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Introduction
[bookmark: _Hlk23927392]In RAN#88, the revised SID on support of reduced capability NR devices was approved with following objectives for coverage recovery [1]:
· Study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including [RAN1]:
· 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
In RAN1#101-e meeting, the following was agreed for coverage recovery evaluation:
	Agreements:
If/when coverage evaluations outside the CE SI are needed,
· The basic evaluation methodology is based on link-level simulation for FR1.
       Step 1: Obtain the required SINR for the physical channels under target scenarios and service/reliability requirements.
       Step 2: Obtain the baseline performance based on required SINR and link budget template.

       Note: aspects related to identifying target performance and coverage bottlenecks based on target performance metric is to be handled separately
· The evaluation methodology for FR2 is the same as FR1.


Agreements:
 If/when link-level coverage evaluations outside the CE SI are needed,
· The CE SI link-level simulation assumptions can be used as a starting point
· For calibration purposes, the following settings can be used:
	Parameters
	FR1 values
	FR2 values

	Scenario and frequency
	Urban:
2.6 GHz (TDD) (primary choice)
4 GHz (TDD) (secondary choice)
Rural:
700 MHz (FDD)
	Indoor: 28 GHz (TDD)

	Frame structure for TDD
	For 2.6 GHz: 
DDDDDDDSUU (S: 6D:4G:4U)
For 4 GHz:
DDDSUDDSUU (S: 10D:2G:2U)
	DDDSU (S: 10D:2G:2U)

	Channel model
	TDL-C
	TDL-A

	UE velocity
	3 km/h
	3 km/h


In this contribution, we discussed the coverage loss of RedCap devices due to UE complexity reduction, and provided potential solutions to recover such losses.
This contribution is a revised version of R1-2006813.

Coverage Recovery for RedCap Devices
According to the SID [1], coverage recovery is needed to compensate for the potential loss in coverage due to UE complexity reduction. It is noted that the following UE complexity features may reduce the coverage:
· Reduction on maximum UE channel bandwidth 
· Reduced antenna efficiency due to device size limitations
· Reduction on the number of UE receiver branches and antennas
As agreed in RAN1#101-e meeting, at least for initial access in FR1, 20MHz is considered as the maximum UE bandwidth of reduced capability devices. Compared to the legacy UE with 100MHz BW capability, the UE bandwidth reduction will decrease frequency diversity gain resulting in a reduced uplink and downlink coverage. The frequency diversity gain loss may be more serious in the downlink since single Rx antenna may be used by RedCap UE while the number of Rx antenna at gNB is not reduced in the uplink. 
For downlink control channel, the 20MHz bandwidth can afford PDCCH AL16 when the CORESET size is more than one OFDM symbol. However, for some configuration, e.g. coexistence with LTE for dynamic spectrum sharing, the search space for NR PDCCH is configured only in symbol 2 since symbol index 0 and 1 are reserved for LTE CRS and control. The one-symbol CORESET with a maximum 20MHz BW and 30kHz SCS cannot afford AL16, which results in a coverage loss for NR PDCCH. 
[bookmark: o1]Observation 1: Max UE bandwidth reduction will cause a performance loss for both DL control channel and data channel due to lower frequency diversity gain and restricted coding gain/aggregation level.
[bookmark: _Hlk48814588][bookmark: _Hlk48814624]For FR1, coverage analysis for wearables with small form factor should consider potential loss in  antenna efficiency when operate at lower frequency bands. The reduced antenna efficiency decreases the antenna gain, which will cause  SNR/coverage loss in both downlink and uplink. According to the SID, the maximum loss of antenna gain due to reduced antenna efficiency is to be limited to 3dB. For RedCap devices with size limitation, 1 RX antenna is a suitable configuration in FR1. When such devices operate at lower frequency bands of FR1 (e.g. FDD bands), they may experience up to 3 dB loss in antenna gain. However, when such devices operate at higher frequency bands of FR1 (e.g. TDD bands above 2.5 GHz), they are less likely to experience antenna gain losses.
[bookmark: o2]Observation 2: For RedCap devices with size limitation, single RX antenna is a suitable configuration for FR1 deployment.  When such devices operate at lower frequency bands of FR1, their DL/UL coverage may experience up to 3 dB loss in antenna gain. However, when such devices operate at higher frequency bands of FR1, they are less likely to experience antenna gain loss due to size limitation.
For RedCap UE, the reduced number of receiver branches/antennas may result into lower coverage due to reduced receiver diversity gain. To illustrate, Table 1 shows the SNR loss of PDCCH due to Rx antenna number reduction at different AL. The detailed simulation assumption can be found in Appendix. 
It can be observed from Table 1 that the SNR loss caused by Rx antenna number reduction depends on the AL and the assumption for the reference UE. For the reference UE with 2 RX antennas, 3.2 to 5dB SNR loss is observed for RedCap UE with 1 RX antenna. For the reference UE with 4 RX antennas,  2.8 to 4dB SNR loss is observed for RedCap UE with 2 RX antennas. In both situations, the SNR loss increases with the decrease of AL.
Table 1: PDCCH performance loss due to Rx antenna reduction (FDD, 700MHz, TDL-C, 300ns)
	SNR Loss for 1% BLER (dB)
	4Rx->2Rx
	2Rx->1Rx

	AL4
	4
	5

	AL8
	3.2
	3.9

	AL16
	2.8
	3.2



Based on the agreements on NR reference UE in FR1  [2], 2 RX is the antenna configuration for reference UE in FDD bands, whereas 4 RX is the antenna configuration for reference UE in TDD bands above 2.5 GHz.
[bookmark: o3]Observation 3: For PDCCH decoding performance, the SNR loss incurred by reduced number of RX antennas depends on the AL and the RX antenna configuration of the reference UE.
The performance loss for downlink data channel is summarized in Table 2. We can observe the similar results as PDCCH. Much larger performance loss is observed when Rx antenna is reduced from 4Rx to 1Rx. The higher the MCS, the larger performance loss. 
Table 2: PDSCH performance loss due to Rx antenna reduction (TDD, 2.6GHz, TDL-C, 300ns)
	Performance loss (dB)
	4Rx->2Rx
	2Rx->1Rx
	4Rx->1Rx

	MCS 0
	2.5
	3.1
	5.6

	MCS 8
	3.5
	4.8
	8.3

	MCS 15
	3.6
	5
	8.6



[bookmark: o4]Observation 4: For PDSCH decoding performance, the SNR loss incurred by reduced number of Rx antennas depends on the MCS and the RX antenna configuration of the reference UE.
Therefore, for RedCap devices operate at higher frequency bands of FR1, the number of RX antennas can be reduced to 1 or 2. Compared with the reference UE with 4 RX antennas, RedCap UE with 2 RX antennas has a coverage loss around 3 dB, whereas RedCap UE with 1 RX antenna is subject to a coverage loss in the range of 6 to 9 dB.
[bookmark: p1][bookmark: _Hlk48817493]Proposal 1: In FR1, for RedCap UE with 1 RX antenna and no loss in antenna efficiency, its DL coverage recovery should target 3 to 6 dB improvement; for RedCap UE with 2 RX antennas and no loss in antenna efficiency, its DL coverage should target 3 to 4 dB improvement.  For RedCap UE with device size limitation, an additional 3dB improvement should be included for both DL and UL coverage recovery.

Evaluation Methodology for Coverage Recovery
LLS calibration and MCL results
In RAN1#101-e meeting, it was agreed to use the Rel-17 CE SI link-level simulation assumption as a starting point for RedCap performance evaluation. The assumption for calibration evaluation was also proposed during the offline discussion and summarized in the Appendix. 
Link level evaluation was performed for different uplink and downlink channels based on the proposed evaluation assumption, and the SNR results of the target performance were summarized in Table 3 for FR1 Urban and Rural. The comparison of MCL performance is summarized in Figure 1 and Figure 2, where the 3dB reduced antenna efficiency is included also for RedCap. 
For Urban, it is seen that the regular UE can support a coupling loss of 140dB for all the channels except for the uplink data channel with a target data rate of 1Mbps. For RedCap, the downlink broadcast channel will become the bottle neck due to the reduction of Rx antenna and the reduced antenna efficiency. For example, broadcast Msg2 cannot achieve a target of 140dB for a 10% initial error rate for RedCap with two and single Rx antenna. In addition, we can see the unicast PDSCH and PDCCH AL8 cannot achieve a target of 140dB when single Rx antenna is used. 
Observation 5: In Urban environments, PUSCH 1Mbps and broadcast PDSCH are the main bottleneck channels. For single Rx UE, unicast PDSCH and PDCCH AL8 cannot achieve a target of 140dB.
Figure 2 shows the similar results for Rural. Also, the msg3 cannot not achieve a target of 140dB when considering the 3dB loss of antenna efficiency. In the downlink, Msg 2 is the bottleneck same as Urban scenario. 
Observation 6: In Rural environments, Msg3, unicast PUSCH and broadcast PDSCH are the main bottleneck channels
Table 3: Calibration evaluation results for FR1 Urban and Rural
	 SNR (dB)
	Urban (TDD, 2.6GHz, TDL-C, 300ns, 3kmh, gNB 64TXRUs)
	Rural (FDD, 700MHz, TDL-C, 300ns, 3kmh, gNB 4TXRUs)

	
	4Rx UE
	2Rx UE
	1Rx UE
	2Rx UE
	1 Rx UE

	PBCH 4-shots
	-15.4
	-12.8
	-9.6
	-12.8
	-9.3

	PDCCH AL16
	-11.7
	-9.1
	-5.9
	-9.0
	-6.0

	PDSCH 
	-9.0
	-6.8
	-4
	-5.8
	-2.7

	Msg2
	-7.0
	-3.7
	0.4
	-3.2
	0.8

	Msg4
	-8.5
	-5.6
	-2.5
	-5.4
	-2.0

	PUCCH 2bits
	-20.5
	-20.5
	-20.5
	-10.5
	-10.5

	PUCCH 11bits
	-18
	-18
	-18
	-7.0
	-7.0

	PUCCH 22bits
	-16.5
	-16.5
	-16.5
	-5.0
	-5.0

	PUSCH
	-13.5
	-13.5
	-13.5
	-6.5
	-6.5

	Msg3
	-16.5
	-16.5
	-16.5
	-6.0
	-6.0

	PRACH
	-29.5
	-29.5
	-29.5
	-19.8
	-19.8



[image: ]
Figure 1: MCL comparison of different number of Rx antennas for FR1 Urban
[image: ]
Figure 2: MCL comparison of different number of Rx antennas for FR1 Rural
Target data rate for RedCap
In the coverage enhancement SI, the target data rate was agreed for eMBB performance evaluation for FR1.
· Urban scenario: DL 10Mbps, UL 1Mbps 
· Rural scenario: DL 1Mbps, UL 100kbps 
· Rural with long distance scenario: DL 1Mbps, UL 100kbps, 30kbps (optional) 
It is not possible to reuse the same target data rate for RedCap due to different bandwidth capability. Also, the objective of RedCap coverage recovery is different from the coverage enhancement SI. The coverage enhancement SI is mainly focused on cell edge user performance, while for RedCap, we are focusing on coverage recovery due to lower BW and reduced number of Rx antennas. Therefore, we need to consider not only the cell edge but also cell center UE for RedCap performance evaluation.
The SID provides the reference bit rates for three different use cases of the RedCap, e.g. 5-50 Mbps in DL and 2-5 Mbps in UL for wearables. However, the reference data rate is a measure of median value across the entire cell thus not for cell edge UE. 
One possibility is to adjust the target data rate used in the coverage enhancement SI by considering the reduction on maximum bandwidth. For example, when a maximum 20MHz bandwidth is considered, the target downlink data rate for FR1 Urban can be scaled to 10*/4=2.5Mbps, where ¼ is a scaling factor considering the difference on the maximum number of PRBs available for the eMBB and RedCap UE. 
Proposal 2: For RedCap coverage evaluation, if the target data rate in the coverage enhancement SI is reused, it should be adjusted lower for the reduced maximum UE bandwidth. In addition, consider using additional target data rates for higher percentile users (e.g., median or cell center).

Link budget template
If link budget approach is used for the RedCap coverage evaluation, it should be discussed which link budget template should be discussed. According to the discussion in the coverage enhancement SI, three options are proposed shown below. 
Agreement: 
Down selection on the following options for the link budget template for FR1 in next meeting. 
· Option 1: Adopt single link budget template based on IMT-2020 self-evaluation with necessary revisions, including adding/removing/revising some parameters. 
· FFS: The template provided by FL in Tdoc R1-2005005. 
· Option 2: Adopt both templates, i.e. link budget template in IMT-2020 self-evaluation and link budget template in TR 36.824. 
· Option 3: Adopt single link budget template in TR 36.824 with necessary revisions, including adding/revising some parameters. 


The difference among these options is the performance metric for coverage analysis. For Option 1, the link budget template used by IMT-2020 self-evaluation uses maximum pathloss (MPL) as metric for coverage evaluation, while the link budget template in Option 3 uses maximum coupling loss (MCL). The difference between the two is that the former includes also antenna gains. Since reduced antenna efficiency should be considered for RedCap, it seems MPL is more desirable. However, the link budget template in Option 1 needs to consider also penetration loss, shadowing fading margin and handover gains, which are same for both uplink and downlink. Since the focus for RedCap study is to compensate the coverage loss due to UE complexity reduction, coverage evaluation is used to identify the performance gap between regular and RedCap UE. If link budget is indeed needed, we propose to use a simple link budget template as in TR 36.824 with necessary revision for including reduced antenna efficiency.
Proposal 3: If link budget is indeed needed, the link budget template in TR 36.824 with necessary revision for including reduced antenna efficiency can be considered

Modelling of Antenna Array Gain
For modeling of antenna gain, two options were proposed in the coverage enhancement SI in last RAN1 meeting. It is noted that the issue is more related to TDD with 64 TXRUs at the base station. For option 1, a fewer number of transmit and receive chains, e.g. 2 or 4, can be used for link level evaluation since the array gain is included in link budget calculation. Option 1 allows to reduce the simulation efforts, but the problem is the inaccurate modeling of antenna array gain, especially for downlink broadcast channels using open loop precoding and wide beam transmission. According to our evaluation, the beamforming gain difference between 4 and 64 TX is much smaller when open loop precoding cycling is used, e.g. less than 2dB as shown in Table 3. The modeling of antenna gain in Option 1 is too optimistic for broadcast channel using open loop precoder cycling. Therefore, we prefer to use option 2 for modeling of antenna array gain to reflect realistic implementation. 
Agreement: 
Down selection on the following options for antenna array gain for LLS based methodology for FR1 in next meeting. 
· Option 1: Antenna array gain is included in the link budget template.  
· FFS: array gain = 10 * 1og10 (number of antenna elements/number of TxRUs) 
· FFS: For TDL channel model 
· FFS: Values reflective of realistic implementation and network operation. 
· Option 2: Antenna array gain is included in LLS. 
· FFS: For CDL channel model 


Proposal 4: Antenna array gain is included in LLS and the number of transmit and receive chain is equal to the number of TXRUs.

Potential Techniques for Coverage Recovery 
In this section we will give a high-level view on potential coverage recovery techniques for RedCap UE.
Time domain repetition
Slot aggregation for unicast PDSCH and PUSCH has been supported for UE in RRC connected mode in Rel-15. For enhancing coverage, time domain repetition can be considered also for broadcast PDSCH and PUSCH as well as PDCCH. The support of repetition or slot aggregation can be indicated in the SIB or dynamically based on the DCI. Figure 2 shows the BLER performance of inter-slot repetition for RAR with different number of Rx antennas. It is seen that there is a performance gap between single Rx antenna with 4 repetitions and 4 Rx antennas, and the slope of the curve is also decreased for the reduced number of Rx antenna. The possible reason is that the diversity gain from time domain repetition is much lower due to slowly varying channel.
In Rel-15, only inter-slot repetition is supported. If inter-slot repetition is used for PDCCH, UE is required to monitor PDCCH in multiple downlink slots thus increasing UE power consumption. Intra-slot repetition for PDCCH is thus preferred considering the benefit on UE power saving. 
[image: ]
Figure 3: RAR performance with different number of Rx antennas and repetitions (MCS0, 6RBs)

DMRS time domain bundling
DMRS bundling can be used to improve channel estimation performance and thus BLER performance, especially in coverage limited scenarios. Currently, only frequency domain DMRS bundling with a configurable PRG size is supported. For RedCap UE, DMRS time domain bundling with a joint channel estimation across slots can be considered also to compensate the coverage loss due to reduced number of Rx antennas. 
DRMS time domain bundling is straightforward for PDSCH or PUSCH with slot aggregation. DMRS can be coherently transmitted over consecutive slots and at the receiver, DMRS in different slots can be combined coherently to improve channel estimation performance. For PDCCH, it may be different since the CCE allocation of a PDCCH may be blind to UE. Therefore, it should be studied whether and how to support DMRS time domain for PDCCH. 

Frequency hopping across BWP
Currently, frequency hopping is supported only in the uplink. This is because distributed VRB-to-PRB mapping can be configured in downlink for achieving frequency domain diversity gain. For RedCap UE, the bandwidth of BWP will be small due to UE bandwidth reduction, and the diversity gain from distributed PRB mapping is quite limited. Frequency hopping across BWP or a large bandwidth may be considered to achieve more diversity gain. 
In Rel-15, the BWP switch delay is large, e.g. requiring several slots dependent on UE capability and subcarrier spacing. If the same delay value is reused for frequency hopping across BWP, there is a significant reduction on data throughput and performance benefits. If the BWP switch does not require a change of the subcarrier switch, the required time can be reduced. In LTE-MTC, the RF returning time for hopping across different narrowband is only 1 or 2 OFDM symbols. It can be studied whether the same RF returning time can be reused for NR if frequency hopping across BWP is considered for coverage recovery.

TBS scaling for small packet transmission
Currently, TBS scaling is supported for broadcast paging and RAR to effectively achieve lower spectral efficiencies than MCS0 (rate 120/1024, QPSK). A TBS scaling factor 0.5 or 0.25 can be dynamically indicated in the DCI for TBS determination. For small packet data transmission, inter-slot repetition is not resource utilization efficient and latency is also increased. TBS scaling can be used to avoid inter-slot repetition for very small payload transmission. It is also beneficial for UE power saving since UE is only required to receive in one slot instead of multiple slots.  
Proposal 5: RAN1 should study potential techniques for coverage recovery including time domain repetition, DMRS bundling, frequency hopping and TBS scaling.

FR2-Specific Considerations
LLS Evaluations
For FR2, common LLS simulations assumptions include the following:
	Frequency / SCS
	28 GHz / 120 kHz (SSB: 120 and 240 kHz)

	TDD frame structure
	DDDSU (S: 10D:2G:2U)

	FFT size
	2048

	BS num of ant elements
	Indoor: 128, (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1)
Urban/suburban: 256, (M, N, P, Mg, Ng) = (4, 8, 2, 2, 2)

	Num of BS TxRUs
	2 (analog beamforming is assumed)

	UE number of ant elements
	8, one panel: (M, N, P) = (2, 2, 1 or 2)
1 and 2 Rx antenna ports

	Max UE BW (MHz)
	50

	Target Data Rates (DL/UL) in Mbps
	2/2 (industrial wireless sensors)
15/5 (video surveillance cameras)
150/50 (wearables)

	Scenarios
	
	Indoor
	Outdoor 1
	Outdoor 2
	Outdoor 3

	
	UE Velocity
	3 km/h
	3 km/h
	30 km/h
	120 km/h

	
	Channel Model
	TDL-A/CDL-A
	TDL-C/CDL-C

	
	Delay Spread
	30 ns
	100 ns



PSS/SSS
Additional PSS/SSS simulation assumptions include:
	Phase Noise
	TR 38.803 example 2 at 28GHz

	Oscillator error 
	5 ppm

	Freq bins
	3 for 240 kHz and 5 for 120 kHz

	PSS/SSS false alarm rate
	0.1%



The following table shows the SNR (dB) results at 90% detection for PSS and SSS. 
Observation 7: For FR2, a UE with 1Rx may experience about 4-6 dB performance loss for PSS/SSS compared to a 2Rx UE.
	
	SCS = 120 kHz
	SCS = 240 kHz

	
	1Rx
	2Rx
	1Rx-2Rx
	1Rx
	2Rx
	1Rx-2Rx

	PSS / CDL (-A for indoor, -C for outdoor)

	Indoor
	0.6
	-5.2
	5.9
	-0.5
	-6.1
	5.6

	Outdoor 1
	0.6
	-3.0
	3.6
	1.1
	-2.6
	3.7

	Outdoor 2
	0.6
	-3.5
	4.0
	1.3
	-3.0
	4.3

	Outdoor 3
	0.5
	-3.8
	4.2
	0.7
	-3.7
	4.5

	SSS / CDL (-A for indoor, -C for outdoor)


	Indoor
	1.3
	-4.6
	5.9
	0.1
	-5.7
	5.8

	Outdoor 1
	1.0
	-2.5
	3.5
	1.5
	-2.3
	3.8

	Outdoor 2
	1.2
	-3.2
	4.4
	1.7
	-2.6
	4.3

	Outdoor 3
	1.1
	-3.4
	4.6
	1.3
	-3.2
	4.5

	PSS / TDL (-A for indoor, -C for outdoor)

	Indoor
	5.3
	-1.0
	6.3
	6.7
	0.0
	6.7

	Outdoor 1
	5.1
	-1.0
	6.1
	7.3
	0.1
	7.2

	Outdoor 2
	4.9
	-0.9
	5.8
	6.7
	-0.1
	6.8

	Outdoor 3
	4.9
	-0.8
	5.7
	6.6
	0.1
	6.5

	SSS / TDL (-A for indoor, -C for outdoor)

	Indoor
	6.2
	-0.3
	6.5
	7.3
	0.2
	7.1

	Outdoor 1
	5.6
	-0.4
	6.0
	8.0
	1.1
	6.9

	Outdoor 2
	5.9
	-0.1
	6.0
	7.7
	0.5
	7.2

	Outdoor 3
	8.3
	0.4
	8.0
	8.0
	0.7
	7.3



PBCH
Additional PBCH simulation assumptions include:
	Max UE BW (MHz)
	50 and 100

	Performance Metric
	BLER vs SNR, combination of 4 SSBs in 80ms
Note: UE is not assumed to know the SS/PBCH block index

	Periodicity
	20 ms



The following table shows the SNR (dB) results at 1% PBCH BLER.
Observation 8: For FR2 PBCH, using 1Rx UE antenna may lead to performance loss of ~2.5 to 5 dB

	
	100 MHz

	
	1Rx
	2Rx
	1Rx-2Rx

	SCS120 / CDL (-A for indoor, -C for outdoor)

	Indoor
	-6.1
	-11.3
	5.2

	Outdoor 1
	-4.2
	-8.1
	3.9

	Outdoor 2
	-5.6
	-8.8
	3.2

	Outdoor 3
	-6.9
	-9.4
	2.5

	SCS240 / CDL (-A for indoor, -C for outdoor)

	Indoor
	-6.1
	-11.7
	5.6

	Outdoor 1
	-3.3
	-7.2
	3.8

	Outdoor 2
	-4.1
	-7.6
	3.5

	Outdoor 3
	-5.8
	-8.5
	2.7

	SCS120 / TDL (-A for indoor, -C for outdoor)

	Indoor
	-3.1
	-7.6
	4.5

	Outdoor 1
	-6.6
	-9.2
	2.6

	Outdoor 2
	-7.4
	-10.1
	2.7

	Outdoor 3
	-7.6
	-10.8
	3.2

	SCS240 / TDL (-A for indoor, -C for outdoor)

	Indoor
	-3.3
	-8.0
	4.7

	Outdoor 1
	-4.8
	-8.8
	3.9

	Outdoor 2
	-7.0
	-9.5
	2.5

	Outdoor 3
	-7.3
	-9.5
	2.2



PDCCH
Additional PDCCH simulation assumptions include:
	CORESET size
	48 PRB, 1 symbol NCP

	Aggregation Levels
	1, 2, 4, 8

	DCI size
	40 (polar coded)



The following table shows the SNR (dB) results at 1% PDCCH BLER.
Observation 9: For FR2, a UE with 1Rx may experience about 3-6 dB performance loss for PDCCH compared to a 2Rx UE.
	
	AL1
	AL2
	AL4
	AL8

	
	1Rx
	2Rx
	1Rx-2Rx
	1Rx
	2Rx
	1Rx-2Rx
	1Rx
	2Rx
	1Rx-2Rx
	1Rx
	2Rx
	1Rx-2Rx

	Indoor (CDL-A)
3km/h, 30ns
	N/A
	8.3
	N/A
	N/A
	2.5
	N/A
	5.5
	-1.1
	6.5
	1.8
	-3.8
	5.6

	Outdoor (CDL-A)
3km/h, 100ns
	N/A
	8.8
	N/A
	8.1
	1.6
	6.6
	1.1
	-2.9
	4.0
	-2.1
	-6.4
	4.4

	Indoor (TDL-A)
3km/h, 30ns
	N/A
	5.5
	N/A
	6.1
	0.8
	5.3
	1.7
	-2.6
	4.3
	-2.0
	-5.3
	3.3



PDSCH
Additional PDSCH simulation assumptions include:
	Number of RBs
	32

	DMRS Symbol Index
	3, front loaded

	PDSCH symbol index
	4-14

	PDCCH symbol index
	1,2

	PTRS symbol index
	4-14

	HARQ RV seq
	0, 2, 1, 3 HARQ and 0 ReTx

	MIMO Layers
	1

	Precoder type
	Open loop

	DMRS RB bundling size
	4

	Channel code
	NR LDPC 64-QAM MCS Table, Low SE MCS table

	Data rates
	MCS 0-2 (low SE 64-QAM): ~ 2 Mbps
MCS 3-5 (64-QAM): ~ 15 Mbps



The following table shows the SNR (dB) results at 10% PDSCH 1st Tx BLER.
Observation 10: For FR2, a UE with 1Rx may experience up to 5 dB performance loss for PDSCH compared to a 2Rx UE.
	
	Low SE MCS Table
	64-QAM MCS Table 

	
	MCS 0
	MCS 1
	MCS 2
	MCS 3
	MCS 4
	MCS 5

	CDL-A Indoor (3km/h, 30ns)

	1Rx
	-4.7
	-3.5
	-2.9
	3.8
	4.9
	6.1

	2Rx
	-6.2
	-5.1
	-4.6
	1.7
	2.6
	3.7

	1Rx-2Rx
	1.5
	1.6
	1.6
	2.1
	2.3
	2.4

	CDL-A Outdoor (3km/h, 100ns)

	1Rx
	-3.6
	-2.4
	-1.8
	5.2
	6.3
	7.5

	2Rx
	-3.8
	-2.7
	-2.2
	4.2
	5.3
	6.3

	1Rx-2Rx
	0.2
	0.3
	0.4
	0.9
	1.0
	1.1

	TDL-A Indoor (3km/h, 30ns)

	1Rx
	-4.7
	-3.7
	-3.1
	3.7
	4.9
	6.0

	2Rx
	-8.1
	-7.3
	-6.7
	-0.8
	0.1
	1.1

	1Rx-2Rx
	3.4
	3.6
	3.7
	4.5
	4.8
	4.9



PUSCH
Additional PUSCH simulation assumption include BW of 32 RB.
The following tables show the SNR (dB) results at 10% PUSCH 1st Tx BLER.
Observation 11: For FR2, a UE with 1Tx may experience about 1.5 - 5 dB performance loss for PUSCH compared to a 2Tx UE.
	
	64-QAM MCS Table

	
	MCS 2
	MCS 3
	MCS 4
	MCS 5
	MCS 6

	Indoor (3km/h, 30ns), 1 DMRS

	CDL-A
	1Tx
	N/A
	5.3
	6.1
	7.0
	7.6

	
	2Tx
	N/A
	3.2
	3.8
	4.7
	5.3

	
	1Tx-2Tx
	N/A
	2.1
	2.3
	2.3
	2.3

	TDL-A
	1Tx
	N/A
	6.9
	7.3
	8.4
	9.5

	
	2Tx
	N/A
	1.8
	2.4
	3.3
	3.7

	
	1Tx-2Tx
	N/A
	5.1
	5.0
	5.2
	5.7

	Indoor (3km/h, 30ns), 2 DMRS

	CDL-A
	1Tx
	4.3
	5.4
	6.0
	6.9
	7.6

	
	2Tx
	2.2
	3.0
	3.7
	4.6
	5.1

	
	1Tx-2Tx
	2.1
	2.3
	2.3
	2.3
	2.5

	TDL-A
	1Tx
	5.2
	6.5
	7.1
	8.1
	8.9

	
	2Tx
	0.7
	1.4
	2.1
	3.0
	3.6

	
	1Tx-2Tx
	4.5
	5.1
	5.1
	5.0
	5.3

	Outdoor (3km/h), 1 DMRS

	CDL-A
100ns
	1Tx
	N/A
	7.3
	8.0
	9.0
	9.8

	
	2Tx
	N/A
	6.0
	6.5
	7.5
	8.1

	
	1Tx-2Tx
	N/A
	1.3
	1.5
	1.5
	1.7

	TDL-A
30ns
	1Tx
	N/A
	6.6
	8.3
	8.3
	9.4

	
	2Tx
	N/A
	1.8
	2.3
	3.2
	3.9

	
	1Tx-2Tx
	N/A
	4.9
	5.9
	5.0
	5.6

	Outdoor (3km/h), 2 DMRS

	CDL-A
100ns
	1Tx
	N/A
	7.1
	7.9
	9.0
	9.6

	
	2Tx
	N/A
	5.7
	6.5
	7.3
	7.9

	
	1Tx-2Tx
	N/A
	1.4
	1.4
	1.6
	1.7

	TDL-A
30ns
	1Tx
	N/A
	6.4
	7.5
	8.4
	8.9

	
	2Tx
	N/A
	1.3
	2.0
	2.8
	3.5

	
	1Tx-2Tx
	N/A
	5.1
	5.5
	5.6
	5.4



	
	Low SE MCS Table

	
	MCS 6
	MCS 7
	MCS 8
	MCS 9
	MCS 10
	MCS 11
	MCS 12

	Indoor (3km/h, 30ns), 1 DMRS

	CDL-A
	1Tx
	3.1
	3.8
	4.5
	5.3
	6.1
	7.0
	7.6

	
	2Tx
	1.1
	1.6
	2.5
	3.2
	3.8
	4.7
	5.3

	
	1Tx-2Tx
	2.0
	2.2
	2.1
	2.1
	2.3
	2.3
	2.3

	TDL-A
	1Tx
	4.3
	4.9
	5.7
	6.9
	7.3
	8.4
	9.5

	
	2Tx
	-0.2
	0.4
	1.0
	1.8
	2.4
	3.3
	3.7

	
	1Tx-2Tx
	4.5
	4.5
	4.7
	5.1
	5.0
	5.2
	5.7

	Indoor (3km/h, 30ns), 2 DMRS

	CDL-A
	1Tx
	3.2
	3.8
	4.3
	5.4
	6.0
	6.9
	7.6

	
	2Tx
	0.9
	1.5
	2.2
	3.0
	3.7
	4.6
	5.1

	
	1Tx-2Tx
	2.3
	2.3
	2.1
	2.3
	2.3
	2.3
	2.5

	TDL-A
	1Tx
	4.3
	4.4
	5.2
	6.5
	7.1
	8.9
	8.9

	
	2Tx
	-0.6
	-0.2
	0.7
	1.4
	2.1
	3.0
	3.6

	
	1Tx-2Tx
	4.8
	4.6
	4.5
	5.1
	5.1
	5.8
	5.3

	Outdoor (3km/h), 1 DMRS

	CDL-A
100ns
	1Tx
	5.1
	5.7
	6.4
	7.3
	8.0
	9.0
	9.8

	
	2Tx
	3.8
	4.3
	5.1
	6.0
	6.5
	7.5
	8.1

	
	1Tx-2Tx
	1.3
	1.4
	1.3
	1.3
	1.5
	1.5
	1.7

	TDL-A
30ns
	1Tx
	4.2
	4.9
	5.7
	6.6
	7.6
	8.3
	9.4

	
	2Tx
	-0.1
	0.3
	1.0
	1.8
	2.3
	3.2
	3.9

	
	1Tx-2Tx
	4.3
	4.6
	4.7
	4.9
	5.3
	5.0
	5.6

	Outdoor (3km/h), 2 DMRS

	CDL-A
100ns
	1Tx
	4.9
	5.5
	6.1
	7.1
	7.9
	9.0
	9.6

	
	2Tx
	7.9
	7.3
	6.5
	5.7
	4.8
	4.1
	3.7

	
	1Tx-2Tx
	-3.0
	-1.8
	-0.4
	1.4
	3.1
	4.8
	6.0

	TDL-A
30ns
	1Tx
	4.2
	4.6
	5.3
	6.4
	7.5
	8.4
	8.9

	
	2Tx
	-0.7
	0.0
	0.5
	1.3
	2.0
	2.8
	3.5

	
	1Tx-2Tx
	4.9
	4.6
	4.8
	5.1
	5.5
	5.6
	5.4



Potential Techniques for FR2 Coverage Recovery 
Coverage recovery techniques for RedCap may reuse some of the techniques discussed as part of the Rel-17 coverage enhancement SID (RP-193240). For FR2 specific MCL results for various channels, please refer to [4].
In this section, several high-level views for FR2 coverage recovery are discussed, mainly related to:
· Frequency hopping
· Time domain repetition
· Beam refinement
· UL L1 measurement report payload reduction
· L1/L2 inter-cell diversity
After initial cell search, to reduce the UE’s BW and thus save power, the UE may switch into a narrow BW active BWP (NBWP). For a narrow band UE supported BW, to achieve frequency diversity gains, frequency domain hopping is one of the methods that can be used. However, in FR2, due to beamforming at both gNB and UE in addition to smaller cells, the delay spread is smaller compared to FR1. This leads to a larger coherence BW and hence less gain using frequency hopping (if the hopping was within a limited frequency range). For FR2, to get the frequency diversity hopping gains, the UE may need to hop across a larger system frequency range (across larger system BW). For example, in case the network supports CA, the UE may hop in frequency over multiple CCs (using 1 CC at a time).
[image: ]
In addition to frequency domain hopping, one of the most widely used ways for coverage recovery/enhancement is repetition in time domain. However, time domain repetition may not be a power or resource efficient way. It also causes lengthy time domain blockages for other users leading to increased latency as well as complicates the scheduler design. To reduce these effects, some other more efficient techniques may be studied. Such techniques include beam refinement or repetition across TRPs. 
[image: ]

Inter-cell L1/L2 mobility (diversity) may be a desirable option for coverage recovery, where the UE may be connected at the same time to multiple TRPs causing some diversity gains. Hence, it may be desirable to have some enhanced L1/L2 inter-cell mobility techniques that apply to RedCap use cases in order to have some coverage recovery, i.e., for diversity and connection reliability, stationary devices need to have enhanced inter-cell procedures, e.g.:
· L1/L2 mobility
· Message repetition
· BFD/BFR procedures
Proposal 6: For FR2, study power and resource efficient solutions for coverage recovery in FR2, including:
· Beam refinement
· Hopping across a larger system frequency range
· Enhanced L1/L2 inter-cell mobility (optimized to RedCap use cases)
Among different use cases, industrial wireless sensors and video surveillance cameras may be among the main use cases for RedCap FR2 devices. As indicated in the SID, the UEs associated with these use cases may be stationary and have UL heavy traffic models. Some of these use cases also have large latency requirements which may be utilized in power saving techniques:
· Industrial Wireless Sensors: < 100 ms, safety related: 5-10 ms
· Video Surveillance: < 500 ms
To enhance message coverage, classical time domain repetition can be utilized. However, as discussed, repetition may cause blockages. Given the large latency requirements of some RedCap use cases, and to reduce blockages and/or resources, study different repetition techniques for message.
Proposal 7: For FR2, study ways to reduce time blockage and/or resources by taking into consideration the larger latency requirements for some use cases.
Since beam management is very crucial for FR2 operation, the L1 measurement report is an extremely important message. However, a single L1 measurement report may be configured to include multiple CSI report settings where the number is limited by the PUCCH/PUSCH payload size (if payload size is not sufficient, reports with lowest priority are dropped). A single report setting carries SSBRI/CRI and the measurement. Depending on the number of CSI-RS resources configured (up to 128 across all resource sets), the CRI may have a considerable number of bits (7 bits each) with a total of up to 7x4 bits per setting. The measurements per setting (e.g., L1-RSRP) can be 7 + up to 3x4 bits long. Hence, the L1 measurement report may end up having a considerable size. 
In some RedCap scenarios, we can take advantage of the stationary conditions of the UEs to have a leaner (reduced payload) L1 measurement report without any considerable loss of BM performance. This may be needed to increase the L1 report reliability (i.e., enhance the report’s coverage). 
Proposal 8: For FR2, study techniques to reduce the payload size for the L1 measurement report.

 Conclusions
In this contribution, we discuss the functionality of coverage recovery for reduced capability NR devices. We have the following observations:
Observation 1: Max UE bandwidth reduction will cause a performance loss for both DL control channel and data channel due to lower frequency diversity gain and restricted coding gain/aggregation level.
Observation 2: For RedCap devices with size limitation, 1 RX antenna is a suitable configuration for FR1 deployment.  When such devices operate at lower frequency bands of FR1, their DL/UL coverage may experience up to 3 dB loss in antenna gain. However, when such devices operate at higher frequency bands of FR1, they are less likely to experience antenna gain loss due to size limitation.
Observation 3: For PDCCH decoding performance, the SNR loss incurred by reduced number of RX antennas depends on the AL and the configuration of the reference UE.
Observation 4: For PDSCH decoding performance, the SNR loss incurred by reduced number of Rx antennas depends on the MCS and the configuration of the reference UE.

Observation 5: In Urban environments, PUSCH 1Mbps and broadcast PDSCH are the main bottleneck channels. For single Rx UE, unicast PDSCH and PDCCH AL8 cannot achieve a target of 140dB.
Observation 6: In Rural environments, Msg3, unicast PUSCH and broadcast PDSCH are the main bottleneck channels
Observation 7: For FR2, a UE with 1Rx may experience about 4-6 dB performance loss for PSS/SSS compared to a 2Rx UE.
Observation 8: For FR2 PBCH, using 1Rx UE antenna may lead to performance loss of ~2.5 to 5 dB
Observation 9: For FR2, a UE with 1Rx may experience about 3-6 dB performance loss for PDCCH compared to a 2Rx UE.
Observation 10: For FR2, a UE with 1Rx may experience up to 5 dB performance loss for PDSCH compared to a 2Rx UE.
Observation 11: For FR2, a UE with 1Tx may experience about 1.5 - 5 dB performance loss for PUSCH compared to a 2Tx UE.
Based on these observations, we made the following proposals:
Proposal 1: In FR1, for RedCap UE with 1 RX antenna and device size limitation, its DL coverage recovery should target 6 to 9 dB improvement in FDD and TDD bands; for RedCap UE with 2 RX antennas and no device size limitation, its DL coverage should target 3 to 4 dB improvement in TDD bands above 2.5 GHz.  For RedCap UE with device size limitation, its UL coverage should target 3 to 4 dB improvement as well.

Proposal 2: For RedCap coverage evaluation, if the target data rate in the coverage enhancement SI is reused, it should be adjusted lower for the reduced maximum UE bandwidth. In addition, consider using additional target data rates for higher percentile users (e.g., median or cell center).
Proposal 3: If link budget is indeed needed, the link budget template in TR 36.824 with necessary revision for including reduced antenna efficiency can be considered
Proposal 4: Antenna array gain is included in LLS and the number of transmit and receive chain is equal to the number of TXRUs.
Proposal 5: RAN1 should study potential techniques for coverage recovery including time domain repetition, DMRS bundling, frequency hopping and TBS scaling.
Proposal 6: For FR2, study power and resource efficient solutions for coverage recovery in FR2, including:
· Beam refinement
· Hopping across a larger system frequency range
· Enhanced L1/L2 inter-cell mobility (optimized to RedCap use cases)
Proposal 7: For FR2, study ways to reduce time blockage and/or resources by taking into consideration the larger latency requirements for some use cases.
Proposal 8: For FR2, study techniques to reduce the payload size for the L1 measurement report.
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Appendix
LLS parameters for FR1 coverage evaluation
	Parameters
	

	Scenario and frequency
	· Urban: 2.6 GHz (TDD)
· Rural: 700 MHz (FDD)

	Frame structure for TDD
	· DDDDDDDSUU (S: 6D:4G:4U)

	SCS
	· Urban: 30kHz 
· Rural: 15kHz

	BWP BW
	· Urban: 100MHz (273 RBs)
· Rural: 20MHz (106 RBs)

	Channel model
	· TDL-C, NLoS

	Delay spread
	· 300ns

	Antenna correlation
	· Low

	UE velocity
	· 3 km/h

	# of gNB TXRUs
	· Urban: 64TXRUs
· Rural: 4TXRUs
· Number of transmit and receive chains equal to number of TXRUs

	# of Tx/Rx chains for reference UE
	· Urban: 1T4R
· Rural: 1T2R

	# of Tx/Rx chains for RedCap UE
	· 1T2R or 1T1R

	SSB
	· Periodicity: 20ms 
· 4 transmission per 80ms 
· BLER: 1% 
· Tx diversity: Precoder cycling across 80ms

	PDCCH
	· AL: 16 
· Payload: 40bits 
· CORESET: 2 symbols, 48RBs 
· BLER: 1% 
· Tx diversity: Precoder cycling with bundle size of 6

	Unicast PDSCH
	· Target data rate: FR1: 10Mbps (Urban), 1Mbps (Rural) 
· Initial BLER: 10% 
· MCS/RB/TBS: 0/200/5640 for Urban and 0/40/1128 for Rural 
· DMRS: Type 1 with 2 DMRS symbols
· Tx diversity: Precoder cycling with bundle size of 2 RBs

	Msg2
	· Initial BLER: 10% 
· MCS/RB/TBS: 0/3/72
· TDRA: 12 OFDM symbols
· DMRS: Type 1 with 3 DMRS symbols
· Tx diversity: Precoder cycling with bundle size of 2 RBs

	Msg4
	· Initial BLER: 10% 
· MCS/RB/TBS: 0/36/1040
· TDRA: 12 OFDM symbols
· DMRS: Type 1 with 2 DMRS symbols
· Tx diversity: Precoder cycling with bundle size of 2 RBs

	PUCCH
	· Format and payload
· Format 1: 2bits UCI 
· Format 3: 11/22 bits UCI
· BLER 
· Format 1: 1% DTX to ACK and ACK misdetection and 0.1% NACK to ACK 
· Format 3: 1% BLER for A/N/SR, 10% for CSI 
· FDRA: 1 RB 
· TDRA: 14 OFDM symbols 
· Number of transmissions: 1
· Tx diversity: intra-slot frequency hopping

	Unicast PUSCH
	· Target data rate: FR1: 1Mbps (Urban), 100kbps (Rural)
· Initial BLER: 10% 
· MCS/RB/TBS: 3/30/2280 for Urban and 0/4/128 for Rural
· TDRA: 14 OFDM symbols
· DMRS: Type 1 with 2 DMRS symbols
· Tx diversity: No frequency hopping



Link budget analysis for reference UE
	 
	 
	TDD 2.6GHz(64TXRUs)

	Channel / Format
	 
	PBCH (4-slots)
	PDCCH AL8
	PDCCH AL16
	Msg2, 72bits
	Msg4, 130bytes
	PDSCH, 10Mbps

	gNB Tx Power (dBm)
	A
	51
	51
	51
	51
	51
	51

	gNB Tx Bandwidth (Hz)
	B
	1.00E+08
	1.00E+08
	1.00E+08
	1.00E+08
	1.00E+08
	1.00E+08

	Occupied channel BW (Hz)
	C
	7.20E+06
	1.73E+07
	1.73E+07
	1.08E+06
	1.30E+07
	7.20E+07

	Occupied channel Tx Power (dBm)
	D=10*LOG10(C/B)+A
	39.57
	43.38
	43.38
	31.33
	42.13
	49.57

	
	
	
	
	
	
	
	

	Thermal noise density (dBm/Hz)
	E
	-174
	-174
	-174
	-174
	-174
	-174

	UE Receiver noise figure (dB)
	F
	7
	7
	7
	7
	7
	7

	Interference margin (dB)
	G
	0
	0
	0
	0
	0
	0

	Effective noise power(dBm)
	H=E+10*LOG10(C)+F+G
	-98.43
	-94.62
	-94.62
	-106.67
	-95.87
	-88.43

	required SINR (dB)
	I
	-15.40
	-8.90
	-11.70
	-7.00
	-8.50
	-9.00

	Receiver sensitivity (dBm)
	J=I+H
	-113.83
	-103.52
	-106.32
	-113.67
	-104.37
	-97.43

	Max coupling loss (dB)
	MCL=D-J
	153.40
	146.90
	149.70
	145.00
	146.50
	147.00




	 
	 
	TDD 2.6GHz(64TXRUs)

	Channel / Format
	 
	PUCCH, 2bits
	PUCCH, 11bits
	PUCCH, 22bits
	Msg3, 56bits
	PUSCH, 1Mbps
	PRACH, B4

	UE Tx Power (dBm)
	A
	23
	23
	23
	23
	23
	23

	Thermal noise density (dBm/Hz)
	B
	-174
	-174
	-174
	-174
	-174
	-174

	gNB Receiver noise figure (dB)
	C
	5
	5
	5
	5
	5
	5

	Interference margin (dB)
	D
	0
	0
	0
	0
	0
	0

	Occupied channel bandwidth (Hz)
	E
	360000
	360000
	360000
	720000
	11520000
	4170000

	Effective noise power(dBm)
	F=10*LOG10(E)+B+C+D
	-113.44
	-113.44
	-113.44
	-110.43
	-98.39
	-102.80

	required SINR (dB)
	G
	-20.5
	-18
	-16.5
	-16.5
	-13.5
	-29.5

	Receiver sensitivity (dBm)
	H=F+G
	-133.94
	-131.44
	-129.94
	-126.93
	-111.89
	-132.30

	Max coupling loss (dB)
	MCL=A-H
	156.94
	154.44
	152.94
	149.93
	134.89
	155.30
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