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Introduction
To meet the generic and use case specific requirements of mid-range use cases, potential UE complexity reduction techniques were identified and analyzed for wearables, industry wireless sensors and surveillance cameras [1]. The RAN1 study for R17 RedCap devices was completed in Q4 2020, and a revised WID [2] was approved in RAN-92e meeting. A main objective of the WI is to specify support for the following UE features for RX branch reduction:
· 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.
· [bookmark: _Hlk67648184][bookmark: _Hlk67650013]Specify a system information indication to indicate whether a RedCap UE can camp on the cell/frequency or not; it shall be possible for the indication to be specific to the number of Rx branches of the UE. 

In RAN1#105, the following conclusion and agreements were made for RX branch reduction of RedCap UE:
Conclusion:
· No consensus to support early identification of the number of Rx branches in Msg1/Msg3/MsgA for Redcap UE in Rel-17
Conclusion:
· For a RedCap UE, when motivated by reduced max number of DL MIMO layers, modifications to CSI measurement and/or reporting mechanisms are not pursued in Rel-17.
Agreements:
· Redcap UE is mandated to support at least DCI format 0_0/1_0.
· Regarding DCI format 0_1/1_1 and DCI format 0_2 and 1_2, 
· DCI format 0_1/1_1 are mandatory as in legacy. DCI 0_2/1_2 are optionally supported. 
Agreements:
· For UE capability signalling, the number of Rx branches for RedCap is implicitly indicated by the corresponding capability parameter maxNumberMIMO-LayersPDSCH in the existing UE capability framework.
· Detailed signalling is up to RAN2

In this contribution, we discuss the PHY impacts of RX branch reduction for R17 RedCap UE.  
DL Coverage Recovery 
[bookmark: _Hlk62133348][bookmark: pr_5][bookmark: _Hlk47572621]Based on the WID [2], the minimum number of RX branches is 1 across all FDD and TDD bands. The NR R17 specification will also support 2 RX branches as an optional feature in these bands.
The following observations have been made in [1] for the reduced number of RX branches and reduced antenna efficiency:
· DL coverage recovery for RedCap UE is needed for FR1 only
· For RedCap UE with 1 Rx branch and reduced antenna efficiency,  the need for coverage recovery depends on the frequency bands and DL PSD:
· For carrier frequency of 4 GHz with DL PSD 24 dBm/MHz, coverage recovery may be needed for the downlink channels of Msg2, Msg4 and PDCCH CSS. A small or moderate compensation can be considered, where the square brackets indicate that the exact amount will depend on the techniques, scenarios, etc.:
-	[1 dB] for PDCCH CSS
-	[2-3 dB] for Msg4
-	[6 dB] for Msg2 without TBS scaling. It is noted that coverage loss for Msg2 can be compensated by using the existing TBS scaling technique. 
-	For other carrier frequencies or DL PSD of 33 dBm/MHz, coverage recovery is not needed for the downlink channels if the target for coverage recovery is based on the MIL of the bottleneck channel for the reference NR UE.
· For RedCap UE with 2 Rx branches and reduced antenna efficiency, the need for coverage recovery also depends on the frequency bands and DL PSD:
· For carrier frequency of 4 GHz with DL PSD 24 dBm/MHz, coverage recovery may be needed for the downlink channels of Msg2. A small or moderate compensation can be considered, where the square brackets indicate that the exact amount will depend on the techniques, scenarios, etc.:
-	[1 dB] for Msg2 without TBS scaling. It is noted that coverage loss for Msg2 can be compensated by using the existing TBS scaling technique. 
· For other carrier frequencies or DL PSD of 33 dBm/MHz, coverage recovery is not needed for the downlink channels if the target for coverage recovery is based on the MIL of the bottleneck channel for the reference NR UE.
On the other hand, developing DL coverage recovery solutions specific for RedCap UE is out of the scope of R17 WI [2].  Nevertheless, gNB can improve the DL coverage of RedCap UE by using the solutions available to non-RedCap UEs in NR R15/16.
As shown by Figure 1, DL coverage recovery for RedCap UE can be triggered by early indication of RedCap UE type. In addition, compact CSI report based on  quantized SS-RSRP measurements can be transmitted by idle/inactive UE (e.g. msg3) to refine the dynamic DL/UL grant for coverage recovery. 

Observation 1: Based on the link budget evaluation for RedCap UE [1], msg2 and msg3 are bottleneck channels on DL and UL, respectively.  Considering UL grant for msg3 is carried by msg2, coverage recovery for msg3 cannot be achieved if coverage loss of msg2 cannot be appropriately compensated.
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Figure 1: Potential DL/UL Coverage Recovery for Initial Access of RedCap UE

Observation 2:  During initial access of RedCap UE, coverage recovery needed for msg2 can be estimated based on the RTT/TA and the minimum number of RX branches indicated in the cell selection criteria.
· If minimum number of RX branches is not indicated in the cell selection criteria, 1 RX branch can be assumed for RedCap UEs before capability signaling.
· Different from RedCap UE, Msg2 is not a bottleneck channel for the link budget of non-RedCap UE.
· [bookmark: _Hlk79015065]When RedCap UE and non-RedCap UE co-exist in the same cell, reliability of msg2 transmission can be improved by invoking early indication of RedCap UE type in msg1.
· Early indication of RedCap UE type in msg1 (or msgA preamble, if 2-step RACH is supported) helps with DL coverage recovery of PDCCH and PDSCH channels associated with msg2/msg4 /UL grant for msg3 retransmissions msgB( if 2-step RACH is supported) and UL coverage recovery for msg3/PUCCH/msg5
Observation 3: During and after initial access, DL coverage of RedCap UE can be improved by solutions available to non-RedCap UEs in NR R15/16, such as:
· TB scaling for msg2 or msgB 
· Low MCS 
· PDSCH repetitions
· Power boosting of gNB transmitter
· VRB-to-PRB interleaving
· Large AL for PDCCH

Observation 4: For both RedCap UE and non-RedCap UE, single layer transmission is supported for msg2/msg4/msgB.  

Observation 5: For RedCap UE performing RACH or SDT procedure, compact CSI report can be transmitted to improve the coverage and spectral/energy efficiency of NW.

Proposal 1:  To enable DL/UL coverage recovery for RedCap UE during initial access, PRACH resources dedicated to RedCap UE is configured in the initial UL BWP of RedCap UE.

Proposal 2:  To refine coverage recovery of RedCap UE in idle/inactive state, SS-RSRP measurements can be compressed and reported in msg3 (or msgA payload, if 2-step RACH is supported).

Proposal 3:  RX branch number of RedCap UE is not included in early indication of UE Type during initial access. 

Reduction of PDCCH Blocking Rate
Due to the introduction of RedCap UE type and its need for DL coverage recovery, the blocking rate of PDCCH can potentially increase. To improve the co-existence of RedCap and non-RedCap UE types, PDCCH blocking rate reduction should be considered. 
For RedCap UEs with semi-static or periodic traffic patterns, SPS and configured grant can be applied to reduce the overhead of PDCCH. In NR R17, small data transmission (SDT) is specified for RRC inactive UEs. The RACH-based or CG-based transmission can reduce the PDCCH blocking rate in initial DL BWP. 
[bookmark: OB_Section3]Observation 6: Reducing PDCCH blocking rate can improve the co-existence of RedCap UE and non-RedCap UE.
[bookmark: PROP_Section3]
[bookmark: _Hlk79000808][bookmark: _Hlk79155037]Proposal 4:  Align bit-width of DCI information fields to support R15/16/17 coverage enhancement and power saving solutions applicable to RedCap UE.

Proposal 5: Support RACH-based or CG-based SDT for RedCap UE in initial BWP. 
Proposal 6: FFS CORESET switching/dormancy within active DL BWP of RedCap UE.

Conclusions
In this contribution, we discussed the PHY impacts of reduced RX branches for R17 RedCap devices. To summarize, we have the following observations and proposals:
Observation 1: Based on the link budget evaluation for RedCap UE [1], msg2 and msg3 are bottleneck channels on DL and UL, respectively.  Considering UL grant for msg3 is carried by msg2, coverage recovery for msg3 cannot be achieved if coverage loss of msg2 cannot be appropriately compensated.
Observation 2:  During initial access of RedCap UE, coverage recovery needed for msg2 can be estimated based on the RTT/TA and the minimum number of RX branches indicated in the cell selection criteria.
· If minimum number of RX branches is not indicated in the cell selection criteria, 1 RX branch can be assumed for RedCap UEs before capability signaling.
· Different from RedCap UE, Msg2 is not a bottleneck channel for the link budget of non-RedCap UE.
· When RedCap UE and non-RedCap UE co-exist in the same cell, reliability of msg2 transmission can be improved by invoking early indication of RedCap UE type in msg1.
· Early indication of RedCap UE type in msg1 (or msgA preamble, if 2-step RACH is supported) helps with DL coverage recovery of PDCCH and PDSCH channels associated with msg2/msg4 /UL grant for msg3 retransmissions msgB( if 2-step RACH is supported) and UL coverage recovery for msg3/PUCCH/msg5
Observation 3: During and after initial access, DL coverage of RedCap UE can be improved by solutions available to non-RedCap UEs in NR R15/16, such as:
· TB scaling for msg2 or msgB 
· Low MCS 
· PDSCH repetitions
· Power boosting of gNB transmitter
· VRB-to-PRB interleaving
· Large AL for PDCCH
Observation 4: For both RedCap UE and non-RedCap UE, single layer transmission is supported for msg2/msg4/msgB.  
Observation 5: For RedCap UE performing RACH or SDT procedure, compact CSI report can be transmitted to improve the coverage and spectral/energy efficiency of NW.
Observation 6: Reducing PDCCH blocking rate can improve the co-existence of RedCap UE and non-RedCap UE.

Proposal 1:  To enable DL/UL coverage recovery for RedCap UE during initial access, PRACH resources dedicated to RedCap UE is configured in the initial UL BWP of RedCap UE.

Proposal 2:  To refine coverage recovery of RedCap UE in idle/inactive state, SS-RSRP measurements can be compressed and reported in msg3 (or msgA payload, if 2-step RACH is supported).

Proposal 3:  RX branch number of RedCap UE is not included in early indication of UE Type during initial access. 

Proposal 4:  Align bit-width of DCI information fields to support R15/16/17 coverage enhancement and power saving solutions applicable to RedCap UE.

Proposal 5: Support RACH-based or CG-based SDT for RedCap UE in initial BWP. 
Proposal 6: FFS CORESET switching/dormancy within active DL BWP of RedCap UE.
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