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1. Introduction
According to SID on support of reduced capability NR device, followings will be identified and studied in RedCap SI; 
	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 discuss considerations for studying the objectives from the perspective of PDCCH.
2. Discussion 
2.1. Potential power saving techniques
In RAN1#102-e meeting [1], the potential power saving techniques were categorized as follows: 
1) Reduced blind decoding (BD) and/or CCE limits
2) Dynamic adaptation of PDCCH monitoring or search space sets 
3) Extending the PDCCH monitoring span gap from 1 slot to X slots (X>1) 
4) Reduce number of maximum configurable CORESETS per BWP
We present our views on the potential power saving techniques for reduced capability (RedCap) UEs except for reduce number of maximum configurable CORESETS per BWP which is already deprioritized. 
1) Reduced BD and/or CCE limits
It is obvious that reduced BD and/or CCE limits bring power consumption reduction on RedCap UEs. In terms of reducing the ratio (α) of used PDCCH candidates to the maximum number of PDCCH candidates, an equation of the power consumption from PDCCH monitoring is described in TR38.840 [2].
	Power scaling scheme for PDCCH candidates processing reduction:
-	Scaling for the power reduction due to PDCCH candidates processing (e.g. AL/CCE/BD) reduction is modelled solely based on its effect on micro sleep portion of the PDCCH-only slot
-	The UE power scheme should include the portion of PDCCH processing time reduction in accordance to PDCCH candidates (e.g. AL/CCE/BD) reduction
-	Note: In the reference configuration, the first two symbols are PDCCH symbols
-	For power scaling for PDCCH candidate reduction (for same slot scheduling only):
	P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt
-	where α is the ratio of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0). Pt is the PDCCH-only power for same-slot scheduling.


According to equation, BD reduction by half (α=0.5) results in 15% of power saving gain. In fact, the overall power saving gain can be less than the estimated gain form the equation. Thus, if blind decoding is reduced by half, the estimated power saving gain can be no greater than 15%. In this case, the problem is how much blocking probability will be sacrificed for the power saving gain of no greater than 15%.
Since it is clear that BD reduction in UE capability will cause the system performance loss, a thorough evaluation of the possible impact is essential. The PDCCH blocking probability is highly impacted by the supported limit of the number of CCEs by the UEs. Regarding the evaluations results on the PDCCH blocking probability in the RAN1#102-e meeting, there seems to be no convergence yet on whether the PDCCH blocking probability is acceptable or not. We can further discuss this issue with the updated evaluation results during this e-meeting. We may also refer to the observation of the impact to the PDCCH blocking probability which is already captured in TR38.840 [2] as follows:
	PDCCH blind decoding reduction can also be used to potentially reduce the UE power consumption. Power saving gain of 1.4%-11% is shown when the number of blind decoding candidates is reduced by half, with system level impact in terms of higher DL control blocking probability (e.g. assuming that 1/4 of the UEs are to be scheduled in a CORESET with such reduced blind decoding limit, the average blocking probability would increase by 50%). One source shows power saving gain of 29% with single blind decoding candidate without showing the results of latency and expected high blocking probability.


Another important point that we should focus on is that the power saving gain by reducing the number of BDs/CCEs can be achieved by gNB configuration. The UE power consumption is dependent on the number of actually perform BD attempts rather than the maximum limit. Therefore, power saving gain can be achieved from configuration of gNB that controls the number of BDs and PDCCH monitoring properly, without specification changes. Judging from the results of the last meeting and TR38.840, we don’t see a clear benefit of reduced BD and/or CCE limit over the PDCCH blocking probability.
Observation 1: There is no clear benefit of reduced BD and/or CCE limit over the PDCCH block probability. 
2) Dynamic adaptation of PDCCH monitoring or search space sets
The discussion on the dynamic adaptation of PDCCH monitoring or SS sets may be a relevant topic to this agenda item but a similar work is being done in Rel-17 UE power saving enhancements WI in a broader scope. As we had a consensus to minimize duplicate works among different WIs/Sis, our recommendation is not to study this technique in RedCap SI.
Proposal 1: The discussion on the dynamic adaptation of PDCCH monitoring or search space sets should be deprioritized in the RedCap SI.
3) Extending the PDCCH monitoring span gap from 1 slot to X slots (X>1)
The concept of a span is defined in TS38.213 [3].
	A UE can indicate a capability to monitor PDCCH according to one or more of the combinations (X, Y) = (2, 2), (4, 3), and (7, 3) per SCS configuration of 𝜇 = 0 and 𝜇 = 1. A span is a number of consecutive symbols in a slot where the UE is configured to monitor PDCCH. Each PDCCH monitoring occasion is within one span. If a UE monitors PDCCH on a cell according to combination (X, Y), the UE supports PDCCH monitoring occasions in any symbol of a slot with minimum time separation of X symbols between the first symbol of two consecutive spans, including across slots. A span starts at a first symbol where a PDCCH monitoring occasion starts and ends at a last symbol where a PDCCH monitoring occasion ends, where the number of symbols of the span is up to Y.


By extending the PDCCH monitoring span gap from 1 slot to X slots, UEs can relax PDCCH processing and reduce clock rate of processing modules by applying BD/CCE limits from 1 slot to multiple slots. However, the concept of span gap has been introduced for NR UEs with more advanced processing capability (e.g. PDCCH mapping rule and BD/CCE limit). Considering support of reduced capability NR devices, it seems inadequate to increase capability by introducing the concept of span gap. Rather, we prefer to fix the span gap to 1 slot for reduced cost/complexity as there is no need to increase the number of BD/CCE limits.
Proposal 2: Extending the PDCCH monitoring span gap from 1 slot to X slots (X>1) should be deprioritized in the RedCap SI.
2.2. Rel-16 power saving techniques applicable to RedCap UEs
There are multiple power saving techniques which were specified in Rel-16. We can consider applying the techniques to RedCap UEs. 
Cross-slot scheduling is a technique to be applied to RedCap UEs. When the UE is scheduled with DCI format 0_1 or 1_1 with a 'Minimum applicable scheduling offset indicator' field in slot n, the UE is not expected to be scheduled with a DCI in slot n to receive a PDSCH (PUSCH) with K0 (K2) smaller than the minimum scheduling offset restriction K0min (K2min). If the K0min is configured by a gNB, a UE can decrease power consumption by fast PDCCH decoding & sleep during the guaranteed duration, or relaxed PDCCH decoding (e.g., lower voltage, lower clock speed). Considering relaxed processing time adopted for RedCap UEs, the minimum scheduling offset restriction K0min (K2min) can also be relaxed accordingly.
[bookmark: _GoBack]Wake-up signal (WUS) for discontinuous reception (DRX) is one of the applicable options. WUS which is transmitted via DCI format 2_6 indicates whether legacy DRX operation is performed or not on corresponding DRX cycle. If gNB transmits go-to-seep indications, the UE don’t wake up and maintain sleep for power saving. If gNB transmits wake-up indications, the UE performs legacy DRX operation. DCI for WUS for RedCap UEs may need to be modified. For example, CA may not be supported by RedCap UEs, thus, the dormancy indication bits in DCI format 2_6 is not needed.
We can further consider per DL BWP configuration of maximum number of DL MIMO layers for UE power saving optionally. A different maximum number of DL MIMO layers can be configured per DL BWP. The UE adapts to the maximum number of DL MIMO layers by switching to the different DL BWP. The dynamic BWP switching triggered by DCI is not mandatory for UE and it is a UE capability. Therefore, some RedCap devices or device types with 2RX can be considered for MIMO layer adaptation. In consideration of reduced capability, the BWP switching delay may need to be relaxed.
Observation 2: The following Rel-16 power saving techniques for RedCap UEs can be considered:
· DRX adaptation using DCI format 2_6
· Cross-slot scheduling
· MIMO layer adaptation for some RedCap devices or device types.
2.3. Issues of RedCap UE power saving
1) Potential UE complexity reduction features
Regarding the reduced number of UE RX/TX antenna, it can decrease power consumption and processing complexity, while coverage of PDCCH could be also decreased due to lack of signal power. So, if the reduced number of UE RX/TX is introduced for RedCap UEs, coverage recovery scheme for PDCCH should be also studied. For example, higher aggregation level larger than 16 or PDCCH repetition could be considered as a PDCCH coverage recovery scheme.
The bandwidth reduction is useful for device power saving, but with the reduced bandwidth PDCCH resources may be insufficient for PDCCH transmission/reception. It means higher aggregation level may not be used on the reduced bandwidth, even though the higher ALs are needed for coverage recovery. So, it should be clarified whether PDCCH resource on reduced bandwidth is enough to support coverage recovery for RedCap. If the PDCCH resource is not enough, further studies for increasing CORESET resources on top of reduced bandwidth seem to be needed. For example, extended CORESET in time domain (e.g., 4, 5, and/or 6-symbol CORESET) can be considered, and CORESET configuration (e.g., REG bundle size, CCE-to-REG mapping, interleaving parameter, etc.) for the extended CORESET could be studied further.
Observation 3: Impacts on PDCCH configuration caused by potential UE complexity reduction features should be studied, and compensation methods for the impacts should be also discussed. 
2) Blind decoding/channel estimation complexity of PDCCH
In NR, a UE performs channel estimations and blind decodes on candidates given by CORESETs and search space set configurations. In Rel-15, BD/CCE limit and corresponding PDCCH mapping rule were defined. The BD limit is the maximum number of monitored PDCCH candidates, and the CCE limit is the maximum number of non-overlapped CCEs (which are used for channel estimation of each PDCCH candidate). If the number of monitored candidates or non-overlapped CCEs is larger than the limit in a certain slot, a UE selects search space set(s) to be monitored based on the PDCCH mapping rule. In our understanding, this procedure can be also applied to the case of smaller number of BD/CCE limit, and there may be no critical problem if a network indicates search space set configuration (such as the number of candidates for each AL, monitoring periodicity …) properly. In addition, if reduced BD/CCE limit is applied, it may be discussed how to defined reduced BD/CCE limit, for example, configurable BD/CCE limit or predefined BD/CCE limit for RedCap devices.
Observation 4: If the reduced BD/CCE limit is applied, the corresponding UE behaviour for PDCCH monitoring is already clear in the specification.
Regarding the channel estimation complexity, the hierarchical search space structure could be considered for reducing complexity. With the hierarchical structure, the channel estimation results of some candidates can be reused to decode other control channel candidates of other aggregation levels. In addition to hierarchical structure, DMRS mapping type can be also considered for decreasing channel estimation complexity. In NR, full-loaded DMRS (i.e., DMRS is located on all REGs) is used for control channel. However, if channel condition is stable enough (e.g., such as industrial wireless sensor, video surveillance, etc.), full-loaded DMRS requires more complex operation with similar channel estimation performance compared to front-loaded DMRS (i.e., DMRS is located on first symbol of a CORESET). Thus, for REDCAP scenarios, front-loaded DMRS could be considered to decrease channel estimation complexity, and network can configure DMRS type considering channel condition/service type. 
Proposal 3: In RedCap scenarios, schemes which decrease channel estimation complexity of control channel (such as hierarchical search space structure, front-loaded DMRS, etc.) should be studied for decreasing power consumption. 

3. Conclusion
In this contribution, reduced PDCCH monitoring for RedCap UEs is discussed, and followings are observed and proposed;
Observation 1: There is no clear benefit of reduced BD and/or CCE limit over the PDCCH block probability. 
Observation 2: The following Rel-16 power saving techniques for RedCap UEs can be considered:
· DRX adaptation using DCI format 2_6
· Cross-slot scheduling
· MIMO layer adaptation for some RedCap devices or device types.
Observation 3: Impacts on PDCCH configuration caused by potential UE complexity reduction features should be studied, and compensation methods for the impacts should be also discussed. 
Observation 4: If the reduced BD/CCE limit is applied, the corresponding UE behaviour for PDCCH monitoring is already clear in the specification.
Proposal 1: The discussion on the dynamic adaptation of PDCCH monitoring or search space sets should be deprioritized in the RedCap SI.
Proposal 2: Extending the PDCCH monitoring span gap from 1 slot to X slots (X>1) should be deprioritized in the RedCap SI.
Proposal 3: In RedCap scenarios, schemes which decrease channel estimation complexity of control channel (such as hierarchical search space structure, front-loaded DMRS, etc.) should be studied for decreasing power consumption.
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