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Introduction
In RAN1 #103-e meeting, the potential enhancements and triggering schemes for DCI-based UE power saving during DRX active time were discussed and summarized as follows..
	Agreements:
· Specify at least one of the following options for Rel-17 dynamic PDCCH adaptation for active time,
· Option 1: Search space set group switching,e.g., including explicit and implicit search spaceset group switching 
· Option 2: PDCCH skipping for a certain duration / DRX cycle
· FFS: which option(s)
· Candidate DCI formats for dynamic PDCCH adaptation include DCI formats 1_1(including scheduling and non-scheduling DCI), 0_1, 1_2, 0_2, 2_0, 2_6.
· Note:
· Companies are encouraged to provide analysis on specification impact, power saving benefit and system impact (e.g., packet latency, system overhead)
· FFS: other schemes are not precluded for further study



In this contribution, we first show dynamic PDCCH skipping can be treated as a special case of search space set group switching in Section 2. In Section 3, we further provide suggested enhancements for Rel-17 PDCCH monitoring reduction.
[bookmark: _Ref61277886]Merge of Connected Mode Power Saving Adaptation Schemes
In the following, we first provide the evaluation assumptions. To evaluate whether multi-level PDCCH skipping duration or monitoring period is beneficial, we define intra-packet skipping and inter-packet skipping as illustrated in Figure 1. The intra-packet skipping is to skip PDCCH monitoring for the short time gaps during a packet delivering time duration. The short time gaps are mainly due to scheduling fairness, beam sweeping, etc. The inter-packet skipping is to skip PDCCH monitoring for most of the time duration of DRX inactivity timer after receiving the last TB of a packet. From our previous contribution [1], inter-packet skipping contributes to most of the power saving. 

[bookmark: _Ref61007720][bookmark: _Ref61896172][image: ]Figure 1. Illustration of intra- and inter-packet time

Table 1 lists 3 cases for realizing PDCCH monitoring adaptation: basic PDCCH skipping, advanced PDCCH skipping and search space set group switching (SSSG switching). In Section 2.1, we show basic PDCCH skipping can be treated as a special case of SSSG switching. Regarding advanced PDCCH skipping, we show that additional power saving gain provided by intra-packet skipping is limited in Section 2.2. Therefore, SSSG switching should be supported for Rel-17 DCI-based power saving.

[bookmark: _Ref61007831]Table 1. Evaluation cases for candidate adaptation
[image: ]


[bookmark: _Ref61285326]Basic PDCCH Skipping as a Specialized Search Space Set Group Switching
One of advantages of PDCCH skipping is that the UE can turn back to per-slot PDCCH monitoring without additional DCI indication after skipping a configured duration. In our opinion, SSSG switching can also provide the same UE behaviour by an appropriate setting based on the existing specifications.

In TS 38.213 [2], if UE is configured with SearchSpaceSwitchTrigger-r16, the PDCCH monitoring behaviour can be changed via DCI 2-0 or timer. For example, UE initially monitors PDCCH according to SSSG 0 until it is indicated by DCI 2-0 to switch to SSSG 1. After that, UE sets a timer value provided by searchSpaceSwitchingTimer-r16 and starts to monitor PDCCH according to SSSG 1 until the timer expiration. 

Thus, to realize the same behaviour as PDCCH skipping, we can set SSSG 1 associated to no SSS as depicted in Figure 2(a), so that UE does not monitor PDCCH in SSSG 1. Because of no monitoring occasion in SSSG 1, UE switches back to SSSG 0 per SSSG timer expiration. After setting SSSG timer value the same as skip duration, the behaviour of SSSG switching can be matched to PDCCH skipping, as illustrated in Figure 2(b). This implies that basic PDCCH skipping is only a special case of SSSG switching, and we can conclude the following observation:

[bookmark: _Ref61016884][bookmark: _Ref61377472][bookmark: _Ref61785518]Observation 1: Timer-based mechanism in Rel-16 SSSG switching can be utilized to create PDCCH skipping behaviour. Based on existing Rel-16 specification, both Rel-17 candidate schemes can be implemented by SSSG switching. Therefore, SSSG switching can be selected for Rel-17 extension.

[bookmark: _Ref61896334][bookmark: _Ref61890205][image: ]Figure 2: SSSG switching can be utilized to create PDCCH skipping behaviour
 

[bookmark: _Ref61285372]Limited Gain Provided by Advanced PDCCH Skipping
Compared to the basic PDCCH skipping, the advanced PDCCH skipping further skips short time gap(s) during a packet delivering time duration. To evaluate the additional power saving gain, we consider FTP traffic model which has multiple TBs per data packet. This traffic characteristic is more possible to accommodate intra-packet skipping. 

The setting of the enhancement is shown in Table 2. In addition to inter-packet skipping, advanced PDCCH skipping scheme skips 1 or 3 slot(s) after each scheduling for intra-packet skipping. The baseline setting follows the agreements in RAN1 #102-e meeting and is attached in Appendix.

[bookmark: _Ref61008774]Table 2: Setting for intra-skipping evaluation[image: ]

Figure 3 shows that the additional power saving gain for PDCCH skipping with 2nd skip duration is small, i.e., < 2%,   in FR2 FTP traffic. Moreover, the power saving gain decreases when we apply a longer 2nd skip duration since such intra-packet skipping leads to longer data transmission time. And this negative impact is more significant in FR1. As shown in Figure 4, it results in power saving loss when intra-packet skipping is applied. Consequently, we have the following observation and proposal:
 
[bookmark: _Ref61016893][bookmark: _Ref61377485][bookmark: _Ref61785562][bookmark: _Ref61896313]Observation 2: 2nd PDCCH skip duration provides limited additional power saving gain. The power saving gain can even reduce because of extra delay to data scheduling. It suffices to consider PDCCH skipping with one skip duration for Rel-17.

[bookmark: _Ref61896446][bookmark: _Ref61008907][image: ]Figure 3. Power consumption and latency increment in FR2 FTP traffic

[bookmark: _Ref61896449][bookmark: _Ref61008917][image: ]Figure 4. Power consumption and latency increment in FR1 FTP traffic


Since the traffic is UE-specific, it is much more beneficial in power saving aspect if the DCI format is UE-specific. Nevertheless, Rel-16 SSSG switching utilizes group-common format for DCI indication. Take all things into consideration, we have the following proposal:

[bookmark: _Ref61896378]Proposal 1: For Rel-17 DCI-based power saving enhancement, prioritize extension to Rel-16 search space group switching with UE-specific DCI format.  

[bookmark: _Ref61277981]Suggested Enhancements for Connected Mode Power Saving
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 signalling 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). Thus, we have the following observation:

[bookmark: _Ref61016935]Observation 3: “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 signalling 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 discussion in Section 2, inter-packet skipping contributes to most of the power saving, 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. On the contrary, in order to simplify the scheduler (also not to impact the scheduler), the network might tend to switch UE to power saving settings after receiving ACK information from UE as depicted in Figure 5(a). 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. 

[bookmark: _Ref54375621][bookmark: _Ref47707026]Observation 4: As shown in Figure 5(b), the retransmission-aware adaptation, i.e., applying adaptation only after HARQ ACK is fulfilled, allows UE save more power because network is able to send the adaptation triggering before receiving the HARQ-ACK information from UE. 

[bookmark: _Ref61896535][bookmark: _Ref61893422][image: ]
[bookmark: _Ref61898755]Figure 5: Illustration of power saving adaptive (a) Rel-16 (b) Rel-17 enhanced


In the following, we compare the power consumption for the behaviour in Figure 5 (a) and (b). The simulation settings are provided in Appendix A. Table 3 shows that the proposed enhancement, i.e., Figure 5(b), can achieve 40.19% and 34.28% of power saving gain for VoIP and FTP, respectively, when compared to Figure 5(a). The power consumption can be improved significantly. Based on the simulation results, we have the following observations and proposal:
[bookmark: _Ref47707034]
[bookmark: _Ref61896556]Observation 5: The retransmission-aware adaptation can reduce UE power consumption significantly. Compared to legacy behaviour, it can provide 40.2% and 34.3% of power saving gain for VoIP and FTP, respectively.
[bookmark: _Ref61895308][bookmark: _Ref61896629][bookmark: _Ref61896648]Table 3 Performance comparison for (a) Rel-16 and (b) Rel-17 enhanced[image: ]

Note that, the enhancement is compatible with all DCI-based adaptation in Rel-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.
[bookmark: _Ref47707030][bookmark: _Ref54375625][bookmark: _Ref61785664]
[bookmark: _Ref61896561][bookmark: _Ref54375634][bookmark: _Ref47706885]Observation 6: 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, it can also be used for retransmission handling for both Rel-17 PDCCH monitoring reduction candidate schemes. 

[bookmark: _Ref61896688]Proposal 2: 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 discuss the benefits for both PDCCH skipping and SSSG switching schemes in Section 2 and show that PDCCH skipping can be treated as a special case of SSSG switching. Then, we further discuss triggering scheme and suggested enhancement in Section 3. Based on the discussions above, we have the following observations and proposals.
[bookmark: _GoBack]
Observation 1: Timer-based mechanism in Rel-16 SSSG switching can be utilized to create PDCCH skipping behaviour. Based on existing Rel-16 specification, both Rel-17 candidate schemes can be implemented by SSSG switching. Therefore, SSSG switching can be selected for Rel-17 extension.



[image: ]Figure 2: SSSG switching can be utilized to create PDCCH skipping behaviour




Observation 2: 2nd PDCCH skip duration provides limited additional power saving gain. The power saving gain can even reduce because of extra delay to data scheduling. It suffices to consider PDCCH skipping with one skip duration for Rel-17.


[image: ]Figure 3. Power consumption and latency increment in FR2 FTP traffic


[image: ]Figure 4. Power consumption and latency increment in FR1 FTP traffic


Proposal 1: For Rel-17 DCI-based power saving enhancement, prioritize extension to Rel-16 search space group switching with UE-specific DCI format.


Observation 3: “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 signalling overhead is small. Therefore, for the triggering scheme of Rel-17 power saving enhancement, “scheduling DCI based” solution can be prioritized.


Observation 4: As shown in Figure 5(b), the retransmission-aware adaptation, i.e., applying adaptation only after HARQ ACK is fulfilled, allows UE save more power because network is able to send the adaptation triggering before receiving the HARQ-ACK information from UE.


[image: ]Figure 5: Illustration of power saving adaptive (a) Rel-16 (b) Rel-17 enhanced


Observation 5: The retransmission-aware adaptation can reduce UE power consumption significantly. Compared to legacy behaviour, it can provide 40.2% and 34.3% of power saving gain for VoIP and FTP, respectively.

Table 3 Performance comparison for (a) Rel-16 and (b) Rel-17 enhanced[image: ]


Observation 6: 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, it can also be used for retransmission handling for both Rel-17 PDCCH monitoring reduction candidate schemes.

Proposal 2: 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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Table 4. Evaluation setting based on [3] 
	Traffic model (Follow TR 38.840)
	VoIP
	FTP

	DRX setting 
(DRX cycle, on-duration, IAT) 
	(40 ms, 8ms, 10ms)
	(160 ms, 8 ms, 20 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: 1 CC, FR2: 1CC
	FR1: 1 CC, FR2: 4 CC
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