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1 Introduction
[bookmark: _Hlk127258902]The Rel-18 ‘study on network energy saving for NR’ investigated various network energy saving techniques in time, frequency, spatial and power domains [1]. In particular, the techniques in spatial and power domains aim to reduce the energy consumption by power amplifiers (PAs) and subsequent RF chains as the energy consumption by PA, which drives each antenna elements, accounts for a large portion of total energy consumption by a gNB equipped with massive MIMO antennas.
To this end, a new WI on ‘network energy saving for NR’ was approved in RAN #98-e [2] with the following objectives of specifying 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
In this contribution, we first discuss impacts of spatial and power domain adaptations and, then, discuss necessary enhancements to support the adaptations. 
2 Impact of spatial and power domain adaptations
When the traffic load is low, a gNB can turn off a subset of PAs or reduce the PA output power, which are respectively referred to as spatial domain (SD) and power domain (PD) adaptations in this contribution for brevity. Unlike cell discontinued transmission (DTX) and discontinued reception (DRX), one advantage of SD/PD adaptation is that the network can maintain the continuity of transmission and reception without interruptions by operating at a reduced capability. 
[image: ]
[bookmark: _Ref127258835][bookmark: _Ref127258825]Figure 1 Illustration of an example spatial element adaptations

[bookmark: _Hlk127454693]In spatial domain adaptations, the gNB may enable/disable all the antenna elements associated to a logical antenna port or enable/disable only a subset of antenna elements associated to a logical antenna port, which are referred to as Type 1 and Type 2 SD adaptations, respectively, in this contribution for brevity. In a hybrid beamforming system, one antenna port is connected to a large number of antenna elements which can be controlled by a bank of analog phase shifters, which is called TxRU virtualization. TxRU virtualization can be implemented based on a sub-array partition model which is a typical implementation, a full-connection model, or combinations of them, as illustrated in Figure 1. In a sub-array partition model, spatial element adaptations can result in both Type 1 and Type 2 SD adaptations. In the case of Type 1 SD adaptation, not only the PAs connected to antenna elements associated to a logical antenna port but also the subsequent RF chain associated to the logical antenna port, e.g., ADC/DAC, etc., can be turned off. In a full-connection model, spatial element adaptations can only result in Type 2 SD adaptations unless all the antenna ports are turned off.
[bookmark: _Hlk127197287][bookmark: _Hlk127197309]The impact of Type 1 SD adaptation results in a change in the number of active antenna ports or antenna structure in general. The RF characteristics, e.g., emission power, beam pattern, etc., of the remaining antenna ports are intact. The impact of Type 2 SD adaptation results in a change in the RF characteristics of related antenna ports, while the number of antenna ports remains the same. The impact of PD adaptation is similar to Type 2 SD adaptation. A gNB can perform any combination of Type 1 SD, Type 2 SD, and PD adaptations along with other time/frequency domain adaptation techniques such as cell DTX/DRX.
Observation 1: Type 1 SD adaptation results in a change in the number of active antenna ports or antenna structure in general, while Type 2 SD adaptation and PD adaptation result in a change in the RF characteristics of antenna ports subject to the antenna element on/off.
Proposal 1: Specify enhancements on CSI and beam management supporting both cases when the number of active antenna ports changes and when the RF characteristics, e.g., transmission power and/or beam-width, of a given antenna port changes. 

3 CSI enhancement
Table 1 summarizes different types of CSI reporting, CSI resources, and support of their pairing in NR.
[bookmark: _Ref127454744][bookmark: _Ref127454730]Table 1 NR CSI resource and reporting types
	        Report type
Resources
	P-CSI reporting 
(RRC)
	SP CSI reporting on PUCCH (MAC-CE)
	SP CSI reporting on PUSCH (DCI)
	A-CSI reporting (DCI)

	P-CSI-RS
(RRC)
	Supported
	Supported
	Supported
	Supported

	SP CSI-RS
(MAC-CE)
	N/A
	Supported
	Supported
	Supported

	A CSI-RS
(DCI)
	N/A
	N/A
	N/A
	Supported



In NR, triggering of CSI-RS transmission and that of CSI reporting can be joint or separate depending on the combination. For instance, aperiodic CSI reporting and aperiodic CSI-RS transmission are both triggered using DCI format 0_1, while aperiodic CSI reporting can be also paired with periodic and semi-persistent CSI-RS. Semi-persistent CSI reporting on PUSCH is also triggered using DCI format 0_1 but with CRC scrambled by a SP-CSI-RNTI. Semi-persistent CSI reporting on PUSCH can be paired with periodic CSI-RS and semi-persistent CSI-RS, where the latter is triggered using ‘SP CSI-RS/CSI-IM Resource Set Activation/Deactivation’ MAC CE. Semi-persistent CSI reporting on PUCCH is triggered using ‘SP CSI reporting on PUCCH Activation/Deactivation’ MAC CE. Periodic CSI reporting and CSI-RS are both configured and initiated via RRC. 
The first and foremost enhancements needed to support SD/PD adaptation is to enable CSI-RS resource and CSI reporting adaptations according to the change in the CSI-RS transmission per different types of adaptation. Enhancements to both CSI-RS resource and CSI reporting need to be considered due to the following reasons:
· CSI-RS resource adaptation, such as parameter updates for a given CSI-RS resource configuration, can be beneficial as a CSI-RS resource configuration can be paired with multiple different types of CSI reporting configurations. Otherwise, those multiple CSI reports configured to a UE need to reconfigured and/or activated separately.
· CSI reporting adaptation, such as codebook update for a given CSI report configuration, is necessary for a UE to correctly derive and report CSI, especially PMI, without increasing the number of CSI report processes configured to the UE. On the other hand, as an alternative to updating a given CSI-RS resource configuration, one can consider switching among different CSI-RS resource configurations for a given CSI report configuration, which can be a simpler solution. 
Those enhancements may be less motivated for aperiodic CSI reporting with aperiodic CSI-RS given the flexibility of dynamic triggering. However, the UE would need to be configured with a sufficient number of ‘Trigger States’ to handle numerous possible combinations of network adaptations. Therefore, from a higher layer signaling overhead perspective, the abovementioned enhancements are still beneficial for aperiodic CSI reporting as well.   
Observation 2: The first and foremost enhancements needed to support SD/PD adaptation is to enable CSI-RS resource and CSI reporting adaptations according to the change in the CSI-RS transmission per different types of adaptations. Enhancements to both CSI-RS resource and CSI reporting need to be considered. 
Based on those fundamental enhancements to enable SD/PD adaptations, additional optimizations, such as multi-CSI reporting, can be considered. 

1 
2 
3 
CSI-RS resource adaptation 
[bookmark: _Hlk127454684][bookmark: _Hlk127264406]The SD/PD adaptation for network energy saving can result in a change in the number of active antenna ports and/or in a change in the RF characteristics of antenna ports. Therefore, there is a need to enable updating a CSI-RS resource configuration for a given CSI report configuration as the number of CSI-RS ports changes due to Type 1 SD adaptation, the CSI-RS transmission power changes due to Type 2 SD adaptation, and/or PDSCH transmission power changes due to PD adaptation.
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[bookmark: _Ref127264465]Figure 2 Illustration of a change in the number of CSI-RS ports according to Type 1 SD adaptation

Figure 2 illustrates an example CSI-RS resource adaptation as the number of active CSI-RS ports changes according to the Type 1 SD adaptation. Not only the number of CSI-RS ports but also the CSI-RS transmission power, which is indicated via powerControlOffsetSS in NZP-CSI-RS-Resource configuration, can change per Type 2 SD adaptation as a subset of antenna elements comprising a given antenna port can be turned on/off. Furthermore, the PDSCH transmission power, which is indicated via powerControlOffset in NZP-CSI-RS-Resource configuration, can also change per PD adaptation as the PA output power can be dynamically adjusted for data transmission. 
To enable fast adaptations of a CSI-RS configuration to the time-varying traffic load, a UE can be configured with a candidate set of CSI-RS configurations for a given CSI report configuration and/or a candidate set of parameters for a given CSI-RS resource configuration, and the UE can be dynamically indicated to one of the configurations via L1/L2 signaling.
Proposal 2: Specify an efficient signaling mechanism for indicating CSI-RS resource adaptation to UE including updates on the number of CSI-RS ports, CSI-RS transmission power, and PDSCH transmission power.  

CSI report enhancement 
3.1.1 Codebook configuration enhancement  
As a gNB performs Type 1 SD adaptation, the number of active antenna ports, or the antenna structure in general, changes. In order for a UE to correctly construct the CSI feedback message as the serving gNB performs Type 1 SD adaptation, there is a need to enable updating a CSI codebook configuration to the UE.

[image: ]
[bookmark: _Ref127266938]Figure 3 Example codebook adaptation according to the number of active CSI-RS ports

Figure 3 illustrates an example of possible codebook adaptations for generating CSI report at a UE as the number of active CSI-RS ports changes. The CodebookConfig provided as a part of CSI report configuration provides parameters associated with PMI reporting. For instance, CodebookConfig provides codebook types between Type-I and Type-II codebooks, including their subtypes, 2-dimentional antenna structure, and the subsequent codebook subset restriction (CBSR) and rank restrictions, etc. For example, as illustrated in Figure 3, as the gNB adapts the CSI-RS ports, the UE needs to assume the correct 2-dimensional antenna size, i.e., n1-n2, for deriving the CSI report.
To facilitate fast CSI codebook adaptations, a UE can be configured with a candidate set of codebook configurations for a given CSI report configuration, and the UE can be dynamically indicated to one of the codebook configurations via L1/L2 signaling.
Proposal 3: Specify an efficient signaling mechanism for indicating a CSI codebook and related parameters, e.g., CBSR, to UE as the CSI-RS resource changes per spatial domain adaptation.  

3.1.2 Multi-CSI report 

[image: ]
[bookmark: _Ref127459379]Figure 4 Example CSI codebook hypotheses for multiple CSI reports

The network may want to assess the impact of network parameter adaptation prior to executing the actual adaptation. This probing may help to avoid a catastrophic adaptation, or to early acquire CSI prior to performing adaptation for immediate link adaptation right after the SD/PD adaptation. Therefore, there is a need to enable multiple CSI reports or additional CSI information for different hypotheses of network operation parameter adaptations. For instance, based on a single set of CSI-RS transmission and measurement, the serving gNB can request a UE to send multiple CSI reports in one reporting instance assuming different codebook configurations as illustrated in Figure 4. A difference from the multiple CSI reports in the legacy system is that, in the legacy system, the multiple reports are separately configured and the measurements are also separately conducted, although the gNB may reuse the same resource with different configurations which is agnostic to a UE. The multi-CSI report can not only be for multiple hypothetical codebook assumptions but also for multiple hypothetical CSI-RS transmission power assumptions, which can be different from the actual CSI-RS transmission power indicated by powerControlOffsetSS in NZP-CSI-RS-Resource configuration, and for multiple hypothetical PDSCH transmission power assumptions rather than the current single assumption indicated by powerControlOffset in NZP-CSI-RS-Resource configuration. The UE may also send additional CSI information for gNB to decide muting of CSI-RS ports.
 For efficient triggering of multi-CSI report, a UE can be configured with a candidate set of hypotheses on parameters related to CSI derivation such as the codebook, the CSI-RS transmission power, and the PDSCH transmission power, and the UE can be dynamically indicated to a subset of configured hypotheses via L1/L2 signaling.   
Proposal 4: Specify multi-CSI reporting along with an efficient signaling mechanism for indicating multiple hypotheses on parameters related to CSI derivation such as the codebook, the CSI-RS transmission power, and the PDSCH transmission power.
Multi-CSI reporting would however incur high computational complexity at the UE and consume large amounts of UL feedback resources. Moreover, the multi-CSI report may not be needed all the time at the gNB side. In other words, the multi-CSI report may be needed once in a while when the gNB intends to adapt network operation parameters. Aperiodic triggering of multi-CSI reporting is well suited for such a purpose. For periodic and semi-persistent multi-CSI reporting, if considered, there may be a need to define periodicity as illustrated in Figure 5 for multi-CSI report. 

[image: ]
[bookmark: _Ref127280685]Figure 5 An example periodic/semi-persistent multi-CSI report configuration

[bookmark: _Hlk127283157]As illustrated in Figure 5, the multi-CSI report configuration may include period and offset, which may be applicable to periodic and semi-persistent CSI report. In the example figure, it is illustrated such that the multi-CSI is triggered in every three CSI reporting instances, while normal CSI reports are sent for other reporting instances. Alternatively, a mechanism to dynamic trigger the multi-CSI report on the need basis can be considered as well. 
Proposal 5: Specify a periodicity for periodic/semi-persistent multi-CSI reporting or a dynamic triggering mechanism for aperiodic multi-CSI reporting on a need basis.
On the other hand, the feedback payload size for multi-CSI report can increase linearly with the number of reports without any optimization. Therefore, there is a need to enhance the feedback message construction to minimize the feedback payload. To reduce the multi-CSI report payload size, several approaches such as differential feedback or thresholding, can be considered. 
Proposal 6: Specify solutions for optimizing the multi-CSI report payload size.

4 Beam management enhancement
4 
CSI derivation 
As the network performs adaptation, the CSI-RS transmission power can change as discussed earlier. For calculating L1-RSRP, CSI-RS can be used in addition to secondary synchronization signals (SSS). Also, multiple CSI-RS measurements can be accounted for L1-RSRP calculation. For instance, as illustrated in Figure 6, the UE can be configured with timeRestrictionForChannelMeasurements indicating time domain restriction for channel measurements. If the parameter is set to "notConfigured", the UE shall derive the channel measurements for computing L1-RSRP value reported in uplink slot n based on only the SSS or NZP CSI-RS, no later than the CSI reference resource associated with the CSI resource setting. If the parameter is set to "Configured", the UE shall derive the channel measurements for computing L1-RSRP reported in uplink slot n based on only the most recent, no later than the CSI reference resource, occasion of SSS or NZP CSI-RS associated with the CSI resource setting. Computing other CSI report quantities such as CQI, can be similarly understood. 

[image: ]
[bookmark: _Ref127283497]Figure 6 A configuration of time domain channel measurement restriction

Therefore, when the UE is not configured with time restriction for channel measurements, there is a need for signaling to the UE the change in the CSI-RS transmission power along with parameters indicating transmission power offsets to prevent erroneous averaging over multiple measurements.
Proposal 7: Specify an efficient signaling mechanism for indicating CSI-RS transmission power change for CSI value calculation. 

Enhancement to beam failure detection and recovery 
A UE can experience beam failure and/or radio link failure if the cell coverage becomes weak due to transmission power reduction, while the UE is unable to complete a beam switching or handover. Therefore, there is a need for identifying the impact of power reduction on the beam/cell coverage, prior to perform adjustment, to avoid any potential CSI-RS and/or PDSCH power adjustment that may result in beam and/or radio link failure.


[image: ]
[bookmark: _Ref127284998]Figure 7 An example cell/beam coverage reduction due to transmission power adjustment

Figure 7 illustrates an occurrence of beam and/or radio link failure at a cell edge UE due to a CSI-RS transmission power reduction. 
In the legacy system, a UE is provided from a serving gNB by a higher layer signaling Radio Link Monitoring Reference Signal (RLM-RS) resources, which can be SSB, CSI-RS, or a combination of them, for a beam failure detection purpose, an RLM purpose, or both. If the serving gNB does not configure any reference signals as RLM-RS, the UE implicitly assumes the RSs linked to active TCI states for the CORESET that the UE is monitoring to receive the PDCCH as RLM-RS. To prevent a detrimental power adaptation either on CSI-RS or PDSCH due Type 2 SD or PD adaptations, a UE can be provided a candidate set of hypothetical power offset values to the actual RLM-RS transmission power and the UE can be indicated to send hypothetical beam failure and/or radio link failure (RLF) reports for the indicated power offset values. 
Proposal 8: Specify a solution for preventing beam failure and/or RLF due to potential power adaptation, e.g., hypothetical beam failure and/or RLF reports for the indicated hypothetical power offset values. 
In the legacy system, a UE can be explicitly or implicitly provided with a RS set (q0) for beam failure detection, and explicitly provided with a RS set (q1) for candidate beam identification. If gNB performs fast spatial adaptation for energy saving, the RRC configured q0, q1 may not be able to update in time which may result in incorrect detection of beam failure or candidate beam. To solve this, one solution is to enable fast switch/update of q0 and/or q1 to adapt with the spatial adaptation of gNB.
Proposal 9: Specify a solution to enhance beam failure recovery procedure, e.g., switch/update of RS set for beam failure detection and that for candidate beam identification according to the network adaptation.
[bookmark: _GoBack]
5 Interaction with cell DTX/DRX 
5 
5.1 
5.2 
In the parallel agenda item 9.7.2, cell DTX/DRX for network energy saving is under discussion. The main goal of spatial and power domain enhancements is to convey spatial and/or power domain network operation parameters to UE for CSI acquisition or beam management. These parameters may be associated with their applicable time domain resource or serving cell(s). Considering that cell DTX/DRX indication may also be associated with time domain resource or serving cell(s), the interaction of them should be considered.
There could be two different ways for the interaction: 1) joint indication or 2) separate indication. For joint indication, cell DTX/DRX and spatial/power domain network operation parameters are jointly indicated via single signaling involving potential combinations between parameters. This way can save signaling overhead but with less flexibility. For separate indication, cell DTX/DRX and spatial/power domain network operation parameters are indicated independently. This way is more flexible but requires more signaling. In the case of separate indication, it is necessary to consider the handling between spatial/power domain network operation parameter indication and cell DTX/DRX parameter indication. For example, if a UE receives an indication on the spatial/power domain network operation parameters with corresponding applicable time domain resource, the time domain resource can be regarded as cell DTX active time.
Proposal 10: Support joint operation of cell DTX/DRX and spatial/power domain adaptation techniques.

6 Conclusion
In this contribution, we discussed impacts of spatial and power domain adaptations and, then, discussed necessary enhancements to support the adaptations. The following observations and proposals were made:
Observation 1: Type 1 SD adaptation results in a change in the number of active antenna ports or antenna structure in general, while Type 2 SD adaptation and PD adaptation result in a change in the RF characteristics of antenna ports subject to the antenna element on/off.
Proposal 1: Specify enhancements on CSI and beam management supporting both cases when the number of active antenna ports changes and when the RF characteristics, e.g., transmission power and/or beam-width, of a given antenna port changes. 
Observation 2: The first and foremost enhancements needed to support SD/PD adaptation is to enable CSI-RS resource and CSI reporting adaptation according to the change in the CSI-RS transmission per different types of adaptation. Enhancements to both CSI-RS resource and CSI reporting need to be considered. 
Proposal 2: Specify an efficient signaling mechanism for indicating CSI-RS resource adaptation to UE including updates on the number of CSI-RS ports, CSI-RS transmission power, and PDSCH transmission power.  
Proposal 3: Specify an efficient signaling mechanism for indicating a CSI codebook and related parameters, e.g., CBSR, to UE as the CSI-RS resource changes per spatial domain adaptation.  
Proposal 4: Specify multi-CSI reporting along with an efficient signaling mechanism for indicating multiple hypotheses on parameters related to CSI derivation such as the codebook, the CSI-RS transmission power, and the PDSCH transmission power.
Proposal 5: Specify a periodicity for periodic/semi-persistent multi-CSI reporting or a dynamic triggering mechanism for aperiodic multi-CSI reporting on a need basis.
Proposal 6: Specify solutions for optimizing the multi-CSI report payload size.
Proposal 7: Specify an efficient signaling mechanism for indicating CSI-RS transmission power change for CSI value calculation.  
Proposal 8: Specify a solution for preventing beam failure and/or RLF due to potential power adaptation, e.g., hypothetical beam failure and/or RLF reports for the indicated hypothetical power offset values. 
Proposal 9: Specify a solution to enhance beam failure recovery procedure, e.g., switch/update of RS set for beam failure detection and that for candidate beam identification according to the network adaptation.
Proposal 10: Support joint operation of cell DTX/DRX and spatial/power domain adaptation techniques.

6 
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