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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
NR design considers UE modem energy efficiency as one of the KPIs. A number of designs were adopted in NR striving for UE power saving, for example, the concept of BWP, CORESET and resource set, are all power efficient design. However, by using legacy mechanisms including DRX, it is observed that there is still UE power consumption that can be further reduced, e.g. reducing PDCCH monitoring, etc. 
In RAN#80, a study item was approved to study NR UE power saving framework, taking into consideration latency and performance as well as the network impact [2].  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]
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]

This contribution provides data analysis from LTE modem to facilitate the analysis of the aspects that can be considered for UE power saving in NR. General considerations on UE power saving are provided.
[bookmark: _Ref473183266][bookmark: _Ref129681832]Analysis on legacy C-DRX and power saving mechanisms
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK2][bookmark: OLE_LINK3]In RRC_CONNECTED mode, C-DRX is used in both LTE and NR to save the UE power. 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]Fig. 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. From the results, it can be observed:
Observation 1: It is observed from the LTE deployment that there is not any 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
 

	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 use a power saving signal before each C-DRX on duration period to indicate whether the associated UEs need to wake up for the ‘on-duration’ period of the upcoming C-DRX cycle, so that the UE can decide whether to continue sleep based on the power saving indication. This power saving signaling can be a new type of signal or an existing signal/channel, and either UE-specific signaling or group-based signaling can be considered. UE-specific signaling is preferred to avoid false wake-up of irrelevant UEs, while network resource overhead due to UE-specific indication needs to be carefully considered. The UE complexity and power consumption on detecting the power saving signal is also another aspect which may impact the UE power saving gain. In the study, the power model of NR UE needs to be discussed first to align the evaluation methodology used to quantify the power saving gain. The methodology used in NB-IoT work [3] and shown in the Appendix, can be considered as the starting point in the UE power saving study for NR.
Another aspect on C-DRX is the parameter configuration which may significantly impact the power consumption on UEs and the latency of different applications. The configuration is determined by gNB without any UE information such as traffic characteristics, UE battery level, UE screen on/off state, etc. Therefore the C-DRX parameters may not be suitable for the UE in terms of power saving. It is proposed to further study solutions enabling UE to recommend C-DRX configurations to gNB, however the design should still follow the basic design principle in 3GPP networks, i.e. the UE may provide recommended configurations to the network but it is the network to determine the configuration to be used.
Analysis on scheduling for UEs in active time
From the discussion in Section 2,  there can be a power saving gain if the UE reception time can be reduced by using power saving signal to indicate to wake-up before a C-DRX cycle. In this section, the scheduling when a UE is in active time, with the active time being the duration when either drx-onDurationTimer or drx-InactivityTimer or drx-RetransmissionTimerDL or drx-RetransmissionTimerUL or ra-ContentionResolutionTimer is running, is analysed to see whether it is possible to further reduce the power consumption due to PDCCH monitoring in active time.
Figure 2 gives statistical data from LTE 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. 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 neighbouring subframes. And there is about a 10% probability that the consecutive scheduling happens in two subframes separated by a one subframe gap.  
From Figure 2, it is also observed that in active time there exists a number of consecutive subframes where there is no PDSCH/PUSCH scheduled. For example, there is about 10% probability that that the time gap between two consecutive scheduling is 9 subframes. Based on this observation, it can be introduced power consumption reduction by introducing a dynamic indication to the UE to skip the PDCCH monitoring. 
Observation 2: In C-DRX active time, there exists a number of consecutive subframes during which there is no PDSCH/PUSCH scheduled.


[bookmark: _Ref520387835]Figure 2 Statistical results on the scheduling when UE is in active state
Regarding the dynamic indication to skip PDCCH monitoring, the associated power saving gain needs to be further investigated. Either legacy physical layer channel/signal, e.g. PDCCH, or new physical layer signal can be considered in the study.  Furthermore, considering the time gap between two consecutive scheduling may not be large enough, during the gap the UE may only be able to switch on/off RF chains and skip PDCCH monitoring, and the UE may not be able to go to sleep mode, e.g. to switch off the full/part of modem and only run oscillators for time counting. Therefore, the transition time needed between different UE states need to be also discussed in the power model.
In our investigation, we found that there are a number of long durations in which there is no scheduling before the inactivity timer expires. This may depend on the traffic model and sometimes may be due to an improper configuration of  inactivity timer. On the other hand, in deployment the inactivity timer may be set conservatively large to allow new data in a burst traffic arriving after the first scheduled data in a given C-DRX cycle to be scheduled continuously and timely. Also, the inactivity timer setting may not be always optimized for every application type and every UE. In this case, a fast stop of inactivity timer can provide a function to indicate UE to go-to-sleep for power saving.  This is already supported by MAC CE command in current specifications. However, considering the results in Figure 2, if a physical layer signaling is considered to indicate go-to-sleep for dynamic PDCCH monitoring skipping, the physical layer signaling can be also used to indicate a faster stop of inactivity timer than MAC CE based solution.
Power saving from adaptation of number of carriers and antenna ports
It is well known that power consumption is high when carrier aggregation is enabled on a UE. According to our investigation, the increased power varies with the application running on the UE. For intra-band CA, the modem power consumption increases by about 50%-90% due to an additional activated CC. For inter-band CA, the power consumption increase is even higher. Power consumption increases significantly when CA is used even in NR which already considers fallback to a narrowband bandwidth part. It needs to be studied how to reduce the power saving on UE when CA is configured/enabled.
High order MIMO antenna configurations can offer capacity or diversity gain at the cost of high power consumption. According to a test with the UE screen off, for TDD and 2 MIMO rank unchanged, the overall power consumption increases by 27% due to the number of Rx chains increase from 2 to 4. For FDD, the increase can be higher since the power increase due to RFIC is higher than that for TDD. In another test, assuming 20MHz bandwidth and full bandwidth scheduling, the overall power consumption increases by 22% due to MIMO rank increase from 1 to 2 when UE uses 2 Rx chains. Power consumption clearly increases when Rx chains or MIMO rank increase. Even considering the requirement on the number of RF chains for UEs as defined in the specifications, there would be the possibility to save UE power with dynamic adaptation of the number of RF chains used by UE, e.g. when UE is in good coverage and low data rate requirement UE may use smaller number of RF chains for power saving. 
In Rel-15 NR, the network does not know the power consumption state of the UE when different CA, MIMO layers and BWPs are configured and used for a given UE. It may facilitate UE power consumption reduction if the UE can recommend to gNB which CA/BWP/DC/MIMO configurations to use.
Power saving in RRC_IDLE state and RRM measurements
When the UE is in RRC_IDLE state, the main power consumption is paging monitoring and RRM measurements for serving cell and possible neighbor cells. Cell measurements are performed in cycles and usually performed together with paging monitoring to reduce UE wake-up times. Figure 3 illustrates the processing in one paging monitoring and cell. It shows that the duration of serving cell measurements is much longer than that of paging monitoring. Therefore, RRM measurements are the most power consuming part in IDLE state. Therefore the power saving gain is expected to be not attractive when a power saving signal is merely introduced to skip PDCCH monitoring before a PO, considering the UE anyway needs to wake up to do the RRM measurements in a relatively long duration. 
[image: ]
[bookmark: _Ref520387822]Figure 3 Illustration for paging monitoring and serving cell measurements
There was some discussion in NB-IoT to relax RRM measurements for power saving and the RRM relaxation was discussed targeting UEs in stationary state or with low mobility. In NR, the scenarios and applications that can allow RRM relaxation can be further studied.
Conclusion
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]In this paper, statistical data is provided to analyze the potential aspects that may introduce further UE power saving gains compared to Rel-15 NR mechanisms. General considerations on UE power consumption reduction are made and some potential directions for the UE power saving study starting in October meeting are provided. 
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Appendix
In R1-1714993, the following Table with metrics for power saving gain are agreed for NB-IoT, which can be considered to be used for NR power saving signal.
Table 2 Performance metrics 
	Performance Metric
	Unit

	Power efficiency
	% (reduced power consumption)

	Miss detection rate
	% (expressed as 100 – percentage of successful detection events)

	False detection rate
	% (expressed as percentage of false detection events)

	System overhead
	% (expressed as used part of all REs per radio frame)



Table 3 shows the power consumption model used for NB-IoT power saving evaluation. Similar power consumption model should be also discussed for NR power saving. Considering NR eMBB UE may have different hardware, the numbers in the table may be different and need further discussion for the evaluation of NR power saving gain.
Table 3 Power consumption model
	Operating mode
	Power [units/ms]
	Total ramp up or ramp down time [ms]
	Notes

	Receive
	100
	
	RF and baseband circuitry

	Light sleep
	1
	
	Corresponds to maintaining accurate timing by
keeping RF frequency reference active.

	Idle, deep sleep
	0.015/[0.05]
	
	Deep sleep during PSM and eDRX

	Transitions to or from light sleep
	50
	15
	Boot, reload memory etc.

	Transitions to or from deep sleep
	50
	200/[25]
	Boot, reload memory etc.



Traffic model was also agreed in NB-IoT wake-up signal evaluation by assuming the paging arrival rate and DRX parameters. To study the gain of power saving signal for C-DRX case, simulation assumptions on C-DRX settings and traffic model need to be discussed. 
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