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1. Introduction

The RAN2 WG made a number of agreements and working assumptions on the MIMO layers reporting, which are captured in the RAN2 LS on UE baseband processing capability [1]: 
	1. Overall Description:

With regards to NR UE capability structure, RAN2 has been working on a solution where UE capabilities related to baseband processing are extracted from the NR band combination signaling as informed in [1].

RAN2 would like to inform of the further decision made at RAN2 #99bis as shown below:


Agreements:

1. UE can report the number of MIMO layers per band.

2. The concept of baseband capability combination is applied at least for the LTE part of MR-DC. The fallback mechanism similar to Rel-14 LTE CA is considered for the baseband processing combination signaling. Details are FFS.

Working assumptions:

1. The UE reports the MIMO capability per CC as part of the baseband processing capabilities.

2. The MIMO capability is not included in the band combination signalling.

Besides that, RAN2 is aware that RAN1 has been doing an exercise to develop the Layer-1 UE feature list for NR. To define proper capability signaling for each Layer-1 feature, it is helpful from RAN2 point of view if the Layer-1 features can be classified into the following types:


Type 1:
Layer-1 features relevant to RF characteristics

· They are reported per band (not per band combination).

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.

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.

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.
2. Actions:

To RAN4 group.

ACTION: 
RAN2 respectfully asks RAN4 group to take the agreements and working assumptions into account and to provide feedback if any.
To RAN1 group.

ACTION: 
RAN2 respectfully asks RAN1 group to classify the layer-1 NR features into the four types explained in this LS when developing the list of UE features.


In accordance to the RAN2 request RAN4 should further discuss the agreements and working assumptions on NR and LTE MIMO layers reporting in EN-DC (E-UTRA-NR Dual connectivity), and NR MIMO layer reporting in NR SA. In this contribution we provide our views on the MIMO layers reporting structure, provide insights in the possible UE implementation constraints and suggest a framework for MIMO layers UE capabilities signalling for EN-DC and NR SA cases. In particular, we note that the existing RAN2 working assumptions on MIMO layers reporting imply substantial constraints on the UE implementation flexibility and can have negative impact on the peak throughput performance.
2. Discussion
2.1 LTE MIMO layers signalling structure

In LTE the MIMO layers UE capabilities are signalled with per band per CA band combination granularity (per-BoBC). Such signalling framework provides the highest level of flexibility which comes at the cost of increased signalling overhead.
Observation #1: For LTE the MIMO layers UE capability is signalled with per band per band combination (per-BoBC) granularity.
2.2 EN-DC NR/LTE and NR SA MIMO layers signalling structure

In accordance to the RAN2 agreements in [1] the following MIMO layers UE capabilities signalling is expected for the case of EN-DC NR/LTE and NR SA:
· Agreement: MIMO layers capability will be signaled with per band granularity
· Working assumption MIMO layers capability will be signaled with per CC granularity as a part of the baseband processing capabilities (BPC) signalling
· Working assumption: MIMO layers capability will not be included into the band combination signalling 
Еhe agreements in [1] are applicable for both EN-DC NR/LTE and NR SA. For the case of EN-DC the agreement apply to both LTE and NR RATs.

Observation #2: EN-DC and NR SA UE capabilities signalling design does not allow MIMO layers signalling with per band per band combination (per-BoBC) granularity. For the case of EN-DC, the constraints apply to both LTE and NR RATs.
2.3 RAN4 agreements on NR MIMO layers 

Indeed, in the previous meetings RAN4 already had multiple discussions on the MIMO layers UE capabilities reporting structure. In this section we provide an overview of previous RAN4 discussions on MIMO layer reporting. 

The following agreements were captured in the RAN4 #82 [2]:

	Q4: RAN2 assumes that the network will need to be aware, via capability signalling, of the set of the LTE and NR band combinations which are supported by the UE. However, RAN2 would like to understand what capabilities might be depending on the LTE/NR band combinations. In particular, RAN2 would like to understand if it is essential to support as high degree of flexibility as is currently possible with LTE, where UE can indicate support for a feature (e.g. MIMO layers, CSI processes) per band of a band combination? E.g. the antenna configuration (e.g. MIMO layers) used on MCG cells may not depend on the antenna configuration used on SCG cells, if they operate on widely separated frequency bands?  

A4: RAN4 has identified that some NR UE capabilities may depend on the LTE/NR band combinations, such as MIMO layers, however it is FFS to identify all parameters. RAN4 expect similar flexibility as in LTE will be required for the NR capabilities dependent on band combinations.


The following agreements were reached in RAN4 NR-AH3 [3]:

	· 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 

· 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 the recent RAN4 #84bis meeting discussion continued, but no conclusions on the feasibility of extraction of the MIMO layers reporting from the CA BC signalling structure were reached.
Observation #3: In accordance to the RAN4 agreements 
· MIMO layers capability was identified to be dependent on the LTE/NR band combinations and there is no consensus that MIMO layers reporting extracted from BC structure. 

· Number of MIMO layers per each CC should be a part of baseband processing capabilities. 

2.4 UE implementation constraints on number of MIMO layers
The actual number of supported MIMO layers at the UE side for the particular carrier depends on multiple factors:

2.4.1 Antenna design constraints

One common constraint in the UE design is the number of supported TX/RX antennas. Typically, the number of supported antenna ports depends on the antenna array aperture as well as target device size (e.g. different number of antennas may be applicable for smartphones, tablet, and vehicles). The antenna aperture depends on the antenna array structure and supported frequency bands (e.g. UEs can support 4 antenna ports for higher frequency bands and 2 antenna antennas for low frequency bands). In accordance to current agreements the NR MIMO layers capability will be signaled with per band granularity and such type of signalling allows signalling of different number of ports for different frequency ranges.

Observation #4: Number of supported MIMO layers depends on the frequency range (band) and this is aligned with RAN2 agreement on per-band signalling of MIMO layers capability
2.4.2 CA RF constraints

In addition to the factors above, UE capabilities may be constrained by the CA RF architecture. In particular, the number of supported MIMO layers may vary for different CA combinations and depend on whether the CA combination includes inter-band / intra-band non-contiguous / intra-band contiguous CCs. It may happen that for some CA combination UE may support max number of MIMO layers for a particular band in a band combination, while for other CA combinations UE will not be able to support the max number of layers for the same band. Technically, the RF capabilities will depend on the number of supported ADCs at the UE side. For example, UE may support up to X baseband MIMO layers and up to Y ADCs (Y ≤ X). The number of actually used ADC blocks may depend on whether CA combination includes any intra-band contiguous configuration. For instance, in case of contiguous intra-band CA, adjacent CCs may use a single ADC block, while for the intra-band non-contiguous or inter-band CA case UE may use different ADCs for the processing of different CCs.

Observation #5: Number of supported MIMO layers per each CC for CA depends on the RF architecture and may vary for different CA combinations (intra-band contiguous / intra-band non-contiguous / inter-band).
Below, we provide an example of possible CA RF constraints:
· Consider that UE can support up to 4 MIMO layers per each band

· The max number of baseband MIMO layers X = 12

· The max number of RF ADCs Y = 10

· 3 possible CA scenarios are considered

· Inter-band CA (B1A_B2A_B3A)

· Intra-band non-contiguous + inter-band CA (B1A_B1A_B2A)

· Intra-band contiguous + inter-band CA (B1C_B2A)
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· In Table 1 we illustrate the examples of possible supported MIMO combinations.
Table 1. MIMO layer configuration example

	CA Combo (RF)
	Max number of MIMO layers per band
	Supported BB MIMO configuration
	Supported RF MIMO configuration
	Comments

	B1A_B2A_B3A
	B1: 4

B2: 4

B3: 4
	2/2/2

2/2/4

2/4/2

4/2/2

2/4/4

4/4/2

4/2/4

4/4/4
	2/2/2

2/2/4

2/4/2

4/2/2

2/4/4

4/4/2

4/2/4

4/4/4
	UE can support max Y MIMO layers due to RF constraints (UE cannot support 4/4/4 combination) 

UE shall not signal such BB capability or not signal such CA combo

	B1A_B1A_B2A
	B1: 4

B2: 4
	2/2/2

2/2/4

2/4/2

4/2/2

2/4/4

4/4/2

4/2/4

4/4/4
	2/2/2

2/2/4

2/4/2

4/2/2

2/4/4

4/4/2

4/2/4

4/4/4
	UE can support max Y MIMO layers due to RF constraints (UE cannot support 4/4/4 combination) 

UE shall not signal such BB capability or not signal such CA combo

	B1C_B2A
	B1: 4

B2: 4
	2/2/2

2/2/4

2/4/2

4/2/2

2/4/4

4/4/2

4/2/4

4/4/4
	2/2/2

2/2/4

2/4/2

4/2/2

2/4/4

4/4/2

4/2/4

4/4/4
	UE can support X = 12 MIMO layers due lack of RF constraints 


From the example above one can observe that in case the signalling design does not allow UE to inform eNB/gNB on the number of MIMO layers in per CC manner for different CA combinations and, hence, UE has two alternatives to resolve the constraints:

1) Limit its BPC capabilities to the Y number of MIMO layers (e.g. do not support 4/4/4 for any CA combination in the example above)
2) Do not signal the support of problematic CA combinations (e.g. not support B1A_B2A_B3A and B1A_B1A_B2A)
Both approaches are undesirable and would lead to reduce peak UE throughput comparing to the achievable one.
Observation #6:
To comply with new EN-DC LTE/NR and NR SA MIMO layers signalling design, UE would need limit support of certain CA combinations or reduce the maximum number of supported MIMO layers in BPC for both NR and LTE which would results in reduced peak throughput performance.
In accordance to the analysis above we believe that RAN2 working assumption to remove per-BoBC MIMO layer signalling may have negative impacts on the UE implementation flexibility and performance, and therefore should be revised:
Proposal #1:
Inform RAN2 that “MIMO layers capability will not be included into the band combination signalling” working assumption contradicts to RAN4 agreements and substantially limits UE implementation flexibility. UE shall be allowed to signal number of supported MIMO layers per band in CA band combination.

2.4.3 Baseband processing constraints

LTE and NR chipset implementations typically have certain baseband processing constraints in terms of maximum total number of processed MIMO layers and processed BW. The related UE capabilities are generally limited by the amount of available baseband processing hardware. Typical UE chipsets have flexible implementation and allow balancing of receive processing capabilities based on available HW budget and particular network configuration. For example, UEs can support indicate support of 100 MHz BW + 2 MIMO layers or alternatively 50 MHz BW + 4 MIMO layers. The RAN2 NR BPC signalling framework is expected to be flexible enough to handle different possible baseband constraints and UE will be allowed to signal different possible combinations of the number of supported MIMO layers and BW per each CC.

Observation #7: Number of supported MIMO layers depends UE baseband processing capabilities (i.e. amount of HW processing resources) and respective capabilities can be controlled using BPC
Proposal #2:
Inform RAN2 that “MIMO layers capability will be signaled with per CC granularity as a part of the baseband processing capabilities (BPC) signalling” working assumption is aligned with RAN4 understanding.

2.5 Possible signalling design for MIMO layers CA RF capabilities
In our view different signalling designs can be considered to inform eNB/gNB on the number of supported MIMO layers per band in CA band combination and final decision can be left up to RAN2 WG:
· Option 1: Reuse per-BoBC MIMO layer signalling for all CA combinations (LTE-based)
The most straightforward approach is to reuse LTE signalling approach when MIMO layer capabilities are reported using per-BoBC approach. Assuming that UE reports a limited set of CA combinations (only for bands supported by eNB/gNB), additional overhead due to such reporting is expected to be limited. In this case per band signalling of number of MIMO layers can be redundant.

· Option 2: Reuse per-BoBC MIMO layer signalling for problematic CA combinations
The amount of problematic CA combination depend on the difference in the UE baseband (X) and RF (Y) capabilities. Based on our judgement, a small subset of all supported CA combinations may be affected (< 5%). Hence, one alternative solution is to provide per-BoBC signalling for the problematic CA combinations (i.e. combinations with CA RF constraints), while for other combinations it may be assumed that UE can support maximum number of MIMO layers:
· Signal per-band max number of MIMO layers (Nmax,band)
· CA combinations MIMO layers signalling
· Non-problematic CA combinations: 
· No dedicated MIMO layers signalling
· eNB/gNB may assume that UE can support up to Nmax,band MIMO layers per each CC depending on associated band
· Problematic CA combination (i.e. where UE cannot maintain max # of layers based on Nmax,band)
· Signal max number of MIMO layers per band in CA combination (i.e. LTE-like)
Proposal #3:
Recommend RAN2 to introduce UE capability signalling to allow MIMO layer reporting per band in CA band combination. Possible signalling could include:

· Option 1: Reuse per-BoBC MIMO layer signalling for all CA combinations (LTE-based)
· Option 2: Reuse per-BoBC MIMO layer signalling for problematic CA combinations only
· Other option not precluded and up to RAN2
3. Conclusions
In this contribution we provide dour views on the NR MIMO layers reporting structure, provided insights in the possible UE implementation constraints and suggest a framework for NR MIMO layers UE capabilities signalling. In summary we make the following observations and proposals:
Observation #1: For LTE the MIMO layers UE capability is signalled with per band per band combination (per-BoBC) granularity.
Observation #2: EN-DC and NR SA UE capabilities signalling design does not allow MIMO layers signalling with per band per band combination (per-BoBC) granularity. For the case of EN-DC, the constraints apply to both LTE and NR RATs.
Observation #3: In accordance to the RAN4 agreements 
· MIMO layers capability was identified to be dependent on the LTE/NR band combinations and there is no consensus that MIMO layers reporting extracted from BC structure. 

· Number of MIMO layers per each CC should be a part of baseband processing capabilities. 

Observation #4: Number of supported MIMO layers depends on the frequency range (band) and this is aligned with RAN2 agreement on per-band signalling of MIMO layers capability
Observation #5: Number of supported MIMO layers per each CC for CA depends on the RF architecture and may vary for different CA combinations (intra-band contiguous / intra-band non-contiguous / inter-band).
Observation #6:
To comply with new EN-DC LTE/NR and NR SA MIMO layers signalling design, UE would need limit support of certain CA combinations or reduce the maximum number of supported MIMO layers in BPC for both NR and LTE which would results in reduced peak throughput performance.
Observation #7: Number of supported MIMO layers depends UE baseband processing capabilities (i.e. amount of HW processing resources) and respective capabilities can be controlled using BPC
Proposal #1:
Inform RAN2 that “MIMO layers capability will not be included into the band combination signalling” working assumption contradicts to RAN4 agreements and substantially limits UE implementation flexibility. UE shall be allowed to signal number of supported MIMO layers per band in CA band combination.

Proposal #2:
Inform RAN2 that “MIMO layers capability will be signaled with per CC granularity as a part of the baseband processing capabilities (BPC) signalling” working assumption is aligned with RAN4 understanding.

Proposal #3:
Recommend RAN2 to introduce UE capability signalling to allow MIMO layer reporting per band in CA band combination. Possible signalling could include:

· Option 1: Reuse per-BoBC MIMO layer signalling for all CA combinations (LTE-based)
· Option 2: Reuse per-BoBC MIMO layer signalling for problematic CA combinations only
· Other option not precluded and up to RAN2
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