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Introduction
In RAN#86 meeting, the WI of UE power saving enhancements in NR was agreed [1]. And the objectives of power saving for connected mode UE can be checked from the latest update [2].
	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 this contribution, we first discuss the evaluation methodology updates for power analysis, and then discuss the potential enhancements for connected mode UE power saving.


Evaluation Methodology 
Evaluation methodology for connected-mode power saving enhancements is suggested to be based on that in TR 38.840 [3] with the following updates:
1. Improvement of traffic type coverage: Add “data-intensive eMBB” traffic model
2. Rel-17 power consumption baseline: What Rel-15 and Rel-16 power saving schemes should be included and how they should be applied
3. Periodic SSB measurement for RLM/BFD: SSB measurement power consumption per DRX cycle
4. Power consumption observations

The above suggested updates will be detailed in Sections 2.1, 2.2, 2.3 and 2.4. 
 

Improvement of Traffic Type Coverage
By dimensioning the evaluated traffic types for Rel-16 UE power saving, as shown in Figure 1, a traffic type with frequent data activity and high data rate is currently missing. On the other hand, popular applications like video conferencing belongs to such traffic type. It is therefore necessary to improve the traffic type coverage before we conclude any enhancement for connected mode.

[bookmark: _Ref47706836]Proposal 1: For Rel-17 UE power saving enhancements for connected mode, include “Real-Time Video” traffic type exhibiting both high data rate (e.g. 20 Mbps for full-HD/1080p) and frequent data activity (e.g., 10 ms – 50 ms) for more complete traffic type coverage.
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[bookmark: _Ref47627559][bookmark: _Ref48652813]Figure 1. Traffic types for UE power saving evaluations. Red color part is missing.

The traffic model specifications for Rel-16 UE power saving capture different traffic characteristics [3]. For example, “FTP” represents bursty traffic and “Instant Message (IM)” represents sparse traffic. Simple FTP model 3 is utilized for both traffic types with two parameters, i.e., mean inter-packet arrival time and packet size. For other traffic type, FTP model is also utilized for “R15 enabled use case” in TR 38.824. In this regard, it is reaonable to utilize FTP model 3 to represent “Real-Time Video” by setting proper mean inter-packet arrival time and packet size (corresponding to a target data rate). This also helps companies to minimize the additional efforts for Rel-17 evaluations.

For mean inter-packet arrival time, typical video frame period, e.g., 1/30 second or ~30 ms, can be considered. Given mean inter-packet arrival time of 30 ms, we can set packet size of 0.08 Mbytes so as to provide a data rate around 20 Mbps corresponding to full HD/1080p streaming. For the DRX setting, (long cycle, on-duration, inactivity timer) = (20 ms, 5 ms, 10 ms) can be considered, where the long cycle is set to be smaller than mean packet inter-arrival time, and on-duration size and inactivity timer size are set to be at least one period and two periods of a typical 5 ms TDD pattern, respectively. To include the typical carrier aggregation (CA) configuration for FR2, 4 CCs of total 400 MHz can be considered. Note that, to characterize reduced data transmission duration with CA, simplified simulation by scaling the packet size over 1 CC setting can be utilized.

[bookmark: _Ref47706843]Proposal 2: The following parameters are suggested for the “Real-Time Video” traffic type:
· FTP model 3 with mean inter-packet arrival time of 30 ms and packet size of 0.08 Mbytes
· DRX (long cycle, on-duration, inactivity timer) = (20 ms, 5 ms, 10 ms)
· 1 CC of total 100 MHz for FR1 and 4 CCs of total 400 MHz for FR2 
· Note: FTP model 3 has been utilized for “FTP” and “IM” in TR 38.824 (UE power saving) and also for “R15 enabled use case” in TR 38.824 (URLLC)

It is also noticed that Rel-16 traffic models, i.e., FTP, IM and VoIP, should still be considered for the evaluation of Rel-17 enhancements for connected-mode power saving.


Rel-17 Power Consumption Baseline
In Rel-15 and Rel-16 NR, DCI-based power saving adaptations are developed in addition to 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 2.

[bookmark: _Ref47706858]Proposal 3: Rel-17 power consumption analysis is based on partitioning UE processing timeline into data-efficient durations and power-saving durations. The power consumption characteristics for different types of durations are based on the corresponding settings for reception BW, number of MIMO layers, same/cross-slot scheduling, PDCCH monitoring and SCell dormancy.
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[bookmark: _Ref47664799][bookmark: _Ref48652904]Figure 2: 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. In particular, we may model X to be 8 ms, but larger value can be suggested/reported if necessary.

[bookmark: _Ref47706863]Proposal 4: For data-efficient duration, include a delay of X (ms) after the last TB of a packet, comprising of at least the delays of UE ACK/NACK for the last TB, gNodeB processing for HARQ, and gNodeB indication for UE power saving. X = 8 ms is suggested, and larger X values can be reported if utilized.

[bookmark: _Ref47706869]Proposal 5: For data-efficient and power-saving settings, please refer Table 1 for Rel-17 power consumption baseline. 
[bookmark: _Ref47665652][bookmark: _Ref47665644]
Table 1: Data-efficient and power-saving settings for Rel-17 power consumption baseline
[image: ]

Note that, with DCI-base power saving schemes for DRX active time, the benefit of DRX benefit becomes limited. For simplicity of the evaluation, we suggest to apply DRX long cycle only. For the quantitative check on the power saving gain with DRX short cycle, please refer to slide 31 of [5].

Periodic SSB measurement for RLM/BFD
In Rel-16, periodic UE house-keeping jobs, e.g., synchronization, CSI, etc., at a period of 160 ms is assumed. For RAN4 study in RLM/BFD relaxation schemes, the corresponding measurement power consumption should be modelled.

[bookmark: _Ref47706873]Proposal 6: Include the assumption in Table 2 and model SSB measurement power consumption per DRX cycle for RAN4 study in RLM/BFD relaxation schemes.

[bookmark: _Ref47707133]Table 2: Assumed number of measured/total beams for RLM/BFD per DRX cycle
[image: ]

For the example how to jointly calculate SSB processing power consumption for connected-mode, please refer to slide 30 of [5].

Power Consumption Assumptions
Based on the above updates to TR 38.840, we are able to check the power saving benefit with Rel-15 and Rel-16 DCI-based power saving schemes as well as the potential margin for Rel-17 power saving enhancements. In this sub-section, we will investigate the following two traffic categories:
· Less-frequent data: FTP, IM
· Frequent data: Real-Time Video, VoIP
Since FR2 has higher power values due to inherent RF difference, we will particularly check FR2 power consumptions.

In Figure 3, there compare the power consumption for less-frequent data traffic with DRX-only and that with DRX and Rel-15 and Rel-16 DCI-based power saving schemes. It can be observed that >40% power saving gain can be achieved, and the power consumption portion of PDCCH-only monitoring is no longer dominant.  

[bookmark: _Ref47706970][bookmark: _Ref47709187]Observation 1: For less-frequent data traffic, including FTP and IM, Rel-15 and Rel-16 DCI-based power saving schemes can achieve significant power saving, leaving limited margin for Rel-17 enhancements. 

[image: ]
[bookmark: _Ref47694252][bookmark: _Ref47694232]Figure 3: Power consumption comparison for less-frequent data traffic in FR2


In Figure 4, there compare the power consumption for frequent data traffic with DRX-only and that with DRX and Rel-15 and Rel-16 DCI-based power saving schemes. It can be observed that less power saving gain can be achieved, and the power consumption of PDCCH-only monitoring remains the dominant portion.

[bookmark: _Ref47706976]Observation 2: For frequent data traffic, including Real-Time Video and VoIP, Rel-15 and Rel-16 DCI-based power saving schemes achieve less power saving, and the power consumption portion of PDCCH-only monitoring is still dominant.

[bookmark: _Ref47706877]Proposal 7: Rel-17 UE power saving enhancements for connected-mode can focus on frequent data traffic, including Real-Time Video and VoIP, in FR2.
[image: ]
[bookmark: _Ref47695331][bookmark: _Ref47695318]Figure 4: Power consumption comparison for frequent data traffics in FR2

Based on the above observations, there will further discuss possible Rel-17 UE power saving enhancements for connected mode, with quantitative justification based on the updated evaluation methodology.


R17 potential enhancement
R16 extensions
In R16 power saving, cross-slot scheduling adaptation is supported. The adaptation of minimum applicable scheduling offset K0/K2 for PDSCH/PUSCH is triggered by “minimum applicable scheduling offset indicator” in DCI format 0_1/1_1. If minimum scheduling offset K0 is larger than zero, UE does not need to do data-buffering after DCI reception (same rule for K2). For R16 NR-U, search space set switching is supported for power saving. The search space sets with different PDCCH monitoring periodicities can be switched by timer or the indication in DCI format 2_0. The purposes of cross-slot scheduling adaptation and search space set switching are both to reduce UE power consumption through adaptation in time domain. Therefore, it is reasonable to consider joint adaptation of these features to achieve more efficient adaptation. As shown in Figure 5, if there is no further data scheduling for a UE, the network can allow UE to switch to a power saving setting. The setting can be realized by minimum scheduling offset >0 and per-K0 (if K0>1) slot PDCCH monitoring. In our view, the simplest way is to reuse “minimum applicable scheduling offset indicator” in DCI format 0_1/1_1 to trigger the joint adaptation. It not only reduces the specification work but also minimizes the signalling overhead.

[image: ]
[bookmark: _Ref47446105][bookmark: _Ref48653249]Figure 5. Illustration of joint adaptation of cross-slot scheduling and search space set switching
[bookmark: _Ref47707008]Observation 3: Rel-16 supports cross-slot scheduling adaptation and search space set switching to reduce UE power by time-domain adaptation, but the adaptation triggering is through different DCI formats. To achieve more efficient adaptation and minimize signaling overhead, the joint adaptation of two features can be considered.

[bookmark: _Ref47706881]Proposal 8: Support joint adaptation of cross-slot scheduling and search space set switching by reusing the bit field of “minimum applicable scheduling offset indicator” in DCI format 0_1/1_1 to minimize the signaling overhead.

Pre-indication for power saving adaptation
As proposed in Section 2.1, in R17 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, therefore, it is possible for UE to enjoy power saving adaptation in a longer duration. 
As depicted in Figure 6(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 6(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 6(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 R16, e.g., SCell dormancy indication and cross-slot scheduling adaptation.
In the following, we compare conventional adaptation and proposed method, i.e., pre-indication adaptation. The simulations use the settings proposed in Section 2. The results show the pre-indication adaptation can achieve 9% and 43% of power saving gains for VoIP in 1CC/FR1 and Real-Time video in 4CC/FR2 when compared to convention adaptation, respectively. That is, the power consumption can be improved significantly.
[image: ]
[bookmark: _Ref47451089][bookmark: _Ref48653301]Figure 6. Illustration of power saving adaptation: (a) convention and (b) R17 enhancement

[bookmark: _Ref47456119][bookmark: _Ref48653344][bookmark: _Ref48653432]Table 3. Effectiveness of power saving pre-indication
[image: ]
[bookmark: _Ref47707026]Observation 4: As shown in Figure 6(b), pre-indication adaptation allows UE to go to power saving earlier because network is able to send the adaptation triggering before receiving the HARQ-ACK information from UE. And UE applies the adaptation only if the network configured condition fulfils.

[bookmark: _Ref47707030]Observation 5: The pre-indication adaptation is compatible to all DCI-based adaptation, e.g., SCell dormancy indication and cross-slot scheduling adaptation in Rel-16.

[bookmark: _Ref47707034]Observation 6: The pre-indication adaptation with fulfilled condition(s) can reduce UE power consumption significantly. Compared to conventional adaptation, it can provide 9% and 43% of power savings for VoIP in 1CC/FR1 and Real-Time video in 4CC/FR2, respectively.

[bookmark: _Ref47706885]Proposal 9: Support pre-indication adaptation to achieve fast and efficient adaptation.
· Network configures the condition(s) for UE power saving. When a UE receives the pre-indication for power saving, the UE is permitted to apply the adaptation if the configured condition(s) fulfils.
· FFS the condition.


Conclusion
In this work, we first discuss the evaluation methodology updates in Section 2 and propose the potential enhancements in Section 3 to further improve connected mode UE power saving. Based on the discussions above, we have the following observations and proposals.

Proposal 1: For Rel-17 UE power saving enhancements for connected mode, include “Real-Time Video” traffic type exhibiting both high data rate (e.g. 20 Mbps for full-HD/1080p) and frequent data activity (e.g., 10 ms – 50 ms) for more complete traffic type coverage.
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Figure 1. Traffic types for UE power saving evaluations. Red color part is missing.



Proposal 2: The following parameters are suggested for the “Real-Time Video” traffic type:
· FTP model 3 with mean inter-packet arrival time of 30 ms and packet size of 0.08 Mbytes
· DRX (long cycle, on-duration, inactivity timer) = (20 ms, 5 ms, 10 ms)
· 1 CC of total 100 MHz for FR1 and 4 CCs of total 400 MHz for FR2 
· Note: FTP model 3 has been utilized for “FTP” and “IM” in TR 38.824 (UE power saving) and also for “R15 enabled use case” in TR 38.824 (URLLC)





Proposal 3: Rel-17 power consumption analysis is based on partitioning UE processing timeline into data-efficient durations and power-saving durations. The power consumption characteristics for different types of durations are based on the corresponding settings for reception BW, number of MIMO layers, same/cross-slot scheduling, PDCCH monitoring and SCell dormancy.

[image: ]

Figure 2: Connected-mode power consumption analysis for a given UE processing timeline

[bookmark: _GoBack]

Proposal 4: For data-efficient duration, include a delay of X (ms) after the last TB of a packet, comprising of at least the delays of UE ACK/NACK for the last TB, gNodeB processing for HARQ, and gNodeB indication for UE power saving. X = 8 ms is suggested, and larger X values can be reported if utilized.



Proposal 5: For data-efficient and power-saving settings, please refer Table 1 for Rel-17 power consumption baseline.

Table 1: Data-efficient and power-saving settings for Rel-17 power consumption baseline
[image: ]



Proposal 6: Include the assumption in Table 2 and model SSB measurement power consumption per DRX cycle for RAN4 study in RLM/BFD relaxation schemes.

Table 2: Assumed number of measured/total beams for RLM/BFD per DRX cycle
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Observation 1: For less-frequent data traffic, including FTP and IM, Rel-15 and Rel-16 DCI-based power saving schemes can achieve significant power saving, leaving limited margin for Rel-17 enhancements.


Observation 2: For frequent data traffic, including Real-Time Video and VoIP, Rel-15 and Rel-16 DCI-based power saving schemes achieve less power saving, and the power consumption portion of PDCCH-only monitoring is still dominant.


[image: ]

Figure 4: Power consumption comparison for frequent data traffics in FR2


Proposal 7: Rel-17 UE power saving enhancements for connected-mode can focus on frequent data traffic, including Real-Time Video and VoIP, in FR2.


Observation 3: Rel-16 supports cross-slot scheduling adaptation and search space set switching to reduce UE power by time-domain adaptation, but the adaptation triggering is through different DCI formats. To achieve more efficient adaptation and minimize signaling overhead, the joint adaptation of two features can be considered.


Proposal 8: Support joint adaptation of cross-slot scheduling and search space set switching by reusing the bit field of “minimum applicable scheduling offset indicator” in DCI format 0_1/1_1 to minimize the signaling overhead.

[image: ]
Figure 5. Illustration of joint adaptation of cross-slot scheduling and search space set switching
Observation 4: As shown in Figure 6(b), pre-indication adaptation allows UE to go to power saving earlier because network is able to send the adaptation triggering before receiving the HARQ-ACK information from UE. And UE applies the adaptation only if the network configured condition fulfils.

Observation 5: The pre-indication adaptation is compatible to all DCI-based adaptation, e.g., SCell dormancy indication and cross-slot scheduling adaptation in Rel-16.

Observation 6: The pre-indication adaptation with fulfilled condition(s) can reduce UE power consumption significantly. Compared to conventional adaptation, it can provide 9% and 43% of power savings for VoIP in 1CC/FR1 and Real-Time video in 4CC/FR2, respectively.

Proposal 9: Support pre-indication adaptation to achieve fast and efficient adaptation.
· Network configures the condition(s) for UE power saving. When a UE receives the pre-indication for power saving, the UE is permitted to apply the adaptation if the configured condition(s) fulfils.
· FFS the condition.

[image: ]

Figure 6. Illustration of power saving adaptation: (a) convention and (b) R17 enhancement

Table 3. Effectiveness of power saving pre-indication
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  Evaluation Methodology     Evaluation methodology for connected - mode power saving enhancements is suggested to be based on that in  TR 38.840  [3]   with the following updates:   1.   Improvement of traffic type coverage : Add  “data - intensive eMBB” traffic model   2.   Rel - 17 power consumption baseline : What Rel - 15 and Rel - 16 power saving schemes should be included and  how they should be applied   3.   Periodic SSB measurement for RLM/BFD : SSB measurement power consumption per DRX cycle   4.   Power   consumption observations     The above suggested updates will be detailed in Sections 2.1, 2.2 , 2.3  and 2 .4 .          2.1   Improvement of Traffic Type Coverage   By dimensioning the evaluated traffic types for Rel - 16 UE power saving, as shown in  Figure  1 , a traffic type with  frequent data activity and high data rate is currently missing. On the other hand, popular applications like video  conferencing belongs to such traffic type. I t is therefore necessary to improve the traffic type coverage before we  conclude any enhancement for connected mode.    

