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Introduction
In RAN#98e, it was agreed to start a Rel 18 WI on network energy savings, with the following objectives: 
1. Specify SSB-less SCell operation for inter-band CA for FR1 and co-located cells, if found feasible by RAN4 study, where a UE measures SSB transmitted on PCell or another SCell for an SCell’s time/frequency synchronization (including downlink AGC), and L1/L3 measurements, including potential enhancement on SCell activation procedures if necessary [RAN4, RAN2]

2. Specify enhancement on cell DTX/DRX mechanism including the alignment of cell DTX/DRX and UE DRX in RRC_CONNECTED mode, and inter-node information exchange on cell DTX/DRX [RAN2, RAN1, RAN3]
· Note: No change for SSB transmission due to cell DTX/DRX.
· Note: The impact to IDLE/INACTIVE UEs due to the above enhancement should be avoided.
3. Specify the following techniques in spatial and power domains
· Specify necessary enhancements on CSI and beam management related procedures including measurement and report, and signaling to enable efficient adaptation of spatial elements (e.g. antenna ports, active transceiver chains) [RAN1, RAN2]
· Specify necessary enhancements on CSI related procedures including measurement and report, and signaling to enable efficient adaptation of power offset values between PDSCH and CSI-RS [RAN1, RAN2]
· Note: Above objectives are only for UE specific channels/signals
· Note: Legacy UE CSI/CSI-RS capabilities applies when considering total number of CSI reports and requirements

4. Specify mechanism(s) to prevent legacy UEs camping on cells adopting the Rel-18 NES techniques, if necessary [RAN2] 

5. Specify CHO procedure enhancement(s) in case source/target cell is in NES mode [RAN2]

6. Specify inter-node beam activation and enhancements on restricting paging in a limited area [RAN3].

7. Specify the corresponding RRM/RF core requirements, if necessary, for the above features [RAN4]


In this paper, we provide input for the third objective, i.e., potential techniques on gNB and UE side in spatial and power domains which can improve network energy savings, with the emphasis that the underlying techniques should prioritize No-, Low- and Medium-load scenarios.

Discussion

Spatial domain energy saving enhancements

gNBs with active antenna systems generally employ many antenna elements arranged in subarrays as exemplified below: 


Figure 1: Exemplary antenna arrangement of a gNB with an active antenna system including subarrays of four antenna elements with two polarizations.
Each subarray is typically connected to two transceiver chains, one per polarization.


Figure 2: A typical setup where each polarization of the subarray is connected to a separate Rx/Tx chain.
It is quite common that such gNBs are equipped with 64 and above such Rx/Tx chains, and more are foreseen in the future, especially at higher frequencies. The energy consumed by the multitude of these transceiver chains stands for a major part of total consumed network energy. 
[bookmark: _Toc127536990]A need for increasing number of transceiver chains is foreseen in gNBs in the future, especially at higher frequencies.
For CSI feedback, this also results in a higher number of reference signal transmissions such as CSI-RSs which in turn, due to excessive number of radio wakeups, is quite energy consuming. 
[bookmark: _Toc127536991]For efficient CSI feedback, increased number of transceiver chains results in a higher number of energy consuming components and reference signal transmissions.
Not all UEs in connected mode benefit from all these transmissions and activated transceiver-related circuits, e.g., when the UEs are close enough to the gNB, or when the load is low or medium and thus the capacity which is provided by the higher number of antennas is underutilized. Savings can be achieved by muting a portion of the transceivers whereby the involved circuitry is turned off. Which portion that is muted depends on different deployments, loads, and UE coverage scenarios and therefore it is necessary for the gNB to dynamically adapt the muting pattern.



[bookmark: _Ref114841321]Figure 3: Different transceiver muting patterns depending on deployment, load, and coverage of UEs.
There is a tradeoff between energy saving gains and UE performance loss. To avoid recurrent reconfigurations and excessive UE performance loss caused by transceiver muting, it is necessary for the gNB to acquire knowledge of what performance the different muting patterns would result in prior to the actual transceiver muting decision. This requires that the UE can report not only CSI for current transceiver configuration, e.g., 32 chains, but also CSI for other candidate configuration(s), e.g., 16, 8, or 4. 
[bookmark: _Toc127461249][bookmark: _Toc127461819][bookmark: _Toc127536992]To avoid recurrent reconfigurations, it is necessary for the gNB to acquire knowledge of what performance the different muting patterns would result in prior to the actual transceiver muting decision.
When it comes to CSI-RS transmission, irrespective of number of physical antenna subarrays, 3GPP has defined up to 32 CSI-RS antenna ports where each port is typically mapped to a  subarray. As per current specifications, it is possible to configure the UE with multiple CSI-RS configurations corresponding to the different transceiver muting layouts and ask the UE to report the CSI for the different configurations. For example, besides configuring a 32-ports CSI-RS resource which is transmitted from a full panel incorporating all transceiver chains, the gNB can also configure the UE with a 16-ports CSI-RS resource which is transmitted from half of the panel. The gNB can then get CSI feedbacks for both 32 ports (full panel) and 16 ports (half panel) and derive the impact on UE performance in case half of the panel is turned off and whether it is suitable to do so.
[bookmark: _Toc127536993]In current specifications, multiple CSI-RS resources need to be configured in the UE so that the gNB can get CSI feedback for different antenna muting layouts, which can increase physical resource usage.
The issue with configuring the UE with multiple CSI-RS resources employing different number of ports is that it will result in considerable overhead both in terms of gNB energy consumption caused by extra transmissions and resource wastage because of extra time/frequency resource occupation. Furthermore, the UE CSI-RS measurement effort increases for each of these configurations. Note that the examples above only addressed full vs half panel configurations, whereas in reality (as exemplified in Figure 3) there could be other constellations/layouts of interest as well which would contribute to even more CSI-RS configurations and potentially exceed UE capabilities. RRC reconfigurations are currently possible, however they entail signaling overhead and are quite slow for both the network and the UE.
[bookmark: _Toc115188011][bookmark: _Toc115188909][bookmark: _Toc115188943][bookmark: _Toc115188964][bookmark: _Toc115188990][bookmark: _Toc115189028][bookmark: _Toc115196591][bookmark: _Toc127536994]Reference signal reconfigurations via RRC is slow and leads to excessive energy consumption.  
One way to avoid the time/frequency resource wastage and extra transmissions is to configure the UE with multiple CSI-RS resources that partially overlap each other on the time/frequency resource grid. This is however possible only to a certain extent where the same scrambling sequence and the same code division multiplexing (CDM) type are used in the overlapping REs. For example, assume that the gNB is operating with a 32-port configuration but needs to have assessment from the UE on 16- and 8-port configurations before the actual configuration change (i.e., before muting of the transceivers). According to 3GPP TS 38.211 (table 7.4.1.5.3.1), e.g., rows 8, 12, and 17 can be used for this purpose as they all employ the same cdm-Type.



[bookmark: _Ref126759667]Figure 4: highlights 32-/16-/8- port configurations from TS 38.211 Table 7.4.1.5.3-1 where the same CDM-type is used
As an example, based on Row 17 of the table above, the 32-port CSI-RS resource will have the following layout on the resource grid when assuming firstOFDMSymbolInTimeDomain = 5, firstOFDMSymbolInTimeDomain2 = 8, and frequencyDomainAllocation = 110101.


[bookmark: _Ref126758212]Figure 5: 32-port CSI-RS configuration based on Row17 of TS 38.211 Table 7.4.1.5.3-1 with firstOFDMSymbolInTimeDomain = 5, firstOFDMSymbolInTimeDomain2 = 8, and frequencyDomainAllocation = 101011



And the following layout on the resource grid for the 16-port CSI-RS resource (Row 12) if the same time/frequency resources are pointed out as the 32-port configuration, i.e., firstOFDMSymbolInTimeDomain = 5 and frequencyDomainAllocation = 110101.



[bookmark: _Ref126758318]Figure 6: 16-port CSI-RS configuration based on Row 12 of TS 38.211 Table 7.4.1.5.3-1 where the same REs are used as the 32-port configuration of Figure 5.

And finally, the following layout for the 8-port CSI-RS resource (Row 8) if again the same time/frequency resources are pointed out as the 32-port configuration, i.e., firstOFDMSymbolInTimeDomain = 5 and frequencyDomainAllocation = 000101.



Figure 7: 8-port CSI-RS configuration based on Row 8 of TS 38.211 Table 7.4.1.5.3-1 where the same REs are used as the 32-port configuration of Figure 5 and the 16-port configuration of Figure 6.
As seen above, the 8 CSI-RS ports 3000-3007 are present and use the same sequence and REs simultaneously in all layouts above. Similarly, the 16 CSI-RS ports 3000-3015 are present and use the same sequence and REs in both the 16- and 32-port configurations. Based on this, the gNB could then configure 3 CSI-RS resources as above and receive report from the UE on each one before deciding on which configuration is good enough for serving the UE.
[bookmark: _Toc127536995]In current specifications, to avoid excessive CSI-RS transmissions by the gNB and receptions by the UEs for the sake of CSI feedback, multiple overlapping CSI-RS resources with the same sequence could potentially be configured.
There are however some drawbacks with the scheme above where multiple configurations are used with overlapping REs. Mainly, the scheme only allows for going between configurations with different number of ports as in the example above going from 32- to 16-/8-ports. If instead the gNB running a 32-port configuration wants to have assessment on two other configurations where both have 8 ports (e.g., same number but distinct set of physical antennas), the scheme cannot be used since the ports 3000-3007 would not be distinguishable between two 8-port configurations if transmitted over the same REs simultaneously. In this case one of the 8-port configurations would have to use another set of time/frequency resources. Another issue is that there is a predefined layout for certain number of CSI-RS in spec 38.214 which is shown in table below
[image: ]
For a gNB supporting 8 port CSI-RS with N1=2 and N2=2, if gNB wants to mute left/right half panel, it cannot get the right CSI feedback from UE for the remaining half panel as the layout of the remaining 4 ports CSI-RS from the panel is different from the predefined layout for 4 ports CSI-RS.
[image: ]
Figure 8. Illustration of layouts for muting of 8 port CSI-RS ports vs 4-port CSI-RS in current spec.
Furthermore, there is predefined way in spec to map each port in a N ports CSI-RS resource to antenna elements/branch. Still using Figure 8 as an example, for an 8 port CSI-RS, P0 to P3 shall be mapped to one polarization of antenna elements/branches, while P4 to P7 shall be mapped to another polarization of antenna elements/branches. However, for a 4 ports CSI-RS, P0 to P1 shall be mapped to one polarization of antenna elements/branches, P2 and P3 shall be mapped to another polarization of antenna elements/branches. In other word, even 8 ports CSI-RS layout is N1=4 and N2=1, half panel is off, there are still problems in ports to antenna elements/branches mapping which also result into incorrect CSI reporting.

[bookmark: _Toc127536996]In current specifications, configuring multiple overlapping CSI-RS resources with the same sequence can only be done when the number of ports differ between the configurations.
[bookmark: _Toc127536997]gNB may need CSI report on muting pattern candidates with same number of ports. E.g., gNB operating with 32-ports may want to assess one of multiple 8-port configuration candidates (mapped to different antennas) before muting.
[bookmark: _Toc127536998]In current specifications, there are assumptions about layout for certain number of ports of one CSI-RS resource and numbering of ports for certain number of ports of one CSI-RS resource. Configuring multiple overlapping CSI-RS resources will collide with the assumptions and make the CSI report not usable. 
Secondly, even if only different number of ports would be of interest for muting as in the examples in the figures above, the very same set of configuration parameters (e.g., same scrambling, same REs, density, cdm-Type, periodicityAndOffset, etc.) would have to be repeated for every CSI-RS configuration even though there are minimal differences between the configurations. Therefore, it would be good if the UE could provide CSI feedback for different number of CSI-RS ports for the purpose of port (un-) muting in an efficient way employing same time/frequency resources, with efficient configuration, and without the limitation on whether the different muting patterns employ the same number of ports or not.
[bookmark: _Toc127536999]For the case with overlapping sequences, even if only different number of ports would be of interest for muting, the configuration would be inefficient as the very same set of configuration parameters, with minimal differences, would have to be repeated for every CSI-RS configuration.
[bookmark: _Toc127537000]Efficient configuration of CSI-RS ports with overlapping time resources for the purpose of port (un-) muting feedback without the limitation on whether the different muting patterns employ different number of ports is beneficial.
One way to achieve this would be by asking the UE to measure and report CSI for a subset of the ports of a single configured CSI-RS resource. For example, if 32 ports CSI-RS are mapped to a full panel, the gNB can ask the UE to report a specific subset of 16 (e.g., ports 3000-3007, 3016-3023) out of the configured 32 port CSI-RS mapped to the left half panel, and/or another subset of 16 (e.g., ports 3008-3015, 3024-3031) mapped to the right half panel etc. This can be done by addressing individual ports (muting patterns) via DCI signaling that are of interest for the gNB to receive measurements on. 
[bookmark: _Toc127537005]A UE configured with a CSI-RS resource with N ports should be able to measure and report CSI for one or more subset(s) of the N ports.
a. [bookmark: _Toc127537006]FFS :  Details of how to define the subset(s) 
[bookmark: _Toc127537007]DCI is used to indicate to UE which subset(s) of ports to measure/report.
b. [bookmark: _Toc127537008]FFS: Granularity of indication
However, pointing out every single individual port out of the currently maximum 32 ports may require too many bits as for each muting pattern up to 32 bits would be required to address which ports are of interest. 
[bookmark: _Toc127537001]Pointing out every single port out of the currently maximum 32 ports for each muting pattern may consume too many bits in DCI.
Instead, certain limitations can be put on configuration granularity. For example, each bit could address a CDM group or port group instead. For example, for Row 17 of Figure 4 where 8 CDM groups are specified, then 8 bits would suffice for addressing bundles of ports where each bundle (each bit) addresses 4 ports. For example, bitmask 11000000 would in this case mean that the gNB is interested in the first 4 ports (3000-3003) and the second 4 ports (3004-3007). Even further granularity reduction can be done for addressing ports e.g., 2 CDM-groups (8 consecutive ports)/port groups per bit, or restricting to a list of only certain CDM group combinations. These configurations could for example be part of the CSI-MeasConfig, or one of its substructures e.g., CSI-ReportConfig which would serve well both for semi-persistent reporting and the aperiodic cases triggered by trigger states. 
Also, the number of muting patterns that the gNB can ask measurements for could be limited to a certain number, for example if 4 muting patterns are allowed at maximum the then gNB could at maximum configure up to 4 different bitmasks (or 2-bits to address the four combinations) including an associated bundle size (bit granularity) defined for a certain CSI-RS configuration.
[bookmark: _Toc127537002]Limiting the port addressing granularity could reduce the number of bits in DCI. 
It shall be noted that having the proper input in the network for optimal decision for turning back ON the necessary transceiver chains is just as important as being able to dynamically turn them OFF. For this point, we think that the same method described above can be used for efficient decision making. The gNB could transmit the multi-port CSI-RS and ask the UE to provide feedback on more ports than the gNB currently is using for PDCCH/PDSCH allocation. Based on the feedback the gNB knows whether it is useful to turn on more ports for data allocation.
[bookmark: _Toc127537003]The same method for muting can be used for unmuting of antenna ports by providing multi-port CSI-RS to the UE for measurement and report while allocating only few ports to PDCCH/PDSCH.
Another topic that we would like to bring up is related to the CSI reporting content overhead for achieving the purposes above. 
For link adaptation purposes the current CSI feedback includes RI/PMI/CQI which can contain up to hundreds of bits. For beam management purposes it may contain L1-RSRP or L1-SINR which occupies fewer bits. Multiple CSI reports can be concatenated into one CSI feedback when they need to be transmitted at the same time. However, it may not be always efficient to use existing mechanisms to let the UE report CSI for the different transceiver muting patterns. 
Assume that the gNB needs to know which quarter of the panel to turn off as an example, four CSI reports need to be conveyed in one CSI feedback. To avoid incorrect information for gNB to make decision, it is desirable for the gNB to receive feedback that includes CQI/PMI/RI – this may result in considerable payload per configuration report, especially if more complicated CSI feedback is used, e.g., type-II codebook. 
For making a muting-related decision, a gNB only needs to know which muting pattern can provide the best (better) performance and any associated information (e.g., relative loss/gain compared to current configuration). Therefore, simple feedback is enough for the gNB to make the decision and subsequently request more detailed feedback –muting pattern information (e.g. indices) and their relative quality (e.g. relative tput/SINR loss/gain compared to a baseline). 
[bookmark: _Toc127537009]Study optimized CSI reporting contents allowing the UE to provide compact CSI feedback for different port subset(s), e.g., relative reports compared to a baseline.
       
Power domain energy saving techniques

The WI objective has the following objective related to power domain energy saving.
· Specify necessary enhancements on CSI related procedures including measurement and report, and signaling to enable efficient adaptation of power offset values between PDSCH and CSI-RS [RAN1, RAN2]

Adapting downlink transmit power for PDSCH transmissions can reduce network energy consumption with little to no impact on UE perceived performance in some scenarios (e.g. for UEs in good coverage). One issue with changing PDSCH energy-per-resource element (EPRE) dynamically is that currently the power offset between PDSCH and CSI-RS RE for CSI reporting is notified to UE via RRC signaling. When EPRE of PDSCH is changed and the EPRE of  CSI-RS does not change accordingly, (e.g., due to that this CSI-RS is shared with more than one UE), the actual power offset between PDSCH and CSI-RS REs will change as well. If this is not compensated in the UE’s CSI estimates, the CSI accuracy degrades, particularly the accuracy of MIMO rank estimation (RI). Such inaccuracies are not something that the gNB can compensate simply by scaling the CSI reports received from the UE. Therefore, it would enhance CSI estimation accuracy if the UE reports CSI based on the actual power offset between PDSCH to CSI-RS that the network plans to use.
In the current specifications, each NZP-CSI-RS resource is configured with one power offset setting (powerControlOffset) between PDSCH and CSI-RS. This implies that multiple NZP-CSI-RS resources would need to be configured when gNB needs CSI measurements for different power offset settings. It would be good if multiple power offset settings can be associated with one NZP-CSI-RS resource to avoid excessive overhead, and then DCI can be used to indicate to UE(s) which power offset to be used for CSI measurement and report. This way, gNB can know whether it is motivated to change UE transmission power.

[bookmark: _Toc127532105][bookmark: _Toc127532122][bookmark: _Toc127535289][bookmark: _Toc127532106][bookmark: _Toc127532123][bookmark: _Toc127535290][bookmark: _Toc127537004]In current specification, PDSCH power offsets to reference signals (CSI-RS) are configured via RRC signalling which is rather slow.
[bookmark: _Toc127537010]Support configuration of multiple PDSCH-to-CSI-RS power offset values for CSI measurement on a single NZP-CSI-RS resource. 
c. [bookmark: _Toc127537011]FFS: Where/how to configure the multiple offsets.
[bookmark: _Toc127537012]DCI is used to indicate which power offset(s) to use for CSI measurement and report.
d. [bookmark: _Toc127537013]FFS: details of the indication.
Like for port subset(s), the CSI reporting contents can also be optimized for the case with different power offsets. 
[bookmark: _Toc127537014]Study optimized CSI reporting contents allowing the UE to provide compact CSI feedback for different power offset(s) between PDSCH and CSI-RS RE, e.g., relative reports compared to a baseline.
[bookmark: _Hlk83889356][bookmark: _Hlk83889312]
Conclusion
[bookmark: _Hlk83889481]In previous sections, the following observations and proposals were made: 
Observation 1	A need for increasing number of transceiver chains is foreseen in gNBs in the future, especially at higher frequencies.
Observation 2	For efficient CSI feedback, increased number of transceiver chains results in a higher number of energy consuming components and reference signal transmissions.
Observation 3	To avoid recurrent reconfigurations, it is necessary for the gNB to acquire knowledge of what performance the different muting patterns would result in prior to the actual transceiver muting decision.
Observation 4	In current specifications, multiple CSI-RS resources need to be configured in the UE so that the gNB can get CSI feedback for different antenna muting layouts, which can increase physical resource usage.
Observation 5	Reference signal reconfigurations via RRC is slow and leads to excessive energy consumption.
Observation 6	In current specifications, to avoid excessive CSI-RS transmissions by the gNB and receptions by the UEs for the sake of CSI feedback, multiple overlapping CSI-RS resources with the same sequence could potentially be configured.
Observation 7	In current specifications, configuring multiple overlapping CSI-RS resources with the same sequence can only be done when the number of ports differ between the configurations.
Observation 8	gNB may need CSI report on muting pattern candidates with same number of ports. E.g., gNB operating with 32-ports may want to assess one of multiple 8-port configuration candidates (mapped to different antennas) before muting.
Observation 9	In current specifications, there are assumptions about layout for certain number of ports of one CSI-RS resource and numbering of ports for certain number of ports of one CSI-RS resource. Configuring multiple overlapping CSI-RS resources will collide with the assumptions and make the CSI report not usable.
Observation 10	For the case with overlapping sequences, even if only different number of ports would be of interest for muting, the configuration would be inefficient as the very same set of configuration parameters, with minimal differences, would have to be repeated for every CSI-RS configuration.
Observation 11	Efficient configuration of CSI-RS ports with overlapping time resources for the purpose of port (un-) muting feedback without the limitation on whether the different muting patterns employ different number of ports is beneficial.
Observation 12	Pointing out every single port out of the currently maximum 32 ports for each muting pattern may consume too many bits in DCI.
Observation 13	Limiting the port addressing granularity could reduce the number of bits in DCI.
Observation 14	The same method for muting can be used for unmuting of antenna ports by providing multi-port CSI-RS to the UE for measurement and report while allocating only few ports to PDCCH/PDSCH.
Observation 15	In current specification, PDSCH power offsets to reference signals (CSI-RS) are configured via RRC signalling which is rather slow.
[bookmark: _Hlk83889439]
Proposal 1	A UE configured with a CSI-RS resource with N ports should be able to measure and report CSI for one or more subset(s) of the N ports.
a.	FFS :  Details of how to define the subset(s)
Proposal 2	DCI is used to indicate to UE which subset(s) of ports to measure/report.
a.	FFS: Granularity of indication
Proposal 3	Study optimized CSI reporting contents allowing the UE to provide compact CSI feedback for different port subset(s), e.g., relative reports compared to a baseline.
Proposal 4	Support configuration of multiple PDSCH-to-CSI-RS power offset values for CSI measurement on a single NZP-CSI-RS resource.
a.	FFS: Where/how to configure the multiple offsets.
Proposal 5	DCI is used to indicate which power offset(s) to use for CSI measurement and report.
a.	FFS: details of the indication.
Proposal 6	Study optimized CSI reporting contents allowing the UE to provide compact CSI feedback for different power offset(s) between PDSCH and CSI-RS RE, e.g., relative reports compared to a baseline.
 References
[bookmark: _Ref100840818][bookmark: _Ref31646358]RP-223540, 3GPP TSG RAN Meeting #98e, Electronic Meeting, December 12-16, 2022; New WID: Network energy savings for NR
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