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Introduction
Rel.18 network energy saving [1] were discussed in RAN1#109e and RAN1#110 meeting. The following agreements have been achieved and more detailed descriptions of the potential techniques are summarized in [2].

	Agreement
Further study techniques and enhancements for increasing time domain energy saving opportunities by the gNB, including (but not limited to) the following aspects:
· 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
· 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.
· 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
· support of periodic and/or on-demand reference signal(s) from the gNB to aid discovery of a cell;
· dynamic adaptation of UE C-DRX configurations in a UE-group or cell-specific manner
· 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
· 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:
· For operations with single-carrier or within a single CC
· 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
· supporting UE group-common BWP or cell-specific BWP or dedicated BWP for network energy savings, and related BWP switching mechanism
· Enhancements for the case of frequent BWP switching such as resource configurations for SPS PDSCH and Type-2 CG PUSCH
· For operation with multi-carrier
· 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
· 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:
· 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)
· 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.,
· feedback/assistance information from the UE required for support dynamic spatial element adaptation
· for example, CSI measurement and reports, SR, etc
· signaling methods, including reduced signaling, for enabling dynamic spatial element adaptation
for example, group-common L1 signaling, broadcast signaling, MAC CE, etc.
· 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
· 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  
· Joint adaptation of spatial-domain, frequency-domain and/or power-domain configurations to avoid coverage loss
· 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:
· 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
· 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
· 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



In this contribution, we present some further discussion on network energy saving techniques. In our companion contribution, we share our views on performance evaluation of network energy saving in [3] and our considerations from RAN2 perspective [4].

Discussion
[bookmark: _Ref228947482]Time and frequency domain network energy saving techniques
(1) Cell on/off 
General speaking, the power consumption of a base station can be divided into two parts: the power consumption during no-load period without data transmission or reception and the power consumption during data load period. To save energy consumption during no-load period, the base station can turn off the transmission related hardware components to let the cell go into off state for a certain of time. 
An issue to be considered for the cell in off state is how to handle connected UEs. If the base station decides to turn off a cell, it can handover UEs that use the cell as PCell to the neighbor cell(s). If the cell is used as SCell, SCell deactivation or SCell dormancy can be performed. These approaches are applicable to a cell in the off state with long duration, e.g., that lasts several seconds. When the cell turned off for several milli-seconds or dozens of micro-seconds (e.g., symbol/slot/subframe-level), however, it may lead to ping-pong handover for the PCell case or frequent activation/deactivation for the SCell case. Alternatively, the base station can keep the UEs connected with the cell. In this way, the ping-pong handover and frequent activation/deactivation can be avoided 
Observation 1. When a cell is turned off with short duration (e.g., symbol/slot/subframe-level), keeping UEs connected with the cell can avoid ping-pong handover and frequent activation/deactivation.
Normally, the base station needs to transmit common signals (e.g., SSB, SIB1) to help UEs to access and connect with a cell. Considering that common signals are related to cell detectability, a cell cannot be turned off for the symbols occupied by common signals. Under this circumstance, enlarging the transmission periodicity of common signals can extend the off duration to bring higher energy saving gain. However, it will increase the access delay accordingly. Besides, legacy NR devices doing initial cell search assume that the periodicity of SSB is 20 ms. Enlarging SSB transmission periodicity may hinder legacy UEs from accessing the cell. 
For connected UEs, aside from SSB, UE specific periodic CSI-RSs are transmitted as another reference signals for radio link monitoring (RLM) and radio resource management (RRM) measurements. To provide longer the cell off duration for higher energy saving effect, reducing the number of periodic CSI-RS transmission occasions can be considered.  In other words, the transmission occasions of periodic CSI-RS during cell off state are skipped. In this case, enhancements on RLM and RRM measurements should be considered for the absence of CSI-RS.
Proposal 1: During no-load period, base station can turn off the cell to save energy consumption and the following techniques can be considered to extend the cell off duration 
1. Enlarging common signal periodicity 
· The impact on initial access procedures for legacy UEs should be avoided
· FFS: How to avoid impact on initial access procedure for legacy UEs
2. Reducing transmission occasions of UE-specific periodic CSI RS 
· The impact to RLM and RRM measurement operation based on periodic CSI-RS should be addressed
· FFS: Enhancements on CSI-RS based RLM and RRM measurement operation 

(2) SSB-less cell operation
Regarding SSB-less operation, SSB-less secondary cell in case of intra-band CA has already been supported in Rel-15. Besides it was agreed in RAN1#109-e meeting to study the enablement of SSB-less secondary cell operation in inter-band CA scenario. 
For SSB-less operation, solutions should be studied for UE to discover the SSB-less cell and to obtain synchronization with the SSB-less cell. To obtain synchronization, UE can derive DL timing and frame number from other carriers, or UE can request for the on-demand SSB transmission by sending request signal to base station. To discover the SSB-less cell, one alternative is UE can detect discovery reference signal (DRS) transmitted on the SSB-less cell. The DRS can be the PSS/SSS or a newly designed signal. Another alternative is UE can discover the SSB-less cell based on reference signal and some indication for discovering the SSB-less cell which is transmitted on an anchor cell. Details on the two scenarios as well as the corresponding impact to UE can be found in our companion contribution [4].
Proposal 2. Study the following methods to aid discovery of SSB-less cells, 
· via DRS on SSB-less cells 
· via reference signal of another cell (e.g., an anchor cell)

(3) BWP adaptation
BWP adaptation can not only be considered as a frequency-domain method, but also can be extended to time, spatial and power domain. The energy saving techniques can be applied on a specific BWP. For example, an energy saving BWP is (pre-)configured with reduced transmission of common signal, reduced number of RBs, reduced spatial elements and reduced transmission. The UE can be informed to switch to the BWP when the serving cell enters energy saving state. Due to the significant increasement of signalling for all the UEs served by the cell entering energy saving state switching to the energy saving BWP, enhancement to present BWP adaptation mechanism is required. Details can be found in our companion contribution [4].
Proposal 3. Adopt BWP adaptation as a fast energy saving state switching approach.
· BWP adaptation can be utilized with frequency/time/spatial/power-domain energy saving techniques.
· FFS: Enhancement of the existing BWP switching mechanism.

Spatial domain and power domain
As agreed in RAN1#109e meeting, adaptation of spatial elements and adjustment of transmission power are considered as network energy saving techniques in spatial domain and power domain, respectively.
(1) Considerations on spatial elements adaptation
As for 5G network, the power consumption of AAU is the main source of energy consumption for gNB, which accounts for nearly 90% of total gNB energy consumption.
As shown in Figure 4, AAU is composed of clock module, baseband and digital Intermediate Frequency (IF) processing unit, RF transmitter module (TRX), PA module, filter and antenna. The power consumption of AAU is mainly distributed in the PA module, baseband and chips such as FPGA or transceiver unit (TRX), and the corresponding proportion is about 70% of PA, 10% of FPGA and 6% of TRX. 
Therefore, the PA module is the main source of gNB energy consumption, and energy saving techniques for PA modules are a major consideration.     
[image: ]
Figure 4. FR1 AAU composition block diagram

According to agreements about the adaptation of number of spatial elements in #109e-meeting, it was agreed to further study techniques and enhancements for the adaptation of number of spatial elements of the gNB for network energy saving. The explanation for the spatial elements is described below.
	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:
· 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)



The approaches of adapting spatial elements can be TxRU(s) adaption, logical antenna ports adaption or antenna elements adaption. TxRU(s) and PA are usually designed to correspond one to one, which means TxRU(s) reduction means PA shutdown. However, logical antenna port reduction or antenna element reduction would not directly result in PA shutdown. There may not be much effect of energy saving when the number of antenna elements and logical ports are reduced with the number of TxRU(s) unchanged. Therefore, TxRU(s) reduction can be considered as the most effective technique in spatial domain for network energy saving. 
Observation 2. TxRU(s) reduction can be considered as the most effective technique in spatial domain for network energy saving.
Furthermore, TxRU(s) reduction can be performed for both DL and UL transmission simultaneously and TxRU(s) reduction can also be performed only for UL or DL transmission, respectively. 
Proposal 4. TxRU(s) reduction can be performed for UL or DL transmission, respectively.
Figure 5 shows the power consumption and energy efficiency of dynamic TRX adaptation obtained by system-level simulation at 30% and 50% resource utilization rate (RUR) cases, respectively. The UPT performance is summarized in Table I. For TxRU adaptation, half of the TxRUs are turned off when all the data in the buffer is expected to be transmitted within 2 slots. The baseline is the case that TxRU reduction is not performed. As shown in Figure 5 and Table I, although there is some UPT loss with dynamic TRX adaptation comparing with the baseline, power consumption is reduced accordingly. Eventually, higher energy efficiency can be obtained..
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Figure 5. Simulation results in terms of energy consumption and energy efficiency with and without TxRU adaptation
Table I. UPT performance with and without TxRU adaptation
	
	30% RUR
	50% RUR

	
	Baseline
	Dynamic TxRU adaptation
	Baseline
	Dynamic TxRU adaptation

	5% UPT [Mbps]
	27.1
	27.5
	17.6
	17.6

	50% UPT [Mbps]
	55.2
	53.5
	42.3
	41.6

	Average UPT [Mbps]
	64.6
	63.1
	51.6
	50.7



(2) Impact of TxRU adaptation on CSI measurement and report
According to [2], TxRU adaptation can be categorized into two types. 
· [bookmark: _Hlk110596594]Type I: TxRU adaptation which leads to change of the CSI-RS antenna ports. If all the TxRUs associated to a CSI-RS port are turned off, the constructable number of CSI-RS ports is reduced. Then update on CSI-RS port is needed for CSI reporting. Currently, three types of CSI reporting are specified: periodic, semi-persistent and aperiodic. For periodic or semi-persistent CSI-RS reporting, updates on CSI-RS port can only be realized by RRC reconfiguration or MAC-CE activation / deactivation, which cannot cope with dynamic adaptation of TxRU. L1 signaling to update of CSI-RS resource configuration for periodic / semi-persistent CSI reporting can be considered. By aperiodic CSI reporting framework, it is possible for the base station to dynamically trigger suitable parameters among multiple configurations of CSI report. However, when TxRU adaptation is adopted, sometimes it is necessary to inform the update to all the UEs under the coverage of the base station.  In that case, the current aperiodic CSI reporting framework would introduce huge signaling overhead. Group-common signaling can be considered to address this issue.  
· Type II: TxRU adaptation with unchanged CSI-RS antenna ports. This is the case when the number of TxRU(s) is still larger than the number of CSI-RS ports after TxRU(s) reduction. Even though the number of CSI-RS port remains unchanged, re-mapping manner from logical antenna port to TxRU(s) on gNB side needs to be updated. Update of re-mapping manner may lead to change of RF channels experienced by CSI-RS, as well as PDSCH. It is necessary to inform UE(s) about this situation so that UE(s) can report the CSI measurements (e.g., PMI, RI, CQI) that can reflect up-to-date channel state. In other words, UE(s) can report CSI measurements only based on the CSI-RS after TxRU reduction. Similar with type I, group common signaling can be introduced from the perspective of signaling efficiency.
Proposal 5. To support dynamic TxRU adaptation, the following enhancements of CSI measurement / report can be considered.
· For type I TxRU adaptation, L1 signaling to update CSI-RS configuration for periodic / semi-persistent CSI reporting is required due to the dynamic change of the number of logical antenna ports.
· For type II TxRU adaptation, L1 signaling to inform UE to make measurement(s) and generate report(s) based on the CSI-RS transmitted after TxRU adaptation is needed if mapping between logical antenna port to gNB TxRU(s) is updated.
· Group-common signaling can be considered to avoid obvious increase of signaling overhead.

(3) Impact of TxRU adaptation and transmission power adjustment on RLM and RRM measurement
Another issue needs to be considered for TxRU reduction is that it may have impact on reference signal transmission (e.g., SSB, CSI-RS).  When TxRU(s) are reduced, corresponding PA(s) and antenna elements are turned off which may lead to transmission power reduction. 
In addition, although reducing the DL transmission power is an effective way for network energy saving, reference signal transmission may be affected by transmission power adjustment.
Normally, UEs measure L1-SINR/L1-RSRP of SSB and/or CSI-RS for beam management and RLM.  Besides they measure RSRP/RSRQ/SINR on configured resources of SSB and/or CSI-RS for RRM. If the transmission power of SSB or CSI-RS fluctuates dynamically due to dynamic TxRU adaptation and/or transmission power adjustment, it may affect UE’s measurement for beam management, RLM and RRM.  Detailed analysis about impacts on broadcast signals and reference signals is as follow.
· SSB: TxRU(s) reduction and transmission power reduction may lead to SSB transmission power backoff, thus the performance of SSB reception degrades. Consequently, UE will detect that it suffers from beam failure or radio link failure. In addition, SSB transmission power backoff can lead to a reduction in coverage, and some cell-edge UEs cannot successfully receive SSB, and handover may be triggered for the cell-edge UEs which is unexpected. Meanwhile, the RACH procedure maybe affected, as UEs may not be able to receive the proper SSB for RACH. Furthermore, cell discovery performance deteriorates and some UEs may not be able to access the cell. Considering the above impacts on SSB, TxRU reduction and power adjustment cannot be performed for SSB transmission. Alternatively, approaches for TxRU adaptation employment can be considered to guarantee SSB transmission. The purpose of the approaches is to keep the same SSB transmission power with and without TxRU(s) adaptation. Detailed are as follows.
· If only part of TxRU(s) are used for SSB transmission, it can be considered to keep TxRU(s) related to SSB transmission unchanged, i.e., and TxRU(s) reduction is only applied to TxRU(s) not related to SSB transmission.
· If all TxRU(s) are used for SSB transmission, it is proposed not to apply TxRU(s) reduction to SSB transmission time or increase the SSB transmission power by 3~6dB to compensate the power backoff when TxRU(s) reduction is applied to SSB transmission time.
· CSI-RS: TxRU(s) reduction and transmission power reduction may result in CSI-RS transmission power backoff. Eventually, it may lead to false alarm of beam failure and radio link failure, as well as unnecessary event-triggered measurement report, which increases the signaling overhead for UL reporting. Considering the flexibility of CSI-RS transmission, it is difficult to avoid TxRU adaptation operation on CSI-RS symbols. Thus, enhancement on RLM and RRM measurement based on CSI-RS should considered. For example, group-common signaling can be considered to inform UE about transmission power update, caused by TxRU adaptation or power adjustment.
Proposal 6. For TxRU adaptation and power adjustment, RAN1 should focus on the techniques that has no impact on SSB transmission.
Proposal 7. Enhancement(s) on RLM and RRM measurement operation is necessary considering the potential transmission power fluctuation of CSI-RS caused by TxRU adaptation and power adjustment.

Conclusions
In this contribution, we discussed the possible network power saving methods and the corresponding enhancements that should be considered. The following observations and proposals were provided.
Observation 1. When a cell is turned off with short duration (e.g., symbol/slot/subframe-level), keeping UEs connected with the cell can avoid ping-pong handover and frequent activation/deactivation.
Proposal 1: During no-load period, base station can turn off the cell to save energy consumption and the following techniques can be considered to extend the cell off duration 
1. Enlarging common signal periodicity 
· The impact on initial access procedures for legacy UEs should be avoided
· FFS: How to avoid impact on initial access procedure for legacy UEs
2. Reducing transmission occasions of UE-specific periodic CSI RS 
· The impact to RLM and RRM measurement operation based on periodic CSI-RS should be addressed
· FFS: Enhancements on CSI-RS based RLM and RRM measurement operation 
Proposal 2. Study the following methods to aid discovery of SSB-less cells, 
· via DRS on SSB-less cells 
· via reference signal of another cell (e.g., an anchor cell)
Proposal 3. Adopt BWP adaptation as a fast energy saving state switching approach.
· BWP adaptation can be utilized with frequency/time/spatial/power-domain energy saving techniques.
· FFS: Enhancement of the existing BWP switching mechanism.
Observation 2. TxRU(s) reduction can be considered as the most effective technique in spatial domain for network energy saving.
Proposal 4. TxRU(s) reduction can be performed for UL or DL transmission, respectively.
Proposal 5. To support dynamic TxRU adaptation, the following enhancements of CSI measurement / report can be considered.
· For type I TxRU adaptation, L1 signaling to update CSI-RS configuration for periodic / semi-persistent CSI reporting is required due to the dynamic change of the number of logical antenna ports.
· For type II TxRU adaptation, L1 signaling to inform UE to make measurement(s) and generate report(s) based on the CSI-RS transmitted after TxRU adaptation is needed if mapping between logical antenna port to gNB TxRU(s) is updated.
· Group-common signaling can be considered to avoid obvious increase of signaling overhead.
Proposal 6. For TxRU adaptation and power adjustment, RAN1 should focus on the techniques that has no impact on SSB transmission.
Proposal 7. Enhancement(s) on RLM and RRM measurement operation is necessary considering the potential transmission power fluctuation of CSI-RS caused by TxRU adaptation and power adjustment.
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Annex
Simulation assumptions
	Parameter
	Value
	

	Cell Layout
	5GCM Uma (ISD=500m)

	Carrier frequency
	2.0 GHz

	System bandwidth
	20MHz (106RB)

	Subcarrier spacing
	15kHz

	Antenna array configuration
	Cell: (M, N, P, M_g, N_g)=(4, 4, 2, 1, 1)
User:(M, N, P, M_g, N_g)=(1, 1, 2, 1, 1)

	Antenna spacing
	(dH, dV) = (0.5, 0.8)

	Transmission power
	49dBm

	Traffic model
	FTP model 3
[bookmark: _Hlk102126309]Low load:  λ=2.9, S=0.1MB (RUR<30%)
Medium load: λ=4, S=0.1MB (RUR<50%)

	Scheduler
	Proportional Fairness

	Number of layers
	Rank adaptation (Max rank =2)

	UE dropping
	10UE/cell, 80% indoor, 20% outdoor

	Modulation
	Up to 256 QAM

	BF mode
	DBF

	Codebook
	Type I codebook

	CSI feedback
	PMI, CQI, RI: every 1 slot

	Delay of TRX adaptation 
	1 slot
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