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Introduction
This contribution presents our discussion on UE power reduction in RRM measurements for Idle states in Section 2 and Connected state in Section 3. 
[bookmark: _Ref525295282][bookmark: _Ref525916713][bookmark: _Hlk534968575]RRM Measurement Enhancement in Idle State
When UE operates in Idle states (RRC-IDLE and RRC-INACTIVE), UE might need to perform RRM measurement, cell re-selection if triggered and paging montoring every I-DRX. In particular, NR UE is expected to perform the following key functions:
· Loop convergence (e.g., AGC/TTL/FTL and etc.) 
· RRM monitoring/measurement for cell reselection. 
· Multi-beam monitoring for beam selection
· Paging monitoring during paging occasion
In LTE, all above functions could be performed using CRS in each configured paging monitoring occasion (I-DRX). For NR, the functions are based on SSBs in the idle state, which may not be present during ON duration of I-DRX. Furthermore, multiple SSBs may be necessary for loop convergence and RRM monitoring/beam selection. The main power contributions in idle state are from loop convergence, RRM measurement, paging monitoring and cell re-selection if triggered. Here, we first point out some key disadvantages of Rel-15 idle mode operation compared to LTE counterparts in idle state before going more details into possible enhancements. More specifically, for Rel-15:
· UE might need longer RF ON time and additional processing for RRM measurement since UE might need to perform measurement over multiple beams.
· For LTE, CRS is always present during ON duration of DRX. However, for NR, SSB might be present outside ON duration of DRX. As the result, NR UE might need to wake-up twice for RRM measurement and paging monitoring.
· Paging inefficiency at the network due to multi-beam paging beam-sweeping, and inefficient paging monitoring/acquisition at the UE since UE needs to determine a suitable beam e.g., the strongest beam to receive paging
Furthermore, NR has been designed for both FR1 and FR2. Due to lower carrier frequency, FR1 has wider coverage than FR2. Furthermore, it could be shown that UE power consumption for FR1 operation is much lower than that for FR2 operation. As a result, it is likely that typical idle UEs will camp on FR1 for coverage and power savings.
[bookmark: _Toc521704061]Observation 1: It is likely that typical idle UEs will camp on FR1 for coverage and power savings.

RAN1#94b made the following agreements to address the limitation of Rel-15 mobility procedure and to further study on additional resource for power savings from mobility perspectives:
	Agreements:
· Focus on stationary (e.g., 0km/h), pedestrian (e.g., 3km/h) and vehicular (e.g., 30km/h) scenarios for further studies when considering UE power saving techniques for RRM measurements,
· Further studies UE power saving for RRM measurement by considering the following issues
· Multi-beam/multi-cell related RRM measurement issues.
· Possible misalignment between SSB(s)/SMTC and DRX ON duration
Agreements:
· Further study on the benefit/impact for additional resource for RRM measurements for power saving for mobility performance not inferior to that of Rel-15 
· The schemes proposed should at least include the following aspects:
· The signals/channels used as additional resource
· Procedure on how to use additional resources.
· Overhead from network perspective should be considered.



Furthermore, RAN1#95 made the following agreements:
	Agreements:
Observation:
· Reducing the number of cells for intra-frequency measurement can be beneficial for UE power saving due to at least the followings, 
· 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.
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.



Here, we are discuss possible enhancements related to mobility and paging that could address the limitation of Rel-15 on aspects of multi-beam/multi-cell related RRM measurement and possible misalignment between SSB(s)/SMTC and DRX ON duration (e.g., for paging acquisition and RRM). In particular, we discuss SFN reference signals as additional resource for RRM and loops (e.g., AGC, TTL/FTL) together with SFN paging or SFN wake-up signal e.g., PDCCH based sigalling.
SFN reference signals
The enhancements (illustrated in Figure 1), which enables a single beam operation at UE for mobility measurement and paging for FR1, help the idle UEs in RRC INACTIVE further extend its standby time. In particular, 
· Network side: cells within an area (e.g., RNA or RAN area) send SFN (single frequency network) reference signals (RS) and SFN paging over a single beam
· We show in Section 5 that the coverage of SFN transmission is comparable to the coverage of multi-beam transmission even in very coverage-limited scenerios.
· UE side: UE performs RRM measurement and loops using SFN reference signals and SFN paging reception via a single beam only
[image: ]
[bookmark: _Ref534990001]Figure 1: SFN reference signals and paging transmission
SFN reference signals might include the legacy Rel-15 PSS and SSS which allows reusing legacy UE implementation of PSS for timing synchronization and SSS for RRM measurement. The SFN reference signals might be transmitted in the off-sync raster so that it does not make any impact to the initial access UEs. An example of SFN reference signals and paging is illustrated in Figure 2. To reduce the wake up time by running all necessary loops (AGC, TTL and FTL) as well as performing RRM measurement within a short duration, the SFN reference signals includes multiple SSSs. 
[image: ]
[bookmark: _Ref534374622]Figure 2: SFN reference signals (RS) and SFN paging

The benefits of the above enhancement via SFN:
· UE performs single-beam mobility measurement (shorter RF ON time and lower processing overhead). It is worth noting that UE is expected to perform RRM measurement every I-DRX. 
· UE is not required to perform cell reselection when moving between cells within an area (saving UE power in measuring/searching neighbor cells as well as acquiring SI from candidate cells). Our analysis in Section 5 shows that, with the enhancement, UEs are not required to perform cell reselection when moving between cells within an area but not on the SFN boundary. In addition, only around 3% UEs moving on SFN boundary are required to perform an area re-selection. This avoidance of cell re-selections is expected to provide significant additional UE power savings on top of RRM measurement power savings.
· NW could transmit paging over a single-beam (saving NW power in paging transmission and UE power in beam selection in paging reception).
Another possible enhancement is to enable SFN reference signals together with SFN wake-up signal like PDCCH-based signalling that is discussed in Section 2.1 of [2]. This enhancement is illustrated in Figure 3. 
[image: ]
[bookmark: _Ref534971672]Figure 3: SFN reference signals and SFN wake-up signal

Power saving analysis
[bookmark: _Hlk525290989]To further understand the UE power savings of the proposed scheme, we use the agreed power models for FR1 to analyse the power that UE consumes in the legacy baseline and the proposed SFN scheme. More specifically, the measurement power saving gain is computed as

The power saving gain analysis is based on the power states, power values (agreed power models) and assumed energy that are provided in Table 1.
[bookmark: _Ref534988381]Table 1: Power states and their power for I-DRX
	Power state
	Power
	Duration (ms)
	Energy
	Energy notation

	SIB1 decoding (PDCCH+PDSCH)
	300
	1
	300
	

	Neighbor cell search (within SMTC)
	150
	2
	300
	

	Serving cell SSB/CSI-RS processing
	100
	0.5
	50
	

	L-SSB measurement 
	Depending on the # of SSBs to be measured and whether UE is stationary or not
	



The baseline RRM measurement power consumption for measurement, search and SIB1 decoding in I-DRX can be given by

where 
· For statitionay scenarios[footnoteRef:2],  with  (i.e., searving cell SSB processing).  is duration of L SSBs to be measured. [2:  This assumes UE is staying in no reselection area.] 

· For mobility scenarios,  with  is intra-frequency measurement and  depends on UE location/channel condition (e.g., cell edge or cell center). In particular,  should account for the facts that neighbor cell measurement might not need performing every I-DRX and SSBs from neighbor and serving cells might be time-aligned. In the analysis, we assume .
·  where is UE speed (m/s) and  is inter-site distance
·  for stationary scenarios and  assuming UE performs cell search one every 6 I-DRX cycles for the mobility scenarios.
·  is I-DRX cycle and  is SMTC duration.

The RRM measurement power consumption for measurement, search and SIB1 decoding for SFN-based approach can be given by

with
·  where . In addition,  for the stationary scenarios.
·  and   where  is the number of cells within an update area and is the number of of cells within a sub-area (e.g., SFN area) sending the same SFN sync signal. Note that we assume SIB1 reading only across the update area (e.g., RAN notification area or tracking area), and search is for sub-area reslection.
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[bookmark: _Ref534971845]Figure 4: RRM measurement power savings gain of SFN schemes

The simulation results provided in Figure 4 show that the SFN schemes could provide RRM measurement power saving gain up to 90% in the multi-beam system. Furthermore, we could observe RRM measurement power saving gain up to 72% in the single beam system when UE is moving, which is due to the mimimization of activating cell reselection procedures in SFN schemes. Note that RRM power consumption comprises a portion of total UE power consumption in I-DRX. Our end-to-end analysis incorporating other I-DRX operations such as paging reception, loops and sleep (deep and light sleep) and corresponding UE power savings gain in over I-DRX operations are provided in [1].
Observation 2: RRM enhancement based on SFN reference signals together with SFN paging or SFN wake-up signal (e.g., PDCCH based signalling) could provide a substantial UE power savings gain. Furthermore, additional UE power savings could come from no cell reselection when UE moves across cells within an area.
Based on above observations, we make the following proposals:
Proposal 1: For additional resource for RRM measurements, RAN1 studies SFN reference signals and SFN paging.
Proposal 2: For additional resource for RRM measurements, RAN1 studies SFN reference signals and SFN wake-up signal such as PDCCH-based signalling.
[bookmark: _Ref525916727]RRM Measurement Enhancement in Connected State
Adaptive RRM Measurement Configuration
For Rel-15 RRM, some scheduling restriction is specified in [3]. This restriction is due to different Rx beamforming and/or different sub-carrier spacings of reference signals (SS/PBCH block or CSI-RS) and/or measurement gap for intra/inter frequency measurements. 
Observation 3: Rel-15 RRM might require some scheduling restrictions due to the use of different Rx beamforming and/or different sub-carrier spacings of RRM reference signals and/or measurement gap for intra/inter frequency measurements.
RAN1#94b & RAN1#95 made the following agreements:
	Agreements:
· Further study on relaxing/adapting RRM measurement for UE power saving, 
· Relaxing/adapting the number of RRM measurements in time domain for serving cell and neighbor cells based on certain conditions, e.g., number of SSB/CSI-RS/measurement occasions.
· Relaxing/adapting the number of measured cells/frequencies for neighbor cells based on different conditions 
· Schemes considered should disclose the mechanism used to determine the mobility/speed assumed
· FFS conditions, e.g., channel condition, UE location, UE speed, measurement configuration, measurement results, cell type, etc.
· FFS impact on measurement/mobility performance
· Relaxed/adapting measurement report (if any)
· Other solutions are not precluded.



	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.,
· subscription, capabilities (e.g. at AS or NAS level), device type
· 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



In Rel-15, RRM measurement configuration is RRC-configured. It is unlikely that the measurement configuration is reconfigured often via RRC. The UE might experience different conditions (e.g., stationary vs. mobile, cell center vs. cell edge, etc.). If a fixed configuration is configured to UE regardless of UE conditions, network may need to configure meausrement configuration based on the worst case which may waste scheduling opportunities due to the scheduling restriction in NR measurements. Depending on minimum requirements, it may also require UE to perform unnecessary measurements.
As a result, we make the following proposal:
Proposal 3: RAN1 considers adaptive RRM measurement configuration in RRC-CONNECTED i.e.,
· Multiple RRM measurement configurations (e.g., measurement duration, periodicity and measurement gap) can be configured via RRC
· A suitable measurement configuration can be dynamically indicated to UE via DCI or MAC-CE. 

CSI-RS for RRM Measurement
A UE may be configured with the higher layer parameter CSI-RS-Resource-Mobility to use CSI-RS for neighboring cell measurement. Although the UE may predominantly use SS/PBCH blocks for RRM, the CSI-RS for mobility provides the UE with additional opportunities to reinforce the measurement. Especially, in FR2, the CSI-RS for mobility can be transmitted with beam sweeping, which is important both for cell range expansion and UE power saving.
For example, the neighboring cell can use refined (narrow) beams with higher beamforming gain for the CSI-RS for mobility, compared to the (wide) beams used for the associated SSBs. Over multiple CSI-RS-based RRM opportunities, the UE may also refine its Rx beam to further enhance the measurement. The benefit of using refined beam is supported by the fact that the gNB may use narrow beams for data and dedicated control channels, while using wide beams for SSB and common control channels. Hence, a UE being outside the coverage of SSB does not always imply being outside the coverage of data channels. 
Now, let us think of the power saving aspect of the CSI-RS for mobility. A UE can measure the CSI-RS for mobility during configured measurement gaps, as shown in Figure 5. The measurement gap is configured with a certain periodicity. Thus, the UE can refine its Rx beam across multiple measurement occasions, as long as the channel variation across occasions is not significant.


[bookmark: _Ref528835229]Figure 5: RRM measurement with CSI-RS for mobility (different color for different beams)
Note that each measurement includes any RF re-tuning overhead of the UE, which may incur a substantial power penalty, especially when the UE is in C-DRX mode or when the periodicity of the measurement gap is short. The basic principle of UE power saving is to compact the active timeline. In this respect, repetition of beams within a CSI-RS burst can be helpful. When the repetition is enabled, the UE can assume the same spatial domain transmission filter is used for multiple CSI-RS resources. Therefore the UE may sweep its Rx beam within a measurement occasion and the periodicity of measurement can be increased for power saving. 
[bookmark: _Hlk528854509]Proposal 4: RAN1 considers repetition of CSI-RS resources for mobility within a resource set.
A conceptual diagram of the proposal is shown in Figure 6.


[bookmark: _Ref528835515]Figure 6: Repetition of CSI-RS for mobility (different color for different beams)

Multi-panel RRM Measurement in FR2
A UE with hybrid-beamforming capability, e.g., in FR2, may be equipped with multiple antenna subarrays or panels to support a spherical coverage regardless of the UE orientation relative to the gNB. In some cases, at least for a certain class of UEs, multiple antenna panels are also required to support multi-link or multi-TRP communication. An example of a two-panel UE supporting different multi-panel modes is illustrated in Figure 7.


[bookmark: _Ref528853967]Figure 7: Multi-panel UE modes
As already stated in the previous section, the principle of RRM power saving is reducing the overall time consumed for measurement. In Rel-15, a measurement gap for a UE is TDMed with the serving cell time and interrupts the communication with the serving cells. This may extend the overall UE timeline and will result in increased power consumption. One enhancement related to the multi-panel mode in Figure 7 (c) is spatially multiplexing the RRM measurement. 
For example, in fig (c), TRP1 and TRP2 are two non-collocated neighboring cells and they can be measured simultaneously, cutting down the measurement time in half. In another example, TRP1 is the serving cell and TRP2 is a neighboring cell to measure. In this case, the link to the serving cell may not be interrupted by the measurement gap, although the link quality may be affected. Therefore, during this “soft” gap, the network can still schedule the UE, possibly with restrict max rank, MCS, etc.
Proposal 5: At least for FR2, RAN1 studies multi-panel RRM measurement options for UE power savings:
· The link to the serving cell may not be interrupted during the RRM measurement.

Conclusion
This contribution provides our discussion on UE power consumption reduction in RRM measurement. For RRC-IDLE and RRC-INACTIVE, we have made the following observations and proposals: 
Observation 1: It is likely that typical idle UEs will camp on FR1 for coverage and power savings.
Observation 2: RRM enhancement based on SFN reference signals together with SFN paging or SFN wake-up signal (e.g., PDCCH based signalling) could provide a substantial UE power savings gain. Furthermore, additional UE power savings could come from no cell reselection when UE moves across cells within an area.

Proposal 1: For additional resource for RRM measurements, RAN1 studies SFN reference signals and SFN paging.
Proposal 2: For additional resource for RRM measurements, RAN1 studies SFN reference signals and SFN wake-up signal such as PDCCH-based signalling.

For RRC-CONNECTED, we have made the following observations and proposals: 
Observation 3: Rel-15 RRM might require some scheduling restrictions due to the use of different Rx beamforming and/or different sub-carrier spacings of RRM reference signals and/or measurement gap for intra/inter frequency measurements.

Proposal 3: RAN1 considers adaptive RRM measurement configuration in RRC-CONNECTED i.e.,
· Multiple RRM measurement configurations (e.g., measurement duration, periodicity and measurement gap) can be configured via RRC
· A suitable measurement configuration can be dynamically indicated to UE via DCI or MAC-CE. 

Proposal 4: RAN1 considers repetition of CSI-RS resources for mobility within a resource set.
Proposal 5: At least for FR2, RAN1 studies multi-panel RRM measurement options for UE power savings:
· The link to the serving cell may not be interrupted during the RRM measurement.

[bookmark: _Ref525745919]Appendix 1: SFN vs. Multi-beam Transmission Analysis
One possible RRM enhancement as being discussed in Section 2 is to enable SFN transmission of the synchronization signals for cells within an area. In this section, we provide an analysis on coverage of SFN transmission and multiple-beam transmission schemes (single beam and 8 beams). For SFN modelling, we model a network consisting of multiple areas and each area corresponds to one SFN. With this SFN modelling methodology, we could properly capture the interference impact of neighbour SFNs on the serving SFN. 
The analysis is performed for IMT-2020 Dense Urban and 3GPP Urban Macro (UMA). Table 2 provides system-level simulation parameters. In addition, it is worth noting that in our analysis we modelled scenarios with 100% high loss building type which should be the worst cases for coverage analysis. The IMT 2020 Dense Urban has 80% indoor UEs and 20% outdoor UEs while UMA has 100% indoor UEs. Together with longer ISD, UMA is the worst coverage-limited scenarios which could properly represent the scenarios like basement or deep coverage holes. 
The performance metric we used to evaluate coverage of different transmission schemes is PDCCH BLER which should work well as a proxy for other channels (e.g., SFN synchronization signals). Figure 8 provides the coverage performance for IMT-2020 Dense Urban and Urban Macro (UMA) for single beam, SFN and 8 beam transmission. It shows that the coverage of SFN transmsison is comparable to 8-beam transmission even in scenario with very limited coverage. In fact, SFN transmission is a bit better since most UEs does not experience the interference from cells within an area. 
Figure 9 provides the CDF of SINR for UEs in a dense urban deployment (3GPP UMI). Assuming we have RSRQ level 5 which is a typical setting for RSRQ in practice. RSRQ level 5 corresponds to RSRQ around -17.5dB, which maps to SINR = -6dB when there is 100% loading, and SINR = -3dB when there is 50% loading. It is shown that for SFN-based transmission, ~97% of UEs has SINR higher than -3dB when UE is moving in cells in the SFN boundary while 100% of UEs has SINR higher than -3dB when UE is moving in cells that are not in the SFN boundary (i.e., SFN interior).
[bookmark: _Hlk525908751][image: ]
(a) IMT-2020 Dense Urban
[image: ]
(b) Urban Macro (UMA)
[bookmark: _Ref525739910]Figure 8: PDCCH coverage performance
[image: ]
[bookmark: _Ref525915318]Figure 9: CDF of Geometry in 3GPP Urban Micro (UMI) scenario

[bookmark: _Ref525731947]Table 2: System-level simulation parameters
	Parameter
	Value

	Carrier frequency (GHz)
	3.5

	Subcarrier spacing (kHz)
	30

	System bandwidth (MHz)
	100

	UE speed (km/h)
	3

	UE deployment
	80% indoor and 20% outdoor (IMT 2020 Dense Urban)
100% indoor (UMA) 

	Percentage of high loss and low loss building type
	100% high loss 

	Total transmit power per TRP (dBm)
	51

	Inter-site distance
	200m (IMT-2020 Dense Urban), 500m (UMA)

	Number of antenna elements per TRP
	128

	Number of UE antenna elements
	4
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