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Introduction
[bookmark: _Ref398821160]As stated in UE power saving SID document[1], UE consumes a lot of power for RRM measurement. It is necessary to analyze the power consumption characteristics in UE RRM measurement and investigate if there are rooms to reduce related power consumption. This contribution discusses the procedure of UE RRM measurement and related power consumption characteristics, and further presents the potential enhancements on power saving.  
Discussion
In this section, firstly we provide a simple evaluation to observe the power consumption ratio of RRM measurement over overall power consumption. Furthermore, detailed analysis is made to understand the UE operation in RRM measurement and its potential issues. Finally, potential enhancements for RRM measurement are proposed to reduce the UE power consumption. 
1.1 Power consumption observation of NR RRM measurement 
In order to get quantitative result for characterize the power consumption of RRM measurements, a simple evaluation for RRM measurement power consumption ratio over overall UE power consumption is conducted. As one basic operation for mobility management, RRM measurement is performed with periodic way regardless RRC_IDLE mode or RRC_CONNECTED mode. During the simulation, we follow basic RRM operation requirement in NR Rel-15.

According to NR RAN4 specification [2], the related operation requirement is specified as:
· For RRC connected mode

Table 1: Measurement period for intra-frequency measurements without gaps(Frequency Range FR1)
	DRX cycle
	T SSB_measurement_period  

	No DRX
	max[ 200ms, ceil( 5 x Kp) x SMTC period ]Note 1

	DRX cycle≤ 320ms
	max[ 200ms, ceil(1.5x 5 x Kp) x max(SMTC period,DRX cycle) ] 

	DRX cycle>320ms
	ceil( 5 x Kp ) x DRX cycle

	NOTE 1:	If different SMTC periodicities are configured for different cells, the SMTC period in the requirement is the one used by the cell being identified



Table 2: Measurement period for intrafrequency measurements with gaps(Frequency Range FR1)
	DRX cycle
	T SSB_measurement_period  

	No DRX
	max[ 200ms, 5 x max(MGRP, SMTC period) ]

	DRX cycle≤ 320ms
	max[ 200ms, ceil(1.5x 5) x max(MGRP, SMTC period,DRX cycle) ] 

	DRX cycle>320ms
	5 x max(MGRP, DRX cycle)



When intra-frequency SMTC is fully non overlapping with measurement gaps, Kp=1
When intra-frequency is partially overlapping with measurement gaps, Kp = 1/(1- (SMTC period /MGRP)), where SMTC period < MGRP
· RRC_IDLE/INACTIVE mode 
The UE shall filter the SS-RSRP and SS-RSRQ measurements of the serving cell using at least 2 measurements. Within the set of measurements used for the filtering, at least two measurements shall be spaced by, at least DRX cycle/2.
 The UE shall measure the SS-RSRP and SS-RSRQ level of the serving cell and evaluate the cell selection criterion S defined in [2] for the serving cell at least every DRX cycle.

It means that, for RRC connected case, the measurement period would depend on SMTC period.  Hence, the RRM measurement period would be extended compared to LTE RRM configuration, because SMTC window is possibly absent for one certain DRX cycle.  For IDLE or INACTIVE state, the measurement period is same as that of LTE because of linking with DRX cycle. 
Following above analysis, we model the power consumption of RRM measurement and evaluate its quantitative result. In the simulation, RRM measurement is conducted per DRX cycle. In view of multiple RRM measurement events in real application, it is hard to accurately split the power consumption of the serving cell measurement, neighboring cell measurement or inter-frequency measurement. Like as measurement gap assumption in RAN4, herein all RRM measurement processing in one DRX active period is assumed to be finished within a 6ms measurement window in 15khz SCS case. Additionally, pre-processing time for channel tracking and pre-synchronization is assumed as 5 ms for the wakeup from the long DRX mode of RRC_IDLE state. Actually this pre-processing operation is necessary for PDCCH detection, as well as for RRM measurement.  In order to observe the weight of power consumption of RRM measurement in total power consumption, related data processing operations are also taken into account, including page reception, PDCCH only detection, and DL data reception. Meanwhile, different traffic configurations are used to obtain a complete observation. More detailed simulation parameters can be referred to appendix in the end of this contribution.
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Based on simulation results, it can be observed that:
· In RRC-Idle mode, UE power consumption ratio on RRM measurement is up to 61% and 48% of UE total power consumption for different DRX configuration. 
· In RRC-Connected mode, UE power consumption ratio on RRM measurement is up to 26%, 20%, and 16% of UE total power consumption for low, medium and high traffic load respectively. 

Observation 1: Power consumption in RRM measurement is significant according to preliminary evaluation result. UE traffic load may impact the ratio of power consumption in RRM measurement in the overall power consumption.
1.2 NR RRM measurement issues and potential enhancements  
To have the analysis of the measurement power consumption, it is necessary to lay out the UE operation procedure in detail for one RRM measurement with and without DRX. When DRX is configured the RRM measurement operation is coupled with DRX cycle. For serving cell requirement, UE is required to perform at least one sample of RRM measurement at each DRX cycle. So even if no data packet is arrived, UE has to wake up and perform RRM measurement in DRX-ON period. UE has lost track of the channel condition during the long sleep.  UE needs to wake up in advance of time for the front-processing, such as channel tracking and synchronization refinement, in preparation of RRM measurement at the DRX-On period. This preparation operation will consume considerable power, especially in long time sleep case. Then an apparent issue on RRM measurement is that UE needs to wake up way early before the DRX-ON for preparation. In NR, the duty cycle for the SSB or CSI-RS period is 5 ms or even longer.  In order to get more signal samples to complete the preparation operation, the processing time will be extended and definitely increase power consumption of RRM measurement. Same observations were shown in the contribution[4]. In Figure 2, one RRM measurement operation is illustrated.  

                         Figure 2 RRM measurement illustrations in DRX case

Based on above analysis, the primary issue of the power consumption for UE in performing RRM measurement is to wake up early in advance of DRX-ON period with the power consumption in preparation of RRM measurement. When sparse SSB signal or CSI-RS is configured in NR, the preparation time will be extended in comparison to that of LTE. The long preparation time before DRX-ON will further increase the UE power consumption. In order to minimize the time of the UE preparation for RRM measurements, the on-demand RS can be configured before the DRX-ON as the RS along with SSB or CSI-RS for UE measurement to achieve the channel tracking and finer synchronization.  The configured on-demand RS should be sufficient long enough to allow UE to complete the procedure of channel tracking, AGC training, and synchronization refinement.  The configured on-demand RS could also be used for the channel estimation for assisting the PDSCH demodulation and PDCCH decoding.
Observation 2: The front-end processing, such as Channel tracking and pre-synchronization, in preparation of RRM measurement requires UE to wake up in advance before the DRX ON period, which leads to  considerable UE power consumption. 
Observation 3: Sparse SSB or CSI-RS signal in NR may require UE to wake up in extended time in advance in preparation of RRM measurement, and further increase the power consumption. 
Proposal 1: The on-demand RS could be configured before the DRX ON to minimize the RRM preparation time and the power consumption. 
Furthermore, RRM measurement sampling and filtering can be investigated. Following RAN4 RRM requirement, for RRC connected case, when UE is not configured with DRX, UE is required to make one L1 RRM report within 200ms or 5*Kp* SMTC period, while in DRX case, L1 report is relaxed in time domain, in which one L1 measurement period is extended to multiple DRX cycles, e.g 5 DRX cycles. Because the RRM measurement performance requirements are agnostic to UE mobility and channel environment, it is possible to adapt the number of RRM measurements to the channel variation in order to minimize the power consumption. For low mobility UE, the channel variation is slow in time. The number of samples within the required period could be reduced to achieve the same RRM performance requirements. UE could adapt the number of RRM measurements based on its Doppler estimation or configured by the gNB semi-statically. Other similar proposals in the contribution[5] are targeted to relax UE RRM measurement with less measurement samples or longer measurement period for low mobility UE. This method is assuming gNB can get UE mobility status, thus, certain RRM relaxation targeting stationary UE is considered. 
Observation 4: The number of RRM measurements could be dynamically adapted to the channel variation to minimize the power consumption. 
Proposal 2: Study the effectiveness of UE mobility information acquisition in gNB to make RRM measurement relaxation. 
RRM measurement is coupled with DRX cycle. Regular RRM measurement may lead to UE wakeup even if no data coming. The power saving signal triggered UE wakeup would not require UE to wake up at each DRX-ON period as described in [6][7[. UE would only wake up at a DRX-ON period if the power saving signal is detected before the DRX-ON.  If the UE would not wake up in each DRX-ON period, UE would not have enough samples for the RRM measurements. The alternative solution is to have UE to perform sufficient number of RRM measurements (e.g. 5 measurements in 25 ms) when UE is triggered to wake up at a given DRX-ON period. Then UE can do L1 filtering for multiple RRM measurements at one DRX-ON period. As a result, UE would finish RRM measurement in an active period with data arrival and continue sleeping after all. For instance, if SSB period is 5ms, the minimal RRM measurement duration is located in the first 25ms when 5 samples averaging are applied. As we know, each wakeup will include ramp up/down, synchronization and channel tracking procedure, which will consume a big portion of UE power. If using the proposed solution, the power saving on RRM measurement can be achieved because it avoids frequent wakeup for RRM measurement. In the figure 3, three kinds of RRM measurement filtering schemes are illustrated to show the difference of RRM measurement procedure.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 3 Illustration of RRM measurement L1 filtering operation 

Observation 5: Frequent wakeup for RRM measurement increase power consumption when DRX is configured.
Proposal 3: Allow UE to form a L1 RRM measurement report based on multiple RRM measurement samples at one DRX ON period to reduce UE power consumption.
Conclusions
This contribution discussed the technical drawbacks of NR R15 in RRM measurement, and proposed one new on-demand RS for the assistance of RRM measurement. The observations and proposals are summarized as follows:
Observation 1: Power consumption in RRM measurement is significant according to preliminary evaluation result. UE traffic load may impact the ratio of power consumption in RRM measurement in the overall power consumption.
Observation 2: The front-end processing, such as Channel tracking and pre-synchronization, in preparation of RRM measurement requires UE to wake up in advance before the DRX ON period, which leads to  considerable UE power consumption. 
Observation 3: Sparse SSB or CSI-RS signal in NR may require UE to wake up in extended time in advance in preparation of RRM measurement, and further increase the power consumption. 
Observation 4: The number of RRM measurements could be dynamically adapted to the channel variation to minimize the power consumption. 
Observation 5: Frequent wakeup for RRM measurement increase power consumption when DRX is configured.

Proposal 1: The on-demand RS could be configured before the DRX ON to minimize the RRM preparation time and the power consumption. 
Proposal 2: Study the effectiveness of UE mobility information acquisition in gNB to make RRM measurement relaxation. 
Proposal 3: Allow UE to form a L1 RRM measurement report based on multiple RRM measurement samples at one DRX ON period to reduce UE power consumption.
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Appendix     simulation parameters
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Table 1 RRC-Idle/Inactivity mode system assumptions
	PO duration
	1ms

	Paging cycle
	320ms, 2560ms

	Paging ratio
	10%

	Transition time
	1ms for light sleep
3ms for deep sleep

	Sleep mode
	light sleep for 320ms DRX;
deep sleep for 2560ms DRX;

	Synchronization
	For deep sleep mode, additional 5 ms for finer synchronization and channel tracking is assumed



[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Table 2 RRC-Connected mode system assumptions
	Bandwidth
	10MHz

	Duplex
	FDD DL only

	Traffic type
	FTP3, 0.5Mbytes

	Traffic load
	light load, medium load, high load

	Transition time
	1ms

	DRX cycle
	320ms

	DRX on-duration
	10ms

	DRX inactivity timer
	100ms

	DRX MAC CE stop command 
	Support



[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Table 3 power consumption for UE in different operations
	UE operations
	Power value (unit/ms)

	Data reception
	10000

	Transition from and to sleep mode
	660

	PDCCH-only 
	10000

	RRM measurement 
	6600

	Light sleep
	33

	Deep sleep
	1
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