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1. Introduction

The RAN1 aspects for support of reduced capability NR devices are almost completed, with some leftovers to be discussed and decided in RAN or during the WI. It is preferable that RAN take these decisions rather than remitting them to WGs, to ensure that TUs are used efficiently for normative work once the WI is established. In this contribution we provide our views on the remaining issues and the scope of the RedCap WI objectives.
2. Discussion
2.1 Cost/complexity reduction techniques
· Reduction of number of Rx branches and DL MIMO layers
In RAN1#103-e, conclusions and recommendations for reduced numbers of Rx antennas and DL MIMO layers are agreed and captured in TR 38.875. The remaining issues are: 
· The minimum number of supported Rx branches for FR1 TDD bands
· The maximum number of MIMO layers supported when a RedCap UE is equipped with 2Rx branches. 
Critical reason(s) to decide the supported number of Rx branches
The supported number of Rx branches would normally be determined based on a trade-off between UE cost saved from a reduced number of Rx branches, and the performance degradation in terms of coverage, capacity, and spectral efficiency for the network due to lack of MIMO support and antenna gain. RAN1 has studied both aspects and, for TDD bands, a minimum number of 2 Rx branches strikes a good balance between cost saving and performance degradation.
However, the above does not adequately account for the market needs for one specific RedCap use case, i.e. wearables with small device form factor. The most popular wearable devices in the market that can be expected in the near future are smart watches, for which implementing 2 Rx branches is challenging whether for FDD or TDD bands in FR1. This, if 1 Rx is not allowed for the typical NR deployment scenarios, implies a potential delay of several years for one main RedCap use case, which is not be desirable for establishing a strong RedCap ecosystem. The study is investigating mechanisms for operators to control whether 1 Rx RedCap UEs can access a certain cell, so depending on the available resources and traffic load the network can bar the UE with 1 Rx for accessing in order to minimize the impact on the network performance.
Proposal 1: The RedCap WI by specification supports both 1 Rx and 2 Rx branches for RedCap UEs in FR1 TDD bands where a non-RedCap UE is required to be equipped with a minimum of 4 Rx branches.
Critical reason(s) to decide the supported DL MIMO layers
The supported number of MIMO layers for a UE  is determined by the smaller of the supported number of Rx branches and the baseband MIMO layer capability. Thus, it is possible to envisage a RedCap UE supporting a single MIMO layer while being equipped with 2 Rx branches. 

Regardless of the equipped number of Rx branches, reducing the number of MIMO layers results in a similar performance impact as reducing the number of Rx branches, in terms of network capacity and spectral efficiency. Therefore, the network performance will be severely degraded when a large amount of RedCap UEs in the system have a single MIMO layer.
Moreover, it is observed that:

· The cost saving from MIMO layer reduction has to be weighed against the loss in network performance, which degrades essentially in line with the reduction of layers. Whereas the peak rate loss is 50% from 4 layers to 2 layers, and 75% from 4 layers to 1 layer (for FR1 TDD) – representing a further 50% relative loss in going to 1 layer – the extra cost saving it gives is approximately 6%. Whilst such cost savings need to be considered, in our view, the performance loss in this case is clearly not a proportionate trade-off.
· Supporting 2 MIMO layers does not have impact on the device form factor when 2Rx are supported.
Given the above, the network performance should be given more weight when determining the supported DL MIMO layers, and operators should be provided with a device design that can contribute to this.
Proposal 2: For both FR1 and FR2 bands, support of 2 DL MIMO layers is mandatory for RedCap UEs with 2 Rx branches. A RedCap UE with 2 Rx branches cannot report support of just 1 DL MIMO layer.
· Doubled UE processing time N1 & N2
RAN1 discussed but did not make decisions for whether to support doubled UE processing time in terms of N1 and N2, and HD-FDD type A (in addition to supporting FD-FDD). Based on averaged results over sourcing companies, the cost saving from each of them is similar to the cost/complexity reduction achieved by the recommended modulation reduction from DL 256-QAM to DL 64-QAM. However, the cost reduction achieved by doubled processing time is applicable to both FDD and TDD bands, while the applicable scenario for HD-FDD Type A would be limited to FDD bands only. The more scenarios that a technique is applicable to, the more the industry benefits from economies of scales.
For decision on doubled UE processing time in terms of N1 and N2, further analysis is helpful, as explained below:
· The practical cost saving highly depends on the individual UE implementation, thus 3GPP specifications should provide sufficient flexibility and support for vendors to design competitively in order to drive the market expansion. It is possible to achieve attractive additional cost reduction by doubled UE processing time, and we regard the estimates from RAN1 as overly pessimistic – by as much as a factor of 2 according to our analysis. See Appendix B-1 for details.
More details can be found in Appendix B. 
· Doubled UE processing time in terms of N1 and N2 increase the scheduler complexity, while the impact is still manageable by network.
The scheduler impact can be generally manageable by gNB when RedCap UEs access is allowed, given the potential solutions to be down-selected for early UE identification. Additionally, if the network does not want to support the feature of doubled UE processing time for RedCap, it is feasible for the network to tell via e.g. SIB that UE access with doubled UE processing time is not allowed. By this mean the scheduler impact can be minimized/completely avoided. 
· Performance impacts and specification impacts summarized in TR 38.875 are small by comparison with other complexity/cost reduction techniques. 
	
	Coverage loss?
	Negative impact on capacity & SE?
	Instantaneous data rate reduction?
	Negative impact on latency & reliability?
	Power saving?
	Impact on PDCCH blocking rate?

	Doubled processing time
	No
	No or minor
	No
	Depending on use cases and scheduled number of retransmissions
	If lower clock frequency and voltage is used, power can be saved.
	No 


Given that early UE identification is pending further discussion in RAN1 and RAN2, at least implementation flexibility for support of doubled UE processing time in terms of N1 & N2 should be allowed from specification point of view. 
Proposal 3: The RedCap WI by specification supports complexity reduction techniques via doubled UE processing time in terms of N1 & N2 compared to UE processing capability 1.
2.2 UE power saving and battery lifetime enhancement 

In RAN1#103-e, three schemes are summarized and captured in TR 38.875, which are copied in the Appendix C in detail:

Scheme #1: Reduced maximum number of blind decodes (BD) per slot in connected mode
(a) With reduced DCI size budget

(b) Without reduced DCI size budget
Scheme #2: Extending the PDCCH monitoring gap to X slots (X>1) in connected mode
Scheme #3: Dynamic adaptation of PDCCH BD parameters in connected mode

The power saving gains of the three schemes are similar, in the range of 1 – 7% in FR1 and slightly higher in FR2 according to TR 38.875. Among them, the Alt. 1a of Scheme #1, i.e. reduced maximum number of BDs per slot with additionally reduced DCI size budget, can bring the power saving gain without increasing PDCCH blocking rate. This has been shown to be feasible due to reductions in what RedCap UEs support allowing smaller signalling load in DCI. However, if the DCI size budget is not reduced, as in scheme 1b, the reduced blind decoding results in a higher PDCCH blocking rate: a reduction of only 25% in blind decoding increases blocking by nearly 50% according to TR 38.875. 
Given that no distinction can be made in terms of power saving, RAN1 should support at least a technique with the smallest network impact.
Proposal 4: The RedCap WI supports reduced maximum number of blind detections per slot with reduced DCI size budget, targeting negligible increase in PDCCH blocking rate to avoid network scheduling impact.
2.3 Coverage recovery and network capacity improvement
RAN1 performed evaluations for coverage analysis for specific scenarios and channels, but did not converge on how to make a recommendation for the WI. Certain coverage recovery techniques may also be used for a normal UE and are  being studied in the coverage enhancement SI. 
Overlapping WID objectives should be avoided by RAN, and thus we think it will be best if the objectives of RedCap WI for coverage recovery are those techniques needed specifically due to the capability reduction of RedCap UEs. Also, some techniques for coverage recovery also help improve the network capacity, thus should be included given the potential loss that can be expected from reduced UE capabilities. 
The primary target for coverage recovery in our view is PUSCH due to the 2 Mbps minimum data rate needed for wearables and video surveillance. PDCCH performance is degraded to some extent by the reduced number of antennas, and this can have impact at system level due to increased PDCCH blocking rate, so recovery of at least part of this loss is necessary. There was discussion of the RACH procedure messages, however it appears that legacy techniques such as TBS scaling may be sufficient, at least for Msg2. 
Generally, the techniques related to coverage enhancement up to the Rel-16 specifications, are used as a starting point For example, BWP switching or RF retuning due to reduced RedCap UE max bandwidth can be designed within the Rel-15 BWP switching framework. PDCCH capacity can be improved in similar ways to what was discussed for compact DCI formats in URLLC. RedCap should avoid specifying techniques that have large specification impact and implementation impact, e.g. PDCCH repetitions, considering lack of sufficient study during SI, limited TU for WI and lack of compatibility with non-RedCap UEs. 
The applicability of some existing techniques such as TBS scaling, slot aggregation can be checked at an early stage of the WI.
Proposal 5: The RedCap WI addresses coverage recovery at least to ensure PUSCH minimum data rate, and mitigate PDCCH blocking probability. Techniques related to coverage introduced in Rel-15 and Rel-16 are the starting point for enhancement.

2.4 UE identification and UE type
The study for definition of reduced UE capabilities in RAN1 concluded that at least for RedCap UE identification, explicit definition of RedCap UE type(s) is needed, and if early identification during initial access is supported, at least maximum supported UE bandwidth during initial access (20 MHz for FR1 and 100 MHz for FR2) is included in the set of L1 capabilities of the device type for RedCap early identification. This should be included in the WI objectives.
Since the output of UE identification and UE type may have impact on discussions in both RAN1 and RAN2, an early decision is beneficial for the WI progress, we suggest RAN#90e give direction to WGs on the point.
3. Conclusions
Given the discussion above we have the following proposals for scoping the RedCap WI
Proposal 1: The RedCap WI by specification supports both 1 Rx and 2 Rx branches for RedCap UEs in FR1 TDD bands where a non-RedCap UE is required to be equipped with a minimum of 4 Rx branches.
Proposal 2: For both FR1 and FR2 bands, support of 2 DL MIMO layers is mandatory for RedCap UEs with 2 Rx branches. A RedCap UE with 2 Rx branches cannot report support of just 1 DL MIMO layer.
Proposal 3: The RedCap WI by specification supports complexity reduction techniques doubled UE processing time in terms of N1 & N2 compared to UE processing capability 1.
Proposal 4: The RedCap WI supports reduced maximum number of blind detections per slot with reduced DCI size budget, targeting negligible increase in PDCCH blocking rate to avoid network scheduling impact.
Proposal 5: The RedCap WI addresses coverage recovery at least to ensure PUSCH minimum data rate, and mitigate PDCCH blocking probability. Techniques related to coverage introduced in Rel-15 and Rel-16 are the starting point for enhancement.
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Appendix A

	Agreements:
· For FR1 FDD bands where a non-RedCap UE is required to be equipped with a minimum of 2 Rx branches, 
· The minimum number of Rx branches supported by specification for a RedCap UE is 1.

· Specification also supports of 2 Rx branches for a RedCap UE.
Agreements:

· For FR1 TDD bands where a non-RedCap UE is required to be equipped with a minimum of 4 Rx branches, the minimum number of Rx branches supported by specification for a RedCap UE is N. To be down-selected during the WI phase or at RAN plenary:
· Alt 1: N=2

· Alt 2: N=1, where N=2 is also supported 

Agreements:

· For FR2 bands where a non-RedCap UE is required to be equipped with a minimum of 2 Rx branches,
· The minimum number of Rx branches supported by specification for a RedCap UE is 1.

· Specification also supports of 2 Rx branches for a RedCap UE.

Agreements:
· For FR1 FDD bands where a non-RedCap UE is required to be equipped with a minimum of 2 Rx branches,

· For a RedCap UE with 1 Rx branch, the maximum number of DL MIMO layers is 1.

· For a RedCap UE with 2 Rx branches, the maximum number of DL MIMO layers is M. Down-select between the following during the WI phase or at RAN plenary
· Option 1: M=1, where M=2 is also supported
· Option 2: M=2

Agreements:

· For FR1 TDD bands where a non-RedCap UE is required to be equipped with a minimum of 4 Rx branches,

· For a RedCap UE with 1 Rx branch (if supported), the maximum number of DL MIMO layers is 1.

· For a RedCap UE with 2 Rx branches, the maximum number of DL MIMO layers is M. Down-select between the following options during the WI phase or at RAN plenary
· Option 1: M=1, where M=2 is also supported
· Option 2: M=2

Agreements:

· For FR2 bands where a non-RedCap UE is required to be equipped with a minimum of 2 Rx branches,

· For a RedCap UE with 1 Rx branch (if supported), the maximum number of DL MIMO layers is 1.

· For a RedCap UE with 2 Rx branches (if supported), the maximum number of DL MIMO layers is M. Down-select between the following options during the WI phase or at RAN plenary:

· Option 1: M=1, where M=2 is also supported
· Option 2: M=2



Appendix B

Cost estimate for doubled processing time in terms of N1&N2

According to TR 38.875, with double relaxed UE processing time, the UE complexity/cost will be reduced due to:

· reduced parallel processing and nearly halved processing units for the hardware pipeline requirement,

· reduced requirement of processing resources on e.g. CPU or chip area,

· relaxed decoding time for LDPC decoding, DL control processing and decoder, and

· less on-chip memory.

Relaxed UE processing time (N1, N2) can bring reduced complexity and cost for several baseband components, including the following functional blocks, take the FR1 FDD band for example:

(1) BB: Receiver processing block: With the doubled processing time, the complexity/cost of channel estimation for PDSCH will be reduced to 40%, the complexity/cost of demodulation for PDSCH will be reduced to 60%. We assume the ratio of the two parts is 4:6, so the cost of the block will be reduced to 40%*40%+60%*60%=52%, which is reduced to 12.5% of BB.

(2) BB: LDPC decoding: the complexity/cost of demodulation for PDSCH will be reduced to 60%, which is reduced to 6% of BB.

(3) BB: DL control processing & decoder: With the doubled processing time, the complexity/cost of channel estimation, blind detection, demodulation, decoding and DCI parse for PDCCH will be reduced nearly to 50%, because the demand to hardware will be reduced. Moreover, with less on chip memory, the total cost of DL control processing & decoder will be reduced to 50%, which is reduced to 2.5% of BB.

(4) BB: UL processing block: the complexity/cost of MAC PDU generating, coding, modulation and etc. for PUSCH will be reduced to 60%, with the doubled processing time, which is reduced to 3% of BB.

In sum, the total cost saving for baseband will be around 20%, which is around 12% cost saving in total in case of only double processing time technique applied.
According to TR 38.875, with combinations of other recommended/proposed cost reduction techniques, the additional cost reduction of doubled processing time is summarized as below, based on HiSilicon implementation captured in TR [1][2].
	Scenario
	Combination of techniques
	Cost ratio w.r.t. reference NR device
	Observations

	FR1 FDD
	20 MHz, 2 layers, 2 Rx
	70.7%
	Additional 5.4% cost saving after bandwidth reduction and 4.2% cost saving after both bandwidth and Rx # & MIMO layer # reduction

	
	20 MHz, 2 layers, 2 Rx, double N1&N2
	65.3%
	

	
	20 MHz, 1 layer, 1 Rx
	55.0%
	

	
	20 MHz, 1 layer, 1 Rx, double N1&N2
	50.8%
	

	FR1 TDD
	20 MHz, 2 layers, 2 Rx
	53.7%
	Additional ~4.2% cost saving after bandwidth reduction and Rx # & MIMO layer # reduction

	
	20 MHz, 2 layer, 2 Rx, double N1&N2
	49.5%
	

	
	20 MHz, 1 layer, 1 Rx
	46.0%
	

	
	20 MHz, 1 layers, 1 Rx, double N1&N2
	41.9%
	

	FR2
	100 MHz, 2 layers, 2 Rx
	82.4%
	Additional 6.5% cost saving after bandwidth reduction and 4.9% cost saving after both bandwidth and Rx # & MIMO layer # reduction

	
	100 MHz, 2 layers, 2 Rx, double N1&N2
	75.9%
	

	
	100 MHz, 1 layer, 1 Rx
	56.3%
	

	
	100 MHz, 1 layer, 1 Rx, double N1&N2
	51.4%
	


Appendix C
From TR 38.875 – 
	8.2.1
Description of feature

Scheme #1: Reduced maximum number of Blind Decoding (BD) per slot in connected mode:
In Rel-15 and Rel-16 NR, the number of BDs per slot is configurable up to the limits defined for different SCS configurations, as summarized in 8.2.1-1. Scheme #1 reduces the maximum number of BDs in a slot. In Rel-15 and Rel-16 specifications, the total number of different DCI sizes configured to monitor is up to 4 with up to 3 different DCI sizes with C-RNTI. Two alternatives were studied under Scheme #1, which includes reduced maximum number of BDs per slot with additionally reduced DCI size budget (Alt.1a) and reduced maximum number of BDs per slot without reduced DCI size budget (Alt.1b).     

Table 8.2.1-1: Blind decoding limits in NR.

SCS [kHz]
15
30
60
120
Max # BD per slot (in NR)
44
36
22
20
Scheme #2: Extending the PDCCH monitoring gap to X slots (X>1) in connected mode:
 In Rel-15/16 NR, the range of PDCCH monitoring periodicity is configurable, which is in a range of a few symbol (s) to 2560 slots subject to UE capability. Scheme#2 is to extend the minimum separation between two consecutive PDCCH monitoring occasions, spans or slots with configured PDCCH candidates to be X slots, where X>1. 

Scheme #3: Dynamic adaptation of PDCCH BD parameters in connected mode:
In Rel-15/16, the parameters of PDCCH monitoring is configured by RRC signalling on a per search space set basis. Scheme #3 is to dynamically adapt PDCCH BD parameters e.g. maximum number of PDCCH candidates per PDCCH monitoring occasion and minimum time separation between two consecutive PDCCH monitoring occasions


