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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 RAN1 #102-e, a number of high-level principles were agreed for RedCap power saving design and evaluation [2].
	Agreements:
· Reuse the power consumption models and scaling factors for FR1 and FR2 provided in TR 38.840 (sections 8.1.1, 8.1.2, 8.1.3) as appropriate.
· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and impacts on latency and scheduling flexibility (at least qualitatively).
Agreements:
· For evaluation of UE power saving, for wearables, use the traffic models FTP model 3 and VoIP from TR 38.840 to characterize the wearables service types including IM, VoIP, heartbeat, etc. with proper modification of at least packet size and mean inter-arrival time. Values are FFS.
Agreements:
· For evaluation of UE power saving, for industrial wireless sensor use cases, use a traffic model based on the service performance requirements for the process monitoring use case in TS 22.104 Table 5.2-2. At least 64 bytes UL message (plus headers, e.g. MAC, RLC, etc.) transmitted periodically with a periodicity [100 ms] should be considered (other values are encouraged).
Agreements:
· The evaluation of performance impacts includes at least peak data rate, latency and reliability (as needed for the use cases). Other performance metrics such as power consumption, spectral efficiency and PDCCH blocking probability may also be considered if appropriate for a specific technique.



In this contribution, we will continue to provide our high-level views on the general power saving aspects for NR Rel-17 RedCap UEs. To study the effect of reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits, we will provide evaluation results on PDCCH blocking probability due to the reduction. We also discuss in more details about specific design aspects for IIoT and FR2 use cases.
High Level Views on Power Saving
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 enhancements, they can be also considered for 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: p1]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
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: o1]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: p2]Proposal 2: 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: o2]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: p3]Proposal 3: 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: p4]Proposal 4: 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: p5]Proposal 5: For RedCap UEs, study power saving aspects for Case 2 (mini-slot) based PDCCH monitoring.
In NR Rel-16, the PDCCH based wakeup signal (WUS) was found a very effective tool for UE connected mode power consumption reduction. For RedCap UEs, it is beneficial to further study potential enhancements of the WUS design to achieve additional power saving gain. For example, network can use WUS to trigger an early CSI measurement and report immediately after the UE wakes up in the ON_duration.
[bookmark: p6]Proposal 6: For RedCap UEs, study enhancements of wakeup signal to achieve additional power saving gain.
PDCCH Blocking Probability Evaluation
In this section, we provide evaluation results of PDCCH blocking probability due to reduced BD and CCE limits. The evaluation setup assumes an aggregation level (AL) distribution of 
· Aggregation level values: {1, 2, 4, 8, 16}
· Distribution of AL: {0.0, 0.0, 0.25, 0.5, 0.25}
The number of PDCCH candidates that can be configured to each AL is jointly determined by the number of CCEs in a CORESET assuming one PDCCH monitoring occasion per slot, the BD limit and the CCE limit. A single AL is configured to each UE which avoids the complicated overbooking condition check and handling if PDCCH candidates of different ALs have overlapping CCEs. The number of PDCCH candidates per AL is then given by 

where the “Number of DCI sizes per PDCCH candidate” is assumed to be 3 to account for one UL non-fallback DCI format, one DL non-fallback DCI format and one fallback DCI format (with the same size for UL and DL).
It is noted that the AL distribution should be based on study of RedCap PDCCH reception coverage. However, it is reasonable to assume that RedCap will in general require more higher PDCCH candidate ALs than regular eMBB UEs to compensate for the coverage loss. Because of this, observations and conclusions from this evaluation should still be meaningful for general RedCap UE design.
FR1 Evaluation 
For FR1, we evaluated SCS = 15, 30 kHz with CORESET bandwidth = 10 and 20 MHz. The corresponding BD and CCE limits are
Table 1: BD/CCE limits for SCS = 15, 30 kHz
	SCS (kHz)
	15
	30

	BD limit per slot
	44
	36

	CCE limit per slot
	56
	56


Figure 1 and Figure 2 have CORESET bandwidth = 20MHz, SCS=15kHz, 3 symbols and correspondingly 54 CCEs in the CORESET. A scaling factor in the set of {1; 0.8; 0.6; 0.5; 0.4; 0.3; 0.25; 0.2} is applied to CCE or BD limit to generate the PDCCH blocking probability curves in the left and right figures, respectively. The maximum possible number of simultaneously scheduled users is 56/4 = 14 based on CCE limit and the minimum AL, 44/3 = 14 based on BD limit and 54/4 = 13 based on CORESET CCE number and the minimum AL. Because these three numbers are similar, for this setup, the blocking probability is determined by the BD or CCE limit whichever is reduced. Regarding the increase of blocking probability, it can be observed that with a 25% BD limit, 1 less UE can be scheduled in Figure 1. When CCE limit is reduced below 16, there is a significant degradation of the blocking probability. This implies the CCE limit should be at least not smaller than the maximum supported AL. Otherwise, certain UEs (e.g., cell edge) can never be scheduled. Comparison of Figure 1 and Figure 2 shows that reduction of BD limit has a relatively less impact to blocking probability than reduction of CCE limit.
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[bookmark: _Ref47687688]Figure 1: BD limit reduction effect
SCS=15kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]
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[bookmark: _Ref47687702]Figure 2: CCE limit reduction effect 
SCS=15kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]



Figure 3 and Figure 4 have CORESET bandwidth = 10MHz, SCS=15kHz, 3 symbols and correspondingly 27 CCEs in the CORESET. A scaling factor in the set of {1; 0.5; 0.4; 0.3; 0.25; 0.2; 0.15; 0.1} is applied to CCE or BD limit. The maximum possible number of simultaneously scheduled users is 56/4 = 14 based on the CCE limit, 44/3 = 14 based on the BD limit and 27/4 = 6 based on the CORESET CCE number. Apparently, the number of CCEs in COERSET becomes the gating factor. As a result, when CCE and BD limits start to decrease, there is no performance loss in the first a few curves. From the CCE limit reduction curves, once AL 16 cannot be allocated, blocking probability even becomes better when number of users is large (e.g., > 7). This is because CCEs can be used to schedule more users allocated with lower ALs. This implies that in a legacy UE and RedCap UE coexistence scenario, scheduling less RedCap UEs allows more legacy UEs to be scheduled.
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[bookmark: _Ref47688149]Figure 3: BD limit reduction effect
SCS=15kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]
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[bookmark: _Ref47688159]Figure 4: CCE limit reduction effect 
SCS=15kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]


Evaluations are performed for SCS = 30kHz in Figure 5 to Figure 8 and similar observations are made. For CORESET bandwidth = 10MHz, SCS=15kHz, 3 symbols and correspondingly 27 CCEs in the CORESET, a scaling factor in the set of {1; 0.5; 0.4; 0.3; 0.25; 0.2; 0.15; 0.1} is applied to CCE or BD limit. The maximum possible number of simultaneously scheduled users is 56/4 = 14 based on the CCE limit, 36/3 = 12 based on the BD limit and 27/4 = 6 based on the CORESET CCE number.
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[bookmark: _Ref47688350]Figure 5: BD limit reduction effect
SCS=30kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]
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Figure 6: CCE limit reduction effect 
SCS=30kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]


For CORESET bandwidth = 10MHz, SCS=30kHz, 3 symbols and correspondingly 12 CCEs in the CORESET, a scaling factor in the set of {1; 0.4; 0.3; 0.25; 0.2; 0.15; 0.1} is applied to CCE or BD limit. The maximum possible number of simultaneously scheduled users is 56/4 = 14 based on the CCE limit, 36/3 = 12 based on the BD limit and 12/4 = 3 based on the CORESET CCE number.
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Figure 7: BD limit reduction effect
SCS=30kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]
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[bookmark: _Ref47688359]Figure 8: CCE limit reduction effect 
SCS=30kHz, AL Dist: [1,2,4,8,16] = [0,0,0.25,0.5,0.25]


Summarizing the evaluation results and comparisons, we can have the following observations for FR1 BD and CCE limit reduction. It is understood that the general observations may also apply to FR2.
[bookmark: o3]Observation 3: For PDCCH BD and CCE limit reduction in FR1
· If CCE number of CORESET is not a dominant factor (e.g., CORESET bandwidth = 20MHz, SCS=15kHz, 3 symbols), PDCCH blocking probability is determined by the reduced BD limit or the reduced CCE limit
· BD limit reduction to 25% of the original limit results in loss of schedulability by one UE
· CCE limit reduction to 50% of the original limit results in loss of schedulability by two UEs
· If CCE number of CORESET is a dominant factor (e.g., CORESET bandwidth = 10MHz, SCS=15kHz, 3 symbols)
· The effective CCE limit is determined by CCE number of CORESET
· BD limit can be properly reduced with little impact to the blocking probability
It should be noted these observations are made based on the assumption that only certain high AL(s) are allocated to RedCap UEs or lower ALs are allocated to RedCap UEs in a low probability. Regarding the realistic distribution of ALs, it should be studied in RedCap coverage session.
[bookmark: o4]Observation 4: How much the PDCCH BD and CCE limits can be reduced depends on the distribution of PDCCH aggregation levels that can meet the RedCap UE coverage requirement.
By comparing BD and CCE limit reduction curves and curves within the reduction of each limit, we have the following observations.
[bookmark: o5]Observation 5: Under same condition (i.e., with similar initial theoretical maximum number of schedulable UEs), in comparison to CCE limit reduction, BD limit reduction has relatively less impact to PDCCH blocking probability.
[bookmark: o6]Observation 6: The reduced CCE limit should be at least as large as the highest aggregation level that can be supported in the CORESET.
FR2 Evaluation 
We use the same methodology presented for FR1 in the previous section and apply it for FR2. In general, the same observations can be reused for FR2. 
For SCS = 120 kHz, Rel-16 BD limit = 20 and CCE limit = 32. For this analysis, it is assumed that the number of CORESET symbols is 3, and the number of DCI sizes per AL is 3 for: one UL non-fallback DCI, one DL non-fallback DCI and one fallback DCI (same size for UL and DL). 
Using the above analysis, we can model the PDCCH blocking probability per AL for non-overlapping CCEs and no overbooking. We study low and high AL distributions for different UE BWs.
Figure 9 to Figure 12 show the effect of reducing the BD limit only by [0%, 20%, 40%, 60%, 80%].
[bookmark: o7]Observation 7: For FR2 (SCS=120kHz), reducing the BD limit by 40% can be used without any significant loss to UE multiplexity capability. Reducing by 60% can be used with some multiplexity capability loss.
	[image: ]
[bookmark: _Ref47535176]Figure 9: BD limit reduction effect
Low AL Dist: [1,2,4,8,16] = [1/3,1/3,1/3,0,0]

	[image: ]
Figure 10: BD limit reduction effect 
Low AL Dist: [1,2,4,8,16] = [1/3,1/3,1/3,0,0]
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Figure 11: BD limit reduction effect
High AL Dist: [1,2,4,8,16] = [0.0,0.0,0.25,0.75,0]
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[bookmark: _Ref47535191]Figure 12: BD limit reduction effect
High AL Dist: [1,2,4,8,16] = [0.0,0.0,0.25,0.75,0]


Figure 13 to Figure 16 show the effect of reducing the CCE limit only by [0%, 25%, 50%, 75%, 87.5%]. 
[bookmark: o8]Observation 8: For FR2 (SCS=120kHz), reducing the CCE limit by 25% can be used without any significant loss to UE multiplexity capability. Reducing by 50% can be used with some multiplexing capability losses. Reducing by 75% can be used without significant loss to lower AL distributions, but with significant loss to higher AL distributions.
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[bookmark: _Ref47535242]Figure 13: CCE limit reduction effect
Low AL Dist: [1,2,4,8,16] = [1/3,1/3,1/3,0,0]
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Figure 14: CCE limit reduction effect 
Low AL Dist: [1,2,4,8,16] = [1/3,1/3,1/3,0,0]

	[image: ]
Figure 15: CCE limit reduction effect
High AL Dist: [1,2,4,8,16] = [0.0,0.0,0.25,0.75,0]
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[bookmark: _Ref47535248]Figure 16: CCE limit reduction effect
High AL Dist: [1,2,4,8,16] = [0.0,0.0,0.25,0.75,0]



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. 

[image: ]
Figure 17 Illustration for MUP + DCI piggyback 

In fact, we can apply DCI piggyback over PDSCH to MUP design. The detailed design is depicted in figure 5-1. The traffic (TB) from multiple UEs are aggregated together to form a combo TB and the combo TB is transmitted in a PDSCH. A header is formed including multiple subheaders with each for one TB in the combo TB. The sub-header carries information about UE-ID, the range of the TB to the user in the combo TB. The header is Polar encoded and transmitted in a subset of resources in the PDSCH. The header will share DMRS of PDSCH and the PDSCH will rate match around the piggyback header. There is a DCI (with a group-RNTI) to all the configured UEs, so all UEs can decode the DCI and the DCI will indicate the PDSCH, and also provide information on the header. A UE configured with the group-RNTI will be able to decode the DCI, figures out the header information, decode the header,  and parse the header for sub-header. Then the UE will check if there is a subheader for itself and proceed with PDSCH decoding if yes.
[bookmark: o9]Observation 9: 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: p7]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
Power saving enhancement techniques were considered for Rel-16 and additional objectives were proposed for Rel-17 WI (RP-193239). Many of these enhancements may be utilized and can be directly applicable to RedCap. However, RedCap UEs may have specific operation modes and use cases that may motivate additional power saving techniques. Hence, it may be beneficial to study some of these techniques as part of the RedCap WI.
RedCap use cases include industrial wireless sensors and video surveillance cameras, which may be the among the main use cases for 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
For the use cases having UL heavy traffic models, the main effects would be:
· Need to assign more resources to UL in a TDD system
· 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
UL heavy traffic models as well as large latency requirements for RedCap may motivate using reduced PDCCH monitoring occasions in time (i.e., reduced search space periodicity) to allow for more UL traffic opportunities (for TDD system) and at the same time reduce UE power consumption (by reducing PDCCH monitoring). This can be done by sparsely configuring PDCCH monitoring occasions (sparse SS). This will reduce the “average” number of BDs and CCEs that the UE needs to do, which is one way to achieve the reduce BD and CCE limits as in the SID (refer to observation 2 above).
However, there may still be the need to have lower latency applications depending on the instantaneous traffic patterns. Hence, along with the sparse SS occasions, there may be a need to have additional “dynamic” or “on-demand” PDCCH or SS occasions for such instantaneous traffic model cases. 
In addition, for FR2 beam management purposes, TCI updates may be sent over DCI or MAC-CE (requiring a DCI grant). Also, aperiodic beam training RSs (CSI-RS and SRS) may also be triggered using DCI. Relying only on sparsely configured PDCCH may have a negative impact on the beam management procedures. Hence, these additional “dynamic” or “on-demand” PDCCH or SS occasions may be also needed for beam management needs.
Given the above discussion, we need to study ways to dynamically or on-demand configure additional SS sets in between sparsely configured semi-static SS occasions.
Another possible way to have additional control (e.g., DCI) between sparsely configured SS occasions, is to utilize already existing SCH messages to piggy-back this control information. For example, DCI messages may be piggy-backed on already granted PDSCH or on already configured and activated SPS occasions. This may reduce the need to have frequent SS occasions.
[bookmark: p8]Proposal 8: For FR2, study ways to have additional DL control signaling opportunities between sparsely configured semi-static SS set occasions (reducing the “average” UE searches), e.g.:
· By dynamically or on-demand configuring SS set occasions
· By piggy-backing DL control signaling on existing SCH messages (DG or SPS)
The above proposal focuses on additional resources between sparsely configured SS occasions (reducing the “average” UE searches) in the case additional DL control is needed. However, another way to reduce the “average” UE PDCCH searches is to consider having grant-less (PDCCH-less) messages, hence reducing the need for UE PDCCH monitoring. Examples may include:
· PDCCH-less (preconfigured) dynamic DL re-transmission
· Simultaneously scheduling one or more UEs for DL, UL, or joint DL+UL which can be motivated by having stationary UEs and the fact that multiple UEs may have the same traffic needs in the DL and/or UL
[bookmark: p9]Proposal 9: For FR2, study ways to reduce the “average” UE PDCCH monitoring by utilizing preconfigured (PDCCH-less) messages whenever possible.
Another aspect to consider for power savings is the semi-static configuration of CORESETs/search space sets and SPS/CG. In certain cases (e.g., stationary UEs), a CSS may be configured to cover a wide range of UEs and usages. In a certain network however, 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. The same idea can also apply to USS where the network may need to quickly (dynamically) change one or more parameters without the need of RRC signaling​ which is both resource and power inefficient.
Also, in some systems, especially in reduced capability NR devices, there may be large number of UEs that are using preconfigured resources. This 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 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.
In addition, in certain cases, for SPS, the 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 and similarly or even SS set occasions.
[bookmark: p10]Proposal 10: For FR2, study ways to dynamically change parameters for semi-static periodic messages (search space sets, SPS, CG) based on the current environment and the spatial needs.
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: For PDCCH BD and CCE limit reduction in FR1
· If CCE number of CORESET is not a dominant factor (e.g., CORESET bandwidth = 20MHz, SCS=15kHz, 3 symbols), PDCCH blocking probability is determined by the reduced BD limit or the reduced CCE limit
· BD limit reduction to 25% of the original limit results in loss of schedulability by one UE
· CCE limit reduction to 50% of the original limit results in loss of schedulability by two UEs
· If CCE number of CORESET is a dominant factor (e.g., CORESET bandwidth = 10MHz, SCS=15kHz, 3 symbols)
· The effective CCE limit is determined by CCE number of CORESET
· BD limit can be properly reduced with little impact to the blocking probability
Observation 4: How much the PDCCH BD and CCE limits can be reduced depends on the distribution of PDCCH aggregation levels that can meet the RedCap UE coverage requirement.
Observation 5: Under same condition (i.e., with similar initial theoretical maximum number of schedulable UEs), in comparison to CCE limit reduction, BD limit reduction has relatively less impact to PDCCH blocking probability.
Observation 6: The reduced CCE limit should be at least as large as the highest aggregation level that can be supported in the CORESET.
Observation 7: For FR2 (SCS=120kHz), reducing the BD limit by 40% can be used without any significant loss to UE multiplexity capability. Reducing by 60% can be used with some multiplexity capability loss.
Observation 8: For FR2 (SCS=120kHz), reducing the CCE limit by 25% can be used without any significant loss to UE multiplexity capability. Reducing by 50% can be used with some multiplexing capability losses. Reducing by 75% can be used without significant loss to lower AL distributions, but with significant loss to higher AL distributions.
Observation 9: 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: 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 3: For RedCap UEs, study whether the maximum number of CORESETs and search space sets should be reduced.
Proposal 4: For RedCap UEs, study techniques for the reduction of control overhead.
Proposal 5: For RedCap UEs, study power saving aspects for Case 2 (mini-slot) based PDCCH monitoring.
Proposal 6: For RedCap UEs, study enhancements of wakeup signal to achieve additional power saving gain.
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: For FR2, study ways to have additional DL control signaling opportunities between sparsely configured semi-static SS set occasions (reducing the “average” UE searches), e.g.:
· By dynamically or on-demand configuring SS set occasions
· By piggy-backing DL control signaling on existing SCH messages (DG or SPS)
Proposal 9: For FR2, study ways to reduce the “average” UE PDCCH monitoring by utilizing preconfigured (PDCCH-less) messages whenever possible.
Proposal 10: For FR2, study ways to dynamically change parameters for semi-static periodic messages (search space sets, SPS, CG) based on the current environment and the spatial needs.
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