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1	Introduction
In this contribution we discuss remaining topics related to the Rel-17 RedCap WI objectives [1] on reduced maximum number of MIMO layers and reduced DL maximum modulation order.
2	Reduced maximum number of DL MIMO layers
[bookmark: _Hlk65144506]According to [1], the objective on reduced maximum number of DL MIMO layers, and the related objective on the number of Rx branches are as follows:
	· Reduced minimum number of Rx branches:
· For frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· [bookmark: _Hlk58502022][bookmark: _Hlk58574559]For frequency bands where a legacy NR UE (other than 2-Rx vehicular UE) is required to be equipped with a minimum of 4 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· A means shall be specified by which the gNB can know the number of Rx branches of the UE.
· Maximum number of DL MIMO layers:
· For a RedCap UE with 1 Rx branch, 1 DL MIMO layer is supported.
· For a RedCap UE with 2 Rx branches, 2 DL MIMO layers are supported.



In RAN1#104e, the following agreement on reduced maximum number of DL MIMO layers was reached [2]:
	Agreements:
· For relaxed maximum number of DL MIMO layers: 
· FFS: need for modification of DCI fields/formats
· FFS: need for modification of CSI measurement/reporting




During the discussion in RAN1#104e, there was a consensus that the reduction in maximum number of DL MIMO only would result in minor specification changes, if any, beyond clarifying statements. Below we further discuss some aspects. 
2.1	Indication mechanism
Different mechanisms were discussed during RAN1#104e for indicating the supported maximum number of DL MIMO layers, and also during RAN1#104bis-e in relation to indication of number of Rx branches. One may note that the WI objective related to minimum number of Rx branches is formulated such that it is up to UE implementation to support one or two Rx branches in a particular band. This is not reflected in the related WI objective on DL MIMO layers, but it is reasonable that it should be interpreted the same way. 
[bookmark: _Hlk71205198][bookmark: _Toc71665468]The WID is interpreted such that the maximum number of DL MIMO layers depends on the number of Rx branches supported in a particular band. 
If this interpretation of the WI objective is agreed, it becomes clear that there is a tight connection between the number of Rx branches and the number of supported MIMO layers in each band, and thus it suffices to indicate only one of them. 
As for indication of the number of Rx branches, the following agreement was reached in RAN1#104bis-e [2]:
	Agreements:
· At least using UE capability report according the existing framework to indicate (implicitly or explicitly) the number of Rx branches  
· FFS: whether/how to support earlier indication of Redcap UEs with # Rx branches by Msg1 and/or Msg3, and MsgA 
· FFS: Network configurability of early indication of the number of Rx branches via SIB1, if supported 



It has been proposed by different companies to use existing capability parameters, for example the maxNumberMIMO-LayersPDSCH capability, which is reported as part of a supported feature set per carrier in a band. Since this parameter already reflects the per-band capability, it serves well as an indication of both the supported number of Rx branches and the supported number of MIMO layers in a band, in particular with the interpretation of the WI objective proposed above.
[bookmark: _Toc71665469]From RAN1 perspective, existing per-band capability maxNumberMIMO-LayersPDSCH can be used for indicating both the number of Rx branches and supported number of DL MIMO layers in a band. The detailed signaling solution is up to RAN2.
Details on how to capture this will be up to RAN2, but it can be noted that the current description of maxNumberMIMO-LayersPDSCH capability in [5] reads:
	maxNumberMIMO-LayersPDSCH
Defines the maximum number of spatial multiplexing layer(s) supported by the UE for DL reception. For single CC standalone NR, it is mandatory with capability signaling to support at least 4 MIMO layers in the bands where 4Rx is specified as mandatory for the given UE and at least 2 MIMO layers in FR2. If absent, the UE does not support MIMO on this carrier. 



If this capability parameter is used as proposed here, this description needs to be modified to reflect the restrictions applicable for a Rel-17 RedCap UE, and possibly also the implications on number of Rx branches. Furthermore, it can be considered whether the absence of the parameter in the capability reporting for a band would imply that the UE, in addition to not supporting DL MIMO, also implies that the UE only uses one Rx branch for this band. 
It can be noted that the RAN1#104bis-e agreement cited above does not exclude the possibility to additionally specify the use of an early indication of the number of Rx branches in Msg1/Msg3/MsgA. Such an early indication is not necessary in relation to the number of supported MIMO layers, since this information will only be used in connected mode, once the UE capabilities are known to the network.
2.2	DCI format optimization
Regarding modification of the DCI fields and/or formats, some contributions brought forward that the antenna port indication in the DCI format when only one MIMO layer is supported could lead to a reduction in DCI size. Though this may be true, it is also questionable whether this kind of minor optimizations is motivated. However, the other complexity reduction features introduced in the work item may indeed motivate or even require changes to the DCI fields for a RedCap UEs. It is suggested that these discussions on DCI changes are discussed jointly once the needs for all RedCap features can be assessed. This may, for example, pertain to whether the DL DCI format to use with RedCap UEs will be based on the existing DCI format 1_1 or DCI format 1_2, or both. 
[bookmark: _Toc71665470]The discussion on possible changes to DCI due to reduced maximum number of DL MIMO layers is deferred to a later stage and considered jointly with all RedCap UE complexity reduction features. 
It can be noted that there was an agreement in RAN1#104bis-e related to the reduced number of Rx branches to reuse the existing DCI formats 0_x/1_x, including 0_2/1_2, as a starting point.
2.3	CSI reporting
Regarding the CSI measurement and reporting procedures, it appears that the existing mechanisms for reduced reporting with constrained number of MIMO layers can be reused, and no changes due to this are foreseen. 
[bookmark: _Toc71665461]The existing CSI reporting mechanism already captures the possibility to restrict the number of MIMO layers to be reported.
3	Reduced DL maximum modulation order 
According to [1], the objective on relaxed DL maximum modulation order in FR1 is as follows.
	· Relaxed maximum modulation order:
· For a RedCap UE with 1 Rx branch, 1 DL MIMO layer is supported.
· For a RedCap UE with 2 Rx branches, 2 DL MIMO layers are supported.



In RAN1#104e, the following agreements on relaxed DL maximum modulation order in FR1 were reached [2]:
	Agreements:
· The MCS tables currently defined are re-used for RedCap UEs
· FFS which MCS table is the default one for RedCap (i.e., the default one for non-RedCap UEs or the one with low SE entries)
· FFS mandatory/optional of the MCS tables
· Note: there is no new MCS table to be introduced for RedCap UEs

Agreements:
· The CQI tables currently defined are re-used for RedCap UEs.
· FFS mandatory/optional of the CQI tables
· There is no new CQI table to be introduced for RedCap UEs




In this section, we discuss the potential mandatory/optional MCS tables and CQI tables required for FR1 RedCap UEs.
3.1	Rel-15/16 default and mandatory MCS and CQI tables
Currently, the existing MCS tables are as follows [3]:
· For PDSCH and PUSCH without transform precoding:
· 64QAM MCS table: Table 5.1.3.1-1
· 256QAM MCS table: Table 5.1.3.1-2
· lowSE-64QAM MCS table: Table 5.1.3.1-3
· For PUSCH with transform precoding:
· 64QAM MCS table: Table 6.1.4.1-1
· lowSE-64QAM MCS table: Table 6.1.4.1-2

And the three available CQI tables are [3]:
· CQI Table 1 (Table 5.2.2.1-2) with the highest modulation order, code rate and efficiency correspond to that indicated in MCS Table 5.1.3.1-1
· CQI Table 2 (Table 5.2.2.1-3) with the highest modulation order, code rate and efficiency correspond to that allowed in MCS Table 5.1.3.1-2
· CQI Table 3 (Table 5.2.2.1-4) with target BLER of 10^(-5) and the lowest and the highest modulation orders, code rates, and efficiencies corresponds to MCS Table 5.1.3.1-3

According to TS 38.331 [4], gNB may configure a legacy eMBB UE to use a specific MCS table via the RRC parameter mcs-Table or mcs-TableDCI-1-2 for DL, and via the parameter mcs-Table, mcs-TableFormat0-2, mcs-TableTransformPrecorder, or mcs-TableTransformPrecoderDCI-0-2 for UL. These IEs take enumerators {qam256, qam64LowSE} indicating whether 256QAM MCS table or the lowSE-64QAM MCS table shall be used. If the IE is missing in the RRC message, the legacy UE applies the value qam64 for the corresponding OFDM, DFT-s-OFDM or group-based configurations for FR1 and FR2. For gNB to be able to schedule a legacy UE to use the lowSE-64QAM MCS table in FR1 and FR2, the UE needs to indicate to the gNB whether it supports this optional feature via UE capability dl-64QAM-MCS-TableAlt and/or ul-64QAM-MCS-TableAlt [5].
It shall be noted that transform precoding is a mandatory feature for FR1 and FR2 which is only enabled if the configuration is sent in the RRC message.
[bookmark: _Toc67770498][bookmark: _Toc71665462]64QAM MCS tables are the default MCS tables for both UL and DL for both FR1 and FR2.
[bookmark: _Toc67770499][bookmark: _Toc71665463]Support of the lowSE-64QAM MCS table is an optional UE capability whereas 64QAM and 256QAM MCS tables are mandatory without capability signalling for legacy UEs for both FR1 and FR2.
Similarly, gNB may also configure a legacy eMBB UE to use a specific CQI table via the RRC parameter cqi-Table where the default table is unspecified in the specification TS 38.214 [3] or TS 38.331 [4]. This implies gNB is always required to indicate to the UE which CQI table to use. Furthermore, for non-side link configurations, gNB is not restricted to configure a CQI table to a specific MCS table (i.e. CQI table and MCS table can be configured independently) [3]. Nevertheless, same as the support of the lowSE 64QAM MCS table, the UE is also required to indicate to the gNB whether it supports the optional CQI Table 3 (i.e. CQI table with target BLER of 10^(-5)) before it can be instructed to use CQI table 3 for CQI reporting.
[bookmark: _Toc71665464]Default CQI table is unspecified and gNB can configure the CQI and MCS tables independently for both FR1 and FR2.
[bookmark: _Toc71665465]Support of CQI Table 3 is an optional UE capability whereas CQI Table 1 and Table 2 are mandatory without capability signalling for legacy UEs.
It can be noted that support of 256QAM for UL in both FR1 and FR2 and 256QAM for DL in FR2 are optional UE features. However, legacy UEs that do not support 256QAM are still required to support 256QAM MCS table and CQI table 2.
3.2	MCS and CQI tables considerations for RedCap UEs
As discussed in the previous subsection, 64QAM and 256QAM MCS tables and CQI Table 1 and Table 2 are mandatory for all legacy UEs regardless of whether a UE supports 256QAM or not. From this perspective, in our view, we do not think it is necessary to have 256QAM MCS table and CQI Table 2 as optional feature for RedCap UEs in FR1. Furthermore, as MCS tables and CQI tables could be configured independently, having 256QAM MCS table and/or CQI Table 2 as optional features would not provide significant UE complexity reduction, but it may decrease scheduling flexibility.
[bookmark: _Toc67770524][bookmark: _Toc71665471]For simplicity and consistency reasons, in our view, 64QAM (Table 5.1.3.1-1 and Table 6.1.4.1-1), 256QAM (Table 5.1.3.1-2) MCS tables and CQI Table 1 and Table 2 should also be mandatory for all RedCap UEs.
During the study item phase, it was found that data channels for PUSCH, Msg3 transmissions with antenna efficiency loss could suffer coverage losses up to ~3dB Msg3 in FR1 scenarios studied for 2Rx and 1Rx RedCap UEs. Coverage losses for 1Rx RedCap UEs with 24 dBm/MHz for Msg2 and Msg4 receptions can be up to ~6dB and ~3 dB respectively [6]. To recover potential coverage losses, one may think lowSE-64QAM (and correspondingly CQI table 3) may be beneficial for RedCap UEs especially during initial access. However, currently the scheduling based on the lowSE-64QAM MCS table is only possible after UE capability is known. To make use of this MCS table for Msg2 coverage recovery for RedCap UEs, an early indication in Msg1 would be required.
Alternatively, existing techniques such as the mandatory UE feature TBS scaling (without capability signalling) for Msg2, retransmissions for Msg3, Msg4 and PUSCH, or Msg3 transmissions with the mandatory waveform DFT-s-OFDM (i.e. transform precoding) could achieve the same purpose and would be sufficient in improving the coverage for RedCap UEs [7]. One may argue that with the lowSE-64QAM MCS table, code rates could be finer tuned at low MCS indexes and thus achieve better performance during initial access. To our understanding, finer code rate granularities are important for high reliability services which are not essential during initial access. Thus, in our view, we do not see the necessity to have lowSE-64QAM MCS tables and the CQI table 3 as mandatory support for any RedCap UEs.
[bookmark: _Toc67770503][bookmark: _Toc71665466]The potential use of the lowSE-64QAM MCS tables for RedCap UEs during initial access would require an early indication in Msg1.
[bookmark: _Toc67770504][bookmark: _Toc71665467]Existing techniques could achieve the same purpose in coverage recovery as lowSE-64QAM MCS table for RedCap UEs.
[bookmark: _Toc67770525][bookmark: _Toc71665472]RedCap UEs can optionally support lowSE-64QAM MCS tables (Table 5.1.3.1-3 for PUSCH transmissions and PDSCH receptions with CP-OFDM and Table 6.1.4.1-2 for PUSCH transmission with transform precoding) and CQI Table 3.
[bookmark: _Toc67770526][bookmark: _Toc71665473]Like legacy UEs, RedCap UEs shall support the 64QAM MCS tables (Table 5.1.3.1-1 for both UL transmissions and DL receptions with CP-OFDM and 64QAM MCS Table 6.1.4.1-1 for PUSCH transmissions with transform precoding) as the default MCS tables, and allow the network to configure which MCS tables and CQI tables to use after initial access.
4	Conclusion
In the previous sections we made the following observations: 
Observation 1	The existing CSI reporting mechanism already captures the possibility to restrict the number of MIMO layers to be reported.
Observation 2	64QAM MCS tables are the default MCS tables for both UL and DL for both FR1 and FR2.
Observation 3	Support of the lowSE-64QAM MCS table is an optional UE capability whereas 64QAM and 256QAM MCS tables are mandatory without capability signalling for legacy UEs for both FR1 and FR2.
Observation 4	Default CQI table is unspecified and gNB can configure the CQI and MCS tables independently for both FR1 and FR2.
Observation 5	Support of CQI Table 3 is an optional UE capability whereas CQI Table 1 and Table 2 are mandatory without capability signalling for legacy UEs.
Observation 6	The potential use of the lowSE-64QAM MCS tables for RedCap UEs during initial access would require an early indication in Msg1.
Observation 7	Existing techniques could achieve the same purpose in coverage recovery as lowSE-64QAM MCS table for RedCap UEs.

Based on the discussion in the previous sections we propose the following:
Proposal 1	The WID is interpreted such that the maximum number of DL MIMO layers depends on the number of Rx branches supported in a particular band.
Proposal 2	From RAN1 perspective, existing per-band capability maxNumberMIMO-LayersPDSCH can be used for indicating both the number of Rx branches and supported number of DL MIMO layers in a band. The detailed signaling solution is up to RAN2.
Proposal 3	The discussion on possible changes to DCI due to reduced maximum number of DL MIMO layers is deferred to a later stage and considered jointly with all RedCap UE complexity reduction features.
Proposal 4	For simplicity and consistency reasons, in our view, 64QAM (Table 5.1.3.1-1 and Table 6.1.4.1-1), 256QAM (Table 5.1.3.1-2) MCS tables and CQI Table 1 and Table 2 should also be mandatory for all RedCap UEs.
Proposal 5	RedCap UEs can optionally support lowSE-64QAM MCS tables (Table 5.1.3.1-3 for PUSCH transmissions and PDSCH receptions with CP-OFDM and Table 6.1.4.1-2 for PUSCH transmission with transform precoding) and CQI Table 3.
Proposal 6	Like legacy UEs, RedCap UEs shall support the 64QAM MCS tables (Table 5.1.3.1-1 for both UL transmissions and DL receptions with CP-OFDM and 64QAM MCS Table 6.1.4.1-1 for PUSCH transmissions with transform precoding) as the default MCS tables, and allow the network to configure which MCS tables and CQI tables to use after initial access.
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