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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#80 meeting, a study item was approved to study NR UE power saving framework, taking into consideration latency and performance as well as the network impact[1].  The objective of the UE power saving study includes the following aspects:
1) Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]
a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
(Note: existing UE capabilities are assumed for UE processing timeline)
i) Network and/or UE assistance information
ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme
b) Study the power saving signal/channel/procedure for triggering adaptation of UE  power consumption characteristics
2) Study the UE power consumption reduction in RRM measurements in synchronous and asynchronous network deployment [RAN1/2]
3)  Study the enhancement of higher layer procedures for UE power saving   [RAN2]
a) Study the enhancement of  UE paging procedure based on the additional power saving signal/channel/procedure
b) Study the enhancement of  UE power saving procedure in supporting efficient transition from RRC_CONNECTED to RRC_IDLE/RRC_INACTIVE mode  
This contribution focuses on the study of the power saving signal/channel/procedures for triggering adaptation of UE power consumption.
[bookmark: _Ref129681832]Power saving signal/channel for wake-up or go-to-sleep
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Analysis on the C-DRX mechanism in LTE and NR
This Section uses the data in LTE network to show the possibility of using power saving signal to inform the UE to wake up before each DRX cycle. Figure 1 shows the principle of C-DRX mechanism. In each DRX cycle, there is an “On Duration” configured. During the “On Duration” period, a UE shall monitor the PDCCH in the configured search space sets to check if a UL/DL scheduling is granted. When there is DCI detected to schedule new data during the “On Duration” period, an “Inactive Timer” shall be triggered. UE keeps monitoring the PDCCH until the “Inactivity Timer” expires and the “Inactivity Timer” shall be restarted when there is new data scheduled. During the “On Duration” period and before the “Inactivity Timer” expires, the UE is in active time. When the ‘”Inactivity Timer” expires, the UE is no longer in active time, and in this case the UE can go into sleep mode for power saving. Two DRX cycles, short cycle and long cycle, are configured and used to balance power saving and low latency requirements. 
[bookmark: _Ref421869718][bookmark: OLE_LINK77][bookmark: OLE_LINK78]
Figure 1 Illustration of C-DRX operation
As shown in Figure 1, there are some DRX cycles without any scheduling. Table 1 shows the statistical percentage of the number of C-DRX cycles in which there is not any scheduling. The statistical results in Table 1 are from the LTE deployment, in which the long and short C-DRX cycles are 320ms and 40ms, respectively. The length of on duration period and inactivity timer are 6ms and 100ms, respectively. The number of DRX cycles without any scheduling are counted, and the ratio between the number of DRX cycles without any scheduling and the total number of DRX cycles is calculated and listed in Table 1. 
Observation 1: It is observed from LTE deployment data that there is no DL/UL scheduling in a large percentage of DRX cycles. 

[bookmark: _Ref520378739]Table 1 Statistical analysis based on LTE C-DRX log data
	Application type
	Percentage of DRX cycles without scheduling to total DRX cycles 

	Video stream
	89%

	Audio stream
	90%

	Web browsing
	71%



From Observation 1, there exist some DRX cycles without any scheduling, and therefore it would be beneficial for UE power reduction to indicate before or during the C-DRX on duration period whether the associated UEs need to wake up or go to sleep for the one or more ‘on-duration’ periods of the C-DRX cycles. Based on such power saving indication, the UE can decide whether to continue sleep. 
Power saving signaling during C-DRX cycles
The analysis and data in Section 2.1 motivate to study power saving signaling in C-DRX mechanism. The power saving signaling can be a new type of signal or based on an existing signal/channel. To minimize the impact on UE implementation and standardization work, it is preferred that the signaling is based on existing signal/channel modified to carry wake-up or go-to-sleep information. 
In Rel-15, a UE in RRC connected mode shall be configured with TRS set(s) and may be configured with CSI-RS. The configured CSI-RS or TRS are used for time/frequency tracking, AGC adjustment and radio link measurements by UE before detection of PDCCH in active time of the DRX cycle. When configured with C-DRX, a UE may need to wake up earlier before each ‘On Duration’ of a DRX cycle. Therefore, it is straight forward to use CSI-RS/TRS signal to convey the wake-up information. As shown in Figure 2, if the reference signals can be used to convey wake-up information, when there exists UL/DL scheduling in the corresponding one or multiple ‘On Duration’ period(s), the reference signal that indicates ‘wake-up’ will be transmitted. Otherwise, the TRS does not need to be transmitted. If the TRS is detected by UE to be present before the C-DRX cycle, UE needs to wake up in the corresponding C-DRX cycle. If the TRS is detected not to be present, i.e. a DTX of TRS is detected, the UE shall go to sleep again in the C-DRX cycle. By detecting the presence of TRS, the UE can know whether or not to wake up to process the corresponding PDCCH detections, meanwhile the reference signal is used to track time/frequency offset, adjust AGC etc. as in NR Rel-15 system.  


[bookmark: _Ref525317284]Figure 2 Illustration CSI-RS/TRS based power saving signal
PDCCH channel is another existing channel that can be considered for indicating wake-up or go-to-sleep information. The DCI-based solution is illustrated in Figure 3, and if the PDCCH that carries a DCI indicating ‘wake-up’ or ‘go-to-sleep’ information is transmitted before or at the very beginning of the corresponding C-DRX cycle, the active time can be reduced significantly and therefore UE can save power. In Figure 3 is an example of power saving indication before the C-DRX cycle. The DCI-based power saving indication can be protected by CRC checking, which may achieve low false alarm rate. It is for further discussion how to optimize DCI-based solution for power saving indication. 


[bookmark: _Ref525317300]Figure 3 Illustration of DCI based power saving signal
If the power saving signal is introduced, the wake-up or go-to-sleep indication may be applicable for one or multiple C-DRX cycles. It should be further studied on how many C-DRX cycles should be supported to be skipped by the indication from power saving signal. Also, whether semi-static configuration or dynamic indication of the number of C-DRX cycles is supported for the power saving signal needs to be discussed.
Furthermore, the introduced power saving signal may impact on the C-DRX timers, for example, when DCI based indication is used to go to sleep, it needs to be specified on how to set the drx-InactivityTimer. Therefore, the UE behaviors of handling C-DRX timers should be studied jointly with the study of power saving indication design.
Proposal 1: Study solutions for power saving signaling to indicate to a UE to wake-up or go to sleep for the associated C-DRX ‘on-duration’. 
For the proposed power saving signal to indicate wake-up or go-to-sleep, the power consumption benefits needs to be investigated. As discussed in the companion paper [2], the metric of scaled power efficiency,  , can be used as the metric to evaluate power consumption benefit, where  is the energy consumed by the proposed solution and  is the energy consumption of the legacy baseline. Both  and   are reported/calculated based on the same reference time period. 
The baseline solution for evaluating power saving signal is the legacy C-DRX mechanism and a DRX cycle can be used as a reference time period for power consumption evaluation. For each C-DRX cycle, in the baseline solution, the UE always wake-up regardless whether there is scheduling during the corresponding C-DRX. Therefore,  can be calculated as:

, where  and  are the power consumption value in relative units for reception state and sleep state respectively defined in UE power consumption model. 
For the proposed power saving signal,  can be calculated as:
+ 
, where x% is the percentage of C-DRX cycles during which UE is expected to wake up for the reception of scheduled data.
The required reception time for the proposed power saving signal ( ) can be obtained by link level simulation assuming the target miss-detection rate/BLER under different geometry/SNR assumption. The false alarm rate can be also obtained from link level simulation. The value of x% is impacted by the false alarm rate performance of power saving signal and the traffic model. 
In the evaluation on power consumption, UEs under different geometries may need to be investigated and the geometries that need to be investigated can be obtained based on the system level investigation. For example, the average power efficiency in the cell and the power efficiency of 5%-tile coverage UE can be reported to evaluate the gain on power consumption reduction, based on the CDF of UEs’ geometry obtained from system level assumption. 
Besides the power consumption gain, network resource overhead needs to be also investigated, considering the power saving signal occupies additional network resource to indicate the wakeup or go-to-sleep information. The network resource used for power saving signal/channel for UEs at a given SNR/geometry can be obtained from link level evaluation. And the system level network resource overhead can be calculated based on the CDF of SNR/geometry and the link level evaluation results.
Other considerations which may optimize the benefit of the power saving signal can be also considered in the investigation. For example, it would be better to balance between the network overhead and power saving gain if the power saving signal corresponds to more than one C-DRX cycles. 
Proposal 2: Study RS-based solution and DCI-based solution as candidates for power saving signal considering 
· Power consumption gain;
· Performance of signalling design, including BLER/miss-detection and false alarm probability; 
· Resource overhead due to the transmission of the power saving signal;
· Other aspects, e.g. the impact on the legacy C-DRX timers, the number of C-DRX cycles corresponding to a power saving signal, etc.

Reduction of PDCCH monitoring
UE scheduling in active time
The scheduling when a UE is in active time is analysed to see whether it is possible to further reduce the power consumption due to PDCCH monitoring. Being in active time includes the following cases:
· C-DRX is not configured.
· C-DRX is configured, and the UE is in at least one of drx-onDurationTimer, drx-InactivityTimer, drx-RetransmissionTimerDL, drx-RetransmissionTimerUL and ra-ContentionResolutionTimer is running.
Figure 4 illustrates statistical data from LTE deployment, in which the distribution of the time gap between two consecutive scheduling during active time. 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. It is observed that there is about a 22.5% probability that the time gap is 0, which corresponds to the case when two consecutive scheduling happen in two consecutive slots. And there is about a 77.5% probability that the consecutive scheduling happens in two slots separated by one or more slots gap.  
Observation 2: In C-DRX active time, there exists a number of consecutive slots during which there is no PDSCH/PUSCH scheduled.

[bookmark: _Ref525314246]Figure 4 Statistical results on the scheduling when UE is in active state
Signaling for PDCCH monitoring reduction
Based on observation 2, a signaling to indicate to the UE to skip the PDCCH monitoring can be introduced for UE power consumption reduction. Differently from the signalling to indicate to the UE to wake up or go to sleep for a number of C-DRX cycles, the intention of the indication in this Section is enabling UE to skip of PDCCH monitoring in active time for a number of PDCCH monitoring occasions The UE may not be able to totally sleep but the UE can switch off RF chains and skip PDCCH monitoring during the gap between two consecutive scheduling. Based on our knowledge, the power consumption of the RF part is comparable with that of the baseband part. Therefore, the power consumption reduction due to the switch off of the RF part is expected to be attractive.
To indicate to skip PDCCH monitoring, DCI-based signaling is a straightforward way considering that in the corresponding C-DRX cycles the UE has already started the PDCCH monitoring. Some detailed information can be also indicated such as whether to skip and how many PDCCH occasions to skip. 
The DCI based signalling used for skipping PDCCH may be jointly designed together with the DCI based signalling for wake up or go-to-sleep indication in Section 2. DCI based signaling can be also used to adjust the parameters of PDCCH search space sets, for example the adjustment of PDCCH monitoring periodicity. It can be also further studied on the DCI signaling based adjustment of parameters of PDCCH search space set which would reduce the PDCCH monitoring.
Proposal 3: Consider the indication of skipping PDCCH monitoring in Rel-16.
To investigate the power consumption benefit, the power efficiency proposed in [2], , needs to be also investigated, where the baseline solution is the legacy C-DRX. The number of PDCCH monitoring occasions in the baseline for a C-DRX cycle can be counted and the corresponding power consumption due to the PDCCH monitoring can be calculated. This may need define the power consumption level due to PDCCH monitoring in the UE power model, which is also discussed in the companion paper [2]. The power consumption of the proposal to skip the PDCCH monitoring can be similarly calculated.
Network overhead due to the transmission of signalling needs to be also investigated. The similar methodology for the power saving signal for wakeup/go-to-sleep indication can be also used here.
Proposal 4: Study the DCI based signaling to skip PDCCH monitoring from the following aspects:
· The power consumption gain;
· Performance of signalling design, including BLER/miss-detection and false alarm probability; 
· Resource overhead due to the transmission of the proposed signalling.
In some cases, when skipping PDCCH, it would be possible to indicate UE to skip all the following reception of PDCCH in the C-DRX cycle. In this case, a fast stop of inactivity timer can be further considered. This is actually already supported by MAC CE command in in Rel-15, however, current MAC CE based stopping of inactivity timer is always coupled with the switch between the short and long DRX cycle when the UE is configured with both of them. This may restrict the applicability of these two MAC CEs and may be further optimized for the UE power saving purpose. The enhancement of the MAC CE based stopping of inactivity timer and skipping one or more DRX cycles can be considered.
Conclusion
This contribution discusses designs for UE power saving. The motivation of the introduction of power saving signal for connected mode UE is justified by the observations from the analysis based on the data from LTE deployment in Sections 2.1 and 3.1. Detailed considerations on the solutions for power saving signal to indicate wake-up or go-to-sleep is discussed in Section 2.2. Considerations on indicating the skip of PDCCH monitoring is discussed in Section 3.2.
Observation 1: It is observed from LTE deployment data that there is no DL/UL scheduling in a large percentage of DRX cycles.
Observation 2: In C-DRX active time, there exists a number of consecutive slots during which there is no PDSCH/PUSCH scheduled.
Proposal 1: Study solutions for power saving signaling to indicate to a UE to wake-up or go to sleep for the associated C-DRX ‘on-duration’. 
Proposal 2: Study RS-based solution and DCI-based solution as candidates for power saving signal considering 
· Power consumption gain;
· Performance of signalling design, including BLER/miss-detection and false alarm probability; 
· Resource overhead due to the transmission of the power saving signal;
· Other aspects, e.g. the impact on the legacy C-DRX timers, the number of C-DRX cycles corresponding to a power saving signal, etc.
[bookmark: _GoBack]Proposal 3: Consider the indication of skipping PDCCH monitoring in Rel-16.
Proposal 4: Study the DCI based signaling to skip PDCCH monitoring from the following aspects:
· Power consumption gain;
· Performance of signalling design, including BLER/miss-detection and false alarm probability; 
· Resource overhead due to the transmission of the proposed signalling.
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