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Introduction
[bookmark: _Hlk53783455]During RAN1#110 meeting, RAN1 prepared draft texts describing potential network energy saving techniques for further discussions [1], [2]. In this contribution, we discuss further details of network energy saving techniques for New Radio (NR). 
Time-domain adaptation 
3GPP New Radio (NR) features a configurable synchronization signal and broadcast channel (i.e. SS/PBCH block (SSB)) periodicity ranging from 5ms to 160ms and on-demand system information (SI) delivery, which make NR more energy efficient compared to LTE in terms of required energy per bit. However, densely deployed network nodes and relatively high power consumption per node from massive MIMO and/or high frequency band operations would lead to overall increased power consumption by 5G infrastructure. For example, gNB may transmit the maximum 64 SSBs and the maximum 64 corresponding copies of PDCCH/PDSCH for SIB1 delivery in every 20ms in FR2. Thus, enhancements may be necessary to provide greater flexibility and efficiency in terms of turning on and off a network node, e.g. partially turning off for a particular spatial coverage based on traffic loads and user distributions.
SSB subset-specific periodicity
When a cell is in a cell inactive state, where the cell only transmits SSBs and minimum system information (e.g. SIB1 or simplified SIB1) without user data transmission, the cell may transmit SSBs of different SSB indices within a half frame with different periodicities in order to reduce a transmitter ON duration. In response to gNB’s determining that there is no or few RRC connected UEs served by a subset of SSBs (i.e. a subset of downlink (DL) Tx beams) and/or there are very few UEs in locations related to the subset of SSBs in a cell, the gNB can configure a longer periodicity (e.g. 320ms) for the subset of SSBs. Figure 1 shows that the first 4 SSBs of a SSB burst are transmitted with 160ms periodicity, and the last 4 SSBs of the SSB burst are transmitted with 320ms periodicity. 

[bookmark: _Ref110775062]Figure 1 Exemplary SSB burst transmission with SSB subset-specific periodicity. 
In Table 1, reduction of SSB transmission time is evaluated for various combinations of SSB subset-specific periodicities and SSB subsets, in comparison with a baseline assumption of 20ms periodicity for all SSBs within a SSB burst. 
[bookmark: _Ref110775247]Table 1 Reduction of SSB transmission time with SSB subset-specific periodicities 
	SSB periodicities for SSB subgroups
	Reduction of SSB transmission time for equal subgroup ratio
	Reduction of SSB transmission time for unequal subgroup ratio

	[160, 320] ms 1
	25% for [1:1] ratio
	38% for [1:3] ratio

	[40, 80, 160, 320] ms 2
	53% for [1:1:1:1] ratio
	61% for [1:3:1:3] ratio

	Note1: The baseline for comparison is 160ms periodicity for all SSBs within 5ms window.
Note2: The baseline for comparison is 40ms periodicity for all SSBs within 5ms window.



When gNB transmits SSBs of different SSB indices with different SSB periodicities, gNB may indicate the shortest periodicity among the different SSB periodicities in the parameter ssb-PeriodicityServingCell for legacy UEs. For a SSB that is transmitted with a longer periodicity than the periodicity provided by ssb-PeriodicityServingCell, the legacy UE may assume that the SSB is present even though the SSB was not transmitted by the network entity. It is expected that a RSRP measurement value for the corresponding SSB reflects the mismatched UE assumption (e.g. a very low RSRP value due to absence of SSB), and eventually the legacy UE would select another SSB which is transmitted with a shorter SSB periodicity or better matched to the UE assumption of SSB transmission pattern. 
Observation 1: SSB periodicity configuration per SSB subset can reduce SSB transmission time substantially (e.g. 20~50% reduction). When a cell is in a cell inactive state only transmitting SSBs and minimum system information, SSB transmission with subset-specific SSB periodicity can achieve 20~50% network energy saving gains. 
[bookmark: _Hlk115033903]Observation 2: Even though there is a mismatch between an actual SSB transmission periodicity and legacy UE’s assumption, legacy UEs would not select a SSB not being transmitted based on measurement. Thus, impact on the legacy UEs is expected to be minimal. 
Proposal 1: Support SSB transmission with multiple SSB periodicities for multiple SSB subsets, each SSB periodicity applicable to each SSB subset. 
Dynamic indication of transmitted SSBs in a SSB burst
When a cell is in a cell active state transmitting SSBs, system information, paging, TRS/CSI-RS, and user data, for network energy savings, gNB can flexibly change a set of actually transmitted SSBs out of a set of predefined SSB candidate positions based on UEs’ spatial distribution (e.g., for RRC connected mode UEs) and predicted (or estimated) UE locations (e.g., knowledge of UE spatial distribution for different times of a day). For efficient beamforming and communications, gNB may estimate current UE locations using 3GPP/non-3GPP positioning technologies, 3GPP CSI reporting (e.g. L1-RSRP, L1-SINR reporting) and/or mobility measurement reporting, and various sensors, e.g. radar and camera, and/or may predict future UE locations based on estimated UEs’ movement trajectories/directions and speeds. This information can be further used to adjust a SSB transmission pattern within a half frame accordingly for network energy savings.
In NR, information corresponding to time domain positions of transmitted SSBs in an SSB burst of a cell, provided by ssb-PositionsInBurst, is signaled in SIB1 (by ServingCellConfigCommonSIB) or in a dedicated RRC message (by ServingCellConfigCommon). When gNB changes the time domain position of transmitted SSBs (e.g. by turning off a first set of SSBs and turning on a second set of SSBs) in the SSB burst or changes the SSB periodicity(s), gNB updates SIB1 and indicates system information modification via a Short Message in paging DCI. Upon detecting a paging DCI indicating the system information modification, a UE re-acquires SIB1 and accordingly, can obtain the updated time domain SSB position and/or SSB periodicity(s) information. 
For Rel-18 NR, it may be beneficial that UE receives information corresponding to time domain positions of transmitted SSBs in an SSB burst from DCI. That is, SSBs semi-statically indicated by ssb-PositionsInBurst as being transmitted can be further dynamically indicated as being omitted or being added back as frequently as in every 160ms for network power savings. For example, ssb-PositionsInBurstForDCI bit field can be configured in paging DCI (i.e. DCI format 1_0 with CRC scrambled by P-RNTI), as follows:
-	SSB positions in burst for DCI – 4 bits if ssb-PositionsInBurstForDCI is configured; 0 bit otherwise. Each bit indicates presence of a group of (Lmax/4) SSB(s), where Lmax is 4, 8, or 64. If ssb-PositionsInBurstForDCI bit field is configured, UE does not expect to be configured with the field of 'TRS availability indication'.
In NR, if multiple SSBs are transmitted in a SSB burst, PDCCH and PDSCH related to paging and system information delivery are also repeated with multiple beams. Thus, when SSBs are dynamically omitted and added back as frequently as in every 160ms, corresponding paging PDCCH/PDSCH and SI PDCCH/PDSCH can also be dynamically omitted and added back accordingly. That is, Rel-18 UE may assume that paging PDCCH/PDSCH and SI PDCCH/PDSCH quasi-co-located with a SSB with index i are not transmitted by gNB, if the UE receives a dynamic indication of time domain positions of transmitted SSBs within a SSB burst indicating that the SSB with index i is not transmitted for an associated indication validity duration. 
Observation 3: Dynamic indication of transmitted SSBs in a SSB burst allows dynamic omission of SSBs and corresponding paging PDCCH/PDSCH and SI PDCCH/PDSCH for a certain duration. 
Proposal 2: Support dynamic indication of transmitted SSBs in a SSB burst to enable gNB to dynamically omit and add back SSBs that are semi-statically indicated as being transmitted, as frequently as in every 160ms, for network power savings. 
Proposal 3: Include the following texts in TR38.864:
· Technique #A-1 Adaptation of common signals and channels
· When a cell is in a cell inactive state, where the cell transmits only SSBs and minimum system information (e.g. simplified SIB1), the cell can be configured with multiple SSB subsets and corresponding multiple SSB periodicities, i.e. each SSB subset (i.e. SSBs with a subset of SSB indices) associated with one SSB periodicity. 
· When a cell is in a cell active state, where the cell transmits SSBs, system information, paging, TRS/CSI-RS, and user data, the cell can dynamically omit and add back SSBs that are semi-statically indicated as being transmitted, as frequently as in every 160ms.
· Analysis for technique #A-1
· When a cell is in a cell inactive state only transmitting SSBs and minimum system information, SSB transmission with subset-specific SSB periodicity can achieve 20~50% network energy saving gains. 
· When multiple SSB-subset specific periodicities are configured in a cell, legacy UEs assuming one SSB periodicity would not select a SSB not being transmitted based on measurement. Thus, impact on the legacy UEs is expected to be minimal. 
· When SSBs are dynamically omitted and added back as frequently as in every 160ms, corresponding paging PDCCH/PDSCH and SI PDCCH/PDSCH can also be dynamically omitted and added back accordingly.
· Spec impact for technique #A-1
· Configuration of SSB subsets and corresponding subset-specific SSB periodicities
· Dynamic indication of time domain positions of transmitted SSBs in a SSB burst
Frequency domain adaptation
Flexible carrier bandwidth 
An operating radio frequency (RF) bandwidth of gNB is expected to make a substantial impact on gNB energy consumption. Hence, reduction of the operating RF bandwidth of the gNB for light traffic loads could provide energy saving gains.  

[bookmark: _Hlk505670522]To enable adaptation of gNB’s operating bandwidth, a cell-specific resource grid can be adapted and indicated via common control signalling. In New Radio (NR), for each numerology and carrier, a resource grid of  subcarriers and  OFDM symbols is defined, starting at common resource block , where the carrier bandwidth  for subcarrier spacing configuration  is given by the higher-layer parameter carrierBandwidth and the starting position  for subcarrier spacing configuration  is given by the higher-layer parameter offsetToCarrier in the SCS-SpecificCarrier information element (IE) of SIB1. For resource grid adaptation in Rel-18 NR, a cell may be configured with multiple resource grids for given subcarrier spacing configuration and transmission direction. Further, an active resource grid (including information of an active carrier bandwidth) from the configured multiple resource grids can be dynamically indicated for the given subcarrier spacing configuration and transmission direction.  
Figure 2 illustrates multiple carrier configurations of different bandwidths for a given SCS in a cell. Depending on traffic loads in the cell, gNB can change an active carrier bandwidth dynamically and indicate to a UE the active carrier bandwidth. 

[bookmark: _Ref91595692][bookmark: _Ref91595675]Figure 2 Exemplary multiple carrier configurations for a given SCS.
Alternatively, gNB’s operating bandwidth change can be indirectly indicated to a UE based on UE-specific bandwidth part (BWP) configuration. For example, a BWP configuration for a UE can include multiple bandwidth configurations, as shown in Figure 3. Depending on traffic loads in a cell, gNB can change an active carrier bandwidth dynamically. Further, gNB informs the UE operating in the BWP affected by the change of the active carrier bandwidth of a change of an active bandwidth of the BWP via dedicated signaling, e.g. PDCCH in a UE-specific search space. 
As for bandwidth adaptation within a BWP, a UE may not have to retune its local oscillator (LO) but can continue operating with the maximum bandwidth of the BWP without using resources outside an active bandwidth of the BWP. Thus, the UE can perform fast adaptation of UE’s active bandwidth in response to carrier bandwidth adaptation. Further, the UE does not have to update gNB with new transmitter (Tx) direct current (DC) locations.  

[bookmark: _Ref110541504]Figure 3 Exemplary multiple bandwidth configurations for a given BWP.
Proposal 4: To support carrier bandwidth adaptation, study mechanisms for cell-specific resource grid bandwidth adaptation and UE-specific bandwidth adaptation within an active BWP.
Proposal 5: Include the following texts in TR38.864:
· Technique #B-3: Dynamic bandwidth adaptation within a BWP and/or dynamic bandwidth adaptation of a resource grid of a cell 
· Network dynamically changes an active bandwidth of a BWP, and UE does not use resources outside the active bandwidth of the BWP.
· Network dynamically changes an active bandwidth of a resource grid, and UE does not use resources outside the active bandwidth of the resource grid.   
· Analysis for technique #B-3:
· For dynamic bandwidth adaptation within a BWP, a UE can perform fast bandwidth adaptation by operating with the maximum bandwidth of the BWP without using resources outside an active bandwidth of the BWP.
· Spec impact for technique #B-3:
· Configuration of multiple bandwidths for a BWP and dynamic indication of an active bandwidth of the BWP
· Configuration of multiple bandwidths for a resource grid and dynamic indication of an active bandwidth of the resource grid 
Enhanced SCell activation and deactivation
According to the current 3GPP NR specification, UE activates or deactivates SCell(s) based on a SCell activation/deactivation MAC CE transmitted by gNB. Network-initiated SCell activation/deactivation may often cause longer delay in responding to changes in radio link conditions and/or changes in UE traffics.  
To accommodate prompt SCell activation/deactivation in response to changes in radio and/or traffic conditions, UE can be configured to transmit a cell activation request or UE assistance information on a dedicated time-frequency resource or on legacy channels/signals (e.g., PRACH, SRS). Based on the cell activation request or the UE assistance information, the network can determine activation or deactivation state of a cell. The cell activation request signaling can be designed to function as a cell wake-up signal carrying a wake-up Scell index.  
After transmission of the cell activation request, UE may be expected to receive a L1 indicator indicating activation of a Scell or activation/deactivation states of the Scell from the network. Furthermore, SCell activation delay may also be reduced in Rel-18 NR.  With cell activation request and dynamic indicator, the network can manage activation/deactivation of SCells more efficiently and save the energy.
Proposal 6: For efficient SCell activation/deactivation management, cell activation request from UE and/or L1-based SCell activation/deactivation can be considered. 
Proposal 7: Include the following texts in TR38.864:
· Technique #B-1: Multi-carrier energy savings enhancements 
· UE sends a SCell activation request and monitors L1 indication for SCell activation/deactivation.
· Analysis for technique #B-1:
· UE request and L1 signaling enables fast SCell activation and deactivation. 
· Spec impact for technique #B-1:
· Support of signal/channels for UE request and L1 indication
Spatial domain adaptation
For gNB operating with multiple antenna panels or multiple transmission and reception points (TRPs), it may be desirable to dynamically turn on/off a certain antenna panel or TRP (or dynamically switch a state of an antenna panel or TRP between in an active state and in an inactive state) based on traffic conditions to reduce energy consumption. In order to support such features without impacting on user throughputs or other performances (e.g. latency), gNB should be able to properly select an active antenna panel or TRP at a given time. In order to assist gNB in properly selecting its active antenna panel(s) or TRP(s) at a given time, a UE can report one or multiple candidate beams for each antenna panel or TRP, respectively, in a single CSI report.      
In Rel-17 NR, when the higher layer parameter groupBasedBeamReporting-r17 in CSI-ReportConfig is configured, a UE reports a configured number of groups of two CRIs or SSBRIs selecting one CSI-RS or SSB from each of two CSI Resource Sets for a report setting, where CSI-RS and/or SSB resources of each group can be received simultaneously by the UE. However, a UE cannot report the best N beams for each TRP/antenna panel independently.
Observation 4: In Rel-17 NR, when two CSI resource sets are configured in a CSI report setting for Rel-17 group based beam reporting, UE cannot report the best N beams for each TRP/antenna panel independently.
For Rel-18 NR, it would be beneficial that a UE can report the best N number of beams independently for each TRP (or gNB antenna panel) with or without group reporting in each report setting when multiple CSI resource sets corresponding to multiple TRPs/antenna panels are configured in each report setting. This enhanced beam reporting allows gNB to dynamically switch between single TRP/antenna panel transmission and multi-TRP/antenna panel transmission and to properly select its active antenna panel(s) or TRP(s) at a given time. It is desired that the enhanced beam reporting maintains same or similar configuration signaling overhead and measurement time compared to Rel-17 group based beam reporting.   
[bookmark: _Hlk114938235]Proposal 8: Support enhanced beam reporting, which allows a UE to report the best N beams for each TRP/antenna panel independently in one CSI report, for network energy savings.
Proposal 9: Include the following texts in TR38.864:
· Technique #C-2:  Dynamic adaptation of TRPs in mTRP
· gNB can dynamically turn on/off a particular TRP based on enhanced beam reporting.
· Analysis for technique #C-2:
·  It is desired that enhanced beam reporting maintains same or similar configuration signaling overhead and measurement time compared to Rel-17 group based beam reporting.
· Spec impact for technique #C-2:
· Support of UE reporting the best N beams for each TRP independently in one CSI report.
Power domain adaptation
Multiple low-transmit-power network nodes such as multiple TRPs and/or smart repeaters deployed within a cell may be beneficial, e.g., to overcome channel blockage in high frequency bands, can increase spectral efficiency based on spectral reuse, and allow UEs to perform layer-1 (L1) and/or layer-2 (L2) based mobility instead of layer-3 (L3) based mobility (i.e. a serving cell change). Both a smart repeater and a remote TRP can create additional spatial coverage potentially different from a base station by employing a set of beams different from a set of beams that the base station uses. 
[bookmark: _Hlk110882403]In NR, a cell can have only one SSB burst pattern, and all SSBs in a SSB burst have the same Tx power. If a cell can be configured with multiple SSB burst configurations, where each SSB burst configuration corresponding to a virtual small cell within a wide-area cell has separately configured SSB positions in burst and SSB transmit power, SSB transmit power of some network nodes within the cell can be reduced, which can lead to network energy saving.
Proposal 10: Consider supporting multiple SSB burst configurations in a cell, where each SSB burst configuration corresponding to one network node within the cell includes separately configured SSB positions in burst and SSB transmit power. 
Proposal 11: Include the following texts in TR38.864
· Technique #D-1:  Adaptation of transmission power of signals and channels
· Different network nodes within a cell transmit different sets of SSBs with different SSB transmission power. 
· Analysis for technique #D-1:
· Some network nodes within a cell reduce SSB transmission power (including turning off) for energy saving.
· Spec impact for technique #D-1:
· Support  of multiple SSB burst configurations in a cell to allow each network node within a cell to set SSB transmission power separately.
Conclusion
In summary, we provide the following observations and proposals for potential enhancements for network energy savings in Rel-18 NR:
Observation 1: SSB periodicity configuration per SSB subset can reduce SSB transmission time substantially (e.g. 20~50% reduction). When a cell is in a cell inactive state only transmitting SSBs and minimum system information, SSB transmission with subset-specific SSB periodicity can achieve 20~50% network energy saving gains. 
Observation 2: Even though there is a mismatch between an actual SSB transmission periodicity and legacy UE’s assumption, legacy UEs would not select a SSB not being transmitted based on measurement. Thus, impact on the legacy UEs is expected to be minimal. 
Proposal 1: Support SSB transmission with multiple SSB periodicities for multiple SSB subsets, each SSB periodicity applicable to each SSB subset. 
Observation 3: Dynamic indication of transmitted SSBs in a SSB burst allows dynamic omission of SSBs and corresponding paging PDCCH/PDSCH and SI PDCCH/PDSCH for a certain duration. 
Proposal 2: Support dynamic indication of transmitted SSBs in a SSB burst to enable gNB to dynamically omit and add back SSBs that are semi-statically indicated as being transmitted, as frequently as in every 160ms, for network power savings. 
Proposal 3: Include the following texts in TR38.864:
· Technique #A-1 Adaptation of common signals and channels
· When a cell is in a cell inactive state, where the cell transmits only SSBs and minimum system information (e.g. simplified SIB1), the cell can be configured with multiple SSB subsets and corresponding multiple SSB periodicities, i.e. each SSB subset (i.e. SSBs with a subset of SSB indices) associated with one SSB periodicity. 
· When a cell is in a cell active state, where the cell transmits SSBs, system information, paging, TRS/CSI-RS, and user data, the cell can dynamically omit and add back SSBs that are semi-statically indicated as being transmitted, as frequently as in every 160ms.
· Analysis for technique #A-1
· When a cell is in a cell inactive state only transmitting SSBs and minimum system information, SSB transmission with subset-specific SSB periodicity can achieve 20~50% network energy saving gains. 
· When multiple SSB-subset specific periodicities are configured in a cell, legacy UEs assuming one SSB periodicity would not select a SSB not being transmitted based on measurement. Thus, impact on the legacy UEs is expected to be minimal. 
· When SSBs are dynamically omitted and added back as frequently as in every 160ms, corresponding paging PDCCH/PDSCH and SI PDCCH/PDSCH can also be dynamically omitted and added back accordingly.
· Spec impact for technique #A-1
· Configuration of SSB subsets and corresponding subset-specific SSB periodicities
· Dynamic indication of time domain positions of transmitted SSBs in a SSB burst
Proposal 4: To support carrier bandwidth adaptation, study mechanisms for cell-specific resource grid bandwidth adaptation and UE-specific bandwidth adaptation within an active BWP.
Proposal 5: Include the following texts in TR38.864:
· Technique #B-3: Dynamic bandwidth adaptation within a BWP and/or dynamic bandwidth adaptation of a resource grid of a cell 
· Network dynamically changes an active bandwidth of a BWP, and UE does not use resources outside the active bandwidth of the BWP.
· Network dynamically changes an active bandwidth of a resource grid, and UE does not use resources outside the active bandwidth of the resource grid.   
· Analysis for technique #B-3:
· For dynamic bandwidth adaptation within a BWP, a UE can perform fast bandwidth adaptation by operating with the maximum bandwidth of the BWP without using resources outside an active bandwidth of the BWP.
· Spec impact for technique #B-3:
· Configuration of multiple bandwidths for a BWP and dynamic indication of an active bandwidth of the BWP
· Configuration of multiple bandwidths for a resource grid and dynamic indication of an active bandwidth of the resource grid 
Proposal 6: For efficient SCell activation/deactivation management, cell activation request from UE and/or L1-based SCell activation/deactivation can be considered. 
Proposal 7: Include the following texts in TR38.864:
· Technique #B-1: Multi-carrier energy savings enhancements 
· UE sends a SCell activation request and monitors L1 indication for SCell activation/deactivation.
· Analysis for technique #B-1:
· UE request and L1 signaling enables fast SCell activation and deactivation. 
· Spec impact for technique #B-1:
· Support of signal/channels for UE request and L1 indication
Proposal 8: Support enhanced beam reporting, which allows a UE to report the best N beams for each TRP/antenna panel independently in one CSI report, for network energy savings.
Proposal 9: Include the following texts in TR38.864:
· Technique #C-2:  Dynamic adaptation of TRPs in mTRP
· gNB can dynamically turn on/off a particular TRP based on enhanced beam reporting.
· Analysis for technique #C-2:
·  It is desired that enhanced beam reporting maintains same or similar configuration signaling overhead and measurement time compared to Rel-17 group based beam reporting.
· Spec impact for technique #C-2:
· Support of UE reporting the best N beams for each TRP independently in one CSI report.
Proposal 10: Consider supporting multiple SSB burst configurations in a cell, where each SSB burst configuration corresponding to one network node within the cell includes separately configured SSB positions in burst and SSB transmit power. 
Proposal 11: Include the following texts in TR38.864
· Technique #D-1:  Adaptation of transmission power of signals and channels
· Different network nodes within a cell transmit different sets of SSBs with different SSB transmission power. 
· Analysis for technique #D-1:
· Some network nodes within a cell reduce SSB transmission power (including turning off) for energy saving.
· Spec impact for technique #D-1:
· Support  of multiple SSB burst configurations in a cell to allow each network node within a cell to set SSB transmission power separately.
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