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Introduction
In RAN#86 meeting, the WI of UE power saving enhancements in NR was agreed. And the objectives of power saving for connected mode UE are listed as follows.
	1) Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]
a) Study and specify, if agreed, extension(s) to Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP, including PDCCH monitoring reduction when C-DRX is configured [RAN1] 
· NOTE: Rel-15 and Rel-16 available power saving solutions should be supported by the UE and included in the evaluation. RAN1 will ask the confirmation from RAN2 that Rel-15 and Rel-16 available power saving solutions are properly utilized.
b) Study the feasibility and performance impact of relaxing UE measurements for RLM and/or BFD, particularly for low mobility UE with short DRX periodicity/cycle, and specify, if agreed, relaxation in the corresponding requirements [RAN4]
· NOTE: Supplementary RAN2 work, if needed, can be triggered by RAN4 LS



In RAN1 #102-e, the evaluation methodology, potential enhancements and triggering schemes for connected mode UE power saving were discussed and summarized in FL summary [3]. In this contribution, we first provide power consumption analysis for different traffic types based on the agreed evaluation baseline, and then express our views on the potential enhancements and triggering schemes.

Power Consumption Analysis
In NR Rel-15 and Rel-16, DCI-based power saving adaptations are developed in addition to common DRX feature. Via DCI indication, network can indicate UE to apply reduced reception bandwidth, reduced number of non-dormant SCells, reduced number of MIMO layers, cross-slot scheduling and longer PDCCH monitoring periodicity when there is no data for the UE. UE power consumption can be scaled down after applying the power saving setting. On the other hand, to maximize the data efficiency, network can also indicate UE to apply full reception bandwidth, maximum number of non-dormant SCells, maximum number of MIMO layers, same-slot scheduling and per-slot PDCCH monitoring for the transmission duration of a packet. With the principle in mind, power consumption analysis can be based on partition UE processing timeline into data-efficient durations and power-saving durations, as illustrated in Figure 1.
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[bookmark: _Ref47664799][bookmark: _Ref54375321]Figure 1: Connected-mode power consumption analysis for a given UE processing timeline
For data-efficiency durations, it is necessary to include a delay of X (ms) after the last TB of a packet. X should be larger than the sum of delays of UE ACK/NACK for the last TB, gNodeB processing for HARQ, and gNodeB indication for UE power saving, subject to the limitation of a given TDD pattern. Table 1 lists the assumptions for baseline in the following evaluations.

[bookmark: _Ref54181215]Table 1: Evaluation assumptions for Rel-17 power consumption baseline
	Traffic model
	VoIP

	FTP

	Data-intensive traffic


	
	Follow TR 38.840
	Follow TR 38.840
	FTP model 3
Packet size: 0.05 Mbytes
Mean inter-arrival time: 15ms

	DRX setting
	(DRX cycle, on-duration, IAT) = 
(40 ms, 8 ms, 10 ms)
	(DRX cycle, on-duration, IAT) = (160 ms, 8 ms, 20 ms)
	(DRX cycle, on-duration, IAT) = (20 ms, 5 ms, 10 ms)

	Rel-15 & Rel-16 power saving features
	Common setting
	· WUS/DCP offset to DRX ON: 2ms
· Type 2 BWP switch delay
· BWP switching is 8 ms after last packet/data burst

	
	Data-efficient setting
	PCell & SCell
· FR1: 100 MHz/CC, 4-layer MIMO, same-slot scheduling, per-slot PDCCH monitoring
· FR2: 100 MHz/CC, 2-layer MIMO, same-slot scheduling, per-slot PDCCH monitoring

	
	Power-saving setting
	PCell
· FR1: 20 MHz/CC, 2-layer MIMO, cross-slot scheduling (K0=1), PDCCH monitoring period of  1 ms (2slot)
· FR2: 100 MHz/CC. 1-layer MIMO, cross-slot scheduling (K0=4), PDCCH monitoring period of 1 ms (8 slot)
SCell
· SCell dormancy with 160 ms periodic CSI meas. and reporting

	CC number
	FR1, FR2: 1 CC
	FR1: 1 CC
FR2: 4 CC
	FR1: 2 CC
FR2: 4 CC



In Rel-16 UE power saving, the traffic types for VoIP, FTP and Instant Message (IM) were considered. When dimensioning these traffic types, it can be found that a traffic type with frequent data activity and high data rate is missing. To have more complete traffic type coverage, we also include “data-intensive traffic” in the evaluations.

Based on the assumptions in Table 1, Figure 2 and Figure 3 provide the power consumption analysis for baseline, i.e., Rel-15/16 DCI-based power saving schemes, in FR1 and FR2, respectively. From the power portions, we have the following observations.

[bookmark: _Ref54375281]Observation 1: For frequent-data traffic, including “VoIP” and “data-intensive traffic”, the power consumption portion of PDCCH-only monitoring is still dominant.

[bookmark: _Ref54375287]Observation 2: Since the power consumption in FR2 is higher, the performance comparison for potential enhancements in Rel-17 connected mode power saving can focus on FR2.
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[bookmark: _Ref54206017][bookmark: _Ref54375326]Figure 2: Power consumption for baseline in FR1
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[bookmark: _Ref54206020][bookmark: _Ref54375336]Figure 3: Power consumption for baseline in FR2

Rel-17 potential enhancement
In RAN1 #102-e, the following list for Rel-17 potential enhancement was discussed. In Section 3.1, we provide our views on the candidate solutions. In Section 3.2, we further evaluate the power saving gains for PDCCH monitoring behaviour adaptation.Proposal 7 in FL summary [3]: 
For Rel-17 DCI-based power saving adaptation in active time, the followings can be considered,
· Adaptation of PDCCH monitoring behaviours  
· Search space set group switching 
· PDCCH skipping which indicate to change PDCCH monitoring behaviour, e.g., 
· to monitor PDCCH or to skip monitoring PDCCH, 
· to skip PDCCH monitoring for a certain duration,
· to adapt to different PDCCH parameters
· search space set level activation/deactivation
· Dynamic adaptation to the maximum number of MIMO layers within the active BWP
· Decoupling non-fallback DCI for DL and UL scheduling, i.e., configure different SS for each, adaptively monitoring non-fallback UL DCI by SR
· Extend RB sets adaptation for PDCCH monitoring in frequency domain to licensed band
· [Relaxing PDSCH processing time]
· Multi-PDSCH/multi-PUSCH scheduling
· WUS for short DRX

Discussion on candidate solutions of DCI-based power saving adaptation
Due to the limited time of Rel-17 power saving WI, further down-selection on the candidate solution list is needed. In our view, the justification on whether a candidate solution is in the WI scope is needed. The candidate solution that cannot be regarded as an extension to existing Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP should be removed. On the other hand, the study priority of candidate solutions should be based on their power saving gains. Therefore, the candidate solution which is not able to evaluate the power saving benefit should be deprioritized as well.
With the above principle in mind, Table 2 further provides our views on candidate solutions.

[bookmark: _Ref54243796]Table 2. Views on candidate solutions of DCI-based power saving adaptation
	Candidate solutions
	Motivation/benefits
	Comments
	FFS?

	Adaptation of PDCCH monitoring behaviours
Search space set group switching
PDCCH skipping
	Reduce PDCCH-only monitoring during DRX active time
	· Search space set group switching is well developed in Rel-16 NR-U and PDCCH skipping is well studied in Rel-16 Power saving SI. Rel-17 connected mode power saving enhancement can prioritize this candidate solution to reduce the efforts.
· Largest power saving among the candidate solutions
	Yes

	Maximum number of MIMO layers adaptation within the active BWP
	gNB can indicate smaller maximum number of MIMO layers to UE for power saving if there is no data transmission
	Can be further considered if have time
	Yes

	Decoupling non-fallback DCI for DL and UL scheduling
	Reduce PDCCH blind decode number
	According to the power model in TR 38.840, power saving gain due to BD number reduction may not be significant. 
	Yes

	Extend RB sets adaptation for PDCCH monitoring in frequency domain to licensed band

	Reduce PDCCH monitoring power by frequency-domain adaptation
	Power saving gain is questionable
	Yes

	Relaxing PDSCH processing time
	UE processing time relaxation
	Not able to evaluate its power saving gain based on power models in TR 38.840.
	No

	Multi-PDSCH/multi-PUSCH scheduling
	No need to monitor PDCCH in PDSCH slot
	Limited power saving gain because of similar power consumptions for “PDCCH+PDSCH” and “PDSCH” in TR 38.840
	No

	WUS for short DRX

	Skip PDCCH-only monitoring for short DRX

	Out of WI scope
	No


[bookmark: _Ref54375383]
Observation 3: Further down-selection on the candidate solutions in FL summary is needed. Only the candidate solutions with good justification on WI scope compliance and evaluation feasible should be kept. Based on the principle, RAN1 can further consider the following candidate solutions:
· Adaptation of PDCCH monitoring behaviours  
· Search space set group switching 
· PDCCH skipping which indicate to change PDCCH monitoring behaviour, e.g., 
· Dynamic adaptation to the maximum number of MIMO layers within the active BWP
· Decoupling non-fallback DCI for DL and UL scheduling, i.e., configure different SS for each, adaptively monitoring non-fallback UL DCI by SR
· Extend RB sets adaptation for PDCCH monitoring in frequency domain to licensed band

Since the “adaptation of PDCCH monitoring”, including search space set group switching and PDCCH skipping, are well developed or studied in Rel-16 NR-U WI and Power saving SI, it is reasonable to prioritize it.

[bookmark: _Ref54375394]Proposal 1: For DCI-based power saving adaptation, prioritize “adaptation of PDCCH monitoring behaviour” to leverage Rel-16 Power saving SI and NR-U development.

Power saving gain for PDCCH monitoring adaptation
In this section, we further consider the power saving gain for PDCCH monitoring adaptation. Table 3 lists the evaluation assumptions. Here, we define different behaviours of PDCCH monitoring adaptation in intra-packet and inter-packet active time as depicted in Figure 4. The intra-packet active time is mainly caused by scheduling gap due to scheduling fairness, beam sweeping, etc. The inter-packet active time is the remaining time duration of DRX inactivity timer after the PDCCH/PDSCH reception for the last TB. Generally, the inter-packet active time is longer.

In Case #1 and #2, PDCCH skipping is evaluated with different skipping period in inter-packet active time. In Case #1, we assume only one bit is used to indicate the skipping, therefore, only one period is skipped no matter in intra- or inter-packet active time. But, in Case #2, more bits are used to indicate the skipping duration, therefore, multi-period PDCCH skipping can be realized. In Case #3, search space set group switching is considered to adapt the PDCCH monitoring periodicity in inter-packet active time. According to the simulation results in Table 4, the power saving gains, e.g., 20%~50% are significant for PDCCH monitoring adaptation. In addition, the gains are similar for PDCCH skipping #2 (Case #2) and search space set group switching (Case #3). It indicates that the power saving mainly comes from the PDCCH monitoring reduction in inter-packet active time.
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[bookmark: _Ref54257254][bookmark: _Ref54256912]Figure 4: Illustration of intra- and inter-packet time

Table 3: Evaluation assumptions for PDCCH monitoring adaptation
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[bookmark: _Ref54261300]
Table 4: Power saving gains in FR2 for Case #1 PDCCH skipping #1, Case #2 PDCCH skipping #2 and Case #3 search space set group switching
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[bookmark: _Ref54375476]Observation 4: PDCCH monitoring adaptation can achieve 20%~50% of power saving gain in FR2. The significant gain mainly comes from the PDCCH monitoring reduction in inter-packet active time.

[bookmark: _Ref54375493]Proposal 2: For Rel-17 connected mode power saving, the DCI-based adaptation can focus on the PDCCH monitoring reduction during inter-packet active time.

Rel-17 potential triggering schemes
In RAN1 #102-e, the following list for Rel-17 potential triggering schemes was discussed. [Proposal 8 in R1-2007400] 
The following triggering schemes for DCI-based power saving adaptation during DRX Active Time can be considered,
· Scheduling DCI
· The indication of PDCCH monitoring behaviour adaptation can be
· Explicit/implicit indicated by scheduling DCI
· Joint indication of the PDCCH monitoring adaptation with
· cross-slot scheduling defined in Rel-16
· Scell dormancy
· [SS set group switching defined in Rel-16]
· The scheduling DCI for indicating PDCCH monitoring behaviour adaptation can be 
· DCI format x_1
· DCI format x_2
· Enhancement for retransmission handling
· Apply adaptation only after HARQ ACK condition is fulfilled
· Apply adaptation right after DCI indication but start timer(s) to handle retransmission if required
· Non-scheduling DCI
· Group common DCI , e.g., SS set group switching defined in Rel-16
· Explicit indicated by DCI
· Joint indication of the PDCCH monitoring adaptation with
· cross-slot scheduling defined in Rel-16
· DCI format 2_6 to indicate adaptation of the PDCCH monitoring during active time, and it should extend DCI with ps-RNTI is received during active time
· Extension of DCI format 2_6 to indicate adaptation of the PDCCH monitoring during next DRX cycle in the active time
· Unicast non-scheduling DCI, e.g., DCI format 0_1 and 1_1 for case 2 dormancy indication
· Timer based adaptation to adapt PDCCH monitoring behaviour, including skipping or monitoring set adaption, 
· UL transmission, e.g., SR / CG


The candidates of triggering schemes can be categorized into 4 types: scheduling DCI based, non-scheduling DCI-based, timer-based and UL transmission based. Considering the signaling overhead and widely supported in Rel-15/16 power saving techniques including BWP switch, SCell dormancy and cross-slot scheduling, “scheduling DCI based” solution can be prioritized for triggering Rel-17 power saving enhancement(s).

[bookmark: _Ref54375617]Observation 5: “scheduling DCI based” triggering scheme has been widely used in Rel-15/16 power saving techniques including BWP switch, SCell dormancy and cross-slot scheduling. In addition, compared to “non-scheduling DCI based” solution, its signaling overhead is small. Therefore, for the triggering scheme of Rel-17 power saving enhancement, “scheduling DCI based” solution can be prioritized.

In the following, we further discuss the enhancement “apply adaptation only after HARQ ACK condition is fulfilled” for retransmission handling in “scheduling DCI based” solution. As suggested in Section 2, in Rel-17 power saving, the DCI-based enhancement for connected mode power saving should consider the traffic types with frequent data arrivals. For services with short inter-packet arrival time, the adaptation triggering should be fast and efficient such that UE can enjoy power saving for a longer duration. On the other hand, Section 3 shows that PDCCH monitoring reduction during inter-packet active time is more important, therefore, the power consumption can be significantly improved if UE can go to power saving right after successful reception of last TB of a packet.
As depicted in Figure 5(a), in order to simplify the scheduler (also not to impact to scheduler), the network might tend to switch UE to power saving settings after receiving ACK information from UE. Network sends the adaptation triggering in a conservative way because UE goes to power saving after receiving the indication. If UE goes to power saving before successful data reception, it may increase UE data latency and degrade the user throughput. But, when the data comes frequently, UE cannot save power a lot due to the slow adaptation triggering. 
Figure 5(b) is a solution to achieve efficient adaptation without increasing UE data latency. If UE goes to power saving ONLY when certain condition fulfils, network can send the indication before HARQ-ACK information reception. The condition can be configured by network and the simplest one is to check whether all HARQ processes are ACKed. For example, network sends the adaptation triggering in the scheduling DCI for the last TB of a packet. If PDSCH is received successfully, UE switches to power saving duration. Otherwise, UE stays in data-efficient duration. Compared to Figure 5(a), the adaptation is much faster and UE can stay in power saving duration for a longer period. Note that, the enhancement is compatible with all DCI-based adaptation in Rrl-16, e.g., SCell dormancy indication and cross-slot scheduling adaptation. In addition, if the PDCCH skipping is adopted as Rel-17 power saving enhancement, the solution can also be used for retransmission handling because UE does not skip PDCCH monitoring if retransmission is required.
In the following, we compare (a) legacy and (b) retransmission-aware adaptation. The simulations use the settings proposed in Section 2. The results show the retransmission-aware adaptation can achieve 40.19%, 34.28% and 60.75% of power saving gain for VoIP, FTP and data-intensive traffic when compared to legacy behaviour. That is, the power consumption can be improved significantly.
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[bookmark: _Ref47451089][bookmark: _Ref54375676]Figure 5. Illustration of power saving adaptation: (a) legacy and (b) retransmission-aware adaptation

[bookmark: _Ref47456119]Table 5. Performance comparison for (a) legacy and (b) retransmission-aware adaptation in FR2
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[bookmark: _Ref54375621][bookmark: _Ref47707026]Observation 6: As shown in Figure 5(b), the retransmission-aware adaptation, i.e., applying adaptation only after HARQ ACK is fulfilled, allows UE to go to power saving earlier and save more power during inter-packet active time because network is able to send the adaptation triggering before receiving the HARQ-ACK information from UE. 

[bookmark: _Ref47707030][bookmark: _Ref54375625]Observation 7: The retransmission-aware adaptation is compatible to all DCI-based adaptation, e.g., SCell dormancy indication and cross-slot scheduling adaptation in Rel-16. In addition, if PDCCH skipping is adopted in Rel-17 power saving enhancement, it can also be used for retransmission handling.

[bookmark: _Ref47707034]Observation 8: The retransmission-aware adaptation can reduce UE power consumption significantly. Compared to legacy behaviour, it can provide 40.2%, 34.3% and 60.8% of power saving gain for VoIP, FTP and data-intensive traffic, respectively.

[bookmark: _Ref54375634][bookmark: _Ref47706885]Proposal 3: Support retransmission-aware adaptation for scheduling DCI based power saving indication. 
· Apply adaptation only after HARQ ACK condition is fulfilled
· FFS other conditions.
Conclusion
In this work, we first provide the power consumption analysis for different traffic types based on agreed evaluation baseline in Section 2. Then, we further discuss potential power saving enhancements and triggering schemes in Section 3 and 4, respectively. Based on the discussions above, we have the following observations and proposals.
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Figure 2: Power consumption for baseline in FR1
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Figure 3: Power consumption for baseline in FR2


Observation 1: For frequent-data traffic, including “VoIP” and “data-intensive traffic”, the power consumption portion of PDCCH-only monitoring is still dominant.

Observation 2: Since the power consumption in FR2 is higher, the performance comparison for potential enhancements in Rel-17 connected mode power saving can focus on FR2.

Observation 3: Further down-selection on the candidate solutions in FL summary is needed. Only the candidate solutions with good justification on WI scope compliance and evaluation feasible should be kept. Based on the principle, RAN1 can FFS the following candidate solutions:
· Adaptation of PDCCH monitoring behaviours  
· Search space set group switching 
· PDCCH skipping which indicate to change PDCCH monitoring behaviour, e.g., 
· Dynamic adaptation to the maximum number of MIMO layers within the active BWP
· Decoupling non-fallback DCI for DL and UL scheduling, i.e., configure different SS for each, adaptively monitoring non-fallback UL DCI by SR
· Extend RB sets adaptation for PDCCH monitoring in frequency domain to licensed band

Proposal 1: For DCI-based power saving adaptation, prioritize “adaptation of PDCCH monitoring behaviour” to leverage Rel-16 Power saving SI and NR-U development.

Observation 4: PDCCH monitoring adaptation can achieve 20%~50% of power saving gain in FR2. The significant gain mainly comes from the PDCCH monitoring reduction in inter-packet active time.

Proposal 2: For Rel-17 connected mode power saving, the DCI-based adaptation can focus on the PDCCH monitoring reduction during inter-packet active time.

Observation 5: “scheduling DCI based” triggering scheme has been widely used in Rel-15/16 power saving techniques including BWP switch, SCell dormancy and cross-slot scheduling. In addition, compared to “non-scheduling DCI based” solution, its signaling overhead is small. Therefore, for the triggering scheme of Rel-17 power saving enhancement, “scheduling DCI based” solution can be prioritized.
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Figure 5. Illustration of power saving adaptation: (a) legacy and (b) retransmission-aware adaptation

Observation 6: As shown in Figure 5(b), the retransmission-aware adaptation, i.e., applying adaptation only after HARQ ACK is fulfilled, allows UE to go to power saving earlier and save more power during inter-packet active time because network is able to send the adaptation triggering before receiving the HARQ-ACK information from UE.

Observation 7: The retransmission-aware adaptation is compatible to all DCI-based adaptation, e.g., SCell dormancy indication and cross-slot scheduling adaptation in Rel-16. In addition, if PDCCH skipping is adopted in Rel-17 power saving enhancement, it can also be used for retransmission handling.

Observation 8: The retransmission-aware adaptation can reduce UE power consumption significantly. Compared to legacy behaviour, it can provide 40.2%, 34.3% and 60.8% of power saving gain for VoIP, FTP and data-intensive traffic, respectively.

Proposal 3: Support retransmission-aware adaptation for scheduling DCI based power saving indication.
· Apply adaptation only after HARQ ACK condition is fulfilled
· FFS other conditions.
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