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Introduction
In RAN1# Ad-Hoc 1901 meeting, the following was agreed for triggering adaptation of UE power consumption[1]. 

Agreements:
· [bookmark: _GoBack]Update the table format as follow for capturing the results in TR38.840 section 5.3 “Power consumption reduction in RRM measurements” for
· Adapting/Relaxing RRM measurement in time domain
· Adapting/Relaxing intra-frequency measurements
· Additional resources for RRM measurement
· Other categories of techniques is not precluded and can be further incorporated if available.
· Note: for RRC CONNECTED, the ‘measurement period’ in the table and agreements refers to the measurement period in TS38.133
· Companies are encouraged to report the following additional assumption if applicable for each scheme,
· DRX configuration
· Offset between paging occasion and SSB/CSI-RS
· For evaluation of adapting/relaxing RRM measurement in time domain, the following is recommended to be provided
· Impact to measurement accuracy, e.g., RSRP accuracy
· Impact to mobility performance, e.g., handover failure rate
· For evaluation of reducing intra-frequency measurement
· Number of cells for measurement
· For evaluation of additional resource
· Resource type, e.g., CSI-RS, SSB or others
· Others are not precluded
· Note: companies are encouraged to report assumptions for synchronous or asynchronous deployments/case
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In this contribution, the power saving schemes for RRM measurement are updated, and the UE power consumptions and power saving gains of each are  filled in the tables.
Description 
Procedure of power saving scheme with the Relaxation of RRM measurements
The main functions of the RRM measurement are used for cell selection/re-selection in IDLE/INACTIVE state and for mobility management in RRC CONNECTED state, which is the area with the major energy consumption. From RAN1#95, for certain conditions, RRM measurement can be relaxed with negligible impact on accuracy achieved by existing Rel-15 measurement. Three common relaxations of RRM measurement are provided; they are reducing the number of measurement samples, increasing the measurement period and reducing the number of cells for intra-frequency measurement. Based on the analysis of the power saving gain of these features, the relaxation of RRM can be an efficient solution in achieving UE power saving in RRM measurements.
[bookmark: OLE_LINK5][bookmark: OLE_LINK8]Reducing the number of measurement samples 
From RAN1#95, the number of RRM measurement samples within a measurement period can be reduced under the certain conditions with the purpose of UE power saving. In RRC CONNECTED state, UE need to periodically measurement neighbor cell for cell selection/re-selection or mobility management, if the DRX is configured. The performance requirement [3] requires UE to perform at least 5 measurement samples in one L1 RRM measurement period for noise smoothing. For UE in low mobility state, indoor environment or the serving cell with good signal quality, the channel state of serving cell could have small variation relative to that of the neighbor cell. In these cases, the frequent RRM measurement may result in more unnecessary power consumption. From power saving perspective, the RRM measurements can be reduced in these conditions with the similar RSRP performance under the accuracy requirement, e.g. +/-2dB, in RAN4[3], which is shown in Figure 1.
[image: ][image: ]
1. UE mobile speed=3km/h                              b) UE mobile speed=30km/h
                                  Figure 1:  RSRP measurement accuracy in different sampling number

The details of the power saving based RRM measurement are given as follows:
Step 1: gNB estimates whether to reduce the measurement samples according to the configured reference model, such as the Doppler estimation, indoor scenario, the signal of serving cell or UE speed in UE assistance information. If at least one of the configured metrics below fulfills the following conditions, relaxing RRM measurement for UE could be considered.
a) The Doppler estimation is less than the threshold THdoppler, which can be obtained according to frequency and UE speed.
b) The UE is an indoor and time camped on the serving cell is longer than Tresidence, which can be estimated based on the received signal strength, the radius of cell and UE speed
c) The time of that serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ is longer than Testimation, which is related to evaluation period for cell reselection. SIntraSearchP and SIntraSearchQ are thresholds in S-criterion. Srxlev and Squal are received RSRP and RSRQ for serving cell.
d) The mobility in UE assistance information indicates low speed, which speed can be estimated by UE.
Step 2: If gNB determines that UE can relax the RRM measurements, it will inform UE to go into the power saving state by higher layer or physical layer signaling, which using power saving signal and other RS or message are not precluded.
Step 3: When UE receives the signaling command to get into the power saving state, e.g. power saving signal, UE could choose to reduce the number of RRM measurements from 5 to less samples in subsequent RRM measurement period.
Table 1 provides the power saving gain between the normal RRM measurement and the scheme with reducing the measurement samples. It is assumed that there are 5 measurement samples in normal L1 RRM measurement, while 3 measurement samples are chosen in power saving scheme. Assume that the SSB is not aligning with the DRX-ON, the gap between SSB and DRX-ON is equal to the average waiting time, i.e. 10.5ms, for 20ms SMTC. We also assume that the RRM measurements can be finished in one slot. While UE is in RRC CONNECTED state, it needs to wake up at each measurement instance, and then go back to sleep. The power consumption of each measurement is equal to power ramp up/down plus that of measurement. If the number of measurement samples is reduced from 5 to 3, it can obtain about 10.71% power saving gain for the 40ms DRX-cycle. 
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Table 1. UE power consumption between normal and reducing measurement samples
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	UE performs 5 measurement in one measurement period.
	30.24
	-
	
	RRC Connected state
	200ms
	5
	3km/h
	-
	-
	DRX-cycle=40ms, DRX-on=4ms,
SMTC period = 20ms
	

	UE reduces the number of measurement samples in one measurement period from 5 to 3.
	27
	10.71%
	
	RRC Connected state
	200ms
	3
	3km/h
	-
	Fulfilling the RSRP accuracy requirement in RAN4
	DRX-cycle=40ms, DRX-on=4ms,
SMTC period = 20ms
	

	UE performs 5 measurement in one measurement period.
	10.08
	-
	
	RRC Connected state
	800ms
	5
	
	-
	
	DRX-cycle=160ms, DRX-on=8ms,
SMTC period = 20ms
	

	UE reduces the number of measurement samples in one measurement period from 5 to 3.
	9.55
	5.26%
	
	RRC Connected state
	800ms
	3
	
	-
	
	DRX-cycle=160ms, DRX-on=8ms,
SMTC period = 20ms
	

	UE performs 5 measurement in one measurement period.
	5.88
	-
	
	RRC Connected state
	1600ms
	5
	
	-
	
	DRX-cycle=320ms, DRX-on=10ms,
SMTC period = 20ms
	

	UE reduces the number of measurement samples in one measurement period from 5 to 3.
	5.35
	2.57%
	
	RRC Connected state
	1600ms
	3
	
	-
	
	DRX-cycle=320ms, DRX-on=10ms,
SMTC period = 20ms
	




Proposal 1: For some concern conditions, the number of RSRP measurement samples for a measurement period can be relaxed with negligible impact on accuracy.

Increasing the measurement period 
From RAN1#95, increasing the measurement period can be considered under the certain conditions to save the UE power consumption. When DRX is configured, UE RRM measurements are associated with the DRX cycle in both RRC_CONNECTED and RRC_IDLE/RRC_INACTIVE modes. The RRM measurement period is relaxed to associate with the period of the DRX cycle, e.g., 200ms period changed to N*DRX cycle for RRC_IDLE/RRC_INACTIVE. If long DRX cycle is configured, UE would measurement at least at each DRX cycle. If the serving cell with better signal quality and the highest frequency priority, UE could not need cell reselection for a while, then the frequent RRM measurement could be unnecessary. In order not to effect the data transmission, the longer DRX would not be suggested as the option, and extending the measurement period may be an efficient method to save UE power consumption.
The details of the power saving based RRM measurement are given as follows:
Step 1: gNB estimates whether to extend the measurement period according to the configured reference model, such as the Doppler estimation, indoor scenario, the signal of serving cell or UE speed in UE assistance information. If at least one of the f configured metrics fulfills the following conditions, relaxing RRM measurement for UE could be considered.
a) The Doppler estimation is less than the threshold THdoppler, which can be obtained according to frequency and UE speed.
b) The UE is an indoor user and residence time in serving cell is longer than Tresidence, which can be estimated based on the received signal strength, the radius of cell and UE speed.
c) The time of that serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ is longer than Testimation, which is related to evaluation period for cell reselection. SIntraSearchP and SIntraSearchQ are thresholds in S-criterion. Srxlev and Squal are received RSRP and RSRQ for serving cell.
d) The mobility in UE assistance information indicates low speed, which speed can be estimated by UE.
Step 2: If gNB determines that UE can relax the RRM measurements, it will inform UE into power saving state by control signaling, which signaling could be the power saving signal and other RSs or messages. The extended RRM measurement period can be implied by SMTC in RRC Reconfiguration message.
Step 3: When UE receives the power saving command, e.g. power saving signal, UE will relax the measurements period in subsequent RRM measurement period according to the SMTC in RRC Reconfiguration message.
Table 2 provides the power saving gain between the normal RRM measurement and the scheme with extending the measurement period. Assume that 5 measurement samples are needed in one RRM measurement period. The assumption of DRX configuration agreed in RAN1#94bis[2] with 160ms DRX cycle, 8ms on-duration in FR1 is chosen. 40ms SMTC period is considered. Assume that the SSB is not aligning with the DRX-on, the gap between SSB and DRX-on is equal to the average waiting time, i.e. 20.5ms, for 40ms SMTC. We also consider that the RRM measurement can be finished in one slot. Based on above assumption, the different measurement periods are considered. When the 3200ms measurement period is considered, 17.83% power saving gain can be obtained.

Table 2. Power saving gain between normal and extending measurement period
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	The measurement period is 800ms.
	11.5
	0%
	
	RRC Connected state
	800ms
	5
	-
	-
	-
	DRX-cycle=160ms, DRX-on=8ms, SMTC= 40ms
	

	The measurement period is extended from 800ms to 1600ms
	10.13
	11.91%
	
	RRC Connected state
	1600ms
	5
	-
	-
	-
	DRX-cycle=160ms, DRX-on=8ms, SMTC= 40ms
	

	The measurement period is extended from 800ms to 3200ms
	9.45
	17.83%
	
	RRC Connected state
	3200ms
	5
	
	-
	
	DRX-cycle=160ms, DRX-on=8ms, SMTC= 40ms
	



Proposal 2: For serving cell with good channel quality, increasing measurement period can be efficient for UE power saving.

Reducing the number of cells for intra-frequency measurement 
From RAN1#95, reducing the number of cells for intra-frequency measurement can be considered under the certain conditions to save the UE power consumption. As the requirement in RAN4[3], UE is required to measure and maintain at least 8 intra-frequency neighbor cells. If the serving cell with better signal quality and the highest frequency priority, UE could not need cell reselection for a while, and RRM measurements can be relaxed. In order not to affect the cell reselection or mobility management, the number of cells for intra-frequency measurement could be reduced under the certain conditions.
The details of the power saving based RRM measurement are given as follows:
Step 1: As the normal case, UE measures at least 8 intra-frequency neighbor cells and reports the measurement metrics periodically to gNB, if the periodic reporting is configured. The measurement metrics could be RSRP or RSRQ or SINR.
Step 2: gNB estimates whether to reduce the number of cells for intra-frequency measurement according to some principle, such as the Doppler estimation, indoor scenario, the signal of serving cell or UE speed in UE assistance information. If at least one of follow metrics fulfills the following conditions, relaxing RRM measurement for UE could be triggered.
a) The Doppler estimation is less than the threshold THdoppler, which can be obtained according to frequency and UE speed.
b) The UE is an indoor user and residence time in serving cell is longer than Tresidence, which can be estimated based on the received signal strength, the radius of cell and UE speed.
c) The time of that serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ is longer than Testimation, which is related to evaluation period for cell reselection. Srxlev and Squal are received RSRP and RSRQ for serving cell. SIntraSearchP and SIntraSearchQ are thresholds in S-criterion configured by system information when UE first resided the serving cell.
d) The mobility in UE assistance information indicates low speed, in which speed can be estimated by UE.
Step 3: If gNB determines that UE can relax the RRM measurements, it will inform UE into power saving state by power saving signal and other RSs or messages are not precluded. The reduced number of cells for intra-frequency measurement can be indicated by gNB or included in the neighbor cell list of intra-frequency, which can be obtained according to certain criterion, such as the measurement threshold or history measurement results, etc.
Step 4: When UE receives the power saving command, e.g. power saving signal, UE can decide to reduce the number of cells for intra-frequency measurement based on the indication from the gNB. In this case, UE only measures the intra-frequency neighbor cells as the gNB indication, taken whiteCellsToAddModList as an example.
From the analysis and  the power consumption model for neighboring cell RRM measurements in in RAN1#95, for FR1, if number of cells for intra-frequency measurement is reduced from 8 to 4, the power consumption from 150 to 120, 20% percent power is saved.

Proposal 3: For UE with low mobility state, reducing the number of cells for intra-frequency measurement can cause significant for UE power saving.

Additional RS for RRM measurements for UE power saving
FromRAN1#95, additional RS for RRM measurement can be introduced to assist UE in measurement. The on-demand RS is configured to shorten the time for the RRM measurements between DRX-ON and to reduce additional transition power consumption caused by UE frequent wake-up, especially for the case the SMTC is not aligning with DRX-ON.
The main idea of on-demand RS for RRM measurement is that UE could perform multiple RRM measurements (e.g. 5 measurements in a consecutive period) 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 the case no available SSB or CSI-RS signals presence at DRX-ON period, on-demand RS could be configured to assist UE performing RRM measurements within short period of time to minimize the UE power consumption. UE needs to have pre-processing, such as power ramp up/down, synchronization and channel tracking procedure, in preparation of PDCCH decoding and RRM measurements at each wakeup to the DRX cycle.
The scheme of on-demand RS based RRM measurement is shown in Figure 2., and the detail of procedure of power saving scheme is described as follows: 



Figure 2. The normal RRM measurement and the RRM measurement scheme with on-demand RS

Step 1: gNB estimates whether to trigger UE to save power according to the configured reference model, such as the Doppler estimation, indoor scenario, the signal of serving cell or UE speed in UE assistance information. If at least one of the configured metrics fulfills the following conditions, power saving schemes for RRM measurement can be considered.
a) The Doppler estimation is less than the threshold THdoppler, which can be obtained according to frequency and UE speed.
b) The UE is an indoor user and residence time in serving cell is longer than Tresidence, which can be estimated based on the radius of cell and UE speed.
c) The time of that serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ is longer than Testimation, which is related to evaluation period for cell reselection. SIntraSearchP and SIntraSearchQ are thresholds in S-criterion. Srxlev and Squal are received RSRP and RSRQ for serving cell.
d) The mobility in UE assistance information indicates low speed, in which speed can be estimated by UE.
Step 2: If gNB determines that UE can relax the RRM measurements, it will inform UE into power saving state using power saving signal before DRX-ON period and configure the pattern of on-demand RS. The details of on-demand RS is described in another contribution[4]. During the DRX-ON, on-demand RS is sent in a few slots to assist UE to measure.
Step 3: When UE receives the power saving signal, UE needs to perform PDCCH monitoring and RRM measurements at each wakeup to the DRX cycle and continue sleeping after all.
Based on the requirement in RAN4[3] that 5 measurement samples are needed in one RRM measurement period, the RSRP performances of SSB-based RRM measurement and on-demand RS based RRM measurement are shown in Figure 3. The simulation parameter can be found in Appendix. Delta RSRP denotes the deviation between the measurement results and ideal values. According to the simulation results, the performance of RRM measurement based on the On-demand RS can be closed to that based on SSB. That means the on-demand RS can assist RRM measurement for UE during DRX-ON period.
[image: ]
Figure 3. The RSRP performances of SSB-based RRM measurement and on-demand RS based RRM measurement
Table 3 provides the power saving gain analysis of on-demand RS based RRM measurement. It is assumed that 5 measurement samples are needed in one RRM measurement period. The assumption of DRX configuration agreed in RAN1#94bis with 160ms C-DRX cycle, 8ms on-duration in FR1 and 80ms SMTC period are chosen. The case that the SMTC is not aligning with the DRX-ON is mainly considered, in which the gap between SSB and DRX-on is equal to the average waiting time, i.e. 40.5ms, for 80ms SMTC period.  For the normal RRM measurement, UE need to monitor PDCCH during each DRX-ON period and wake up to measure  channel quality at each measurement instance. The normalized power consumption per slot of normal RRM measurement is 12.2, if UE goes to deep sleep when it finished PDCCH monitoring and RRM measurement. For the on-demand RS based RRM measurement, UE only need to wake-up to finish PDCCH monitoring and measurements at one DRX-ON duration and continue sleeping. The normalized power consumption per slot of this power saving scheme is 9.2, which can obtain 24.6% power saving gain. 
Table 3. The power saving gain of on-demand RS based RRM measurement
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	Normal RRM measurement according to SMTC configuration
	12.2
	0%
	
	connected
	800ms
	5
	-
	-
	-
	DRX-cycle=160ms, DRX-on=8ms, SMTC= 80ms
	

	On-demand RS assistant RRM measurement during DRX-on duration
	9.2
	24.6%
	
	connected
	800ms
	5
	-
	-
	-
	DRX-cycle=160ms, DRX-on=8ms, SMTC= 80ms
	


Proposal 4: On-demand RS based RRM measurement can be beneficial for UE power saving, in which UE would finish measurement during DRX-ON period and go to sleep after all.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Discussion of aperiodic measurements
From Section 2.2, if the DRX is configured with no new data arrival, the on-demand RS can be used for RRM measurement during DRX ON period to reduce the UE waking up for measurement under the given conditions. For the case that DRX is configured, UE need to perform measurement periodically and receive PDSCH or PUSCH data discontinuously, which  UE would wake-up all the time. If on-demand RS is introduced to assist UE  measurement during the data transmission, UE would go to sleep after data reception, which can reduce a part of UE power consumption. 
The scheme of on-demand RS assistant RRM measurements is shown in Figure 4., and the detail of procedure of power saving scheme is described as follows: 

  
Figure 4. The on-demand RS assistant RRM measurement
Step 1: When DRX is not configured or DRX is configured with continuous data reception, gNB estimates whether to trigger UE to save power according to the reference model, such as the traffic state, Doppler estimation, indoor scenario, the signal of serving cell or UE speed in UE assistance information. If condition a) and at least one of b) ~ e) conditions fulfills, power saving scheme for RRM measurement can be considered.
a) The statistical interval of arrival traffic data packets is larger than Tinterval, which should be balanced between saving power and wake-up power consumption.
b) The Doppler estimation is less than the threshold THdoppler, which can be obtained according to frequency and UE speed.
c) The UE is an indoor user and residence time in serving cell is longer than Tresidence, which can be estimated based on the received signal strength, the radius of cell and UE speed.
d) The time of that serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ is longer than Testimation, which is related to evaluation period for cell reselection. SIntraSearchP and SIntraSearchQ are thresholds in S-criterion. Srxlev and Squal are reported RSRP and RSRQ of serving cell.
e) The mobility in UE assistance information indicates low speed, in which speed can be estimated by UE.
Step 2: If gNB determines that UE can save more power, it will inform UE into power saving state using power saving signal at the beginning of data transmission and configure the pattern of on-demand RS. The details of on-demand RS is described in [4]. During the data transmission, on-demand RS is sent in a few slots to assist UE to measure.
Step 3: If UE received the power saving signal, UE could receive the UL/DL data and perform measurement at the same time. When UE has received the whole data packet, it would go to sleep until next data packet arrives.
Table 4 provides the power saving gain analysis of on-demand RS assistant RRM measurement. Taken a simple example, we assume that 5 measurement samples are needed in one normal RRM measurement period. We also assume that the RRM measurement can be finished in one slot for the normal RRM measurement. The assumption of DRX configuration agreed in RAN1#94bis with 160ms C-DRX cycle, 8ms on-duration in FR1 and 100ms inactivity timer is chosen. Assume that the data packet size is 0.5Mbits and transmission time is 6ms, which is under system with 100MHz bandwidth and 30kHz subcarrier space. The average inter-arrival time is 200ms. For the on-demand RS assistant RRM measurement, the on-demand RS is sent in a few slots during the data reception period. When the UE finished the data reception, UE would not wake up until receiving next power saving signal. The normalized power consumption per slot of normal RRM measurement is 66.34, and that of this power saving scheme is 12.42, which can obtain 81% power saving gain. 
Table 4. The power saving gain of on-demand RS assistant RRM measurement
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	Normal RRM measurement according to SMTC configuration
	66.34
	0%
	
	connected
	800ms
	5
	-
	-
	-
	DRX-cycle=160ms, DRX-on=8ms, Inactivity timer =100ms
	

	On-demand RS assistant RRM measurement during data transmiton
	12.42
	81.28%
	
	connected
	800ms
	5
	-
	-
	-
	DRX-cycle=160ms, DRX-on=8ms, Inactivity timer =100ms
	



Proposal 5: The on-demand RS assistant RRM measurement during data transmission can obtain obvious power saving gain.
Conclusion
This contribution describes several power saving schemes for RRM measurement and analyzes the power saving gains of each. The proposals are summarized as follows:
Proposal 1: For some concern conditions, the number of RSRP measurement samples for a measurement period can be relaxed with negligible impact on accuracy.
Proposal 2: For some concern conditions, increasing measurement period can be efficient for UE power saving.
Proposal 3: For some concern conditions, reducing the number of cells for intra-frequency measurement can cause significant for UE power saving.
Proposal 4: On-demand RS based RRM measurement can be beneficial for UE power saving, in which UE would finish measurement during DRX-ON period and go to sleep after all.
Proposal 5: The on-demand RS assistant RRM measurement during data transmission can obtain obvious power saving gain.
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Appendix 
Table 5. The simulation assumption of on-demand RS based RRM measuerment
	Simulation parameters
	values

	bandwidth
	20 MHz

	Channel model
	TDL-C 

	Subcarrier spacing
	30kHz

	SSB periodicity
	20ms

	On-demand RS
	1. Density: 3RE/RB
1. 1 port
1. 2 symbols per slot, {4,8}
1. whole bandwidth
1. 5 slots within a RS resource

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

	UE speed 
	30km/h

	SNR 
	                                -6dB, 0dB, 6dB
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