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1. Introduction and background
This document discusses the WI scope revisions on NR UE power saving, based on the outcome of the concluded in RAN2 #106 with TR 38.840 and the progress of work item in RAN1[1]

 REF _Ref9609277 \r \h 
[2].
2. Discussion 
Rel-15 NR supports several ways to achieve power savings, including BWP switching, configuration of C-DRX, MAC CE mechanisms related to DRX, Scell activation/deactivation and UE assistance related to overheating. In the study item of NR power saving, several schemes are identified and evaluated to show the power saving gains over the agreed baseline in UE power saving schemes with UE adaptation in frequency domain, time domain, antenna domain, DRX operations, and reducing PDCCH monitoring with different traffic types, such as FTP, IM, web browsing, video streaming, gaming and VoIP, and network configurations. This contribution summarizes some discussions in the study item and further provides our views on the scope of work item for UE power saving.

1) Power saving techniques with UE adaptation with focus in RRC_CONNECTED mode
UE power saving schemes by enhancement to PDCCH monitoring

Enhancements to PDCCH monitoring were also discussed in the study item. One of the solution investigated is the DCI indication based PDCCH skipping in a duration of several slots or ms. Figure 1 gives statistical data from LTE real deployment, in which the time gap between two consecutive scheduling during active time are counted and the distribution of the time gap is shown. The statistical results are from UE perspective and based on the duration when a given UE is in active time before the UE goes to sleep. From the figure, it is observed that there are about 22.5% percent that the time gap is 0, which corresponds to the case when two consecutive scheduling happens in two neighbouring subframes. It is also observed that in active time there exists a quite number of consecutive subframes where there is no PDSCH/PUSCH scheduled and it is 50% that the time gap between two consecutive scheduling is larger than 8 subframes. Based on this observation, if dynamic indication is introduced to indicate UE to skip the PDCCH monitoring, there should be power saving gain. 
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Figure 1 statistical results on the scheduling gap when UE is in active state

Observation 1: In C-DRX active time, there exists a quite number of consecutive subframes during which there is no PDSCH/PUSCH scheduled based on the data in real deployment.
During the study item phase, a number of companies show power saving gains of 9%~83% in the TR [3], compared with the baseline C-DRX (i.e. without MAC-CE based termination of inactivity timer). Besides, since the PDCCH skipping is generally applied for small durations, e.g. several slots or milliseconds, the associated impact to the transmission latency is tolerable. 
PDCCH-based wake-up signal/channel was agreed in the WI and is being specified in Rel-16. Figure 2 shows the power saving gain and UPT loss of WUS and PDCCH skipping schemes with different cases based on the evaluation results from our RAN1 contribution [4]. It can be observed that at least for short DRX cycles cases (case 3 and case 4), more power saving gain (~10%) can be obtained for PDCCH skipping with 4ms skipping duration compared to WUS scheme. On the other hand, PDCCH skipping scheme results in less UPT loss than WUS scheme. Therefore, the PDCCH skipping scheme should be one of option for UE power saving schemes especially for the UEs in active time and it is better for gNB to have flexibility to configure/enable different power saving schemes based on network status and implementation. 

Note: the performance of C-DRX without any adaptation is baseline, C-DRX parameter configuration of different cases are listed in Table 1 in Appendix, other simulation assumption for different cases are same and more details can be found in [4].
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Figure 2 Simulation results of WUS and PDCCH skipping schemes
Observation 2: PDCCH skipping can provide more power saving gain with less UPT loss than WUS scheme in short DRX cycle with appropriate skipping duration. 
As a further work, the contribution [5] evaluates the PDCCH skipping solutions compared with the legacy MAC-CE based termination of inactivity timer. As shown in Figure 3, by achieving the same power saving gain over the baseline C-DRX without any adaptation, the PDCCH-based indication of PDCCH skipping can maintain 30% higher UPT performance than the MAC-CE based termination of inactivity timer. On the other hand, with the same UPT performance, the adaptation of PDCCH skipping can save additional 15% power saving gain compared with MAC-CE based termination of inactivity timer. This is because the network cannot make the genie-assisted decision to send a long term termination of inactivity timer just based on the buffer status on eNB. The eNB can make proper decision based on the buffer status for a short term. Detailed simulation assumptions can be found in appendix.
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Figure 3 Simulation results of DRX MAC-CE command and DCI based PDCCH skipping scheme
Observation 3: Dynamic PDCCH skipping scheme can provide more power saving gain than DRX command MAC-CE scheme for the same UPT.

Besides the attractive power saving gains for all types of simulated traffic, another benefit is that the solution can be used by the gNB with best-effort. When the gNB has resource to send the DCI indication for PDCCH skipping, the gain can be observed. When the gNB does not transmit the DCI, the scheduling and the UE traffic shall not be impacted. This provides more flexibility for the network to dynamically balance the overhead due to the signaling and the power saving gain for UEs. Therefore, it is proposed to prioritize the DCI indication based PDCCH skipping for some slots/ms on PCell and Scells. 

Proposal 1: Specify DCI based PDCCH skipping for a duration on the order of several slots or milliseconds.
Enhancements to MIMO adaptation/number of antennas
Up to 30% power saving gain has been observed from system level evaluations by a number of companies when the number of Rx antennas can be reduced from 4 Rx to 2 Rx. There can be dynamic adaptation and semi-static adaptation of the number of Rx antennas. Semi-static 4Rx/2Rx adaptation is not preferable from latency and throughput point of view, which may also increase the total reception time and offset the benefit of UE power saving. Thus, dynamic 4Rx/2Rx adaptation is preferred. One implicit approach of dynamic 4Rx/2Rx adaptation is to use 2 Rx antennas for PDCCH only reception for power saving, and once PDSCH is scheduled for data transmission 4 Rx antennas should be used by UE as soon as possible. Such approach is not expected to negatively impact the UE data rate much since 4Rx is always used for PDSCH reception. It is also possible to use DCI to explicitly configure 4Rx or 2Rx for a UE’s reception, while it is still questionable in our view whether flexibility is needed or not considering the trade-off between power saving and latency/throughput.
Another consideration during the study item was to adapt the maximum number of MIMO layers, RAN2 agreed to configure MIMO layer for the initial/default BWP and the UE applies another configuration of MIMO layer when the active BWP is switched to the initial/default BWP. However, PDCCH triggers UE adaptation to the number of Rx antennas for PDCCH monitoring, which is not the same as the adaptation of maximum number of MIMO layers. The number of Rx antennas is more related with the RF part of UE, which is also the upper bound of maximum number of MIMO layers of PDSCH. A reduced number of MIMO layers of PDSCH does not correspond to a reduced number of Rx antennas, and the reduced number of maximum layers impacts more the baseband processing. Additionally, it is known that MIMO layer is defined for PDSCH rather than PDCCH and restricting the maximum number of MIMO layers will introduce the loss of throughput and latency for PDSCH transmission. PDCCH doesn’t have the concept of “layer”, restricting the number of MIMO layers doesn’t mean that the UE will use the reduced number of antenna for PDCCH reception. Hence it is necessary to introduce the number of Rx antenna and adapt to the number of Rx antennas for PDCCH monitoring.
Proposal 2: Support dynamic adaptation of maximum MIMO layers/Rx antennas for power saving, while minimizing the impact on the UE throughput and latency.
Power saving in CA
CA is practical deployment in the first phase of 5G. In CA scenario, UE should monitor the PDCCH simultaneously in PCell and activated SCells when it is in active time. However, traffic of SCell is typically sparser than that of PCell, so the power waste may be high due to unused activated SCells even under C-DRX functionality. The evaluation results from RAN1 show that 1.82%~24.16% power saving gain can be obtained with up to 2.89% latency loss by avoid monitoring activated SCells when the data hasn’t arrived [3]. In RAN2 perspective, it is also observed that UE’s power consumption can be saved in CA configuration by reducing PDCCH-only monitoring on activated SCells, and RAN2 agreed to work on mechanisms to reduce PDCCH monitoring on activated SCells in the WI. Based on the outcome of the SI, we propose that
Proposal 3: Specify the mechanisms of reducing PDCCH monitoring on activated SCells.
Power saving in DC (EN-DC in particular)
RAN2 discussed the UE power saving when the UE is configured with EN-DC, and reached the consensus that the benefit of studying power saving in EN-DC is seen, and agreed to look at simple solutions in the WI phase [3]. In [7], we analyzed the gap between the potential enhancements for NR SA which RAN2 studied and for MR-DC. Our observation is that for supporting UE assistance information report for power saving in MR-DC whereas the NR is as SN, some procedure enhancement is needed.  Otherwise, the NR network couldn't get the UE preferred configurations for power saving. Then we proposed that
Proposal 4: Specify the procedure to enable the transfer of UE assistance information for power saving to NR SCG in MR-DC.
UE assistance information
The motivation for UE reporting assistance information is to provide information that the gNB cannot obtain or it is difficult to obtain. According to RAN2 study, the UE assistance information including UE desired configurations for C-DRX, SCell and BWP are helpful for power saving. In addition, RAN2 conclude that other types of UE assistance information which are beneficial in RAN1 perspective can also be included.
According to the RAN1 evaluation, it is observed that up to 3%-30% power saving gain can be obtained for the dynamic antenna adaptation and 6%-30% for the semi-static antenna adaptation [3]. However, sometimes the gNB is not aware of the UE power status or UE characteristics (e.g., the UE temperature), and it doesn’t know when to allow the UE to use a smaller number of MIMO layers or smaller number of antennas, thus the preferred antenna domain configurations (e.g. MIMO layers/antenna ports) reported by the UE is useful for power saving purpose. This can be also used with the adaptation of antenna numbers in proposal 2, e.g. UE can report the recommended number of Rx antennas for PDCCH monitoring.
As a recommendation, the CC-groups can be also reported to gNB. The reported CC-groups takes into account the UE implementation, e.g. UE RF model etc. Therefore, operating on carriers based on the reported CC-groups can save more power. For example, the gNB can adapt the choices of carriers to activate/deactivate for CA based on the reported CC-group assistance information. In addition, the UE may report CC-group configuration [6].
The power saving schemes with cross slot scheduling show 13% - 28 % power saving gain [3] according to RAN1 evaluation, where the gain comes from that the UE can avoid buffering DL signal and perform micro-sleep. However, due to different UE implementation or UE capability, the time UE needed to perform micro-sleep (i.e. for step-in and step-out) may be different. Thus the UE needs to report its desired processing timeline values to implement cross-slot scheduling. Since the dynamic adaptation of minimum K0 and K2 has been partially specified in RAN1 WI, the reported values include K0 and K2.
It should be noted that UE assistance information is a UE recommendation to the network for the purpose of UE power saving, and gNB is not required to follow the UE assistance information in the configuration and/or scheduling.
Proposal 5: Specify the procedure to enable the UE to report assistance information which include:
· UE preferred DRX configurations
· UE preferred frequency domain configurations including BWP configurations, SCell configurations and cell group recommendation
· UE preferred antenna domain configurations
· UE preferred processing timeline including K0 and K2
2) Fast RRC state transition
RAN2 discussed the fast RRC state transition from RRC_CONNECTED state to RRC_IDLE or RRC_INACTIVE state, and finally the solution that UE provides UE assistance to transit out of RRC Connected state was agreed. Furthermore, from RAN2 point of view, the fast RRC state transition is recommended to be supported according to [3]. So based on the conclusion from RAN2 during the SI, we have the following proposal:
Proposal 6: Specify a mechanism for a UE to indicate its preference of transitioning out of RRC_CONNECTED state.
3) RRM measurement relaxation
RRM is one of most power consuming parts no matter the RRC state. According to study and evaluation from RAN1 during the SI, significant power saving gains are shown from RRM measurement relaxation for both serving cell and neighbour cells including inter-frequency neighbour cells and intra-frequency neighbour cells [3]. According to conclusion from RAN2 study, RRM measurement for neighbour cells for both intra and inter-frequency can be relaxed for UE in RRC_CONNECTED and RRC_IDLE/INACTIVE state, and it is beneficial to perform RRM measurement relaxation by allowing measurements with longer intervals, and reducing the number of cells/carriers/SSB is beneficial for power saving for both RRC_CONNECTED state and RRC_INACTIVE/IDLE [3]. The criteria can be further studied in WI phase. So, based on the conclusion from the SI, we propose that:
Proposal 7: Specify the criteria for RRM relaxation at least for neighbour cell by allowing measurement with longer measurement intervals, and by reducing the number of cells/carriers/SSBs to be measured. This objective should apply to the UE in RRC_CONNECTED state and RRC_INACTIVE/IDLE state, and both intra-frequency and inter-frequency neighbour cells are included.
3. Conclusion
This paper discusses our views on the work item revisions. Based on the discussions, the following observations and proposals were made:
Observation 1: In C-DRX active time, there exists a quite number of consecutive subframes during which there is no PDSCH/PUSCH scheduled based on the data in real deployment.
Observation 2: PDCCH skipping can provide more power saving gain with less UPT loss than WUS scheme in short DRX cycle with appropriate skipping duration.
Observation 3: Dynamic PDCCH skipping scheme can provide more power saving gain than DRX command MAC-CE scheme for the same UPT.
Proposal 1: Specify DCI based PDCCH skipping for a duration on the order of several slots or milliseconds.
Proposal 2: Support dynamic adaptation of maximum MIMO layers/Rx antennas for power saving, while minimizing the impact on the UE throughput and latency.

Proposal 3: Specify the mechanisms of reducing PDCCH monitoring on activated SCells.
Proposal 4: Specify the procedure to enable the transfer of UE assistance information for power saving to NR SCG in MR-DC.
Proposal 5: Specify the procedure to enable the UE to report assistance information which include:
· UE preferred DRX configurations
· UE preferred frequency domain configurations including BWP configurations, SCell configurations and cell group recommendation
· UE preferred antenna domain configurations
· UE preferred processing timeline including K0 and K2
Proposal 6: Specify a mechanism for a UE to indicate its preference of transitioning out of RRC_CONNECTED state.
Proposal 7: Specify the criteria for RRM relaxation at least for neighbour cell by allowing measurement with longer measurement intervals, and by reducing the number of cells/carriers/SSBs to be measured. This objective should apply to the UE in RRC_CONNECTED state and RRC_INACTIVE/IDLE state, and both intra-frequency and inter-frequency neighbour cells are included.
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4. Appendix
C-DRX parameters for different cases in Figure 2
Table 1. C-DRX parameters of different cases in Figure 2

	
	DRX cycle (ms)
	Inactivity timer (ms)
	On duration timer (ms)

	Case 1
	160
	100
	8

	Case 2
	160
	40
	8

	Case 3
	40
	25
	4

	Case 4
	40
	10
	4


Simulation assumptions for DRX MAC-CE command and PDCCH skipping schemes in Figure 3

We further compare the scheme of dynamic PDCCH skipping with the scheme of current DRX command MAC-CE based terminating of the inactivity timer in terms of power consumption and UE perceived throughput (UPT). In our simulations, traffic model of FTP model 3 is simulated under DRX configurations (160, 100, 8) as agreed in RAN1#AH1901 with packet size 0.5 Mbytes and packet arrival rate 200ms. FR1 UE power model is assumed as agreed in RAN1 94bis, the evaluation methodology of slot-level relative power consumption as agreed in RAN1#95 is adopted.

For the dynamic PDCCH skipping scheme, a simple rule is assumed for the PDCCH skipping signaling in the simulation: when DL buffer of a UE is empty (DL-transmission-only is assumed), gNB indicates the UE to skip PDCCH monitoring occasions for skipping duration. The skipping duration used in our simulation is: 2ms, 4ms, 8ms or 16ms, each of which is configured and evaluated separately. For the DRX command MAC-CE based terminating of the inactivity timer scheme, the following scheduling strategy is assumed for the scheduling of a packet which contains DRX command MAC-CE: during the DRX active time, when DL buffer of a UE is empty, and if there are no data packets that arrived for the UE within a certain time t, the packet which contain DRX command MAC-CE can be scheduled to indicate the UE to terminate the inactivity timer. The value of t can be determined as: 
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used in our simulation is: 0, 0.2, 0.5 or 0.8.
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