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Introduction
In RAN#86, a new SI on support of reduced capability NR devices was approved with following objectives [1]:
· Identify and study potential UE complexity reduction features, including [RAN1, RAN2]: 
· Reduced number of UE RX/TX antennas
· UE Bandwidth reduction 
Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized 
· Half-Duplex-FDD 
· Relaxed UE processing time 
· Relaxed UE processing capability 

· Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 
· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].
· Extended DRX for RRC Inactive and/or Idle [RAN2]
· RRM relaxation for stationary devices [RAN2]

· 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.

· Study standardization framework and principles for how to define and constrain such reduced capabilities – considering definition of a limited set of one or more device types and considering how to ensure those device types are only used for the intended use cases [RAN2, RAN1].

· Study functionality that will allow devices with reduced capabilities to be explicitly identifiable to networks and network operators, and allow operators to restrict their access, if desired [RAN2, RAN1].
In this contribution, we will discuss the functionality of coverage recovery for reduced capability NR devices.
Scoping of Coverage Studies
According to the SID, coverage recovery is needed to compensate for potential coverage reduction due to the device complexity reduction. For example, when the number of UE antennas is reduced from four to one, DL coverage is reduced due to loss of Rx diversity gain. Similarly, UE bandwidth reduction may also reduce coverage since the lowest MCS (e.g. MCS0) may not be used for transmitting a large packet. 
In uplink, the coverage may not be reduced when the same power class is reused for the reduced capability device. However, for some user cases, such as smart city, industries and medical devices, especially for FR2, improvement on uplink coverage is needed. 
Proposal 1: Coverage recovery for reduced capability NR devices should consider both uplink and downlink.

Design Objectives 
There could be the following two approaches for determining the coverage recovery targets for reduced capabilities NR devices.
For Approach 1, the coverage of each physical channel of the reduced capability (RedCap) UE is improved to be same as regular UE. For example, the downlink coverage of the RedCap UE is improved to compensate for reduced number of Rx antennas. The target for coverage enhancement can be determined based on link level simulation by comparing the difference of the required SINR between 4 and 1 UE RX antenna under a given BLER target, e.g. 6 dB for PDCCH AL8 as shown in Figure 1. It is possible that the SINR difference may be different for different channels and in such case a maximum SINR difference may be determined as the target for coverage recovery. 
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Figure 1: PDCCH BLER performance of different number of Rx antennas
However, there is no consideration of link imbalance between uplink and downlink for Approach 1. As known the uplink is typically coverage limited due to relatively small UE transmission power. Therefore, coverage recovery for the RedCap UE should aim to not only compensate the coverage loss due to reduced capability but also achieve a balanced uplink and downlink coverage.   
A link budget comparison for regular and RedCap UE is given in the following. Table 1 summarizes the MCL calculation assumption based on [3]. Link simulations are run for a non-LOS TDA-C channel with 300ns delay spread and a speed of 3km/h. Non-ideal channel estimation is assumed. Evaluations are done for the 30kHz numerology at 4GHz with 100MHz bandwidth. The base station is assumed to have four transmit antenna and four receive antenna, i.e. 4 TxRUs. The total base station power is 51dBm with uniform PSD across all the bandwidth. The regular UE is assumed to have four receive antennas for all channels except for SSB, for which two are used. The number of Rx antenna for RedCap UE is assumed to one. 

Table 1: MCL calculation assumptions
	UE Tx power 
	23dBm

	DL Tx power
	51dBm

	gNB receiver noise figure
	5dB

	UE receiver noise figure
	7dB

	Interference margin
	0dB



The performance metric for link budget analysis is based on the maximum supported coupling loss, which is defined as the difference between the transmitted power and the receiver sensitivity. Table 2 shows the maximum supported coupling loss for different uplink and downlink control and data channels for regular and RedCap UEs. The LLS parameters for these uplink and downlink channels are provided in Table 3. 
Table 2: Link Budget Comparison for regular and RedCap UE (FR1, TDD, 4GHz)
	Physical Layer Channel
	Regular UE: MCL (dB)
	RedCap UE: MCL (dB)

	Short PUCCH (1 bit)
	138.4
	138.4

	Long PUCCH (1 bit)
	149.9
	149.9

	Msg3 PUSCH (72 bits)
	137.1
	137.1

	PDCCH, 40bits (AL8)
	146.9
	140.3

	Msg2 PDSCH (72 bits)
	147.5
	141.0

	PBCH (4-shot)
	152.0
	148.9



Table 3: LLS parameters for downlink and uplink control and data channels
	
	PBCH
	PDCCH AL=8
	Msg2 PDSCH
	Msg3   PUSCH

	Payload (bits)
	32
	40
	72
	72

	CRC
	24
	24
	16
	16

	#RBs
	20
	48
	6
	1

	#Symbols
	4 (SSB)
	1
	9 data + 3 DMRS
	11 data + 3 DMRS

	Effective Coding Rate
	0.065
	0.074
	0.068
	0.33

	BLER target
	10%
	1%
	10%
	10%



According to [2], the target on the maximum coupling loss for the basic eMBB service is 143dB. It is seen that for the regular UE the required target can be reached for all the channels except for short PUCCH and message 3, which are about 5dB worse than the required target. For RedCap UE with one Rx antenna, there is a drop on the supported coupling loss in the downlink and PDCCH AL8 can only reach 140dB for a 1% missed detection rate, i.e. about 3dB margin to the target of 143dB.
It is noted that the above analysis is based on 4 receiver antennas at the base station. When more antennas, e.g. 64, are assumed for the base station, the uplink MCL will be improved to reach the target of 143dB. But the improvement on downlink broadcast channels using more antennas is small due to open loop beamforming operation. 
If coverage recovery for RedCap aims to reach the required target on the maximum coupling loss or to achieve a balanced uplink and downlink coverage, the required coverage improvement will be smaller than that to compensate the loss due to device complexity reduction. Since downlink coverage loss for RedCap UE is more serious than uplink, it is preferable to enhance the coverage aiming for minimizing link imbalance between uplink and downlink while reaching a given target on the maximum coupling loss.
Proposal 2: Coverage recovery for reduced capability NR devices should strive to minimize link imbalance between uplink and downlink while reaching a given target on the maximum coupling loss.

LLS Parameters for Coverage Recovery Evaluation 
[bookmark: _Hlk23927392]In this section we will discuss parameters for coverage recovery link level evaluation.
Duplex and Carrier frequency
TDD can be assumed for coverage recovery link level evaluation. Note that the carrier frequency for link level evaluation affects only the Doppler, which has a small impact on the link performance, and that similar results can be expected at other frequencies. For FR1, 4GHz carrier frequency can be assumed. 
Antenna Configuration
As discussed, the number of base station receive antennas has a big impact on the uplink coverage.  To improve uplink coverage, 64 TXRUs can be considered for base station. However, not all the TDD deployments use such large number of TXRUs. Also due to reduced complexity, RedCap UE may not support CSI feedback for a very large number of antenna ports. Therefore, we propose to consider both 4TxRUs and 64 TXRUs at base station for coverage recovery link level evaluation.
Channel models
Both TDL and CDL channel models can be considered for coverage recovery link evaluation. Delay spread 300ns is used, which is corresponding to Urban Macro NLoS scenario. CDL channel may be used for 64TxRUs for which correlated channel is required. TDL channel can be used for 4 TXRUs.
Physical channels and signals
Due to low beamforming gain of wide broadcast beams, broadcast channels (e.g. message 2 and 3 of random access) should be the focus of the coverage recovery evaluation. In addition, unicast data for a given target data rate can also be considered. The physical layer parameters for broadcast channels can refer to Table 3, and the parameters for unicast data can follow the agreements for Re-17 coverage enhancement evaluation. 
Performance metric
The maximum coupling loss can be used as coverage performance target, which is defined in the UL and DL as [1]:  
-	UL MCL = UL Max Tx power - gNB Sensitivity
-	DL MCL = DL Max Tx power - UE Sensitivity
The MCL is evaluated via link budget analysis supported by link level simulations. The maximum supported isotropic loss can be calculated from MCL by including antenna gains, building losses, margins for fading and handover gains. For coverage recovery evaluation, we think the MCL is enough.
Table 4 summarizes the proposed LLS parameters for coverage recovery link level evaluation for FR1.
Table 4: LLS parameters for coverage recovery link level evaluation (FR1)
	Parameter
	Evaluation assumption

	Carrier Frequency
	4GHz

	Multiplexing
	TDD

	System BW
	100MHz

	gNB Tx power
	51 dBm (41 dBm for 10MHz) 

	UE power class 
	23 dBm

	Numerology
	30kHz SCS

	Channel model
	TDL-C 300ns and CDL-C 300ns

	UE speed
	3km/h

	# of TXRUs at gNB
	4 (1V x 2H x 2P) and 64 (2V x 16H x 2P)

	# of Tx at UE
	1

	# of Rx at UE
	4Rx for regular UE (2Rx for SSB)
1Rx for RedCap UE

	Required SNR
	Control channel: 1% BLER
Data channel: 10% BLER



Proposal 3: RAN1 should discuss and agree on the LLS parameters for link level evaluation of coverage recovery. A starting point is to use parameters given in Table 4.

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. 
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Figure 2: RAR performance with different number of Rx antennas and repetitions

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 PUSCCH 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 4: RAN1 should study potential techniques for coverage recovery including time domain repetition, DMRS bundling, frequency hopping and TBS scaling.

FR2-Specific Considerations
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 measurement report payload reduction
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).
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 repletion may not be a power or resource efficient way. It also, causes lengthy time domain blockage for other users increasing the latency and complicating the scheduler design. To reduce these effects, some other more efficient techniques may be studied. Such techniques include beam refinement or repetition across TRPs.
Proposal 5: Study power and resource efficient solutions for coverage recovery in FR2, including beam refinement, repetition across TRP and hopping across a larger system frequency range.
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 PDCCH 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 blockage and/or resources, study different repetition techniques for PDCCH.
Proposal 6: Study ways to reduce time blockage and/or resources in FR2 by taking into consideration larger latency requirements for some use cases.

 Conclusions
In this contribution, we discuss the functionality of coverage recovery for reduced capability NR devices. We have the following proposals:
Proposal 1: Coverage recovery for reduced capability NR devices should consider both uplink and downlink.
[bookmark: _GoBack]Proposal 2: Coverage recovery for reduced capability NR devices should strive to minimize the link imbalance between uplink and downlink while reaching a given target on the maximum coupling loss.
Proposal 3: RAN1 should discuss and agree on the LLS parameters for link level evaluation of coverage recovery. A starting point is to use parameters given in Table 4.
Proposal 4: RAN1 should study techniques for coverage recovery including time domain repetition, DMRS bundling, frequency hopping and TBS scaling.
Proposal 5: Study power and resource efficient solutions for coverage recovery in FR2,  including beam refinement, repetition across TRP and hopping across a larger system frequency range.
Proposal 6: Study ways to reduce time blockage and/or resources in FR2 by taking into consideration the larger latency requirements for some use cases.
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