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1	Introduction 
In RAN1 AH1901 [1] for RRM measurement power saving, some agreements about measurement adaptation have been achieved including:
Agreements:
· Update the agreed table format 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
Agreements:
For UE autonomous RRM measurement adaptation in time-domain with gNB controlled threshold, the following thresholds and corresponding adaptation schemes can be considered,
· A RSRP threshold for UE adapting RRM measurement period, 
· A RSRP threshold for UE adapting RRM number of samples within a measurement period, 
· A RSRP threshold and a RSRP variation threshold within a period of time, and based on that, UE can adapt the measurement or report period 
· A RSRP variation threshold within a period of time, and based on that, UE can adapt the measurement or report period
· A threshold for UE adapting RRM measurement period and the threshold can be at least one of the followings,
· The amount of time during which the UE stays with a specific cell or beam (for RRM measurement) 
· UE’s active TCI state for PDCCH does not change for specific time period.
· The number of handovers/reselections for certain period.
· A threshold which includes UE mobility status, serving cell quality, and based on that, UE can adapt the SMTC window, number of CSI-RS resources sets per target cell, periodicity of CSI-RS resources.


As for additional resource for RRM measurement, the agreements are:
Agreements:
· The followings can be considered as the usage of additional resource for RRM measurement,
· CSI-RS, including TRS
· SSS only
· SSB
· PSS, SSS and wake-up signaling/paging
· E.g., including transmitted in SFN (single frequency network) manner
· DMRS for RMSI PDCCH/PDSCH for standalone 
· Additional new RS/signal (e.g, configuring additional RS next to SSB) in addition to existing RS/signal in Rel-15
· Note: Existing structure/waveform of Rel-15 signals/channels is recommended to be studied for additional resource
· Note: companies report the purpose of additional resource for RRM measurement, e.g., measurement, cell search and etc.
· Companies report in which of the following RRC state(s) the additional resource can be used,
· RRC IDLE
· RRC INACTIVE
· RRC CONNECTED

In this contribution, we further elaborate RRM power consumption issues and solutions.
2	NR RRM Power Consumption Analysis
In RAN1 AH1901 [1], it is agreed that for evaluation purpose, a periodicity of max(DRX cycle, [160 msec]) is the baseline for periodic activities, e.g. time/frequency, channel or beam tracking. Here we assume a 160ms periodic activities period and the periodic activities are performed in the SMTC window.

When SMTC window and DRX on duration are not aligned, the dispersive operations (including SSB for periodic activities, on-duration monitoring, and SSB for RRM) in NR will introduce large power overhead compared with LTE where CRS is always available during DRX ON duration. 

To quantify the impact on power consumption in RRC_CONNECTED mode, we calculate the power consumption values for the two cases where DRX ON duration is aligned with SMTC window or not as shown in Figures 1 & 2:
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Figure 1. Case 1: UE behaviour with fully aligned SMTC window and DRX ON duration
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Figure 2. Case 2: UE behaviour with time difference between the start of SMTC window and the start of DRX ON duration

Following the evaluation methodology in 38.840 [2], for 30kHz SCS and 40ms DRX cycle, the DRX ON period is set to 4ms and the SMTC window duration is set to 2ms.
From 38.133 [3], the RRM measurement period depends on SMTC period, DRX period, and some scaling parameters; as shown below:
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It can be seen that 5 samples are recommended to be used in one measurement period, and the default measurement period is 200ms. For 20ms SMTC period and 40ms DRX cycle, the RRM measurement sample interval is 40ms (200ms/5). Since the RRM measurement is more frequent than periodic activities and they are both performed in SMTC window, we assume the SSB processing power during SMTC to be the RRM measurement power. Based on power model in 38.840 [2] provided in Appendix, assuming
synchronized deployment and intra-frequency measurement in FR1, the power consumptions values for Case 1 & 2 can be derived as in Table I.

Table I: Relative power value comparison for Cases 1 to 2

	
	Normalized power consumption value
	Relative power overhead compared to Case 1

	Case 1
	24.65
	0%

	Case 2
	35.95
	46%



It can be seen that Case 2 shows 46% power overhead. This overhead is due to misalignment between SMTC window and DRX on-duration.

Observation 1: The non-alignment of SMTC window and DRX on-duration can bring 46% power overhead to NR RRM power consumption.

In RAN1 AH1901 [1], it is agreed that UE autonomous RRM measurement adaptation in time-domain is one of the main directions for power saving. Table II shows the corresponding power consumption values for different measurement frequency.

Table II: Normalized power value for different measurement frequency

	
	Measurement per 1 DRX
	Measurement per 2 DRX
	Measurement per 4 DRX

	Case 1
	24.65
	23.40 (5.0% saved)
	22.78 (7.6% saved)

	Case 2
	35.95
	29.05 (19.2% saved)
	25.60 (28.8% saved)



We hence have the following observation: 

Observation 2: The power saving gain of RRM measurement adaptation in time-domain is more evident when the SMTC window and DRX ON duration is not aligned. Increasing the measurement period can bring up to 28.8% power saving gain.
3	UE autonomous RRM measurement adaptation in time-domain with gNB controlled threshold
One of the focus of agreements in RAN1 AH1901 [1] is the RRM measurement period adaptation in time domain. Since the RRM measurement target is the RSRP of SSB, it is reasonable to use RSRP thresholds to perform RRM measurement period adaptation. However, while RRM measurement power is saved with extended measurement period, the mobility performance can be compromised. Since the key performance indicator for mobility is the handover fail rate, the degradation level of handover fail rate should be considered while applying RRM measurement period adaptation. Here, the evaluation procedure of handover fail rate follows 36.842 [4], where the handover is initiated based on an A3 RSRP measurement event (neighbor cell becomes offset better than PCell). From field experience, A3 event is also the major event for handover triggering.

Observation 3: For A3 RSRP measurement event, the handover is not triggered when PCell RSRP is better than all neighbor cells.

Based on Observation 3, we have

Proposal 1: The measurement period can be extended when PCell RSRP is offset better than the neighbor cell with best RSRP and return to default value when the condition is no longer satisfied.

Besides, considering the serving cell RSRP may degrade fast for some fast moving UEs, a variation RSRP threshold for serving cell can be used to guarantee that UE only extend the measurement period when the RSRP variation through time is not large.

Proposal 2: An additional serving cell RSRP variation threshold can be used on top of the threshold between serving cell and neighbor cell to guarantee UE does not extend measurement period when the serving cell RSRP variation is large.

Here, we design UE to extend the measurement period to be 2 times when PCell RSRP is 2dB better than the best neighbor cell and 4 times when PCell RSRP is 4dB better than the best neighbor cell. An additional RSRP variation threshold of serving cell can be used to exploit the tradeoff between power saving gain and handover fail rate. To evaluate our proposals for UE autonomous RRM measurement adaptation in time-domain, SLS simulation is performed to derive the reduced RRM measurement percentage and the handover fail rate. In the simulation, we assume default RRM measurement setting in RRC_CONNECTED of 200ms L1/L3 filter period and 40ms L1/L3 sample interval. For 120km/h high speed UE scenario, a shorter filter period (80ms) is assumed to deal with fast channel change. For UE placement and trajectories and cell placement, we follow the instruction in 36.839 [5] 5.4.4. The simulation area uses the bouncing-circle model as shown in Figure 3 where 7 cells (3 sectors for each cell) are deployed in the area. More detailed simulation setting can be found in the Appendix.
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Figure 3. Bouncing circle model


The corresponding results are shown in Table III to VI.

Table III: Evaluation of adapted RRM measurement in time-domain, scenario 1

	Power saving schemes description
	UE adapts the measurement period to be 2 times default measurement period when PCell RSRP is 2dB better than the best neighbor cell and 4 times default measurement period when PCell RSRP is 4dB better than the best neighbour cell

	Average power consumption
	28.28 (baseline is 35.95 according to Table II)

	Power reduction compared to baseline
	21.34% (55.64% RRM measurement is saved)

	RRC_Idle/Inactive or RRC_Connected
	RRC_Connected

	Measurement period [ms]
	200/400/800

	number of samples in each MP
	5

	UE speed and channel model
	30km/h, 3D UMa with 200m ISD

	system impact, e.g., overhead
	Near negligible, only simple comparison is needed

	Performance impact (handover fail rate)
	2.08%  2.81%



Table IV: Evaluation of adapted RRM measurement in time-domain, scenario 2

	Power saving schemes description
	UE adapts the measurement period to be 2 times default measurement period when PCell RSRP is 2dB better than the best neighbor cell and 4 times default measurement period when PCell RSRP is 4dB better than the best neighbour cell. UE keeps default measurement period when the variation between two serving cell RSRP measurements is larger than 0.3dB.

	Average power consumption
	29.45 (baseline is 35.95 according to Table II)

	Power reduction compared to baseline
	18.08% (47.42% RRM measurement is saved)

	RRC_Idle/Inactive or RRC_Connected
	RRC_Connected

	Default measurement period [ms]
	200/400/800

	number of samples in each MP
	5

	UE speed and channel model
	30km/h, 3D UMa with 200m ISD

	system impact, e.g., overhead
	Near negligible, only simple comparison is needed

	Performance impact (handover fail rate)
	2.08%  2.43%



Table V: Evaluation of adapted RRM measurement in time-domain, scenario 3

	Power saving schemes description
	UE adapts the measurement period to be 2 times default measurement period when PCell RSRP is 2dB better than the best neighbor cell and 4 times default measurement period when PCell RSRP is 4dB better than the best neighbour cell

	Average power consumption
	29.49 (baseline is 35.95 according to Table II)

	Power reduction compared to baseline
	17.97% (46.76% RRM measurement is saved)

	RRC_Idle/Inactive or RRC_Connected
	RRC_Connected

	Default measurement period [ms]
	200/400/800

	number of samples in each MP
	2

	UE speed and channel model
	120km/h, 3D UMa with 500m ISD

	system impact, e.g., overhead
	Near negligible, only simple comparison is needed

	Performance impact (handover fail rate)
	9.03%  10.07%



Table VI: Evaluation of adapted RRM measurement in time-domain, scenario 4

	Power saving schemes description
	UE adapts the measurement period to be 2 times default measurement period when PCell RSRP is 2dB better than the best neighbor cell and 4 times default measurement period when PCell RSRP is 4dB better than the best neighbour cell. UE keeps default measurement period when the variation between two serving cell RSRP measurements is larger than 1dB.

	Average power consumption
	30.78 (baseline is 35.95 according to Table II)

	Power reduction compared to baseline
	14.38% (37.38% RRM measurement is saved)

	RRC_Idle/Inactive or RRC_Connected
	RRC_Connected

	Default measurement period [ms]
	200/400/800

	number of samples in each MP
	2

	UE speed and channel model
	120km/h, 3D UMa with 500m ISD

	system impact, e.g., overhead
	Near negligible, only simple comparison is needed

	Performance impact (handover fail rate)
	9.03%  9.59%



Observation 4: The proposed method of RRM measurement adaptation in time-domain can save 14% to 21% UE power (37%~55% RRM measurement power).

Observation 5: With the proposed additional serving cell RSRP variation threshold, the power saving percentage is reduced by 3% while the mobility performance penalty is about halved.

4	Additional RS for Power Saving
In 38.840 [2] 5.2.3, it is agreed that 

Agreements:
Additional RS is the RS provided by gNB to assist UE in performing e.g.,fine synchronization, channel/beam tracking, and/or CSI/RRM measurements in addition to the existing RS in Rel-15. The additional RS was proposed for study for power saving schemes for e.g, UE adaptation to the DRX operation, BWP switching, fast SCell activation, reducing PDCCH monitoring, and/or RRM measurements. RS design is assumed to reuse Rel-15 waveform. Power saving signal could be used to meet the purpose of additional RS.

For idle mode UE, it has to wake up two times each DRX cycle, one is during the SMTC to perform periodic activities and RRM, one is during the DRX ON period to monitor paging indication. This is different from LTE because LTE has CRS, PSS, SSS in each half radio frame, and UE can always find the signal to do periodic activities and RRM measurement during DRX ON period. An intuitive way to design the power saving signal is to put a wake-up signal (WUS) before the DRX ON for a fixed time gap, so UE can decide not to turn on during the DRX ON period based on a simple detection of WUS. However, in this way UE still needs to wake up during the SMTC window to perform sync and RRM.

Observation 6: Putting a wake-up (power-saving) signal before the DRX ON for a fixed time gap cannot prevent from another wake up during the SMTC window to perform periodic activities and RRM.

To minimize the UE wake-ups in idle mode, we intend to put the wake-up (power-saving) signal just before the SSB, and the wake-up (power-saving) indicates whether UE needs to wake up in the next DRX ON period. We propose to use additional RS which is a SSS only signal before the SSB as wake-up (power-saving) signal for paging indication and RRM assistance in RRC_IDLE/ RRC_INACTIVE as shown in Figure 4.

Proposal 3: SSS-only signal is used as additional RS before the SSB as wake-up (power-saving) signal for paging indication and RRM assistance in RRC_IDLE/ RRC_INACTIVE.

Since SSB is cell-specific and paging occasion is UE-specific, the paging occasions may be more than the number of SSB. This can be solved by using multiplexed wake-up (power-saving) signals before the. One possible method to distinguish the paging indication information for different paging group is to apply different scrambling code on the SSS (CDM), or use multiple sequence set. UE can thus use its own scrambling code to identify the paging indication information. When no UE is to be paged, instead of transmitting nothing, we propose to transmit “normal SSS”, which can be used for enhancement of sync, RRM, and AGC tuning.

Proposal 4: SSS-only wake-up (power-saving) signals with CDM can be used before the SSB for paging indication. When no UE is to be paged, normal SSS is transmitted for enhancement of sync, RRM, and AGC tuning.
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Figure 4. SSS only signal as wake-up (power-saving) signal for paging indication and RRM assistance
As for the system overhead, the period of the additional SSS-only RS can be enlarged for minimized system overhead. Since the minimum I-DRX cycle length is 320ms, a 160ms period can be configured for the additional SSS-only signal. For 20/40 ms SMTC (SSB) periodicity, the additional SSS-only signal introduces only 1.6%/3.3% overhead in terms of SSB unit.

Proposal 5: Applying a long period, e.g., 160ms, to the SSS-only RS introduces only 1.6%/3.3% overhead in terms of SSB unit for 20/40 ms SMTC (SSB) periodicity.

Following the power model define in 38.840 [2], we can calculate the power saving gain as in Table VII:

Table VII: Evaluation of SSS-only as additional RS for paging indication

	Power saving schemes description
	Using SSS-only signal as additional RS before SSB for paging indication and RRM assistance.

	Average power consumption
	1.634 (baseline is 2.089, values are calculated in Appendix)

	Power reduction compared to baseline
	21.78% 

	RRC_Idle/Inactive or RRC_Connected
	RRC_Idle/Inactive

	Default measurement period [ms]
	One IDRX cycle (1280ms)

	number of samples in each MP
	2

	UE speed and channel model
	General

	system impact, e.g., overhead
	One symbol of SSS for SMTC window



Observation 7: Using SSS-only signal as additional RS before each SSB (measurement occasion) for paging indication can achieve 21.78% power saving in idle/inactive mode and assist sync, RRM, and AGC tuning.

Proposal 6: In 38.840 [2], 5.2.3, the following sub-bullet can be added
· SSS-only signal as additional RS before SSB (measurement occasion) for paging indication can be considered for power-saving and RRM/sync assistance.
5	Summary 
In this invention, we investigate RRM power consumption issues and propose some designs for RRM measurement power saving. In particular, we have:

	Power saving schemes description
	Average power consumption
	Power reduction compared to baseline
	RRC_Idle/Inactive or RRC_Connected
	Default measurement period [ms]
	number of samples in each MP
	UE speed and channel model
	system impact, e.g., overhead
	Performance impact (handover fail rate)

	UE adapts the measurement period based on RSRP thresholds between serving and best neighbour cell
	28.28 (baseline is 35.95) 
	21.34% (55.64% RRM measurement is saved)
	RRC_Connected
	200/400/800
	5
	30km/h, 3D UMa with 200m ISD
	Near negligible, only simple comparison is needed
	2.08%  2.81%

	
	29.49 (baseline is 35.95 according to Table II)
	17.97% (46.76% RRM measurement is saved)
	RRC_Connected
	200/400/800
	2
	120km/h, 3D UMa with 500m ISD
	Near negligible, only simple comparison is needed
	9.03%  10.07%

	UE adapts the measurement period based on RSRP thresholds between serving and best neighbour cells and one serving cell RSRP variation threshold
	29.45 (baseline is 35.95 according to Table II)
	18.08% (47.42% RRM measurement is saved)
	RRC_Connected
	200/400/800
	5
	30km/h, 3D UMa with 200m ISD
	Near negligible, only simple comparison is needed
	2.08%  2.43%

	
	30.78 (baseline is 35.95 according to Table II)
	14.38% (37.38% RRM measurement is saved)
	RRC_Connected
	200/400/800
	2
	120km/h, 3D UMa with 500m ISD
	Near negligible, only simple comparison is needed
	9.03%  9.59%

	Using SSS-only signal as additional RS before SSB for paging indication and RRM assistance.
	1.634 (baseline is 2.089, values are calculated in Appendix)
	21.78%
	RRC_Idle/Inactive
	One IDRX cycle (1280ms)
	2
	General
	One symbol of SSS for SMTC window
	X




Observation 1: The non-alignment of SMTC window and DRX on-duration can bring 46% power overhead to NR RRM power consumption.

Observation 2: The power saving gain of RRM measurement adaptation in time-domain is more evident when the SMTC window and DRX ON duration is not aligned. Increasing the measurement period can bring up to 28.8% power saving gain.

Observation 3: For A3 RSRP measurement event, the handover is not triggered when PCell RSRP is better than all neighbor cells.

Proposal 1: The measurement period can be extended when PCell RSRP is offset better than the neighbor cell with best RSRP and return to default value when the condition is no longer satisfied.

Proposal 2: An additional serving cell RSRP variation threshold can be used on top of the threshold between serving cell and neighbor cell to guarantee UE does not extend measurement period when the serving cell RSRP variation is large.

Observation 4: The proposed method of RRM measurement adaptation in time-domain can save 14% to 21% UE power (37%~55% RRM measurement power).

Observation 5: With the proposed additional serving cell RSRP variation threshold, the power saving percentage is reduced by 3% while the mobility performance penalty is about halved.

Observation 6: Putting a wake-up (power-saving) signal before the DRX ON for a fixed time gap cannot prevent from another wake up during the SMTC window to perform periodic activities and RRM.

Proposal 3: SSS-only signal is used as additional RS before the SSB as wake-up (power-saving) signal for paging indication and RRM assistance in RRC_IDLE/ RRC_INACTIVE.

Proposal 4: SSS-only wake-up (power-saving) signals with CDM can be used before the SSB for paging indication. When no UE is to be paged, normal SSS is transmitted for enhancement of sync, RRM, and AGC tuning.

Proposal 5: Applying a long period, e.g., 160ms, to the SSS-only RS introduces only 1.6%/3.3% overhead in terms of SSB unit for 20/40 ms SMTC (SSB) periodicity.

Observation 7: Using SSS-only signal as additional RS before each SSB (measurement occasion) for paging indication can achieve 21.78% power saving in idle/inactive mode and assist sync, RRM, and AGC tuning.

Proposal 6: In 38.840 [2], 5.2.3, the following sub-bullet can be added
· SSS-only signal as additional RS before SSB (measurement occasion) for paging indication can be considered for power-saving and RRM/sync assistance.
6	Appendix 
Assumptions on the time durations, power, and energy values derived based on [1][2] are summarized as follows:

6.1 Assumptions on time durations (with 30KHz subcarrier spacing)
	Parameters
	Time duration (ms)

	NR DRX on duration 
	TDON = 4

	NR SMTC window 
	TSMTC = 2

	NR SMTC period
	TSP = 20

	Light sleep time for Case 2
	TLS2 = 8

	CDRX cycle length
	TCCYC = 40

	IDRX cycle length
	TCCYC = 1280



6.2 Assumptions on power consumption
(Normalized w.r.t. deep sleep power)
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	Deep sleep (PDS)
	Light sleep (PLS)
	SSB processing for RRM (PSSB)
	CDRX_ON/IDRX_ON processing (PCDON/PIDON)

	1
	20
	150
	100/50


	    Note: PCDON is assumed to operate in 100MHz BW while PIDON is assumed to operate in 20MHz BW
6.3 Assumptions on wake up cost
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	Wakeup stage
	Wake up energy (power * duration)

	Deep sleep
	EDSWU = 450

	Light sleep
	ELSWU = 100



6.4 UE Power consumption calculation
Normalized UE power consumption in one C-DRX cycle
Case 1:
· 
· (150*2+100*2+1*36+450)/40 = 24.65
Case 2: 
· 
· (150*2+20*8+100*4+1*(40-4-6-2)+450+100)/40 = 35.95
Normalized UE power consumption in one I-DRX cycle
Without WUS for paging indication
· 
(150*2+50*4+1*(1280-2-4)+450*2)/1280=2.089

With WUS for paging indication (assume 10% group paging rate)
· 
(150*2+0.1*50*4+1*(1280-2-0.1*4)+450*1.1)/1280=1.634

6.5 SLS setting for handover fail rate simulation

	Parameter
	30km/hr setting
	120km/hr setting

	ISD
	200m
	500m

	Trajectory
	Bouncing circle

	Cell loading
	100%

	Channel model
	3D-UMa

	L1 filtering time
	200ms
	80ms

	L3 filter coefficient k
	1

	A3 offset
	2dB
	2dB

	TimeToTrigger
	160ms
	40ms

	Handover preparation delay
	50ms

	Handover execution time
	40ms
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Table 9.2.5.2-1: Measurement period for intrafrequency measurements without gaps(Frequency FR1)
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