirements.

	CSI estimation
	Number of CCs for which UE makes CSI estimation as well as CBW of each CC

	
	Number of parallel CSI estimations under different channel/interference hypothesis (e.g. number of CSI processes and number of CSI resources / CRIs)

	
	CSI estimations algorithms: number of PMI&RI hypothesis (depend on supported MIMO rank, MIMO codebooks)


Below we provide more details on the main factors which may drive the NR UE implementation complexity:
· Channel BW: Channel BW determines the number of REs which has impact on the complexity of DL demodulation, channel estimation as well as CSI estimation. In accordance to the current agreements a wide range of possible CBW values may be supported for NR: from 5 to 100 MHz for sub-6GHz and from 50 to 400 MHz for mmWave. Furthermore, the support of max CBW is expected to be up to UE capabilities and UE may not be obliged to support the maximum CBW (same time in LTE UE always needs to support 20MHz BW). Hence, the particular parameter should be considered as a part of the UE baseband capabilities indication. In order to allow finer granularity of UE capabilities indication per-CC CBW indication should be considered.
· Number of MIMO layers: Based on current discussions UE may be expected to support 2 or 4 MIMO layers for sub-6GHz and 2 layers for mmWave operation. In general, further extension to higher number of layers is possible in the future at the cost of increased complexity. As mentioned above number of layers has impact on both DL demodulation and CSI reporting complexity. To allow UE support of different number of layer on different CCs UE capabilities indication with per-CC granularity can be considered. In particular, such granularity can be beneficial for the scenarios when UE can support 2RX antennas for low frequencies (e.g. 1GHz) and 4RX antennas for higher frequencies (e.g. 3.5GHz).
· Multiple numerologies: UE RX processing complexity may vary for different numerologies. The amount of computational operations may vary depending on the particular numerology used for RX processing. For example different numerologies require different FFT sizes and have different spectrum utilizations, so overall amount of operations per certain time unit may vary. RAN4 should further discuss if numerology should be considered as one of the factors to be included as the parameter into the baseband capabilities signalling or UE may provide signalling under “worst” case assumption complexity among the supported set of SCS. In addition, Based on previous agreements the support of FDM reception of data channels with different numerologies is up to UE capabilities (i.e. support of multiple numerologies should not be mandated). The main reason is that simultaneous TX/RX of signal with different numerologies may require multi-FFT processing and can be one of the factors to drive UE implementation complexity. At current stage it is assumed that UE should be capable to support a single BWP in Rel15, however in the future releases larger number of BWPs will be introduced and it should be taken into account. In addition, support of mixed numerologies reception for Data and Sync signals is also not mandated. In case multiple numerologies support will be introduced, the respective capability should be included in the list. 
· Advanced RX and IM features: NR reference receiver assumptions for the minimum SU-MIMO performance requirements definition are subject to further discussion (e.g. MMSE or RML). The particular algorithm has impact on UE complexity and the particular information may need to be included into the baseband capabilities subject to reference receiver discussion outcome. Initial NR Rel-15 requirements most likely will not assume advanced IM RX processing. Meantime, in the future different flavours of advanced receivers may be introduced and would lead to complexity increase. So, advanced receivers (e.g. NAICS or MUST) can be candidates to be included into the baseband capabilities signalling but most likely in the future releases.
· Amount of CSI processes: For LTE number of supported CSI processes and resources are the main drivers of UE implementation complexity. It is anticipated that NR may support multiple CSI processes and resources (i.e. CSI estimates under different assumptions on useful channels and interference structure). The details of respective RAN1 design are not finalized and further analysis of complexity impacts may be needed once design is complete.
· Supported modulation set: In accordance to the current assumptions UE should support up to 256QAM in DL. Also, the support of higher order modulations requires more implementation complexity and can be considered as one of the candidates to be included into the capabilities indication. Furthermore, support of some modulations can be band dependent (e.g. higher order modulations operation for mmWave may be complicated due to tight EVM requirements). Hence, it cannot be guaranteed that UE would support modulations for all band combinations and respective information should be included in the baseband capabilities signalling in order to allow UE to signal different sets of supported capabilities.

· UE processing time: RAN1 is currently discussing UE capabilities for UE processing time (N1, N2). The particular capabilities may impact the UE baseband complexity.
Based on discussion above at least number of supported CCs, BW per each supported CC, number of MIMO layers per each CC can be considered as the factors to affect the UE baseband complexity. Based on the last meeting discussion RAN4 already confirmed that these factors should be included into baseband signalling indication. The remaining capabilities need further discussion in RAN4 and the detailed information on the remaining NR baseband capabilities (“Baseband capability combination”) can be provided to RAN2 at a later stage.

Proposal #1:
Further whether and how the following capabilities should be included into the NR UE baseband capabilities signalling set:
· Support of multiple numerologies FDM operation (TX/RX, Data/Data, Data/Sync, others)
· SU-MIMO and IM receiver structures

· Number of CSI processes (and the like)

· Supported modulation set

· UE processing time

2.2 MIMO layers signalling structure

In accordance to the last meeting agreements RAN4 should further check “Feasibility of having MIMO layers reporting extracted from BC structure”. At current stage it is assumed that NR signalling structure should follow the LTE principles and the MIMO layers capabilities shall be reported per each CC in each band combination (BC) signalling structure. In the previous meeting it was proposed to modify the signalling and signal the maximum number of supported MIMO layers (effectively number of RX antennas) with per band granularity. Meantime, the per-CC signalling of the actual number of supported MIMO layers could be completely moved into the baseband capabilities. The main motivation behind this proposal is that the number of supported antennas depends on the particular carrier frequency and is does not depend on the supported band combination. The particular questions was already discussed in the past in application to LTE and a counterexample was provided in [3]. Depending on UE implementation the total number of RX chains / Number of MIMO layers may depend the CA RF architecture and the supported value may depend on the supported CA combination. In order to keep UE implementation flexibility we recommend to keep the LTE based signalling structure and provide the signalling of the number of MIMO layers per each CC in each BC. 
Proposal #2:
NR UE capabilities signalling for the number of supported MIMO layers (number of RX chains) shall follow the LTE approach (signalled per each CC in each CA band combination)
2.3 RAN2 signalling solutions
In accordance to the RAN2 LS two possible solutions are being considered as the candidates to optimize UE baseband capabilities signalling [1]:
	Example 1: 

Each entry include baseband combination per CC indexed by number of component carriers, MIMO layers per CC and BW per CC (rows organized by number of component carriers)

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

It is noted that in the above example table, # of CCs, MIMO layers and bandwidth are also to link band combination information and the corresponding baseband capabilities because baseband capabilities are also affected by these capabilities. # of CCs, MIMO layers and bandwidth information should be indicated in each band combination additionally.

Example 2: 

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.  

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




As mentioned above, the NR UE implementation complexity will be driven by the same factors as LTE chipset complexity and complexity will depend on the number of supported CCs, bandwidth per each supported CC, number of MIMO layers per each CC as well as other baseband features including set of supported modulations, receive processing algorithms, number of parallel CSI estimations, etc. The proposed Example 1 solution captures all these factors and provides UE a very high level of flexibility of baseband capabilities signalling. As mentioned in the previous meeting some companies have concerns on the associated signalling overhead of Example 1 solution. In our understanding the signalling overhead is out of RAN4 scope and should be assessed by RAN2. In addition, most likely UE is not forced to provide the full set of possible combinations of capabilities and should select some reasonable subset if it has any implementations constraints.
The Example 2 solution is based on the similar principles as Solution 1 but has some ambiguity and drawbacks: 
· First of all, the proposed description is ambiguous and the meaning of the “Maximum layers in total” and “Maximum processes in total” is unclear. For instance, it is not clear whether the maximum corresponds to the sum of MIMO layers per each CC or per some abstract CBW. 
· The proposed approach does not include information on the total number of CCs and BW per each CC. In NR the range of possible CBW values can be very big and may vary from 5 MHz to 100 MHz for sub-6GHz and from 50 MHz to 400 MHz for mmWave. Therefore, the size of each CC may vary a lot and it would be natural to include #of CCs and each BW CC into the complexity calculation. So, the signalling should at least be capable to convey information on #CC, BW of each CC and MIMO layers per each CC. 

Proposal #3:
Recommend RAN2 to proceed with Example 1 solution. Inform RAN2 on identified issues with Example 2 solution.

2.4 LTE signalling enhancements

In accordance to the previous RAN4 discussions LTE systems may also benefit from the introduction of UE baseband capabilities signalling optimizations. In particular, in RAN4 #84 meeting several solution were discussed [X,Y] but no decision was made and it was discussed that it would be beneficial to align LTE/NR solutions. In our view, the RAN2 Example solution 1 can be directly applied extended to LTE. At least the following capabilities can be included in the list of baseband capabilities (“Baseband capability combination”): MUST, TM10 (number of CSI processes), FD-MIMO. Other UE capabilities which would benefit from the capabilities signalling introduction need further discussion. FFS if additional capabilities could benefit from the signalling optimization.
Proposal #4:
Recommend RAN2 to adopt similar signalling enhancements to LTE baseband capabilities including TM10, FD-MIMO, MUST

3. Conclusions

In this contribution we provided our views on the NR UE baseband capabilities signalling optimization described in RAN2 LS [1]. In summary, we make the following proposals:

Proposal #1:
Further whether and how the following capabilities should be included into the NR UE baseband capabilities signalling set:

· Support of multiple numerologies FDM operation (TX/RX, Data/Data, Data/Sync, others)
· SU-MIMO and IM receiver structures

· Number of CSI processes (and the like)

· Supported modulation set

· UE processing time

Proposal #2:
NR UE capabilities signalling for the number of supported MIMO layers (number of RX chains) shall follow the LTE approach (signalled per each CC in each CA band combination)
Proposal #3:
Recommend RAN2 to proceed with Example 1 solution. Inform RAN2 on identified issues with Example 2 solution.

Proposal #4:
Recommend RAN2 to adopt similar signalling enhancements to LTE baseband capabilities including TM10, FD-MIMO, MUST
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