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Introduction
In RAN meeting #86, a new NR Rel-17 study item was created for reduced capability (RedCap) UEs for use cases including industrial wireless sensing, video surveillance and wearable devices. For RedCap UEs, power saving is an important design aspect due to the smaller form factor and longer battery lifetime requirement. To reflect these special requirements, the following objectives were made for the study item [1].
	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]


In this contribution, we will provide our high-level views on the general power saving aspects for NR Rel-17 RedCap UEs including power saving solutions and evaluation methodologies. As mentioned by the SID, RAN1 will study reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits. To address this, we provide our views on reduced PDCCH monitoring and techniques that help achieve this goal. We also discuss in more details about specific design aspects for IIoT and FR2 use cases.
High Level Views on Power Saving for RedCap UEs
Power saving is included in both the Rel-17 RedCap SI and Rel-17 power saving WI. It would be necessary to make some clarification about the relationship between these two at the beginning to avoid repetition efforts in two agendas. Basically, there are two questions we can discuss for power saving of RedCap UEs
· What power saving techniques can be adopted by RedCap UEs?
· How to evaluate the power saving gain for RedCap UEs if power evaluation is needed?
It is straightforward to assume that any Rel-15 power saving techniques (i.e., BWP adaptation) and Rel-16 power saving techniques (i.e., WUS, cross-slot scheduling) can be considered for RedCap UEs. For power saving techniques that will be discussed in Rel-17 power saving, they can be also considered for RedCap UEs. Once Rel-17 power saving agenda completes the design, we can pick up any technique applicable to Rel-17 RedCap UEs. It should be also understood that to achieve enough complexity reduction, some restrictions on the configurations for the power saving techniques (regardless of Rel-15/16 or 17) may also be considered for RedCap UEs.
[bookmark: P201]Proposal 1: For power saving for RedCap UEs 
· Rel-15 and Rel-16 power saving techniques should be considered for RedCap UEs
· Power saving techniques within the scope of Rel-17 UE power saving WI should be considered for RedCap UEs

Power saving evaluation includes the power consumption model and the traffic model [2]. Rel-16 power saving has carried out comprehensive study on power consumption model and evaluation methodologies. Our view is that the evaluation methodology of Rel-16 can be reused for Rel-17 RedCap UE power saving study. Besides, Rel-16 traffic models have covered RedCap UE applications such as IM, VoIP, background APP sync and hence can be reused for RedCap UEs. Power consumption model and simulation assumptions of Rel-16 can also be reused by RedCap UEs with some modifications to account for the reduced capabilities (e.g., smaller bandwidth). For that, scaling rules defined for Rel-16 power modeling can be reused. For UE inactive/idle mode, if Rel-17 power saving makes any change to the power consumption model, the change should also be considered for RedCap UEs.
[bookmark: P202]Proposal 2: If power saving evaluation is needed for RedCap UE, reuse Rel-16 power saving evaluation methodology (Appendix in TR 38.840), including
· UE power consumption model (Section 8.1) 
· UE power consumption scaling (Section 8.1.3) can be applied for RedCap UE to account for reduced capabilities
· Simulation assumptions (Section 8.2)
· FFS any clarifications and/or essential modifications
High Level Views on Reduced PDCCH Monitoring
It is worth noting that PDCCH reduction is a special way to achieve complexity reduction for RedCap UEs. Therefore, while we focus on the PDCCH reduction aspect in this sub-agenda (i.e., 8.3.2), evaluation of power saving techniques should also take general complexity reduction techniques into account.
Rel-16 power saving has made a conclusion in TR 38.840 that “The UE power consumption can be reduced when the number of UE PDCCH monitoring occasions and/or the number of PDCCH blind decoding is reduced.” For RedCap UEs, the same conclusions should hold. However, there is some difference between the general power saving and the Rel-17 RedCap power saving. For general power saving, major efforts have been put on the design of techniques to adaptively reduce PDCCH monitoring/decoding. For Rel-17 RedCap UEs, due to the smaller form factor, longer battery lifetime and lower cost requirements, the UE may not need to support certain adaptive behavior which results in peak power consumption and complexity requirement similar to that of a regular UE. Instead, the UE may statically enable power saving techniques that were identified by the power saving agenda. For example, the RedCap UE is expected to process a maximum number of BDs and CCEs that is smaller than the corresponding value defined in Table 10.1-2 and Table 10.1-3 in TS 38.213 [3].
[bookmark: O301]Observation 1: Compared to Rel-16 power saving, RedCap UE should have a lower complexity baseline which already results in lower power consumption. For this, RedCap UE should rely on more statically enabled power saving techniques rather than more dynamically adapted power saving techniques. 
Regarding BD and CCE limit, NR has defined a single joint limit for PDCCH monitoring in all configured CSSs and USSs. In addition, configured PDCCH candidates in all CSSs will not result in a number of BDs and CCEs that exceed the BD and CEE limit. I.e., no overbooking is expected for CSSs. For RedCap UEs, when the BD and CCE limit is reduced, it would be important to reserve certain number of BDs and CCEs for PDCCH monitoring in CSSs so that control resource for broadcast PDCCHs is guaranteed. To this end, when BD and CCE limit is reduced, the reduction can be done differently for the CSS portion and USS portion. In particular, the reduction can be carried out as follows.
[bookmark: P303]Proposal 3: For RedCap UEs, BD or CCE limit can be reduced by the following steps.
· Split the Rel-16 BD or CCE limit into a CSS portion and a USS portion
· Reduce CSS and USS portion limit separately. More reduction can be made for the USS portion.
· Combine the reduced CSS limit and reduced USS limit to get a single limit for both CSSs and USSs.
The last bullet above allows network to maintain the flexibility to balance PDCCH allocation between CSSs and USSs.
BD and CCE limit defined in Table 10.1-2 and Table 10.1-3 in TS 38.213 is a per slot limit. This means the UE is expected to process such a number of BDs and CCEs in every slot. As mentioned above, this limit can be reduced so that the number of BDs and CCEs to be processed by the RedCap UE in each slot is smaller. An alternative way to reduce the BD and CCE limit is to let the UE monitor PDCCH in discontinues slots. By this means, UE will also process a reduced average number of BDs and CCEs per slot. This helps achieve similar or even better power saving compared to reducing the per-slot limit for BDs and CCEs. As observed in Rel-16 power saving, the UE power consumption can be reduced when the number of UE PDCCH monitoring occasions is reduced. In addition, this technique can also work with Rel-16 cross-slot scheduling to relax the processing timeline requirement on for the PDCCH.
[bookmark: O302]Observation 2: Sparse PDCCH monitoring periodicity achieves a similar effect to reducing the BD or CCE limit per slot in the average sense.
In Rel-16, a UE is expected to actively monitor a number of up to 3 CORESETs and 10 search space sets. This gives network the flexibility to configure different types of PDCCHs in separate monitoring occasions and different bandwidth associated with different QCL assumptions and scrambling. There is no strict relationship between the UE power consumption and the number of CORESETs and SS sets to be monitored. However, for RedCap UEs, there seems no need for the UE to support such a flexibility either. Besides, by reducing the maximum number of CORESETs and SS sets, network signaling overhead can be reduced for massive connections.
[bookmark: P304]Proposal 4: For RedCap UEs, study whether the maximum number of CORESETs and search space sets should be reduced.
For RedCap UEs, there are benefits to reduce the control signaling overhead by reducing the amount of resources for PDCCHs transmitted by network. Because the operation bandwidth can be narrower and user density can be higher, the number of UE specific PDCCHs available to RedCap UEs can be limited. In addition, reducing the control overhead allows the network to use higher PDCCH aggregation levels more often to compensate the coverage loss due to reduced number of Rx antennas. Besides, reducing the control overhead allows for further reduction of BD or CCE limit which results in more power saving.
[bookmark: P305]Proposal 5: For RedCap UEs, study techniques for the reduction of control overhead.
Mini-slot based transmission is an essential technique to enable Rel-16 URLLC. For RedCap UE, a question is whether Case 2 (i.e., mini-slot) based PDCCH monitoring should be supported or not. From processing timeline point of view, there is no need to support mini-slot based PDCCH monitoring for RedCap UEs due to the relaxed requirement on processing timeline. However, for the DL coverage enhancement purpose, mini-slot based PDCCH monitoring could be useful for enabling PDCCH repetition within a slot. For this, we think it is necessary to discuss the power consumption and power saving aspects for mini-slot based PDCCH monitoring. This is related to both the power saving and the coverage enhancement aspects for RedCap UEs.
[bookmark: P306]Proposal 6: For RedCap UEs, study power saving aspects for Case 2 (mini-slot) based PDCCH monitoring.
Reduction of PDCCH monitoring such as BD and CCE limit can be considered as a special technique to reduce the UE complexity. Also, any potential UE processing relaxation and processing timeline relaxation technique may result in a reduced power consumption. Therefore, discussions in the “Potential UE complexity reduction features” session and in the “Reduced PDCCH monitoring” session may not be fully isolated from each other. As mentioned above, PDCCH monitoring reduction may also interact with the coverage enhancement aspect to be discussed in the “Functionality for coverage recovery” session. 
High Level Views on Further Enhancements for IIoT Use Case
Industrial Wireless Sensor Network, a typical IIoT use case, is one of the three key use cases described in the SID. According to the requirement, the UE density is up to one UE per 1m2 and the distance between gNB and UE is less than 500m. This implies a gNB may need to support up to 250,000 UEs. On the other hand, the size of the messages can be very small such as 20 bytes. The main characteristic of wireless sensor network is uplink heavy traffic with small packets. On the other hand, wireless sensor network may not be the only IIoT use case. In some deployment, we may also have high density actuators which takes command from network and performs certain tasks. Therefore, though wireless sensor network use case has been identified in the SID, we should not limit ourselves to UL only traffic in the IIoT use case, and should include DL traffic with small packet sizes as well.
As we all know, the coding gain of small packets is lower than large packets. Besides, for actuator traffic, the downlink traffic is heavy as well. The design challenge is how to deal with this heavy traffic with small packets for this scenario. For PDCCH monitoring reduction, BD and CCE capability reduction can be obtained by doing less blind detection per slot and power saving can be obtained mainly by decoding once every multiple slots. To meet the requirements of this use case, we think the following enhancements can be helpful:   
· CG-UL and SPS-DL enhancement
· DCI piggyback over PDSCH
· MUP (Multiple User Packets) over single PDSCH 

The main advantage for CG-UL and SPS-DL enhancement of providing multiple opportunities for each occasion is that UE does not need to monitor DL and UL grants anymore except handling the retransmission grants with low probability. In addition, we can use simple SPS-DL and CG-UL configuration to handle more complex traffic pattern which may not be exactly periodic. It can also reduce the need for DG if the traffic arrives not at the fixed location. 

DCI piggyback over PDSCH can help a lot for power saving. The UE does not need to keep monitoring control frequently. Instead, the UE can monitor a sparse control over time, and if there is data for the UE, the DCI can be piggyback in the PDSCH portion to keep the UE scheduled. On the other hand, this functionality can also be achieved with DRX design. For example, a UE can monitor control indication during DRX ON portion. If there is data for the UE, the UE will stay awake to monitor more control information.  

To support heavy traffic with aperiodic small packets, the network loading on PDCCH is very high. The PDCCH loading can be reduced greatly by using MUP. The basic concept of the MUP is that we can use single DCI to indicate single PDSCH in normal way. The single DCI should be common for a group UEs and transmitted in a CSS. The TBs of the group UEs are aggregated into single TB and transmitted over single PDSCH. The sub-header set indicates the TB size per UE and is transmitted in PDSCH together with the TBS. Given reduced PDCCH monitoring capability with less number of BDs, it will be harder to schedule multiple UEs. For instance, if a UE only monitors one BD, then that is the only place to schedule the UE. However, if two UEs hash to the same BD, only one of them can be scheduled. With MUP, we can schedule both UEs if they hash to the same BD location. 
[bookmark: O403]Observation 3: The enhancements of CG-UL and SPS-DL enhancement, DCI piggyback over PDSCH, and MUP over single PDSCH can work well for use case of IIoT in terms of PDCCH monitoring reduction and power saving. 
In addition, enhancements of DCI piggyback over PDSCH and MUP over single PDSCH can work for coverage recovery in this SID. 
[bookmark: P407]Proposal 7: For PDCCH monitoring reduction and power saving for IIoT scenario, study the enhancements including CG-UL and SPS-DL enhancement, DCI piggyback over PDSCH, and MUP over single PDSCH. 
FR2 Considerations
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
Another aspect to consider for FR2 is the increased power consumption as compared to FR1. TR 38.840 shows increased FR2 power consumption compared to FR1 leading to the need of having more power savings techniques for FR2:
· PDCCH only or SSB or CSI-RS processing: 1.75 x FR1
· PDCCH + PDSCH: 1.17 x FR1
· Long PUCCH or PUSCH: 1.4 x FR1
For the use cases having UL heavy traffic models, main effects would be:
· Need to assign more resources to UL
· UL UE power consumption is more than DL, leading to more power consumption at the UE
· Since FR2 is TDD, DL resource needs to be minimized (lean) to allow for more UL resources
Generally, to reduce DL control resources and to reduce monitoring, study ways to achieve a leaner DL by moving away from periodic DL control messages and into event-based or on-demand control. This is especially helpful since the total available resources are reduced because of BW reduction.
Some examples of a leaner DL (which also helps in reducing PDCCH monitoring) are:
· DCI piggyback over PDSCH (as explained in section ‎4 of this paper)
· Dynamically configuring DL control resources
· Configuring DL control resources on-demad
UL power and overhead reduction may also be needed. Some techniques to achieve this goal may be studied including:
· Event-based reporting
· For stationary devices, the channel conditions may not be changing often and dense periodic L1 measurement reports may not be needed. To reduce signaling overhead, event-based L1 measurement reports may be considered. 
· Bundling messages
[bookmark: P508]Proposal 8: Design principles can be studied to achieve the following:
· Lean DL: e.g., reducing DL control and signaling as much as possible,
· Reduce UL power and resources by reducing and/or bundling as much as possible of the UL control and signaling.
Another aspect to consider for power savings is the semi-static configuration of CORESETs/search space sets. In certain cases (e.g., stationary UEs), a CSS may be configured to cover a wide range of UEs and usages, On a certain network, it may not be optimal to have the same basic configuration for all the UEs as this may lead to UEs doing unnecessarily high number of blind searches for PDCCH consuming more power. Same idea can also apply to USS where network may need to quickly (dynamically) change one or more parameters without the need of RRC signaling​.
One more aspect is beam direction blockage. In some systems, especially in reduced capability NR devices, there may be large number of UEs that are using preconfigured resources. Thus, it may reduce the flexibility of the network to accommodate/multiplex other UEs (e.g., eMBB users) at these preoccupied/preconfigured resources (e.g., CORESETs/search space sets, SPS, CG). The network may always choose to FDM to multiplex these UEs. However, this may not always be possible especially if the 2 UEs are using gNB Tx or Rx beams pointing in different directions. Thus, limiting the control resources may be very beneficial not only from power saving points of view, but also from spatial reservation point of view.
[bookmark: P509]Proposal 9: Study ways to dynamically change search space parameters based on current environment and spatial needs.
Another aspect are unused pre-configured resources like SPS and UL-CG. In certain cases, UE power and/or resources may be consumed un-necessarily (e.g., trying to decode non-existent PDSCH message in a SPS location). Therefore, ways need to be studied to further reduce un-necessarily power and resource consumption in cases of unused pre-configured resources like SPS and UL-CG. SPS and UL-CG enhancements were proposed in proposal 7 of this document.
RedCap has coverage recovery as part of the objectives. 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. Therefore, more power and resource efficient ways (other than time domain repetition) for coverage recovery need to be studied (e.g., beam refinement).
[bookmark: _GoBack]Conclusion
In this contribution, we discussed the considerations for PDCCH monitoring reduction and power saving of RedCap devices. To conclude this paper, we provided the following observations and proposals: 
Observation 1: Compared to Rel-16 power saving, RedCap UE should have a lower complexity baseline which already results in lower power consumption. For this, RedCap UE should rely on more statically enabled power saving techniques rather than more dynamically adapted power saving techniques. 
Observation 2: Sparse PDCCH monitoring periodicity achieves a similar effect to reducing the BD or CCE limit per slot in the average sense.
Observation 3: The enhancements of CG-UL and SPS-DL enhancement, DCI piggyback over PDSCH, and MUP over single PDSCH can work well for use case of IIoT in terms of PDCCH monitoring reduction and power saving.

Proposal 1: For power saving for RedCap UEs 
· Rel-15 and Rel-16 power saving techniques should be considered for RedCap UEs
· Power saving techniques within the scope of Rel-17 UE power saving WI should be considered for RedCap UEs
Proposal 2: If power saving evaluation is needed for RedCap UE, reuse Rel-16 power saving evaluation methodology (Appendix in TR 38.840), including
· UE power consumption model (Section 8.1) 
· UE power consumption scaling (Section 8.1.3) can be applied for RedCap UE to account for reduced capabilities
· Simulation assumptions (Section 8.2)
· FFS any clarifications and/or essential modifications
Proposal 3: For RedCap UEs, BD or CCE limit can be reduced by the following steps.
· Split the Rel-16 BD or CCE limit into a CSS portion and a USS portion
· Reduce CSS and USS portion limit separately. More reduction can be made for the USS portion.
Combine the reduced CSS limit and reduced USS limit to get a single limit for both CSSs and USSs.
Proposal 4: For RedCap UEs, study whether the maximum number of CORESETs and search space sets should be reduced.
Proposal 5: For RedCap UEs, study techniques for the reduction of control overhead.
Proposal 6: For RedCap UEs, study power saving aspects for Case 2 (mini-slot) based PDCCH monitoring.
Proposal 7: For PDCCH monitoring reduction and power saving for IIoT scenario, study the enhancements including CG-UL and SPS-DL enhancement, DCI piggyback over PDSCH, and MUP over single PDSCH. 
Proposal 8: Design principles can be studied to achieve the following:
· Lean DL: e.g., reducing DL control and signaling as much as possible,
· Reduce UL power and resources by reducing and/or bundling as much as possible of the UL control and signaling.
Proposal 9: Study ways to dynamically change search space parameters based on current environment and spatial needs.

References
[1] [bookmark: _Ref40452275]RP-193238, New SID on support of reduced capability NR devices
[2] [bookmark: _Ref40452314]3GPP TR 38.840 V16.0.0, Study on User Equipment (UE) power saving in NR
[3] [bookmark: _Ref40452336]3GPP TS 38.213 V16.1.0, Physical layer procedures for control



3/3
