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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#86, a new study item named “Reduced capability NR devices” was agreed. As described in the updated SID [1], the intention is to study a UE feature and parameter list with lower end capabilities, relative to Rel.16 eMBB and URLLC, to serve the use cases of 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. 
· Note: For FR1, coverage analysis for wearables can include consideration of potential reduced antenna efficiency due to device size limitations as part of the antenna gains. The extent of additional recovery of coverage loss due to reduced antenna efficiency is to be limited to 3 dB
· The study includes evaluations of the impact to network capacity and spectral efficiency
[bookmark: _GoBack]In this contribution, we provide preliminary evaluation results on the coverage performance for channel and provide analysis on coverage recovery for PDCCH. This contribution is updated from R1-2008295. 
Discussion
As described in the SID, the coverage recovery in RedCap shall target to compensate for coverage reduction due to device complexity reduction. Besides, the techniques potentially introduced in the coverage enhancement SI/WI can be reused for RedCap UEs. 
Evaluation results
Below are our initial results for 4GHz carrier frequency. The MCL/MPL/MIL for PDCCH AL16/8/4, PDSCH, Msg2, Msg4, PUSCH, Msg3, PUCCH 22bit/11bits/2bits are provided in Figure 1/2/3 for RedCap UEs and reference UEs. The required SNR for each channel is listed in Table 1. The results are obtained based on the agreed link budget templet. The simulation assumptions for each channel are in the Appendix. 

Figure 1 MCL for RedCap UEs and reference UEs

Figure 2 MPL for RedCap UEs and reference UEs

Figure 3 MIL for RedCap UEs and reference UEs

Table 1 required SNR for each channel
	Channels
	Reference UE, 4T4R
Req. SNR [dB]
	RedCap UE, 1T1R
Req. SNR [dB]

	PDCCH AL16
	-13.5
	-6.9

	PDCCH AL8
	-11.6
	-4.2

	PDCCH AL4
	-8.8
	-0.2

	PDSCH
	-2.7
	1.1

	Msg2
	-7.3
	2.6

	Msg4
	-10.2
	-2.6

	PUSCH
	-7.9
	-7.9

	Msg3
	-6.0
	-6.0

	PUCCH, 22bits
	-5.8
	-5.8

	PUCCH, 11bits
	-7.0
	-7.0

	PUCCH, 2bits
	-11.8
	-11.8


From the evaluation results, we have following observations,
Observation 1: For Reference UEs, PUSCH performance is the bottleneck among the simulated channels.
Observation 2: The MCL of PDCCH AL4 and Msg2 (w/o TB scaling) of RedCap UEs is lower than that of PUSCH of reference UEs.
Observation3: The MPL of PDCCH AL4/AL8, and Msg2(w/o TB scaling) of RedCap UEs is low than that of PUSCH of reference UEs.   
Observation 4: The MIL of PDCCH AL4/AL8, PDSCH, Msg2 (w/o TB scaling), Msg4, and PUSCH of RedCap UEs is lower than that of PUSCH of reference UEs.
It is noted that PDCCH high aggregation levels are not supported if the UEs are configured with narrow BWP. This might be case for low-end RedCap devices such as industrial wireless sensors to achieve low power consumption and to meet the requirement of up to a few years’ battery life. Meanwhile, these devices require only low data rate e.g., <2Mbps, therefore might not need large transmission bandwidth. PDCCH coverage is then impacted from this factor. As an example, if a BWP is configured as 5MHz and 30kHz SCS, there will be maximum 6 CCEs for 3 symbol CORESET, which supports only AL = 4.
[bookmark: OLE_LINK14]Proposal 1: Enhance the coverage of PDCCH, PDSCH, Msg2, Msg4 and PUSCH, if MIL is agreed to be the performance metric.
PDCCH coverage recovery
Figure 4 provides PDCCH performance for AL = 4/8/16 for 1/2/4 Rx antennas. From the results, it is observed that quite high SNR is needed for 1% PDCCH BLER of RedCap UEs with 1Rx for AL=4. It should be noted here the reduced antenna efficiency is not considered. If with factor, 3dB additional loss shall be considered for 1Rx case. Besides, the results also show that the performance loss of PDCCH from 4Rx to 1Rx is quite significant, especially for low AL cases.
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Figure 3 PDCCH performance for AL=4/8/16 for 1/2/4 antennas 
To compensate the PDCCH coverage loss, one straightforward solution is to use PDCCH repetition, which is widely used in 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. 
With the flexible configurations in NR for search space set, the PDCCH repetition could be performed in the CORESET either within a slot or in different slots, which are corresponding to intra-slot PDCCH repetition and inter-slot PDCCH repetition, respectively. Figure 4 illustrates the two schemes with two PDCCH repetitions.
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Figure 4 Inter-slot and intra slot PDCCH repetition
The intra-slot PDCCH repetition has lower scheduling latency and more scheduling opportunities. For inter-slot PDCCH repetition, although figure 1 shows repetition happens in the same CORESET, it is beneficial that frequency hopping could be applied on top of the repetitions and is performed in a wider bandwidth region than the BW of active BWP to harvest more frequency diversity gain. Taking frequency hopping between two BWPs as an example, there could be two options to perform frequency hopping, 
· Option 1: frequency hopping is performed across explicitly configured BWPs. 
· Option 2: frequency hopping is performed across an explicitly configured BWP and implicitly determined BWP(s).
The option 1 might be more flexible since each BWP is explicitly configured, while option 2 might be simpler and is quite similar with the structure in eMTC/IoT. However, since the hopping BWP in option 2 is implicitly determined, there might be issues of e.g., coexistence with the overlapped BWPs for legacy UEs.  
Figure 5 provides an illustration for the two options, where BWP {#1, #2, #3} are the explicitly configured BWPs. For option 1, frequency hopping is across BWP#1 and BWP#2, while for option 2, frequency hopping is across an explicitly configured BWP#1 and BWP#1a, and BWP#1a is implicitly determined from BWP#1. 
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Figure 5 Frequency hopping for RedCap UEs, two options
For search space with PDCCH repetition, the principle of PDCCH candidate definition as in 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. 
We have below proposals, 
Proposal 2: Study both inter-slot and intra-slot PDCCH repetition to improve the PDCCH coverage. The PDCCH candidate defined in eMTC for PDCCH repetition could be reused.
Proposal 3: Study frequency hopping for inter-slot PDCCH repetition in a wide bandwidth region.
Another solution for PDCCH coverage recovery is to extend the CORESET size in time domain, i.e., to introduce >3 symbols CORESET, such that same or even higher aggregation levels than the legacy ones could be supported. For this scheme, 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 legacy UEs and RedCap UEs in the overlapped COERSETs, where the CORESET of RedCap UEs is within another CORESET configured for legacy UEs. Figure 6 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 6 overlapped CORESETs for legacy UEs and for RedCap UEs
We have the below proposal, 
Proposal 4: 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. 
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). 
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 5: Using either intra-slot PDCCH repetition or higher COERSET size in time domain might impact the flexibility of PDSCH time domain resource allocation.
Proposal 5: Study whether and how to refine default PDSCH time domain resource allocation to enable flexible PDSCH resource allocation. 

Conclusions
As a summary, we have the following observations and proposals on coverage recovery for RedCap,
Observation 1: For Reference UEs, PUSCH performance is the bottleneck among the simulated channels.
Observation 2: The MCL of PDCCH AL4 and Msg2 (w/o TB scaling) of RedCap UEs is lower than that of PUSCH of reference UEs.
Observation3: The MPL of PDCCH AL4/AL8, and Msg2(w/o TB scaling) of RedCap UEs is low than that of PUSCH of reference UEs.   
Observation 4: The MIL of PDCCH AL4/AL8, PDSCH, Msg2 (w/o TB scaling), Msg4, and PUSCH of RedCap UEs is lower than that of PUSCH of reference UEs.
Observation 5: 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: Enhance the coverage of PDCCH, PDSCH, Msg2, Msg4 and PUSCH, if MIL is agreed to be the performance metric.
Proposal 2: Study both inter-slot and intra-slot PDCCH repetition to improve the PDCCH coverage. The PDCCH candidate defined in eMTC for PDCCH repetition could be reused.
Proposal 3: Study frequency hopping for inter-slot PDCCH repetition in a wide bandwidth region.
Proposal 4: 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 5: Study whether and how to refine default PDSCH time domain resource allocation to enable flexible PDSCH resource allocation. 
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Appendix
	Simulation parameters
	Value

	Carrier frequency for evaluation
	4GHz

	Frame structure
	DDDSUDDSUU

	Waveform
	CP-OFDM

	Subcarrier Spacing 
	30kHz

	Channel model
	TDL-C

	UE speed
	3km/h

	PDCCH
	· Payload size: 40bis
· AL: 16/8/4
· BLER: 1%
· CCE-to-REG mapping type: interleaved
· REG bundle size:6
· Modulation: QPSK

	PDSCH
	· Target data rate: 10MHz for reference UEs, 2MHz for RedCap UEs
· Initial BLER: 10%
· MCS/TBS/RB for RedCap UEs: 0/1428/50
· MCS/TBS/RB for reference UEs: 8/7128/50
· TDRA: 12OFDM symbol
· DMRS: Type 1 with 2 DMRS symbols

	Msg2
	· Initial BLER: 10% 
· MCS/RB/TBS: 0/3/72
· TDRA: 12 OFDM symbols
· DMRS: Type 1 with 3 DMRS symbols


	Msg4
	· Initial BLER: 10% 
· MCS/RB/TBS: 0/36/1040
· TDRA: 12 OFDM symbols
· DMRS: Type 1 with 2 DMRS symbols

	PUSCH
	· Target data rate: FR1: 1Mbps
· Initial BLER: 10% 
· MCS/RB/TBS: 2/30/1628
· TDRA: 14 OFDM symbols
· DMRS: Type 1 with 2 DMRS symbols

	Msg3
	· Initial BLER: 10% 
· MCS/RB/TBS: 0/2/56
· TDRA: 14 OFDM symbols
· DMRS: Type 1 with 2 DMRS symbols

	PUCCH
	· Payload: 22bits/11bits/2bits
· Format 3 for 22bit/11bits, format 1 for 2bits
· Duration: 14 symbols
· # of RBs: 1RB
· Frequency Hopping: enabled
· 1% mis detection rate

	Channel estimation
	real

	Receiver type
	MMSE

	BS antenna
	4T/4R

	UE antenna
	Reference UEs: 1T/4R
RedCap UEs: 1T/1R

	Channel estimation
	Real



MIL

Redcap	
PDCCH, AL16	PDCCH, AL8	PDCCH, AL4	PDSCH	Msg2	Msg4	PUSCH	Msg3	PUCCH 11bit	PUCCH 22bit	PUCCH 2bit	149.69999999999999	146.9	142.9	145.69999999999999	140.19999999999999	145.37	145.30000000000001	151.19999999999999	155.19999999999999	154	160	Reference	
PDCCH, AL16	PDCCH, AL8	PDCCH, AL4	PDSCH	Msg2	Msg4	PUSCH	Msg3	PUCCH 11bit	PUCCH 22bit	PUCCH 2bit	159.30000000000001	157.30000000000001	154.6	152.5	153.1	155.97	148.30000000000001	154.19999999999999	158.19999999999999	154	163	



MCL

RedCap	
PDCCH, AL16	PDCCH, AL8	PDCCH, AL4	PDSCH	Msg2	Msg4	PUSCH	Msg3	PUCCH 11bit	PUCCH 22bit	PUCCH 2bit	143.9	141.19999999999999	137.19999999999999	139.9	134.4	139.6	139.5	145.4	149.4	148.19999999999999	154.19999999999999	Reference	
PDCCH, AL16	PDCCH, AL8	PDCCH, AL4	PDSCH	Msg2	Msg4	PUSCH	Msg3	PUCCH 11bit	PUCCH 22bit	PUCCH 2bit	150.5	148.6	145.80000000000001	143.69999999999999	144.30000000000001	147.19999999999999	139.5	145.4	149.4	148.19999999999999	154.19999999999999	



MPL

Redcap	
PDCCH, AL16	PDCCH, AL8	PDCCH, AL4	PDSCH	Msg2	Msg4	PUSCH	Msg3	PUCCH 11bit	PUCCH 22bit	PUCCH 2bit	115.9	113.1	109.2	114.9	109.4	114.6	117.6	120.5	121.4	120.2	126.2	Reference	
PDCCH, AL16	PDCCH, AL8	PDCCH, AL4	PDSCH	Msg2	Msg4	PUSCH	Msg3	PUCCH 11bit	PUCCH 22bit	PUCCH 2bit	125.5	123.5	120.8	121.7	122.3	125.2	114.6	123.5	124.4	123.2	129.19999999999999	
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