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In RAN#86, a new study item named “Reduced capability NR devices” was agreed. As described in the SID [1], the intention is to study a UE feature and parameter list with lower end capabilities, relative to 3GPP Rel.16 eMBB and URLLC, to serve the use cases such as industrial wireless sensors, video surveillances and wearables. One objective to study, among others, is to study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including:
· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction 
In this contribution, we provide analysis on PDCCH coverage enhancement and RACH enhancement for RedCap UEs.
Discussion
As clearly described in the SID, the scope of coverage enhancement in RedCap shall handle those due to device complexity reduction, mostly from UE bandwidth reduction and reduced Rx/Tx antenna. It is clear that the techniques potentially introduced in the coverage enhancement SI/WI can be reused for RedCap UEs as well.
PDCCH coverage enhancement
As analyzed in the parallel contribution [2], with reduced UE BW, there might be cases that the CORESET configured for RedCap UEs cannot support aggregation levels as high as for legacy UEs (max. AL=16) with the current supported time domain sizes, which are [1,2,3] OFDM symbols. For example, for CORESET for UEs with 24PRB BW (under a certain SCS), the supported max. aggregation level in the associated search space would be 8 with max. 3 symbol CORESET. This impacts the PDCCH coverage clearly. Besides, the potential reduction of Rx antennas is another factor impacting the PDCCH coverage. As a result, the PDCCH performance might not meet the reliability requirement of some RedCap UEs such as industrial sensors, which is 99.99% as described in the SID.  
Observation1: PDCCH coverage is reduced due to the reduced UE BW and reduced Rx antennas.  
To handle this, one straightforward solution is to use PDCCH repetition, which is widely used in LTE eMTC/NBIoT. The basic idea is to transmit a same DCI multiple times and thus PDCCH detection performance could be improved in UE side through soft combining. The PDCCH repetition was also discussed in Rel.15 and Rel.16 URLLC, but the conclusion in Rel.16 was not to introduced it in the URLLC agenda item. 
Due to flexible search space configuration in NR regarding search space set, the PDCCH repetition could be performed in the CORESETs either within a slot or in different slots, which are corresponding to intra-slot PDCCH repetition and intra-slot PDCCH repetition, respectively. Figure 1 illustrates the two schemes. It is proposed to study both schemes in this phase.
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Figure 1 Inter-slot and intra slot PDCCH repetition
For search space with PDCCH repetition, the principle of PDCCH candidate definition as in LTE eMTC could be reused, where one PDCCH candidate is corresponding to a specific aggregation level and a repetition number. One or multiple PDCCH candidates with the same aggregation level and same repetition number could be configured in the search space configuration. The DCI is assumed to be repeated in the same resources (related with same aggregation level) in each of the repetition. 
Proposal 1: Study both inter-slot and intra-slot PDCCH repetition to improve the PDCCH coverage. The PDCCH candidate defined in LTE eMTC for PDCCH repetition could be reused.
Another solution is to extend the CORESET size in time domain, i.e., to introduce >3 symbols CORESET, such that higher aggregation levels could be supported. For this way, the legacy principles of REG indexing and CCE to REG mapping need to be checked if still applicable. Besides, for CORESET design for RedCap, it might be worth to consider the case of PDCCH multiplexing between the legacy UEs and the RedCap UEs in the overlapped COERSETs, where the CORESET of RedCap UEs is within another CORESET configured for legacy UEs. Figure 2 shows such an example. Schemes of how to reduce the PDCCH blocking of both kind of UEs shall be studied.  
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Figure 2 overlapped CORESETs for legacy UEs and for RedCap UEs
We have the below proposal, 
Proposal 2: Study introducing higher time domain CORESET size to support high PDCCH aggregation levels. Study the CORESET design in the case that PDCCH for legacy UEs and PDCCH for RedCap UEs are multiplexed in the overlapped CORESETs. 
On the other hand, it should be noted in the scope of RedCap discussion, it is not expected to introduce high number of PDCCH repetitions and/or define much higher aggregation levels for associated CORESET with time domain extensions, given the deployments of RedCap UEs and the UE capabilities. 
Observation 2: Considering the deployment of RedCap UEs and UE capabilities, no need to  introduce high number of PDCCH repetitions and/or much higher aggregation levels than legacy. 
The PDCCH coverage enhancement shall consider both CSS and USS. The configurations for USS and the CSS other than type0-CSS set are quite flexible in NR. It is relatively easier to extend configurations in the RRC signaling to support PDCCH coverage enhancement. However, for type0-CSS set, i.e., search space 0, which is configured in MIB and used for SIB1 scheduling, the configurations are based on a predefined table and not that flexible. Different tables are defined for different cases in terms of different frequency range, and SSB and PDCCH multiplexing pattern, as defined in [3].
Taking the case with SSB and CORESET multiplexing pattern 1 an FR1 as an example, three search space patterns are supported from the configurations, each associated with a different M value as defined in the table. Figure 3a to figure 3c illustrate the three patterns, where it is assumed that there are 4 SSBs, and parameter O in the table is assumed to be 0. As specified, there should be 2 consecutive slots determined for each SSB, which might contain the DCI for PDSCH for SIB1. Therefore, this enables scheduling flexibility to some extent. Besides, the adopted search space pattern shall match the TDD configurations, such that there could be DL slots available for SIB1 scheduling and transmission. As from the examples in the figures, the higher the M value, the more DL slots are needed for transmitting the SIB.  From high level, these principles in the legacy search space 0 design shall be ensured as much as possible upon the design the type0-CSS set with PDCCH repetition. 
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[bookmark: OLE_LINK8][bookmark: OLE_LINK23]Figure 1a search space zero for each SSB, with O=0, M=1/2
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Figure 1b search space zero for each SSB, with O=0, M=1
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Figure 1c search space zero for each SSB, with O=0, M=2
We have below observation and proposal,
Proposal 3: Study the PDCCH coverage enhancement for both CSS and USS. For type0-CSS set, the legacy design principle shall be followed as much as possible upon the design the type0-CSS set with PDCCH repetition.
Using either intra-slot PDCCH repetition or higher COERSET size in time domain might impact the flexibility of PDSCH time domain resource allocation. Specifically, legacy PDSCH resource allocation type A is not feasible with CORESET size >3 OFDM symbols if PDSCH is scheduled with K0=0, i.e., in same slot with PDCCH. This is because with either intra-slot PDCCH repetition or higher CORESET size, the DMRS for PDSCH have to be put in a starting OFDM symbol with index higher than 3, which is not supported by Type A PDSCH resource allocation, where the DMRS for PDSCH is started from either symbol 2 or symbol 3 depending on the MIB configuration (dmrs-typeA-pos in MIB). 
[bookmark: _GoBack]The gNB could then configure only type B resource allocations, which supports flexible starting OFDM symbol for PDSCH. However, although type B resource allocation has been extended to support also flexible PDSCH duration, only [2,4,7] OFDM symbols duration is supported in the default PDSCH time domain resource allocation table, which applies widely for PDSCH for UEs in initial access procedure and also RRC connected UEs if the UEs are not configured with UE specific PDSCH resource allocation configurations.
We have below observation and proposal,
Observation 3: Using either intra-slot PDCCH repetition or higher COERSET size in time domain might impact the flexibility of PDSCH time domain resource allocation.
Proposal 4: Study whether and how to refine default PDSCH time domain resource allocation to enable flexible PDSCH resource allocation. 
PRACH coverage enhancement
Due to reduced UE capability for RedCap UE, PRACH transmission/reception performance will be decreased. Time domain repetition for PRACH can be considered for both 4-step and 2-step RACH. For 4-step RACH, preamble transmission can be repeated in time domain. For 2-step RACH, msgA containing both preamble and PUSCH can be repeated in time domain.
In NR system, there are multiple beams to cover a cell, different SSBs are transmitted with different spatial domain filters for UEs in different directions. SSB to RACH association is determined by a few parameters, so that a preamble transmission in a specific time/frequency/code domain can implicitly indicate the spatial domain reception filter for a specific SSB index.
In NR legacy releases, when PRACH retransmission is necessary, the number of RACH occasions between the first transmitted PRACH and the retransmitted PRACH is same as the number of SSBs in the cell. While PRACH repetition will be more frequent when coverage recovery is considered, it is desirable to decrease the number of RACH occasions between repeated PRACHs to decrease the access latency. For 4-step RACH, enhancement on SSB to RACH association with repeated preamble transmission can be considered. For 2-step RACH, enhancement on SSB to msgA association with repeated msgA transmission can be considered.
Proposal 5: Study whether and how to enhance msg1/msgA repetition for coverage recovery.
Conclusions
As a summary, we have the following observations and proposals on coverage enhancement for RedCap,
[bookmark: OLE_LINK9]Observation1: PDCCH coverage is reduced due to the reduced UE BW and reduced Rx antennas.  
Observation 2: Considering the deployment of RedCap UEs and UE capabilities, no need to introduce high number of PDCCH repetitions and/or much higher aggregation levels than legacy. 
Observation 3: Using either intra-slot PDCCH repetition or higher COERSET size in time domain might impact the flexibility of PDSCH time domain resource allocation.
Proposal 1: Study both inter-slot and intra-slot PDCCH repetition to improve the PDCCH coverage. The PDCCH candidate defined in LTE eMTC for PDCCH repetition could be reused.
Proposal 2: Study introducing higher time domain CORESET size to support high PDCCH aggregation levels. Study the CORESET design in the case that PDCCH for legacy UEs and PDCCH for RedCap UEs are multiplexed in the overlapped CORESETs. 
Proposal 3: Study the PDCCH coverage enhancement for both CSS and USS. For type0-CSS set, the legacy design principle shall be followed as much as possible upon the design the type0-CSS set with PDCCH repetition.
Proposal 4: Study whether and how to refine default PDSCH time domain resource allocation to enable flexible PDSCH resource allocation. 
Proposal 5: Study whether and how to enhance msg1/msgA repetition for coverage recovery.
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