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1. [bookmark: _Ref525861895][bookmark: OLE_LINK13]Introduction
In RAN #80, the new Rel-16 study item on NR UE power saving was approved [1] with the objectives in Annex 1. In this contribution, we discuss the design principles and potential RRM enhancement which can reduce the power consumption in RRM.
2. RRM framework
In NR, RRM is performed by UE in RRC idle, RRC inactive and RRC connected states. 
RRM measurement in idle states
For intra-frequency RRM measurement in idle mode, the following are mandated for UE [2]
· The UE shall measure SS-RSRP and SS-RSRQ at least every Tmeasure,NR_Intra (see table 4.2.2.3-1 of [2]) for intra-frequency cells that are identified and measured according to the measurement rules.
· The UE shall filter SS-RSRP and SS-RSRQ measurements of each measured intra-frequency 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 Tmeasure,NR_Intra/2.
· Table 4.2.2.3-1 [2] : Tdetect,NR_Intra, Tmeasure,NR_Intra and Tevaluate,NR_Intra
	DRX cycle length [s]
	[bookmark: OLE_LINK6]Tdetect,NR_Intra [s] (number of DRX cycles)
	Tmeasure,NR_Intra [s] (number of DRX cycles)
	Tevaluate,NR_Intra
[s] (number of DRX cycles)

	0.32
	11.52 x N1 x M2 [36 x N1 x M2]
	1.28 x N1 x M2 (4 x N1 x M2)
	5.12 x N1 x M2 (16 x N1 x M2)

	0.64
	17.92 x N1 [28 x N1]
	1.28 x N1 (2 x N1)
	5.12 x N1 (8 x N1)

	1.28
	32 x N1 [25 x N1]
	1.28 x N1 (1 x N1)
	6.4 x N1 (5 x N1)

	2.56
	58.88 x N1 [23 x N1]
	2.56 x N1 (1 x N1)
	7.68 x N1 (3 x N1)

	Note1:	N1=[TBD] for frequency range FR2, and N1=1 for frequency range FR1.
Note2: M2 = 1.5 if SMTC periodicity of measured intra-frequency cell > 20 ms; otherwise M2=1.



RRM measurement includes RSRP/RSRQ/SINR measurement, cell search and etc. Instead of frequent turning on and turning off for measurement purpose only, a more sophisticated way is to perform these measurements shortly before or after UE reception of other signals or messages, e.g. paging. 
The UE power consumption measurement results for LTE during a paging cycle is shown in Figure 1 [3]. There is a current peak for paging occasion every 1280ms (paging cycle). Although in specification each paging occasion only occupies 1ms. However, the total active time (i.e. high power consumption time) for each paging occasion is up to 28ms, which in implementation may include the ramping up time, DL synchronization, time for monitoring paging PDCCH and performing measurements, and ramping down time, etc. In case paging indication is supported in idle mode to reduce the power consumption for paging monitoring, UE is still required to perform serving and neighbor cell measurement such that the overall power consumption cannot be reduced. Therefore the RRM power reduction is important for IDLE mode power saving. 
[image: ]
Figure 1 Measured power consumption in a paging cycle
RRM measurement in connected states
For RRC connected UEs, specification mandates the UE to derive one L3 sample per 200ms at the maximum, as specified in [2] (see Table 9.2.5.2-1). 
Table 9.2.5.2-1 [2]: Measurement period for intra frequency measurements without gaps(Frequency FR1)
	DRX cycle
	T SSB_measurement_period_intra  

	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



It is obvious that such frequent measurement may not be always necessary for stationary or low mobility UEs, e.g. in indoor, hotspot..  Optimization to reduce the measurement samples has been widely discussed in LTE NB-IoT design which is proofed to be effective. And for NR eMBB UEs, such design principle is also useful.
Neighbor cell measurement
In NR, UE may need to measure multiple intra or inter frequency neighbor cells if the serving cell quality is below certain threshold. Measurement on these cells may lead to excessive UE power consumption, especially when the cell is in another frequency or not synchronized with the serving cell. Exact model for power consumption of multiple cells measurement should be studied during the SI.
In general, current RRM framework is designed for macro deployment with high mobility, which is not power efficient for stationary or low mobility UEs, e.g. in indoor, hotspot. Particularly, UE is required to perform frequent L1 RRM measurement and L3 measurements. Furthermore, if neighbor cell measurement is enabled, UE has to measure all the identified neighbor cells causing high power consumption especially in an asynchronous network deployment where the measurement occasions are not aligned among neighbor cells.
[bookmark: OB1]Observation 1: Existing RRM framework in both RRC IDLE, RRC inactive and RRC connected mode is not power efficient for stationary or low mobility UEs.
3. [bookmark: _Ref498564494]Framework of potential RRM enhancements
1. 
2. 
[bookmark: _Hlk521582650][bookmark: OLE_LINK2]Based on the analysis above, enhancements can be considered to reduce the UE power consumption for RRM measurements. Certain enhancement may be justified if it shows power saving gain while keeping the comparable RRM accuracy in a subset of deployment scenarios.
· Relaxed RRM measurement periodicity
Currently, stationary UEs and moving UEs (except the high speed case) have the same requirements for RRM and idle mode measurement triggering. In reality, some measurement is unnecessary for stationary or low speed UEs, and the high measurement burden limits UE power saving.  
To reduce the UE power consumption for measurements, relaxed measurement requirement can be studied for the UEs with low speed or stationary UEs. With the relaxed measurement requirement, the number of L1 measurement samples would be reduced such that UE is not required to wake up for sync and measurement too frequently. 
Relaxed RRM measurement requirement in RRC idle mode has been discussed in Rel-15 NB-IoT enhancement, which can be considered in the NR study of enhanced measurement for NRUE power saving.
· Reduce number of measured cells/frequencies
In order to further save UE power consumption, some unnecessary measurement of cells/frequencies can be skipped. For example, RRM measurement can be optimized based on information including the channel condition change, UE movement, etc. In idle mode, different trigger conditions or parameters for neighboring frequency/cell measurement can be also defined for different UE status. 
Currently for idle mode UEs, if the serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ, the UE does not need to perform intra-frequency measurements. Otherwise, the UE shall perform intra-frequency measurements. Similar mechanism is also applied for inter-frequency and inter-RAT measurement. In NR, new conditions or thresholds can be studied for different UE status or application scenarios to reduce the number of neighbor cells or neighbor frequencies that UE has to measure. In this way, less measurement can be performed by UEs with lower moving speed or stationary UEs. 
Furthermore, if SFN-based RRM measurement in IDLE mode is considered, the number of cells/frequencies for measurement can be further reduced. Such that the UE power consumption can be further reduced at least for synchronous network deployment.
· Additional RS for RRM measurement
In order to achieve comparable RRM measurement accuracy with relaxed RRM measurement periodicity, additional RS (Reference Signal) for RRM on top of SSB can be studied to make sure that sufficient accuracy is still achieved. The design target of additional RS should include improving the measurement accuracy, as well as reducing UE active time for RRM. 
For a UE in idle state, serving cell measurement based on SSB and paging monitoring should be performed. The SMTC is configured by system information, while the occasions for paging monitoring depends on UE ID and some parameters. In some cases, the time interval between PO the SMTC measurement occasion is quite long, especially considering the fact that the SMTC for idle UEs are usually configured with a longer periodicity in practical deployment. As shown in Figure 2, to perform both RRM and paging monitoring, UE may have to keep awake between paging occasion and the nearest SSB occasion beforehand, which increase the overall active time and UE power consumption correspondingly. 


Figure 2. UE activity for RRM and paging monitoring in IDLE mode. [footnoteRef:1] [1:  As described in [2], for UE in idle state
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.
Therefore, UE shall at least wake up twice, even if one of the SSB based measurement can be performed together with paging monitoring in the same wake up duration.] 

To make the paging frame closer to the measurement occasion, one possible solution is to configure more SSB bursts in time, such that the average wake up time for UEs with different paging occasions can be reduced. However, 4 symbols are occupied by each SSB, more SSB bursts may lead to non-negligible overhead. Alternatively, additional RS in addition to SSB with limited overhead can be considered in IDLE mode. To avoid obvious overhead, it is beneficial to reuse some of the existing RS which is already available in the network for RRM purpose. CSI-RS which is currently used for beam management, CSI acquisition, channel tracking, etc. in CONNECTED mode, can be considered to be reused for RRM in idle mode. 
Additional measurement RS can be configured in a cell-specific manner to reduce the average wake up time for UEs with different paging occasions. Alternatively, the additional measurement RS can be configured in a paging occasion specific manner, i.e. around the paging occasion. To reduce the overhead, the additional RS could be aperiodically triggered by the network. 
Use of additional RS for IDLE mode RRM does not necessarily mean additional overhead for the network. For example, if CSI-RS is used as the additional measurement RS for IDLE state, the CSI-RS resources may be shared with the CSI-RS resources for other purposes, e.g. channel acquisition, radio link monitoring and beam management, for RRC connected UEs. Besides, use CSI-RS as additional measurement RS does not impose additional implementation complexity for the UE as it is currently supported already for RRC connected modes. 
Besides SSBs, fine synchronization training can also be carried out based on the additional measurement RS, which may also facilitate power efficient UE implementations. Moreover, the additional measurement RS can also be used to improve the measurement accuracy of SS-RSRP/RSRQ, i.e., UE may measure on the additional measurement RS and the measurement results can be calculated based on the additional RS only, or jointly with SSB for a more accurate SS-RSRP/RSRQ. New measurement quantity is not needed for the additional measurement RS.
RSRP accuracy based on SSB and the additional measurement RS in the form of(CSI-RS, is evaluated. The simulation assumptions are appended in Annex 2. The CDF curves of measured delta RSRP are given in Figure 3.
	[image: ]
	[image: ]

	(1) L1 RSRP accuracy 
	(2) L3 filtered RSRP accuracy


Figure 3 Evaluation on RSRP accuracy per evaluation period
According to the simulation results, the measurement accuracy of CSI-RS-RSRP with 1 sample outperforms SSB-RSRP with 2 samples per measurement period, which means UE power consumption can be reduced by using CSI-RS based measurement without sacrificing performance. 
[bookmark: OB2]Observation 2: Additional measurement RS is beneficial to reduce total UE wake up time.
· The overhead of the additional measurement RS can be limited if the RS for other purposed can be reused for measurement
· The additional measurement RS can improve the measurement accuracy.
The above mentioned RRM measurement enhancements are expected to be scenario dependent, for example reduce measurement activities is more suitable for indoor, hotspot scenarios and low mobility UEs. Therefore network should be able to decide where and when to apply those enhancement measurement schemes. 
[bookmark: PP1]Proposal 1: Study the following techniques for RRM measurements enhancement targeting UE power saving.
· Relaxed RRM measurement periodicity
· Reduced number of measured cells/frequencies
· Additional RS for RRM measurement
4. RRM Power Model
The RRM power model is important for comparing different techniques mentioned in Section 3. A preliminary power model for RRM measurement is provided in Table 1 below [4]. 
Considering neighbor cell measurement is carried out only when the serving cell quality is not sufficiently good (e.g., meets S criteria), serving cell measurements and neighbor cell measurements may not always performed simultaneously. While for the inter-frequency neighbor cell measurement, measurement are performed in measurement gap in different time instance as serving cell measurement. Therefore, RRM power model serving cell and neighbor cell measurement should be modeled separately. 
In an asynchronous network deployment, the UE may have to measure different neighbor cells in different time instance, thus the power consumption for neighbor cell measurement may have to be further scaled with the number of measured neighbor cells. In an synchronous network deployment, UE measures the neighbor cells in the same active time thus the RF power consumption is not scaled but the based band power consumption is still scaled with the number of measured neighbor cells. Further refinement of the power consumption for different number of neighboring cells can be also considered. 
Table 1. The power models for RRM measurements
	Operating mode
	Power [unit per slot]
	Notes

	Serving cell measurements (inc. sync)
	 
	 

	Neighbor cell measurements (inc. sync)
	 
	Further refinement to model the power consumption due to different number of measured neighbor cells 

	Sleep 
	 
	

	Power ramping up and down
	 
	



[bookmark: PP2]Proposal 2: Power models for RRM measurements in Table 1 is considered and further refinement to model the power consumption due to different number of measured neighbor cells is needed. 
5. Conclusion
In this contribution, we focus on the potential optimizations on power consumption reduction in RRM, and have the following proposals and observations:
Observation 1: Existing RRM framework in both RRC IDLE, RRC inactive and RRC connected mode is not power efficient for stationary or low mobility UEs.
Observation 2: Additional measurement RS is beneficial to reduce total UE wake up time.
· The overhead of the additional measurement RS can be limited if the RS for other purposed can be reused for measurement
· The additional measurement RS can improve the measurement accuracy.
Proposal 1: Study the following techniques for RRM measurements enhancement targeting UE power saving.
· Relaxed RRM measurement periodicity
· Reduced number of measured cells/frequencies
· Additional RS for RRM measurement
Proposal 2: Power models for RRM measurements in Table 1 is considered and further refinement to model the power consumption due to different number of measured neighbor cells is needed. 
Table 1. The power models for RRM measurements
	Operating mode
	Power [unit per slot]
	Notes

	Serving cell measurements (inc. sync)
	 
	 

	Neighbor cell measurements (inc. sync)
	 
	Further refinement to model the power consumption due to different number of measured neighbor cells 

	Sleep 
	 
	

	Power ramping up and down
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Annex 1 : WID Objectives 
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  
Annex 2: Simulation assumption for RSRP accuracy
Table A-1: Simulation assumptions for RSRP accuracy
	Simulation parameters
	values

	bandwidth
	20 MHz

	Es/N0
	0dB

	Channel model
	TDL-A Low 100ns 10Hz
1X2

	Subcarrier spacing
	The same as SS block subcarrier spacing

	Measurement period(paging cycle)
	320ms

	Number of measurement samples per measurement period (MP)
	1,2

	Subcarrier spacing
	15 kHz

	Number of SS blocks per SS burst set/ SS burst periodicity
	1/20ms

	New measurement RS
	CSI-RS:
1) Density: 3RE/RB
2) 1 port
3) 2 symbols per slot
4)  whole bandwidth

	L3 filter
	Defined in section 5.5.3.2 in 38.331

Where a = 1/2(ki/4)   and k=1

	Evaluation metric
	Delta RSRP(dB) = measured RSRP – ideal RSRP
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