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1 Introduction
RAN approved a new study item on network energy saving (NES) [1]. The SI aims to improve the operation of the cellular eco-system to enable more efficient adaptation of network transmissions and receptions resources in the time, frequency, spatial, and power domains, aided by UE feedback and assistance. This enables an eco-friendly UE operation that allows deployment of greener network deployments of reduced emissions and Opex costs associated with operating a cellular network. However, the impact on user performance and legacy UEs should be limited; KPIs such as spectral efficiency, capacity, user perceived throughput, latency, UE power consumption, handover performance, call drop rate, and initial access performance are taken into account. Network energy savings techniques to be studied should thus avoid having large impacts to such KPIs. 
The SID includes the following objective accordingly:

	3. Study and identify techniques on the gNB and UE side to improve network energy savings in terms of both BS transmission and reception, which may include:

· How to achieve more efficient operation dynamically and/or semi-statically and finer granularity adaptation of transmissions and/or receptions in one or more of network energy saving techniques in time, frequency, spatial, and power domains, with potential support/feedback from UE, and potential UE assistance information [RAN1, RAN2]

· Information exchange/coordination over network interfaces [RAN3]

Note: Other techniques are not precluded

Note 1: legacy UEs should be able to continue accessing a network implementing Rel-18 network energy savings techniques, with the possible exception of techniques developed specifically for greenfield deployments.



RAN1 had an initial discussion on NES techniques and made some agreements, summarized in Annex A. RAN2 had follow-up discussions initially in RAN2#119e, with agreements summarized in Annex B. NES techniques can be classified into time domain, frequency domain, power domain, spatial domain, and relevant UE assistance information. Since power and spatial domain techniques are of limited impact on R2, those are not discussed in the paper as those can be discussed later during the normative phase of the WI. Time domain NES aspects and UE assistance information for NES are discussed in our companion R2 contributions [2, 3].
This contribution provides a discussion on possible network energy saving techniques in the frequency domain and by using UE assistance information, with focus on higher layer impacts.
2 Connected mode
2.1 BWP Adaptation
One considerable source of energy consumption within a single carrier comes from operating multiple bandwidth parts within a carrier, as each BWP can come with its own set of periodic and common signals (e.g. SSBs, CSI-RSs, PRS, etc). Although each UE can only have one BWP, the gNB can have multiple BWPs active simultaneously. At low cell load conditions, it can be beneficial to save energy by have all remaining connected UEs in the cell on the same active BWP. Such BWP can be a cell-specific BWP common to all UEs in the cell, e.g. the initial BWP or a separate BWP configured for NES.

One can rely on the bwp-inactivity timer, but this would result in having UEs fallback to their default BWP -which can be different for different UEs- and UEs can also end up switching at different times, i.e. potentially a thus delaying the time a BWP can be deactivated and thus the start time of sleep at the gNB. Instead, UEs served by the same cell can switch BWPs simultaneously upon reception of a group common signalling indicating a BWP switch or an indication of sleep.
Proposal 1:
Study group common BWP fallback to a configured cell-specific NES bandwidth part.
2.2 Multi-carrier enhancements
Similar to BWPs, the gNB can achieve considerable energy savings from deactivating carriers (e.g. SCells, SUL or NUL) at low cell loads. SCells can also remain active but only used when needed for additional capacity, i.e. without transmitting recurrent signals such as SI, SSBs, paging, or CSI-RS. This enables a lean Scell operation without having to wake such cells periodically, especially when the load in the cell group is low.
Proposal 2: 
RAN2 to study Scell operation without recurring transmissions of SSB, SI, paging signals.
2.3 Mobility

Similar to BWPs, having UEs active on different primary carriers can result in additional energy consumption, as each cell can come with its own set of periodic and common signals. Therefore, having a common PCell for all UEs in the cell allows the gNB to operate other carriers as SCells without SSB or to simply deactivate them when not needed. 

It is therefore desirable to have the same PCell for all UEs in the cell. This can be achieved by signalling common indication to switch the PCell designation to a cell-group common carrier that can be preconfigured. Remaining active carriers can thus be SCells. Assuming cells are in the same cell group, the UE may assume security key configurations for the newly designated PCell from the previously configured SpCell configuration.

When the serving cell turns off, dormant or in deep sleep, remaining connected UEs can be offloaded and handed over to other neighbouring cells. The UE may need to know whether it needs to perform cell (re)selection when the serving cell’s PA is turned off or power reduced or the serving cell's resources are no longer available, and how to avoid premature mobility. Executing handover commands/RRC reconfiguration for each of the remaining UEs requires multiple signalling and can delay the time the gNB goes to sleep. Relying on group common signalling to perform handover can thus allow the network to go to sleep timely without delay.

Proposal 3: 
Support means for group mobility, including PCell designation switching, when a source cell turns off or enters an NES state.
The gNB can use conditional handover to reduce HO signalling load and have the UE trigger the mobility, i.e., by configuring some candidate cells to handover to once CHO conditions are met. However, relying on existing conditional handover conditions such as RSRP can be slow, as evaluating L3 measurements can take time to reflect a coverage loss, thus potentially causing an RLF condition to be triggered prior to the handover. This also delays the time the source cell can go to sleep, turn off, or reduce its coverage. Relying solely on RSRP CHO conditions can also result in many UEs suddenly migrating to the same cell upon deactivation of a cell, potentially creating strain on RACH resources at the target cell creating un-even cell loads. 
To avoid such limitations, a possible enhancement is to include reception of L1 signalling that the serving cell will be turned off as CHO trigger. Further, NES capable UEs should be able to handover to NES-capable cells, e.g., small cells, when they turn on. This allows the network to offload some UEs to capacity boosting cells, e.g., in a multi-carrier deployment, where the coverage cell can offload users to the small cells that had been turned off but now turning on.
Proposal 4:
Study CHO event triggers considering cell NES state changes of the source and target cells.

3 IDLE/Inactive mode

3.1 Cell selection and reselection

In the pre-meeting email discussion on NES solutions [4], cell selection and re-selection enhancements for NES were identified [4]. Specifically, there seems to be consensus among the companies that cells can be (de)prioritized for cell selection/re-selection depending on their NES state. If this is not done, situations could arise where several UEs that are camping on a cell that is in a deep/medium sleep mode may resume/establish a connection in that cell, forcing the network to change the NES state of that cell (e.g., to light sleep or even full power mode, depending on the number of such UEs and their traffic needs). This could happen even if there are neighbouring cells that are operating in full power mode that have very good radio conditions (e.g., just marginally lower radio signal than the concerned cell), as legacy cell selection and re-selection mandates the UE to camp on a suitable cell with the best radio signal level at the highest prioritized RAT and frequency. 
Observation 1: (de)-prioritizing cell selection or re-selection towards cells depending on their NES state can unnecessarily disrupt sleep cycles of NES cells when UEs establish/resume a connection. 
This can be accomplished by providing cell selection/re-selection offsets that are dependent on NES state of a given cell. The UE can be configured to apply a negative offset to the signal level of a cell when determining whether a cell is suitable for cell selection or not (i.e., in evaluating if the Srxlev and Squal of the cell are above 0, as defined in TS 38.304). Similarly, negative offset could be applied to the signal level of a cell that is in a deep sleep during cell ranking for cell re-selection (during the determination of Rn and Rs for cell ranking, as defined in TS 38.304).
Proposal 5:
A UE can be configured to apply a negative offset to the signal level measurement of a cell for cell (re)-selection suitability determination, depending on its NES state. How this offset is configured is FFS. 

3.2 Measurements during IDLE/INACTIVE for cell re-selection

Another aspect related to NES for IDLE/INACTIVE state is the performance of intra-frequency, inter-frequency and inter-RAT measurements by the UE. As stated in TS 38.304:

If the serving cell fulfils Srxlev > SIntraSearchP and Squal > SIntraSearchQ,  the UE may choose not to perform intra-frequency measurements;

-
Otherwise, the UE shall perform intra-frequency measurements.

If the serving cell fulfils Srxlev > SnonIntraSearchP and Squal > SnonIntraSearchQ, the UE may choose not to perform measurements of NR inter-frequency cells of equal or lower priority, or inter-RAT frequency cells of lower priority;

· Otherwise, the UE shall perform measurements of NR inter-frequency cells of equal or lower priority, or inter-RAT frequency cells of lower priority
If the NES state of a cell that the UE is camping on changes, even if the UE has been configured to de-prioritize cells depending on their NES states according to proposals 5, it is likely that the UE remains camping on that cell if Srxlev remains greater than SIntraSearchP and Squal remains greater than SIntraSearchQ. 
Observation 2: A UE may remain camping on a cell after the cell’s NES state changes (e.g., from full power mode to a deep sleep mode), as long as the signal level of the cell is high enough, as neighbour cell measurements may not be performed. 
Therefore, it is desirable to also change the criteria for triggering intra-frequency and inter-frequency/inter-RAT measurements, depending on the NES state of the serving cell.
Proposal 6:
A UE can be configured to apply negative offsets to the signal level measurement of the serving cell for determining to start intra-frequency or inter-frequency/inter-RAT neighbour cell measurements, depending on the NES state of the serving cell. How these offsets are configured is FFS. 

4 Conclusion
In this contribution, network energy saving techniques in the frequency domain is discussed, with focus on higher layer aspects. The following observations and proposals are provided:

Proposal 1:
Study group common BWP fallback to a configured cell-specific NES bandwidth part.
Proposal 2: 
RAN2 to study Scell operation without recurring transmissions of SSB, SI, paging signals.
Proposal 3: 
Support means for group mobility, including PCell designation switching, when a source cell turns off or enters an NES state.

Proposal 4:
Study CHO event triggers considering cell NES state changes of the source and target cells.

Observation 1: (de)-prioritizing cell selection or re-selection towards cells depending on their NES state can unnecessarily disrupt sleep cycles of NES cells when UEs establish/resume a connection. 

Proposal 5:
A UE can be configured to apply a negative offset to the signal level measurement of a cell for cell (re)-selection suitability determination, depending on its NES state. How this offset is configured is FFS. 

Observation 2: A UE may remain camping on a cell after the cell’s NES state changes (e.g., from full power mode to a deep sleep mode), as long as the signal level of the cell is high enough, as neighbour cell measurements may not be performed. 

Proposal 6:
A UE can be configured to apply negative offsets to the signal level measurement of the serving cell for determining to start intra-frequency or inter-frequency/inter-RAT neighbour cell measurements, depending on the NES state of the serving cell. How these offsets are configured is FFS. 
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Annex A: R1 agreements for NES techniques
Agreement
Further study techniques and enhancements for increasing time domain energy saving opportunities by the gNB, including (but not limited to) the following aspects:

a) potential methods of reducing/adapting transmission/reception of common channels/signals, e.g. SSB, SIB1, other SI, paging, PRACH, and its impact to initial access procedure, cell (re)selection, handover, synchronization and measurements performed by the idle/inactive/connected UE;

· potential methods of reducing transmission/reception of common channels/signals can include no- or reduced-transmission/reception, increased periodicity, enablement of on-demand transmission/reception of common channels/signals, or offloading of common channels/signals to other carriers or use of light or relaxed versions of common channels /signals

b) potential methods of reducing/adapting transmission/reception of periodic and semi-persistent signals and channels configuration such as CSI-RS, group-common/UE-specific PDCCH, SPS PDSCH, PUCCH carrying SR, PUCCH/PUSCH carrying CSI reports, PUCCH carrying HARQ-ACK for SPS, CG-PUSCH, SRS, positioning RS (PRS), etc.

c) semi-static and/or dynamic cell on/off in one or more granularity, e.g. /subframe/slot/symbol; some examples are:

· Cell/network node activation request by the UE, for example using signal/channel from UE for gNB’s wake-up request
· enhancements to L1/L2 based mobility to efficiently enable a network node (e.g. TRP, repeater) on/off operation within a cell (within network energy saving SI scope)

· signaling enhancements for indication of semi-static and/or dynamic cell/subframe/slot/symbol on/off duration

d) support of periodic and/or on-demand reference signal(s) from the gNB to aid discovery of a cell;

e) dynamic adaptation of UE C-DRX configurations in a UE-group or cell-specific manner

f) Mechanism to utilize potential energy saving states or sleep modes and the transition between states from leveraging cell on/off opportunities

· including studies of waking up gNB due to user traffic, or user density, or gNB receiving wake up signal
· including technique to allow discovery and measurement of cells in sleep or dormant states

g) UE assistant information facilitating BS time domain adaptation

Note: For all techniques above, study of time domain techniques is applicable for single component carrier and multi-component carrier cases. Use of UE grouping and its interaction with proposed techniques can be considered.

Agreement
Further study techniques and enhancements for frequency resource usage adaptation by the gNB, including (but not limited to) the following aspects:

1) For operations with single-carrier or within a single CC

a) Enhancements to dynamic bandwidth adaptation

· including adjustments to RBs and/or BWP used by (Rel-18) UEs for transmission and reception, reducing BWP switch delay, UE-group BWP switching, and joint adaptation of transmission bandwidth and power spectral density

b) supporting UE group-common BWP or cell-specific BWP or dedicated BWP for network energy savings, and related BWP switching mechanism

c) Enhancements for the case of frequent BWP switching such as resource configurations for SPS PDSCH and Type-2 CG PUSCH

2) For operation with multi-carrier

a) enablement of reducing/adapting common channels/signals for some CC in multi-carrier operations

· including enablement of SSB-less secondary cell operation for some CC in case of inter-band CA. For SSB-less cell operation enablement, study the conditions and restrictions required for the operation and the related procedures for idle/inactive/connected UEs including SCell activation procedure with potential RAN4 involvement

· including enablement of SIB-less operation for some CC in case of intra-band and inter-band CA.

· Reducing/adapting gNB’s transmission/reception of other common channels/signals (than SSB) and TRS for some CC in multi-carrier operations

b) enhancements on Scell activation and deactivation, enhancements on Scell dormancy and dynamic Pcell switching

· including triggering conditions and methods for signaling activation/deactivation

· including UE group common dynamic Pcell switching

Agreement
Further study techniques and enhancements for the adaptation of number of spatial elements of the gNB, including (but not limited to) the following aspects:

a) Note: spatial elements may include antenna element(s), TxRU(s) (with sub-array/full-connection), antenna panel(s), TRxP(s) (co-located or geographically separated from each other), logical antenna port(s) (corresponding to specific signals and channels)

b) impact to UE operations from dynamic adaptation of spatial elements, e.g. measurements, CSI feedback, power control, PUSCH/PDSCH repetition, SRS transmission, TCI configuration, beam management, beam failure recovery, radio link monitoring, cell (re)selection, handover, initial access, etc.,

c) feedback/assistance information from the UE required for support dynamic spatial element adaptation

· for example, CSI measurement and reports, SR, etc

d) signaling methods, including reduced signaling, for enabling dynamic spatial element adaptation
· for example, group-common L1 signaling, broadcast signaling, MAC CE, etc.

e) dynamic TRxP adaptation;

· study of triggering on/off conditions for TRxP(s)

· note this may not have specification impact and could potentially be up to network implementation.

· study of SSB, PL-RS, TRS, and CSI-RS re-configuration and its impact to initial access procedure, synchronization and measurements performed by the idle/inactive/connected UE

f) dynamic logical port adaptation and efficient port reconfigurations

· study details of signaling the port (e.g. NZP CSI-RS ports) (if required to be known by the UE)

· study dynamic adaptation (including activation/deactivation) of CSI measurement or report configuration for port adaptation  

g) Joint adaptation of spatial-domain, frequency-domain and/or power-domain configurations to avoid coverage loss

h) grouping of UEs to reduce transmission and reception footprint at the gNB; including but not limited to the following

· grouping of users in spatial domain

Agreement
Further study the necessity of RAN1 change for techniques and enhancements for adaptation of transmission power/processing and/or reception processing of signals/channels by the gNB, including (but not limited to) the following aspects:

a) dynamic adjustment of transmission power

· including which signals/channels the adaptation of transmission power should be applicable for. For example, dynamic DL power control for specific channel / reference signal, such as CSI-RS, adjustment of maximum PSD assigned to PRBs of PDSCH, etc.

· studying potential UE feedback/assistance information for adjustment of transmission power

· studying PA efficiency improvements to maintain transmission quality (e.g., EVM) when operating at higher efficiency, potentially with RAN4 involvement

· studying geographical area/user density to adjust the transmission power

b) adaptation of gNB transceiver algorithms and processes to improve power efficiency: 

· including techniques aided by UE, e.g., utilizing legacy or enhanced feedback mechanism;

· for example, adaptation of digital pre-distortion (DPD), use of digital post distortion (for improving power efficiency) by the UE, adaptation to transceiver filtering operation

· impact to UE implementation and power consumption should be considered

c) tone reservation techniques (to improve PAPR and power efficiency);

· It is noted that tone reservation techniques for UE will be studied in Rel-18 further NR coverage enhancement WI, as indicated in RP-213579

Agreement
Further study techniques and enhancements on assistance information from the UE to aid the gNB to perform energy saving techniques

· Some examples of assistance information are, but not limited to:
· preferred SSB configurations,

· indication of semi-static UL channel transmissions,

· indication of UE’s buffer status for UL channel transmissions, 

· UE traffic information such as service priority, delay tolerance, data rate, data volume, traffic type, time criticality, and packet size(s), 

· coverage, mobility status, location.

· conditions for triggering the assistance information from the UE

Annex B: R2 agreements for NES techniques
Solution groups:

1 Adaption of MIB/SSB/SIB 


-  partial/simplified SSB

2
Increase of SSB/SIB periodicity 

3
On demand SSB/SIB1 (FFS if there are enhancements for other SIBs)


- FFS for on-demand MIB

4
Receiving SSB/SIB on one carrier/cell and performing access to another carrier/cell 

5
Handover/Fast PCell change for NES


- CHO or new configuration


- group HO

6
Resource adaptation (frequency and time domain)


- Including PRACH, SRS, PUSCH, PUCCH resources and periodicities 


- cell DTX/DRX  


- measurement 


- reference signal type and configuration of reference signal pattern for connected mode


- BWP adaptation

7
Any Cell activation/re-activation or UE wake up request signal (connected/idle)

8
Paging enhancements (includes paging-less solutions)

9
Cell selection/reselection (ie. cell prioritization also including legacy UEs)

Things to study 
1 Study group configuration and signalling for transitions for different solutions


- pre-configuration and L1/L2 signaling to trigger change of configuration

2
Identify/capture RAN2 impact to legacy for the different solutions 

3
Awareness of the NES states at the UE side for the different solutions

4
Aim to minimize DL signalling for NES

5
Consider UE complexity and energy consumption

6
UE assistance information for the specific network energy technique, it’s benefits and impact to UE/NW 
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