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1	Introduction
In the SID [1], RRM measurement optimization was identified as an area with high UE PS potential. In RAN1 #94bis and #95, the following agreements were made regarding RRM measurement area [2][3].
In this paper, we discuss RRM measurement-related topics currently highlighted for further study to reduce excessive UE energy consumption in NR, propose potential improvements, and suggest how those should be addressed in the SI.

2	Discussion
2.1	Relaxation and reduction of measurements
The following agreements were made in last RAN1#95 meeting.
Agreements:
· Observation: for certain conditions (e.g., low mobility deployment/UE speed/favorable RSRP conditions), the number of RSRP measurement samples for a given duration (e.g., measurement period / evaluation period) can be relaxed with negligible impact on accuracy achieved by existing Rel-15 measurement.
· Observation: For certain conditions (e.g., favorable RSRP conditions, etc.), reducing RRM measurement activities (e.g., measurement, reporting) for a given time period is beneficial from UE power saving perspective for RRC IDLE/INACTIVE/CONNECTED states.
· For intra frequency and/or inter frequency measurement, the following approaches are to be studied for UE power saving in time domain, including impact on mobility performance
· Increasing measurement period
· Reducing number of samples (e.g., OFDM symbols / slots) within a measurement period (e.g., SMTC window)
· Confining RRM measurements within a measurement window and increasing the periodicity of the measurement window for intra frequency and/or inter frequency measurement
· Other approaches are not precluded
· Note: this does not necessarily mean that the techniques studied will have spec impact

SI focus is on stationary and low-speed UEs. Since the current RRM framework for eMBB is geared towards ensuring good mobility behavior for all UEs, without special attention to their mobility status, it is not surprising that a closer analysis of circumstances that are specific to low-mobility UEs is revealing opportunities for further power and energy savings. 
[bookmark: _Toc532795259][bookmark: _Toc534978532]It is expected that, in some scenarios, stationary and low-speed UEs can reduce their energy consumption by sparser RRM measurement activity, with controlled impact to NW performance.

Main classes of improvement being discussed are targeting shorter and less frequent measurement durations and collecting fewer L1 samples per measurement. From the NW viewpoint, the main condition for implementing and activating such features is to ensure that the scenario parameters can be reliably estimated by UEs in the system and that the relaxation decisions are taken by the NW, in response to determining or receiving scenario reports from the UEs. 
However, any changes should not affect the existing cell detection requirements determined by RAN4. As other-cell measurement needs are determined by serving cell results that are monitored more often, the measurement reduction efforts may be viewed as directed primarily towards serving cell measurements. Currently, the guiding principle is that the UE should not wake up more often for measurements than it does for PDCCH monitoring according to its DRX/CDRX configuration (data scheduling in connected or paging in idle/inactive). It is therefore not immediately clear in which scenarios serving cell measurement reduction, e.g. sparser L1 sample collection, will have a PS benefit. 
[bookmark: _Toc535003525][bookmark: _Toc532795249][bookmark: _Hlk532676364]Identify scenarios where reducing the number of measurement samples, increasing the measurement period, and concentrating the measurement instances has PS benefits when the DRX cycle of PDCCH monitoring is included. 
[bookmark: _Toc535003526]Changes in measurement configurations must not lead to degradation of measurement quality and fading robustness; RAN4 should be invited to provide input.

2.2	Assistance info and RRM configuration control
The following agreements were made in last RAN1#95 meeting.
Agreements:
To further study the following adaption mechanism of RRM measurement activities for UE power saving:
· gNB controlled RRM measurement operation with UE assistance information reported to gNB, e.g.,
· mobility related information (e.g., mobility state, history of mobility state, UE's visited cells and cells not reselected due to the ping-pong effect, the number of handovers for certain period, etc.)
· channel condition (e.g. change in serving RS/signal)
· gNB controlled RRM measurement operation without UE assistance information reported to gNB based on certain conditions, e.g.,
· Doppler estimation for RRC CONNECTED states
· cell type (e.g., small cell/macro cell)
· gNB controlled threshold to support UE autonomous RRM measurement adaptation based on e.g.,
· signal measurements (e.g., RSRP)
· UE mobility state (e.g., low/medium/high mobility)
· UE location in the cell (e.g., cell-center/cell-edge)
· S-measure enhancement (e.g. S-measure for SCell, CSI-RS) 
· Other mechanisms/approaches are not precluded

It is expected that some of the improvements, especially ones where the gNB configures RRM parameters without UE assistance, are possible to implement using Rel-15 functionality. The SI should focus on identifying lacking configuration and signaling features, as well as efficient UE assistance info delivery mechanisms. Out of the assistance types listed in the agreements, the SI should prioritize mobility state info signaling, as this is critical for robust measurement configuration switching and may not be available for the NW to estimate with same fidelity. Other info, e.g. HO history, is preferably discussed e.g. in the context of the DTM SI.
For NW-controlled features that utilize UE assistance info, it is acceptable to use NW-controlled adaptive configuration of RRM procedures if it can be ensured that the UE estimates and signals its mobility information and channel conditions in a robust and reliable manner.   
[bookmark: _Toc532795250][bookmark: _Toc535003527]Study mobility state information estimation and signaling by the UE, using clearly specified estimation methods and robust signaling approaches. RAN4 should be invited to provide input to ensure sufficient estimation fidelity.

UE-autonomous configuration adaptation based on NW-controlled thresholds is acceptable if the NW can trust that the thresholds are applied in a predictable manner and that UE-NW configuration assumption misalignment is unlikely. Relevant metric estimation routines at the UE need to be specified so as to avoid erroneous mode selection by the UE. Special care should be taken to avoid adversely affecting connected mode operation, where suboptimal serving cell selection may have a direct network performance impact. As above, the SI should prioritize mobility state-based adaptation as this may allow new types of measurement configuration switching. Other characteristics, e.g. signal quality-based adaptation, is already possible using the current event-based framework. RAN4 should be invited to provide input on required estimation quality to ensure robust configuration selection.
[bookmark: _Toc535003528][bookmark: _Toc532795251]Study UE-autonomous configuration adaptation methods based on its estimated mobility state and NW-controlled thresholds, ensuring robust estimation at the UE of the relevant metrics to which the thresholds will be applied. 
  
UE energy consumption during candidate cell measurements is the timing and frequency alignment uncertainty of the unknown cells. Generally, during open-ended search for new cells, a UE performs PSS search over the full worst-case T/F uncertainty range, in relation to the serving cell, which may result in an extended observation window and a large number of T/F-shifted PSS hypotheses to test. This load may be reduced if the UE obtains assistance information from the NW regarding the maximal T/F misalignment expected in the NW.
The timing uncertainty typically consists of the inter-gNB or inter-TRP timing tolerance and propagation path differences. The timing error for TDD synchronized cells may be assumed to be limited to 3 us in TDD deployments. The propagation contribution is 0.3 us per 100 m path length difference. Relating this to the CP length, 4.7/2n us @ 15*2n kHz SCS, UEs at 30 kHz SCS and higher typically are not guaranteed to find symbol-aligned cells at precisely the serving cell timing but need to perform a PSS search according to robust assumptions, which is more energy consuming. When a NW can provide more accurate range constraints, e.g. when the inter-TRP timing is more accurate and the ISD is short, the UE can reduce or eliminate the PSS search effort. 
Consider one scenario where the UE has no timing constraints info and is provided a 5 ms SMTC window for intra-frequency measurements at 30 kHz TDD numerology. The UE then may assume a 3 us (cell misalignment) + 3 us  (up to 1 km ISD) maximum offset and will perform cell search for new cells over the 12 us timing range (~48 hypotheses if targeting 10% CP tolerance) at all (e.g. 20) SSB locations in the 5 ms window. In another scenario, if the UE obtains the knowledge that the maximum offset is 0.125 us (tightly synched indoors system), a single hypothesis per SSB location is sufficient, amounting to immediate SSS+DMRS measurement. According to our analysis [4], omitting open-ended PSS search and performing SSS- and DMRS-based measurements at fixed symbol locations provides approximately 27% UE PS during RRM measurements. When the maximal misalignment info provided by the NW is accurate, system performance is not impacted by such UE optimization. 
[bookmark: _Toc532795252][bookmark: _Toc535003529]NW may provide assistance info regarding maximal inter-cell T/F misalignment the UE should assume in the current deployment.


2.3	Limiting the set of cells to be measured
The following agreements were made in last RAN1#95 meeting.
Agreements:
· Observation: Reducing the number of cells for intra-frequency measurement can be beneficial for UE power saving, 
· Assuming that UE can limit the processing for measurement within a constrained time period and/or with reduced complexity.
· Assuming number of neighbouring cells to be measured is reduced.
· For UE power saving perspective, reducing the need in neighbour cell intra-frequency measurement can be beneficial.

The SMTC window specifies an aggregate set of measurement time locations to perform intra-frequency measurements. If the SSBs of the cells are beam-swept, utilizing a large fraction of the 5 ms maximum span per cell, the total SMTC window length and the RF sample acquisition duration will not be strongly affected by the number of cells the UE is searching. However, for intra-frequency cells with non-overlapping single SSBs, the number of active symbol indicators in the SMTC window may significantly affect RRM measurement-related energy consumption in the UE.  
[bookmark: _Toc532795253][bookmark: _Toc535003530]Reducing the number of cells to measure should be NW-controlled, to avoid limiting the information available to the NW from UE reports and degrading mobility KPIs. 

A UE generally attempts to detect all feasible new candidate cells, typically performing a matched filter operation with a large number of PSS T/F offset hypotheses, at least when the radio conditions are poor. To reduce new cell search effort, a gNB can use NW’s collected ANR data and compare its neighbor list to cells reported by the UE. If the UE has reported all known significant cells in the area, the NW may indicate to the UE that it has found all relevant cells which can limit measurement activity to monitoring the quality of cells already known to it, not searching for additional ones. This approach does not necessitate signaling the neighbor cell list over the radio interface. The indication may be provided in the form of a flag, or extending the CIO list, SMTC2, or RRM configuration parameter frameworks. 
Reusing the above setup for analysis, the UE omitting the cell search step and only repeating SSS measurements at known T/F offsets for up to 8-12 known cells with RF on time of e.g. 4 symbols  can be compared to 48-position search at 20 possible SSB locations over a full 5 ms SMTC window. Similar to the analysis before Proposal 5, the effect if omitting the PSS search over the SMTC window duration (SSB length), the PS improvement can be estimated as approximately 27%. 
Assuming that the indication provided by the NW is accurate and up to date, the NW impact of this measurement reduction feature is nil. 
[bookmark: _Toc532795254][bookmark: _Toc535003531]NW may indicate to the UE to temporarily omit search for additional unknown cells if the NW can establish that all relevant candidate cells have been detected.

2.4	Additional signals for RRM measurements
The following agreements were made in last RAN1#95 meeting.
Agreements:
Observation: Under certain conditions and certain deployment scenarios, additional resource for RRM measurement can be beneficial for UE power saving, including at least the following aspects: 
· Minimizing/reducing the timing gap between measurement (e.g., SSB) and DRX ON duration (e.g., paging monitoring occasion/reception, data reception, etc.) 
· Additional resource around the measurement occasion, e.g., for AGC assistance
· Reducing measurement activities by providing additional resource may provide sufficient measurement/T-F accuracy.

One category of situations with negative UE PS impact is the need for AGC tuning ahead of an RRM measurement. After waking up from an extended deep sleep duration, a mobile UE may not assume that the AGC from the previous measurement occasion is valid – this issue was raised in [5]. This may lead to a situation where the proposed solution is for the UE to leave the deep sleep state one SSB period earlier in order to tune the AGC. For 20 ms SSB period, and the assumed 15 ms deep sleep transition times, this suggests that the UE will not be able to return to deep sleep between the SSBs but will remain in light sleep state. 
Another related situation is the need to monitor PDCCH during a (C)-DRX On-duration for long (C)-DRX periods. In addition to AGC, also sufficient T/F sync quality must be ensured. Again, it is proposed that the UE wake up ahead of the SSB preceding the On-duration and remain in light sleep to maintain the T/F sync. Since the start of the ON-duration is typically uniformly distributed in time, some UEs may incur additional energy consumption equal to the above estimate, while the average energy penalty is half of that. 
To assess the PS potential of additional signals, we consider the following scenarios and additional signals, depicted in Fig. 1 (using the scenarios described in [5] and a few more):
· RRM measurement on SSB
1. Baseline: UE performs AGC on previous SSB, measures on next SSB

2. Improvement 1 for AGC: One additional SSB sweep for AGC is provided 5 ms ahead of the measured SSB sweep, L1 measurement sample acquisition every DRX cycle

3. Improvement 2 for less frequent measurements: One additional SSS is provided after each SSB in the sweep for improving measurement sample quality, L1 measurement sample acquisition every second DRX cycle


· DRX-on period
4. Baseline: UE performs AGC on previous SSB

5. Improvement: An additional on-demand RS for AGC purposes is provided 5 ms before the start of ON-duration


SSB for 
RRM
SSB for 
AGC
1
2
3
4
5

Figure 1: Additional RS insertion example patterns.

Using the relative power levels units agreed in power consumption modeling, and assuming CDRX period 160 ms and SSB period 20 ms, the power savings potential may be estimated as below:

	Case
	Description
	Avg energy per DRX period [units*ms]

	1
	UE performs AGC on previous SSB, measures on next SSB
	1256

	2
	One additional SSB sweep for AGC is provided 5 ms ahead of the measured SSB sweep, unchanged L1 measurement sample acquisition
	952

	3
	One additional SSS is provided after each SSB in the sweep for improving measurement sample quality, halved L1 measurement sample acquisition rate
	708

	4
	UE performs AGC on previous SSB
	1462

	5
	An additional on-demand RS for AGC purposes is provided 5 ms before the start of ON-duration
	1348



In some scenarios, it may be motivated to analyze the possible PS benefit of providing additional or assistance signals to reduce the duration the UE being outside the deep sleep mode. In particular, additional RS according to patterns 2 and 3 should be prioritized where e.g. additional SSB sweep or SSSs are provided in conjunction with existing SSB transmissions. This cell-specific addition provides PS gains at limited additional NW load. Adding UE-specific additional signals according to patterns 4-5 is not desirable due to having to individually address many ON-duration temporal positions. 
 Many new signal options discussed in the SI de facto constitute always-on signals that reduce NW energy efficiency and NW capacity. This is also the case for the proposed on-demand RS when applied in moderately or highly loaded systems. Just as the measurement SSB, the assistance signals also need to be beam swept in order to ensure full coverage. They thus imply a significant additional load for the NW.
As an alternative to introducing new additional RRM measurement assistance signals, UE power efficiency can be improved for PS-sensitive UEs by optimizing the placement of DRX and C-DRX On durations in relation to SSB transmission locations, to both provide AGC setting and T/F sync opportunities. Furthermore, in many semi-static scenarios, an AGC update is not indispensable ahead of the next RRM measurement or paging monitoring instance. Furthermore, Rel-15 already provides a framework for using non-cell-defining SSBs as MOs, where the additional SSBs may be placed in favorable timing relations to other SSB transmission. Therefore, the PS potential of these and other options should be investigated before introducing additional signals; the latter should be done highly selectively.
[bookmark: _Toc532795256][bookmark: _Toc535003532][bookmark: _Toc532795257]Consider additional signals in conjunction with SSB transmissions for assisting RRM measurements in selected scenarios, accounting for the associated NW impact, as well as improved mechanisms for alignment of relevant signals and measurement configurations. RAN4 should be invited to provide input on required AGC and T/F sync quality for measurement and PDCCH monitoring.


Conclusion
The following observations and proposals are made in this paper: 
Observation 1	It is expected that, in some scenarios, stationary and low-speed UEs can reduce their energy consumption by sparser RRM measurement activity, with controlled impact to NW performance.

Proposal 1	Identify scenarios where reducing the number of measurement samples, increasing the measurement period, and concentrating the measurement instances has PS benefits when the DRX cycle of PDCCH monitoring is included.
Proposal 2	Changes in measurement configurations must not lead to degradation of measurement quality and fading robustness; RAN4 should be invited to provide input.
Proposal 3	Study mobility state information estimation and signaling by the UE, using clearly specified estimation methods and robust signaling approaches. RAN4 should be invited to provide input to ensure sufficient estimation fidelity.
Proposal 4	Study UE-autonomous configuration adaptation methods based on its estimated mobility state and NW-controlled thresholds, ensuring robust estimation at the UE of the relevant metrics to which the thresholds will be applied.
Proposal 5	NW may provide assistance info regarding maximal inter-cell T/F misalignment the UE should assume in the current deployment.
Proposal 6	Reducing the number of cells to measure should be NW-controlled, to avoid limiting the information available to the NW from UE reports and degrading mobility KPIs.
Proposal 7	NW may indicate to the UE to temporarily omit search for additional unknown cells if the NW can establish that all relevant candidate cells have been detected.
Proposal 8	Consider additional signals in conjunction with SSB transmissions for assisting RRM measurements in selected scenarios, accounting for the associated NW impact, as well as improved mechanisms for alignment of relevant signals and measurement configurations. RAN4 should be invited to provide input on required AGC and T/F sync quality for measurement and PDCCH monitoring.
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