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Introduction
This contribution presents our discussion on UE power reduction in RRM measurement for Idle states in Section 2 and Connected state in Section 3.
[bookmark: _Ref525295282][bookmark: _Ref525916713]RRM Measurement Enhancement in Idle State
When UE operates in Idle states (RRC-IDLE and RRC-INACTIVE), UE is required to perform RRM measurement, cell re-selection if triggered and paging montoring. 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. A simplified UE modem timeline in an idle state is illustrated in Figure 1.



[bookmark: _Ref525916747]Figure 1: UE timeline in an idle state

Average power for the I-DRX state:

Note: Above definition of I-DRX power assumes it is an “adder” on top of deep-sleep power (i.e. minimum chipset power).
· : Power for measuring SSBs (e.g., upto 8 SSBs for FR1 and 64 SSBs for FR2) within a half-frame containing SSBs for RRM. 
· : Time duration of SSBs in number of slots within a half-frame containing SSBs.
· : Power for monitoring paging (both PDCCH and PDSCH) 
· : paging time duration (both PDCCH and PDSCH) in number of slots.
· : I-DRX cycle in number of slots.
·  is the energy for running AGC and operating tracking loops (FTL/TTL)
· : Energy for overhead operation such as ramp-up, ramp-down and light sleep.

[bookmark: _GoBack]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
[bookmark: _Toc521704060]Observation 1: Rel-15 idle mode operation might have some disadvantages compared to LTE counterparts:
· UE might need longer RF ON time and additional processing for RRM measurement
· UE might need to wake up outside ON duration of I-DRX for RRM measurement
· UE might need to wake up twice for RRM measurement and paging monitoring
· Paging is not efficient at the network due to multi-beam paging beam sweeping, and at the UE due to beam selection before paging acquisition
NR has been designed for both FR1 and FR2. Due to lower carrier frequency, FR1 has wider coverage than FR2. Furthermore, our study in [2] shows 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 2: It is likely that typical idle UEs will camp on FR1 for coverage and power savings.

NR has 3 RRC states whose state transition is specified in [1]. Compared to LTE, the RRC INACTIVE is a new RRC state for idle UEs to camp. It is different from RRC IDLE in the sense that UE operating in RRC INACTIVE has RAN context; hence the RRC message setup/release latency could be significantly shortened. From UE power perspectives, such shortened latency could make a good contribution to UE power savings especially when UE needs to wake up for setting up RRC connection for background application sync. Further analysis shows in [2] that typically, for the power associated with intermittent RRC connections, roughly a quarter of the time is spent in establishing RRC connections. This signaling overhead can be reduced if UE camps on RRC INACTIVE mode instead of RRC IDLE mode. As a result, it would be beneficial for idle UEs to camp in RRC INACTIVE.
[bookmark: _Toc521704059]Observation 3: An idle UE could have lower RRC connection setup latency and lower power consumption by camping in RRC-INACTIVE. 
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[bookmark: _Ref525658570]Figure 2: SFN synchronization
As a result, we are focusing on how mobility and paging enhancements could help the idle UEs in RRC INACTIVE further extend its standby time. One possible RRM measurement enhancement illustrated in Figure 2 is to enable a single beam operation at UE for mobility measurement and paging when UE is camped in RRC INACTIVE. In particular, 
· Network side: cells within a RAN-based notification area RNA (defined in [1]) send SFN (single frequency network) synchronization signals 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 measurement of SFN synchronizations signal for RRM and SFN paging reception via a single beam only
The benefits of such enhancement:
· UE performs single-beam mobility measurement (lower RF ON time and 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 RNA (saving UE power in measuring/searching neighbor cells as well as acquiring SI from candidate cells). 
· NW could transmit paging over a single-beam (saving NW power in paging transmission and UE power in beam selection in paging reception).


[bookmark: _Ref525290405][bookmark: _Ref525290400]Figure 3: 30kHz SSB composition

[bookmark: _Hlk525290989]To further understand the UE power savings of this enhancement, we analyse the power that UE consumes when performing SSB measurement over a single SSB and over multiple SSBs of 30kHz subcarrier spacing illustrated in Figure 3. Based on our analysis, compared to the measurement of a single SSB
· measuring 4 SSBs comsumes around 3.5 times more energy
· measuring 8 SSBs comsumes around 7 times more energy
In addition, with the enhancement, our analysis in Section 5 shows that 100% UEs are not required to perform cell reselection when moving between cells within an RNA but not on the SFN boundary. In addition, only around 3% UEs moving on SFN boundary are required to perform RNA re-selection. This avoidance of cell re-selections is expected to provide significant additional UE power savings on top of RRM measurement power savings. 
Observation 4: With RRM enhancement based on SFN synchronization signals, 
· UE energy consumption for RRM measurement could be upto 7 times lower than that for Rel-15 RRM measurement.
· Additional UE power savings could come from no cell reselection when UE moves across cells within an RNA.

Based on above observations, we make the following proposals:
Proposal 1: RAN1 considers RRM measurement based on SFN synchronization signals in RRC-INACTIVE.
Proposal 2: RAN1 considers SFN paging for enabling power savings at both NW and UE in RRC-INACTIVE.

[bookmark: _Ref525916727]RRM Measurement Enhancement in Connected State
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 5: 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.
Furthermore, 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 to minimize scheduling restriction and unnecessary UE power consumption.
· Multiple RRM measurement configurations (e.g., measurement duration, periodicity and measurement gap) can be configured
· A suitable measurement configuration can be dynamically indicated to UE. 


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: Rel-15 idle mode operation might have some disadvantages compared to LTE counterparts:
· UE might need longer RF ON time and additional processing for RRM measurement
· UE might need to wake up outside ON duration of I-DRX for RRM measurement
· UE might need to wake up twice for RRM measurement and paging monitoring
· Paging is not efficient at the network due to multi-beam paging beam sweeping, and at the UE due to beam selection before paging acquisition
Observation 2: It is likely that typical idle UEs will camp on FR1 for coverage and power savings.
Observation 3: An idle UE could have lower RRC connection setup latency and lower power consumption by camping in RRC-INACTIVE. 
Observation 4: With RRM enhancement based on SFN synchronization signals, 
· UE energy consumption for RRM measurement could be upto 7 times lower than that for Rel-15 RRM measurement.
· Additional UE power savings could come from no cell reselection when UE moves across cells within an RNA.

Proposal 1: RAN1 considers RRM measurement based on SFN synchronization signals in RRC-INACTIVE.
Proposal 2: RAN1 considers SFN paging for enabling power savings at both NW and UE in RRC-INACTIVE.

For RRC-CONNECTED, we have made the following observations and proposals: 
Observation 5: 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 to minimize scheduling restriction and unnecessary UE power consumption.
· Multiple RRM measurement configurations (e.g., measurement duration, periodicity and measurement gap) can be configured
· A suitable measurement configuration can be dynamically indicated to UE. 

[bookmark: _Ref525745919]Appendix: 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 RAN-based notification (RNA). 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 RNAs and each RNA 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 1 provides some system-level simulation parameters while other parameters follow the guidances in [4][5]. 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 4 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 RNA. 
Figure 5 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 4: PDCCH coverage performance
[image: ]
[bookmark: _Ref525915318]Figure 5: CDF of Geometry in 3GPP Urban Micro (UMI) scenario

[bookmark: _Ref525731947]Table 1: 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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