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In this contribution, we discuss potential techniques that are applicable to Radio Access Network (RAN) that enable network energy savings and improve network energy efficiency. The discussion is split into 5 categories, time domain, frequency domain, spatial domain, power domain, and others, based on discussions from RAN1 #110. 

Discussion
Time Domain Techniques
In RAN1 #110, following text on time domain network energy saving techniques was put together by the moderator of the discussion to be used as basis for further discussions [1].
	· Technique #A-1 Adaptation of common signals and channels
· Network energy saving can be realized by flexibly varying the periodicity and/or dynamically changing a transmission pattern (when applicable) of downlink common and broadcast signals, such as SSB/SI/paging/cell common PDCCH, and/or flexibly varying the periodicity of uplink random access opportunities.
· This also include introducing light version of downlink common and broadcast signals, where for some periodicity occasion one or more common signals/channels can be skipped.
· This is mainly for BS idle/inactive mode, e.g. cell deactivation without DL data transmission.
· Support of burst transmission and reception of common signals and channels with more than one periodicity and/or adaptation of a burst pattern, including periodicity, are expected to potentially provide longer inactivity periods for the gNB and potentially provide higher power saving gains.
· Support of [dynamic adaptation of SSB/SIB transmission or] on-demand SSBs/SIB1 transmissions or SSB/SIB1-less operations may also enable long periods of inactivity at the gNB and potentially provide energy savings.
· [This may include leveraging SSB-less cell operations and potential enhancements for SSB-less cells, e.g. support SSB-less cell operation for inter-band CA. and/or support offloading system information from one cell to another for inter-band CA.]
· This may include support of signals/channels to aid discovery of cells in lieu of SSBs.
· This may include support of mechanism for UE to trigger on-demand SSB/SIB1 transmission for fast access/fast cell activation.
· It should be noted that use of CA means the technique is only applicable to UEs in connected mode. 
· [Support of scheduling enhancements for SIB1 along with a long period (rather than the period as the same as the SSB period) adaptation of CORESET 0 (e.g. in a separately configured CORESET) are expected to avoid/reduce redundant DCI transmissions within the CORESET 0 for the gNB and potentially provide higher power saving gains.]
· This may include support of a long period (rather than the period as the same as the SSB period) of CORESET 0
· This may include support of scheduling of SIB1 by SSB to avoid transmissions of DCIs within CORESET 0, support of the mechanism to reduce impacts on SSB and overhead
· Dynamic adaptation of the periodicity of common channel/signals might have impact to the UE normal access to the network, such as initial access, and legacy UE network access.   
· Technique #A-2: Dynamic adaptation of UE specific signals and channels 
· Network energy saving opportunities may be restricted by UE specific signals and channels that are semi-statically configured such as periodic or semi-persistent 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).
· Reducing the number of time occasions for the following resources during periods of low activity may potentially provide energy saving benefits.
· 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).
· This may include report of UE assistance information, e.g., UE buffer status to help gNB make decisions.
· Support of enhancements to synchronize the UE specific signal and channel transmission reception such that they provide longer inactivity periods at the gNB can be considered.
· Support of configuration signaling of the UE specific signals and channel transmission and reception to be reduced, e.g. by utilizing UE/cell group-level or ccell common signaling to allow gNB to minimize configuration overhead and potentially minimize overall gNB activity.
· The impact to the UE performance by adaptation of UE specific signal/channels should be included along with the network energy saving performance results.
· Technique #A-3: wake up signal (WUS) for gNB
· Support of wake up of gNB that is in a dormant power state/energy saving state (e.g., SSB-less/SIB1-less/SSB relaxed state), support of wake up signal (WUS) transmitted by the UE/neighboring gNB including UEs to the gNB (e.g. the gNB/cell in dormant state or the anchor gNB/cell).
· Whether UE detection of a dormant power state/energy saving state is required before WUS transmission should be identified.
· Resource reserved for WUS and the assumption of the gNB receiver should be identified
· This may include support of assistance information from the UEs intended to aid wake up operations by the gNBs.
· This is mainly for connected mode UEs
· Can be used in support of techniques #A-1 techniques #A-2 and other techniques. Exact design may depend on the supported technique.
· The power model of receiving WUS is associated with the gNB receiver sensitivity of WUS decoding, which will reflect the results of UE WUS coverage area.  
· Technique #A-4: Adaptation of DTX/DRX
· DTX/DRX cycle configuration/pattern at the BS, which can be potentially aligned with the DRX cycle configured for UEs in connected mode or idle mode can potentially provide longer inactivity periods at the gNB.
· This may include potential enhancements to UE behavior when both cell-specific DTX/DRX cycle and UE DRX cycle are configured.
· An alternative BS DTX with UE C-DRX alignment would be the use of DTX/DRX patterns that are defined by the BS. 
· The two techniques/approaches of DTX/DRX alignment can be complementary to each other and they may be beneficial to energy savings both at the network and at the UE side.
· [Reducing gNB’s activities (e.g. SSB, CG PUSCH, etc.) outside UE DRX active time may potentially provide energy saving benefits, such as SSB or SIB.]
· Reduction of periodically transmitted/semi-static configured channels/signals(e.g. SSB, SIB, CG PUSCH etc.) during the longer inactivity periods (i.e. outside UE’s DRX active time).
· Controlling UE DRX on/off periods for multiple DRX cycles with a single indication can potentially provide longer inactivity periods at the gNB.
· This may include group level indication for, such as UE-group signaling or cell-specific signaling, UE DRX commend such as DRX enhanced command MAC CE and long DRX commend MAC CE.
· Technique #A-5: Adaptation of BS inactive state
· Support of gNB entering into sleep mode for a period of time along with the indication of active/inactive state, e.g., in terms of start time and duration are expected to potentially provide flexible adaptation at the gNB and can potentially provide higher power saving gains. 
· This may include support of semi-static and/or dynamic gNB active/inactive state adaptation. 
· This may include group common signaling for the indication of adapted active/inactive state



For time domain techniques, many of the proposals rely on extending the periodicity of the transmission and reception or being able to temporary or permanently turn off transmission and reception from the gNB. Most notably, the transmission of SSB are typically set to 20 msec, as this is the periodicity that UE assumes when it first tries to perform initial access. For cells that are not expected to be a coverage layer for new UEs entering the network, they can be configured to have SSB periodicity other than 20 msec. This implies in many situations the Pcell of the cell most likely is limited to configuring the SSB periodicity to 20 msec, even though specification does allow SSB periodicity to be configured up to 160 msec.
The impact of common signals such as SSB, SIB1, paging, PRACH all have significant impact to how much power saving gNB can perform. To check the network energy saving implications for cells that do require to send SSB and system information such as SIB1, or receive PRACH and other initial access messages, we have performed evaluations to compare the relative base station power consumption for cells that have been configured with SSB periodicity of 20 msec and SIB1/PRACH periodicity of 80 msec and cells that have been configured with SSB, PRACH, and SIB1 periodicity of 160/640/2560 msec. It should be noted that the current specification does not support SSB, PRACH, nor SIB1 periodicity to be larger than 160 msec. The details of the power states assumed at the gNB and simulation assumptions are provided in the Appendix A, and additional evaluation results are provided in Appendix B.
The study has been conducted with BS power model category 1, as BS power model category 1 is more aligned with what Intel has observed for macro gNB implementations. Relative power consumption analysis with BS power model category 2 is also provided in the Appendix B. It should be noted that BS power model category 2 requires cell to have much longer periods of non-activity, e.g. in the order to 640 msec to 10 sec, before deeper sleep modes can be leveraged. Since the user traffic are generated on average of 200 msec, cells that have any active user may not be able to leverage deeper sleep modes. This creates difficulty in obtaining insightful observations even at low load scenarios.
Observation 1: 
· BS power model category 2 requires cell to have much longer periods of non-activity, e.g. in the order to 640 msec to 10 sec, before deeper sleep modes can be leveraged. Since the user traffic are generated on average of 200 msec, cells that have any active user may not be able to leverage deeper sleep modes. This creates difficulty in obtaining insightful observations even at low load scenarios.
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[bookmark: _Ref115206662]Figure 1. Comparison of slot utilization in low, light, and medium load scenarios with 20 msec SSB periodicity and 80 msec SIB1/PRACH periodicity (Cat 1 BS Power Model)
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[bookmark: _Ref115206663]Figure 2. Comparison of slot utilization in low, light, and medium load scenarios with 160 msec SSB/SIB1/PRACH periodicity (Cat 1 BS Power Model)
Figure 1 and Figure 2 show comparison of slot utilization in low, light, and medium load scenarios with two different common signal periodicity, 20msec and 160 msec. By comparing Figure 1 and Figure 2, we can clearly see that the ability for network to leverage even deeper sleep modes, SM3, strongly depends on whether gNB has frequent transmission of common signals. This directly translates to lower overall power consumption, and higher power efficiency of the network.
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[bookmark: _Ref115206845]Figure 3. Relative power consumption comparison in low/light/medium load scenarios with 20, 160, and 640 msec SSB periodicity (Cat 1 BS Power Model).
Figure 3 shows the relative power consumption comparison in low/light/medium load scenarios with 20, 160, and 640 msec SSB periodicity. In case of 20 msec SSB periodicity, SIB1 and PRACH periodicity was assumed to be 80 msec. For SSB periodicity other than 20 msec, SIB1 and PRACH periodicity was assumed to be equal to the SSB periodicity. 
For low and light load scenarios, we can observe significant improvement in power efficiency, i.e., low power consumption of the network. In light loaded scenarios, the median power saving gain is approximately 30%. It should be noted that for category 1 BS power model agreed in RAN1 #110, the lowest power consuming sleep mode, SM3, can be leveraged by the network as long as there is at least 50 msec gain between any common signal transmissions. Because of this using SSB periodicity beyond 160 msec, only yield somewhat incremental gains on top of 160 msec.
Observation 2: 
· More than 30% power saving gains are observed when network is under low loads (below 15% resource utilization) and network increases the common signal transmission periodicity from 20 msec to 160 msec or longer.
It should be noted that paging has not been modeled in the evaluations, as there were no IDLE mode UEs modeled in the evaluations. However, the transmission periodicity of the paging by the network is expected to equally have strong impact to network power saving, and it is expected to be beneficial to investigate enhancements to SSB/SIB1/paging/PRACH that allow gNB to transmit the common signals in short consecutive time window and allow gNB to transmit the common signals in longer periodicity than 20 msec.
Proposal 1: 
· RAN1 should investigate further into techniques that allow reduction of common signals (i.e. increasing periodicity) such as SSB, SIB1, and PRACH for low and lightly load scenarios.
Among the common signals that needs to be transmitted even during gNB idle periods, SSB, SIB, and PRACH transmissions can be adjusted by the specification to be as large as 160 msec. While paging periods can be adjusted to happen also at 160 msec, this would be at the expense of reduced paging opportunities. The current specification even spreads the paging occasion and paging frames evenly across the time, and this actually can negatively impact gNB being able to go to deeper sleep modes as gNB might need to wake up to send paging even if the paged UEs might not be in the cell coverage area. This is because the network does not know the location of IDLE mode UEs within the paging tracking area, and all cells within the paging tracking area needs to broadcast paging regardless of whether there is a UE that will respond to the paging. Figure 4 illustrates an example paging frame and occasion when N is configured to T/4, and Ns is configured to 4. When N is set to T/4, gNB potentially may need to transmit paging every 4 frames.
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[bookmark: _Ref115364743]Figure 4. Rel-15 Paging frame and paging occasion allocation when N = T/4 and Ns = 4.
It might be possible to support the same paging transmission density by squeezing the paging slots to consecutive slots or frames, such that gNB does not necessarily need to wake up from frequently. Figure 5 illustrated some examples of potential enhancement that could be made for paging.
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[bookmark: _Ref115364871]Figure 5. Potential enhancement to concatenate paging frame/occasion into consecutive frames or slots while maintaining the same paging occasion density.
We have evaluated relative power consumption performance between Rel-15 paging and potential enhancements to paging for idle cells (with no data traffic load) that may need to service paging regardless of whether IDLE mode UE is within the cell coverage area. The evaluations shown in Figure 6 and Figure 7 were conducted with N=T/4 and T/16 with Ns = 4 and 1 SSB beam, 160 msec periodicity for SSB, PRACH, and SIB1 transmissions. Tested paging load were 0.2%, 0.5% and 0.9% for the N = T/4 case, and 0.05%, 0.1% and 0.5% paging load for N = T/16 case. We have further provided results when 8 SSB beams are used with relatively higher paging load (due to 8 repetitions of paging information across the beams). The power consumption comparison is shown in Table 1.
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[bookmark: _Ref115374846]Figure 6. Relative power consumption comparison between Rel-15 paging and enhanced paging with Ns = 4, N = T/4
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[bookmark: _Ref115374847]Figure 7. Relative power consumption comparison between Rel-15 paging and enhanced paging with Ns = 4, N = T/16
[bookmark: _Ref115375002]Table 1. Energy consumption comparison of legacy paging and enhanced paging. SSB/SIB1/PRACH periodicity of 160ms with 8 SSB/paging beams
	Paging Configuration
	paging load [%]
	Average relative power /slot
(Legacy Paging)
	Average relative power /slot
(Enhanced Paging)

	Ns = 2,N = T/8
	5%
	22.83
	21.37 (6.4% saving)

	Ns = 2,N = T/4
	10%
	42.78
	35.99 (15.85% saving)

	Ns = 2,N = T/4
	15%
	60.51
	50.34 (16.81% saving)

	Ns = 2,N = T/2
	20%
	69.40
	64.23 (7.45% saving)



From the evaluations, we can observe anywhere between 5% to 25% power consumption gain from use of enhanced paging resource allocations.
Observation 3: 
· Up to 25% power saving gains are observed from paging enhancement that compact the POs to be more bursty (e.g. consecutive slots and/or frames) when network is with zero data load (o% resource utilization) but with low paging loads.
Proposal 2: 
· RAN1 should investigate further into techniques that allow compacting paging resources into consecutive slots/frames for zero data load scenarios.

Based on observations above, we suggest updating the time domain technique A-1 as follows.
	· Technique #A-1a Adaptation of common signals and channels
· Network energy saving can be realized by flexibly varying the longer periodicity and resource allocation pattern such that common signals are nearly back to back (e.g. nearly consecutive) and/or dynamically changing a transmission pattern (when applicable) of downlink common and broadcast signals, such as SSB/SI/paging/cell common PDCCH, and/or flexibly varying the longer periodicity of uplink random access opportunities and resource allocation pattern such that random access opportunities are nearly back to back (e.g. nearly consecutive) with other common signals.
· This also include introducing light version of downlink common and broadcast signals, where for some periodicity occasion one or more common signals/channels can be skipped.
· This is mainly for BS idle/inactive mode, e.g. cell deactivation without DL data transmission.
· Support of burst transmission and reception of common signals and channels with more than one periodicity and/or adaptation of a burst pattern, including longer periodicity, show power consumption improvement up to 35% in low load scenarios, and up to 25% in zero load scenarios (for paging) are expected to potentially by proving provide longer inactivity periods for the gNB and potentially provide higher power saving gains.
· Support of longer periodicity for SSB/SIB1 including the possibility of SSB/SIB-less operation requires changes to RRC. Support of bursty paging resource pattern requires changes to IDLE mode specification, as well as changes to RRC. Both of theses changes may not be supported by legacy UEs.
· Technique #A-1b Adaptation of common signals and channels (move the following bullets into a separate technique category)
· Support of [dynamic adaptation of SSB/SIB transmission or] on-demand SSBs/SIB1 transmissions or SSB/SIB1-less operations may also enable long periods of inactivity at the gNB and potentially provide energy savings.
· [This may include leveraging SSB-less cell operations and potential enhancements for SSB-less cells, e.g. support SSB-less cell operation for inter-band CA. and/or support offloading system information from one cell to another for inter-band CA.]
· This may include support of signals/channels to aid discovery of cells in lieu of SSBs.
· This may include support of mechanism for UE to trigger on-demand SSB/SIB1 transmission for fast access/fast cell activation.
· It should be noted that use of CA means the technique is only applicable to UEs in connected mode. 
· [Support of scheduling enhancements for SIB1 along with a long period (rather than the period as the same as the SSB period) adaptation of CORESET 0 (e.g. in a separately configured CORESET) are expected to avoid/reduce redundant DCI transmissions within the CORESET 0 for the gNB and potentially provide higher power saving gains.]
· This may include support of a long period (rather than the period as the same as the SSB period) of CORESET 0
· This may include support of scheduling of SIB1 by SSB to avoid transmissions of DCIs within CORESET 0, support of the mechanism to reduce impacts on SSB and overhead
· Dynamic adaptation of the periodicity of common channel/signals might have impact to the UE normal access to the network, such as initial access, and legacy UE network access.   




Frequency Domain Techniques
In RAN1 #110, following text on frequency domain network energy saving techniques was put together by the moderator of the discussion to be used as basis for further discussions [1].
	· Technique #B-1: Multi-carrier energy savings enhancements
· The gNB can achieve potential energy savings from operating SCells without or with reduced transmission and reception of periodic signals and channels such as SSB, SI, and CSI-RS for mobility measurements, PRACH, paging, etc.
· This may include support of mechanism for UE to trigger normal SSB/SIB1 transmission on a SCell for fast access if the SCell, it can not share synchronization with PCell.
· This may include leveraging SSB-less cell operations and potential enhancements for SSB-less cells, e.g. support SSB-less cell operation for inter-band CA, and support offloading system information from one cell to another for inter-band CA.
· Currently both Intra-band CA and Inter-band CA scenarios are assumed. In case, the intra-band CA cases are already supported by current specification, then the inter-band CA cases are the focus. 
· Moreover, regarding cross carrier synchronization and measurement for inter-band CA cases, involvement of RAN4 WG is needed to identify necessary requirements and guide for future RAN1 work, i.e. about sync. requirement between carriers, frequency distance requirement between carriers, Rx power difference between carriers, QCL assumption requirement across carriers, etc.
· To facilitate leveraging of lean SCells, potential enhancements to provide time and frequency synchronization, and other measurement sources by another cell can be considered.
· Common signaling to a group of the UEs of PCell change
· Ability to quickly activation and deactivation of  CC, for example, based on on-demand RS, aperiodic RS, UE request, and L1 response or dynamically switch PCell is expected to potentially provide energy savings at the network.
· Hardware architecture needs to be carefully considered. For shared hardware components among carriers, switching off or disable one of the carriers may not bring benefits to the network energy saving, since the shared hardware components are still utilized by other active carriers.
· Technique #B-2: Dynamic adaptation of bandwidth part of UE(s) within a carrier
· Enhancements to enable UE group-common or cell-specific BWP configuration and/or switching may lower signaling overhead and operational cost (e.g. signaling overhead) for adaptation of BWPs of UE(s) and potentially improve gNB power consumption.
· Reducing the BW adaptation delays for Rel18 UEs
· Technique #B-3: Dynamic adaptation of bandwidth of UE(s) within a BWP [and dynamic adaptation of a resource grid in a carrier] 
· Enhancements to enable group-common signaling to adapt the bandwidth of active BWP and continue operating in same BWP reduces the latency and lowers the signaling overhead.




To assess the potential benefits of gNB intra-carrier bandwidth adaptation, we have evaluated and compared reduction of bandwidth from 100 MHz to 50 MHz (50% of bandwidth) and 25 MHz (25% of bandwidth) and checked the relative power consumption. In the evaluations the traffic load was kept constant during the three different cases, low, and light, and medium load, when comparing the network power consumption with reduced bandwidth. 
Evaluation of various KPIs (power consumption, cell throughput, user throughput, and energy efficiency) is provided in Figure 8, Figure 9, and Figure 10. From the KPIs, we observe that there is significant throughput performance penalty for reducing the bandwidth at the gNB. This also directly translates into longer activity of the gNB to service the offered traffic load to all the UEs. The resource utilization of the network significantly increases when system bandwidth is reduced, and even though power consumption per slot is smaller for the smaller bandwidth operating cases, it results in longer periods of base station activity. The overall effect actually results in higher power consumption, while also losing in throughput performance and negatively impacting energy efficiency.
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[bookmark: _Ref115292323]Figure 8. Comparison of cell throughput and power consumption with average of 0.57 user per cell (corresponding to very low load of RU of 7.8% in case of full BW usage) in 100%, 50%, and 25% utilization of the system bandwidth
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[bookmark: _Ref115292325]Figure 9. Comparison of cell throughput and power consumption with average of 3.29 user per cell (corresponding to low load of RU of 7.9% in case of full BW usage) in 100%, 50%, and 25% utilization of the system bandwidth
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[bookmark: _Ref115292326]Figure 10. Comparison of cell throughput and power consumption with average of 7 user per cell (corresponding to light load of RU of 20.9% in case of full BW usage) in 100%, 50%, and 25% utilization of the system bandwidth

The observations made above are for intra-carrier bandwidth adaptation. For inter-carrier adaptation such as enablement of SSB-less or common signal-less operations, while classified as frequency domain technique, leverages more on enabling reduction of common signals similar to the goals of the time domain techniques. Therefore, multi-CC network energy saving techniques should be evaluated together with potential reduction of power that can be obtained from reduction of common signals from the component carrier(s).
Observation 4: 
· Intra-carrier bandwidth adaptation results in significant impact to maximum throughput, which has highly negative impact to total gNB activity time and power consumption. The reduction in power consumption from reduced bandwidth does not seem sufficiently large enough to overcome the loss in throughput and increase in active time duration.
Proposal 3: 
· Based on evaluation finds, we suggest deprioritizing any potential enhancements (such as technique B-2 and B-3 from R1-2208185) related to intra-carrier bandwidth adaptation and related optimization.

Spatial Domain Techniques
In RAN1 #110, following text on spatial domain network energy saving techniques was put together by the moderator of the discussion to be used as basis for further discussions [1].
	· Technique #C-1: Dynamic adaptation of spatial elements
· gNB may conserve energy by reducing the number of active transceiver chains or antenna elements.
· CSI-RS/reporting re-configuration should be indicated to the UEs for spatial adaptation of gNB/cell power state 
· Adaptation can be further categorized into two types:
· Type 1: enable/disable all spatial elements associated to a logical antenna port, e.g. a subset of ports of a CSI-RS resource.
· Type 2: enable/disable of part of spatial elements associated to a logical antenna port(s). This may result in changes to the antenna pattern, gains, TCI states, and/or transmission power of the reference signal or channel that uses the antenna port(s). 
· Type 1 and Type 2 may have impact on measurement operation, so the potential enhancement may include CSI-RS and PL RS measurements, beam failure recovery, radio link monitoring, cell (re)selection and handover procedure. 
· CSI reporting enhancement on muted spatial elements patterns can be considered for assistance information feedback.
· Support enhancements to UE behaviors due to 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.
· The different set of ports such as 64/32/8/4 and their associated CSI-RS configurations may be determined from the hypothesis of TRX On/Off. Spatial configuration for the network energy saving may then be determined by mapping the selected TRX ports setting to an associated configuration index. The configuration index can also be used to select the best of directional beams, NZP-CSI-RS configuration and measurement reporting in reportConfig. Over a certain coherent period, whenever the network enters the energy saving mode, the corresponding spatial domain configuration can then be determined from the configuration index.
· Support of light-weight mechanisms such as DCI/MAC-CE-based, that allow fast CSI-RS reconfigurations.
· Techniques including conditions/criteria for UE measurements and feedback to gNB for (de)activation of antenna ports.
· UE feeding back antenna muting pattern recommendations to the gNB. 
· Technique #C-2: Dynamic adaptation of TRPs in mTRP 
· Adaptation is categorized as type 3:
· Type 3: activate/deactivate a set of spatial elements, e.g., TRP on/off, activating N1-port CSI-RS resource (set) and deactivating N2-port CSI-RS resource (set)
· Type 3 may have impact on redundant CSI measurement or reporting to a muted TRP, so enhancement may include dynamic signaling for TRP ID (CORESETPollIndex).
· Dynamic adaption of non-colocated antenna elements, such as different TRP.  
· gNB may conserve energy by reducing the number of active TRPs in the mTRP deployment.
· This may also include signaling of the adaptation of TRPs in mTRP, e.g. by utilizing group-level or cell common signaling.
· Support enhancements to UE behaviors due to dynamic adaptation of TRPs, 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




To assess the potential benefits of gNB antenna element adaptation, we have evaluated and compared reduction of bandwidth from 64 Tx/Rx antenna elements to 32 Tx/Rx antenna elements (50% of maximum) and 16 Tx/Rx antenna elements (25% of maximum) and checked the relative power consumption. In the evaluations the traffic load was kept constant during the three different cases, low, and light, and medium load, when comparing the network power consumption with reduced antenna set. 
Evaluation of various KPIs (power consumption, cell throughput, user throughput, and energy efficiency) is provided in Figure 11, Figure 12, and Figure 13. From the KPIs, we observe that there is some throughput performance penalty for reducing the antenna array size (and number of antenna ports) at the gNB. However, reduction of number of antenna does result in improvement in power consumption usage. In case gNB performs antenna utilization adaptation based on offered load estimate, we can see that some improvements to power consumption can be made at the sacrifice of minimal cell throughput. It should be noted that evaluations for the antenna adaptation was performed in long term basis based on offered load estimate at the gNB, and no dynamic antenna adaptation was performed.
While antenna adaptation doesn’t necessarily provide throughput improvements, it does provide some power consumption savings at the expense of some throughput loss. Depending on the deployment scenario and situation, it might be useful for the network to have the option to perform antenna adaption to conserve power at the expense of some performance loss.
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[bookmark: _Ref115296996]Figure 11. Comparison of cell throughput and power consumption with average of 3.28 user per cell (corresponding to low load of RU of 7.9% in case of full BW and full TxRx usage) in 100%, 50%, and 25% utilization of the number of antenna elements.
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[bookmark: _Ref115296985]Figure 12. Comparison of cell throughput and power consumption with average of 7 user per cell (corresponding to light load of RU of 20.9% in case of full BW and full TxRx usage) in 100%, 50%, and 25% utilization of the number of antenna elements.
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[bookmark: _Ref115296986]Figure 13. Comparison of cell throughput and power consumption with average of 11 user per cell (corresponding to medium load of RU of 38.3% in case of full BW and full TxRx usage) in 100%, 50%, and 25% utilization of the number of antenna elements.
Observation 5:
· Antenna adaptation provides reduction in power consumption from anywhere between 5% to 30% at the expense of cell/user throughput. In the right circumstances, it might be beneficial for the network to be able to choose disablement of sub portions of the antenna to improve power consumption at the expense of some degradation of cell/user throughput.
It should be noted that semi-static long-term adaptation of antenna ports used by the gNB can be performed using RRC reconfiguration signaling. However, the RRC reconfiguration signaling is a UE specific control, and gNB must send the RRC reconfiguration for each individual UEs when making any changes to the antenna ports used by the gNB. While this RRC overhead aspect have not be modeled in the evaluations, it is pretty clear that there will be negative impact from all the RRC reconfiguration message overhead that needs to be send for all UEs in the network. Therefore, we believe it will be beneficial for RAN1 to further investigate techniques that allow group control of reconfiguration of antenna ports that will be needed for CSI feedback, RLM, and RRM measurements.
Further study is needed to verify is support of dynamic change of antenna ports can yield even higher power consumption benefits or not. It is not clear what kind of metrics the gNB can use to dynamically change the antenna array. Use of traffic load estimates only provide long term estimates and are not suitable for dynamic selection. Even CSI feedback from the UE may not be available every slot, and will have certain periodicity to them. Also once the gNB has disabled the some of the antenna ports, its not clear what measurement the UE can perform to figure out turning back the antennas will yield favorable conditions at the gNB. There are still several open issues regarding support of dynamic antenna port adaptation that will require clarification and verification.
Among signals and channels that are transmitted in the downlink, actual antenna ports used by PDCCH and PDSCH can be dynamically controlled (to some extent) by the gNB. The only signal and channel that does not have dynamic control of number of ports and antenna array is CSI-RS resources. The number of ports is configured together with the CSI-RS resources, and any sudden change in beam pattern for CSI-RS resource can also lead to unsuspected behavior at the UE as the UE does not expect CSI-RS beam pattern to dynamically change. Therefore, the enhancements for antenna adaptation can be focused on adaptation of CSI-RS resources.
Observation 6:
· Antenna elements and ports used by PDCCH and PDSCH can be somewhat flexibly controlled by the gNB.
· Number of ports used by CSI-RS is configured by RRC.
· UEs do not expect beam pattern used by CSI-RS to dynamically change, and dynamic change of CSI-RS beam pattern may lead to unsuspected results to RLM, RRM measurements (if used by RLM, RRM measurements), and CSI reporting.
Proposal 4:
· Consider support of more efficient signaling methods to update the number of antenna ports (and other related configuration) for CSI-RS.

Based on observations above, we suggest updating the spatial domain technique C-1 as follows.
	· Technique #C-1: Dynamic adaptation of spatial elements
· gNB may conserve energy by reducing the number of active transceiver chains or antenna elements.
· CSI-RS/reporting re-configuration should be indicated to the UEs for spatial adaptation of gNB/cell power state 
· Adaptation can be further categorized into two types:
· Type 1: enable/disable all spatial elements associated to a logical antenna port, e.g. a subset of ports of a CSI-RS resource.
· Type 2: enable/disable of part of spatial elements associated to a logical antenna port(s). This may result in changes to the antenna pattern, gains, TCI states, and/or transmission power of the reference signal or channel that uses the antenna port(s). 
· Type 1 and Type 2 may have impact on measurement operation, so the potential enhancement may include CSI-RS and PL RS measurements, beam failure recovery, radio link monitoring, cell (re)selection and handover procedure. 
· CSI reporting enhancement on muted spatial elements patterns can be considered for assistance information feedback.
· Support enhancements to support group-based UE behaviors due to 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.
· Adaptation of antenna ports by the gNB can yield in lower power consumption at the potential sacrifice of some throughput loss. In some cases, can provide improved energy efficiency (throughput/consumed power).
· Potential specification impacts are:
· Introduction of group-based reconfiguration of various reference signal resources, measurement, reporting, which may be RRC-based or MAC-CE based or by other physical layer indication.
· The different set of ports such as 64/32/8/4 and their associated CSI-RS configurations may be determined from the hypothesis of TRX On/Off. Spatial configuration for the network energy saving may then be determined by mapping the selected TRX ports setting to an associated configuration index. The configuration index can also be used to select the best of directional beams, NZP-CSI-RS configuration and measurement reporting in reportConfig. Over a certain coherent period, whenever the network enters the energy saving mode, the corresponding spatial domain configuration can then be determined from the configuration index.
· Support of light-weight mechanisms such as DCI/MAC-CE-based, that allow fast CSI-RS reconfigurations.
· Techniques including conditions/criteria for UE measurements and feedback to gNB for (de)activation of antenna ports.
· UE feeding back antenna muting pattern recommendations to the gNB. 




Power Domain Techniques
In RAN1 #110, following text on power domain network energy saving techniques was put together by the moderator of the discussion to be used as basis for further discussions [1].
	· Technique #D-1: Adaptation of transmission power of signals and channels
· Network energy savings could be potentially obtained by reducing the transmission power or PSD of various signals and channels, e.g SSB, CSI-RS, PDSCH, during specific scenarios or situations. 
· Support  of signaling of modified power ratio between CSI-RS and PDSCH/SSB or between SSB and CSI-RS are expected to provide adaptation of flexible power ratio values and potentially reduce overhead, e.g. by utilizing group-level or cell common signaling.
· This may include enhancements on CSI-RS based measurements, such as beam management, beam failure recovery, radio link monitoring, cell (re)selection and handover procedure
· The transmission bandwidth may be adapted jointly with transmission power to keep the similar reception performance.
· Network energy savings could be potentially obtained by transmission power adaptation with UE feedback information, e.g, CSI reporting, power adjustment indication, etc.
· Dynamic adaptation of power offset(s) between PDSCH and CSI-RS.
· The linear reduction of PAE (power added efficiency) when Tx power reduction should be included in the scaling of the power model.  
· Technique #D-2: enhancements to [gNB digital pre-distortion] and UE post-distortion
· Transmission energy efficiency at the network can be potentially improved with use of [enhanced over the air digital pre-distortion at the gNB and/or] post-distortion at the UE. 
· Whether and how much improvement of the PAE (power-added efficiency) should be disclosed.
· In gNB digital pre-distortion over the air, the UEs assist the gNB in reducing nonlinear impairments introduced by the PA, by processing (e.g., calculation of the cross correlation of received signal after applying non-linear kernels) and reporting the information needed for gNB digital pre-distortion, on training signals
· In UE post-distortion, the gNB assist the UE in reducing nonlinear impairments introduced by its PA (e.g., non-linear equalization stage that will “invert” the non-linearity), by sending RS signal at low periodically or some signaling to the UE.
· Technique #D-3: adaptation of transceiver processing algorithm
· Transmission energy efficiency at the network can be potentially improved with use of techniques such as channel aware tone reservation that decrease PAPR.
· The UE must be notified of the sub-carriers carrying the TR signal, as using existing patterns (e.g., CSI-RS) is not practical
· gNB may opt to use different transceiver processing algorithms, e.g. different receive filtering, different transmitter digital pre-distortion methods, etc,, including some that may favor lower power consumption at the expense of degraded system performance. For example, disabling use of DPD that would potentially increase out of band emissions or tx EVM, but would potentially conserve transmitter power consumption. Different transceiver processing algorithms at the gNB should be transparent to the UE.
· Power model for the scaling of different transceiver processing algorithm should be provided with justification.
· Technique #D-4: PA Input Power Bias ("input backoff”) Adaptation 
· Technique(s) allowing to modify/reduce the input power bias (“input power backoff”) in cases of no or very low load in the cell and in neighbor cells. 
· The PA energy consumption consists around ~70 % of the energy consumed at the BS. 
· The majority of this energy consumed at the PA is due to the input power bias (“backoff”).
· In some cases, especially when the cell and neighbor cells are almost empty, reducing this input power bias (“backoff”) results in significantly lower energy consumption. 
· This input power bias adaptation results in lower output PAPR, which is translated into some in band and out of band emissions being generated. 
· With appropriate signal processing techniques, it is possible to “steer” the unwanted emissions either to the in-band signal or out-of-band. 
· With suitable base station coordination and by steering the unwanted emissions onto carrier frequencies in which their impact can be traced, it is possible to avoid any eventual impact onto UEs in the cell or in neighbor cells. 
· In general, this technique is activated only in case of zero or very low load in the cells; hence, the expectation is that no UEs will be affected by the generated in-band or out-of-band emissions.
· The effect of PAE to the scheme should be disclosed.

	



To assess the potential benefits of gNB transmit power adaptation, we have evaluated and compared reduction of transmit power from 55dBm to 49 dBm (25% of maximum power ) and 43 dBm (6.25% of maximum power) and checked the relative power consumption. In the evaluations the traffic load was kept constant during the three different cases, low, and light, and medium load, when comparing the network power consumption with reduced transmission power. 
Evaluation of various KPIs (power consumption, cell throughput, user throughput, and energy efficiency) is provided in Figure 14, Figure 15, and Figure 16. From the KPIs, we observe that there is some throughput performance penalty for reducing the transmission power at the gNB. However, it should be noted that FR1 deployments are not typically noise limited, and mostly interference limited. In the agreed evaluation methodology of 500 m inter-site distance with micro urban channel model, use of 55dBm for maximum transmit power might be excessive and not necessary to provide maximum coverage within the network. Therefore, it is possible to draw different conclusions of the power consumption versus cell throughput trade-off depending on what the reference benchmark case is.
For example, if we assume 49dBm to be the nominal mode of operation for the gNB, then reduction of transmit power from 49 dBm to 43dBm does not yield much power consumption savings. This is because there is some noticeable loss in throughput performance that leads to longer transmission activity for the UEs, and this results in long periods where gNB needs to stay active. Therefore, if the benchmark of the comparison is from 49dBm, one can conclude there isn’t meaning gains from reducing transmit power. However, if we assume 55dBm to be the nominal mode of operation for the gNB, then reduction of transmit power from 55dBm to 49dBm does yield meaning power consumption savings at the expense of some degradation of throughput performance. In such scenario, one might be able to conclude that there is meaningful gains from reducing transmit power.
The changes to transmit power in interference limited scenarios have non-trivial and non-linear impact to overall performance, and therefore much more difficult conclude definitive gains or loss from the transmit power adaptation. With that said, unlike adaptation of intra-carrier bandwidth adaptation, changes to transmission power in some cases does seem to yield a favorable power consumption vs throughput performance trade off. For some deployments, having the possibility to provide transmission power changes could be beneficial.
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[bookmark: _Ref115298221]Figure 14. Comparison of cell throughput and power consumption with average of 3.28 user per cell (corresponding to low load of RU of 7.9% in case of full BW and full TxRx usage) and using 100%, 25%, and 6.25% of the maximum transmit power.
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[bookmark: _Ref115298222]Figure 15. Comparison of cell throughput and power consumption with average of 7 user per cell (corresponding to light load of RU of 20.9% in case of full BW and full TxRx usage) and using 100%, 25%, and 6.25% of the maximum transmit power.
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[bookmark: _Ref115298224]Figure 16. Comparison of cell throughput and power consumption with average of 11 user per cell (corresponding to medium load of RU of 38.3% in case of full BW and full TxRx usage) and using 100%, 25%, and 6.25% of the maximum transmit power.
Observation 7:
· Transmission power adaptation in some situations does result in reduction in power consumption anywhere between 15% to 30% at the expense of some cell/user throughput. In the right circumstances, it might be beneficial for the network to be able to update the transmission power such that all UEs can be aware of the update efficiently.
It should be noted that similar to antenna adaptation semi-static long-term adaptation of transmission power of reference signal used by the gNB can be updated using RRC reconfiguration signaling. For example, for CSI-RS, gNB can provide an update of the CSI-RS power offset with respect to SSB transmission power. However, also similar to antenna adaptation case, RRC reconfiguration signaling is a UE specific control and gNB must send the RRC reconfiguration for each individual UEs when making any changes to the transmission power of the CSI-RS by the gNB. Therefore, we believe it might be beneficial for RAN1 to further investigate techniques that allow more efficiency mechanism of reconfiguration of transmission power of CSI-RS. 
Proposal 5:
· Consider support of more efficient signaling methods to update the transmission power (offset) of CSI-RS. This includes transmission power offset between CSI-RS and SSB, and CSI-RS and PDSCH.


Based on observations above, we suggest updating the spatial domain technique D-1 as follows.
	· Technique #D-1: Adaptation of transmission power of signals and channels
· Network energy savings could be potentially obtained by reducing the transmission power or PSD of various signals and channels, e.g SSB, CSI-RS, PDSCH, during specific scenarios or situations. 
· Support of signaling of modified power ratio between CSI-RS and PDSCH/SSB or between SSB and CSI-RS are expected to provide adaptation of flexible power ratio values and potentially reduce overhead, e.g. by utilizing group-level or cell common signaling.
· This may include enhancements on CSI-RS based measurements, such as beam management, beam failure recovery, radio link monitoring, cell (re)selection and handover procedure
· The transmission bandwidth may be adapted jointly with transmission power to keep the similar reception performance.
· Network energy savings could be potentially obtained by transmission power adaptation with UE feedback information, e.g, CSI reporting, power adjustment indication, etc.
· Dynamic adaptation of power offset(s) between PDSCH and CSI-RS.
· The linear reduction of PAE (power added efficiency) when Tx power reduction should be included in the scaling of the power model. 
· Adaptation of transmission power levels of reference signals the gNB can yield in lower power consumption at the potential sacrifice of some throughput loss. In some cases, can provide improved energy efficiency (throughput/consumed power).
· Potential specification impacts are:
· Introduction of group-based reconfiguration of various reference signal resources, measurement, reporting, which may be RRC-based or MAC-CE based or by other physical layer indication.




Conclusions
In this contribution, we discussed issues related to evaluation methodology for network energy saving SI. The following is a summary of the proposals:
Observation 1: 
· BS power model category 2 requires cell to have much longer periods of non-activity, e.g. in the order to 640 msec to 10 sec, before deeper sleep modes can be leveraged. Since the user traffic are generated on average of 200 msec, cells that have any active user may not be able to leverage deeper sleep modes. This creates difficulty in obtaining insightful observations even at low load scenarios.
Observation 2: 
· More than 30% power saving gains are observed when network is under low loads (below 15% resource utilization) and network increases the common signal transmission periodicity from 20 msec to 160 msec or longer.
Proposal 1: 
· RAN1 should investigate further into techniques that allow reduction of common signals (i.e. increasing periodicity) such as SSB, SIB1, and PRACH for low and lightly load scenarios.
Observation 2: 
· Up to 25% power saving gains are observed from paging enhancement that compact the POs to be more bursty (e.g. consecutive slots and/or frames) when network is with zero data load (o% resource utilization) but with low paging loads.
Proposal 2: 
· RAN1 should investigate further into techniques that allow compacting paging resources into consecutive slots/frames for zero data load scenarios.
Observation 4: 
· Intra-carrier bandwidth adaptation results in significant impact to maximum throughput, which has highly negative impact to total gNB activity time and power consumption. The reduction in power consumption from reduced bandwidth does not seem sufficiently large enough to overcome the loss in throughput and increase in active time duration.
Proposal 3: 
· Based on evaluation finds, we suggest deprioritizing any potential enhancements (such as technique B-2 and B-3 from R1-2208185) related to intra-carrier bandwidth adaptation and related optimization.
Observation 5:
· Antenna adaptation provides reduction in power consumption from anywhere between 5% to 30% at the expense of cell/user throughput. In the right circumstances, it might be beneficial for the network to be able to choose disablement of sub portions of the antenna to improve power consumption at the expense of some degradation of cell/user throughput.
Observation 6:
· Antenna elements and ports used by PDCCH and PDSCH can be somewhat flexibly controlled by the gNB.
· Number of ports used by CSI-RS is configured by RRC.
· UEs do not expect beam pattern used by CSI-RS to dynamically change, and dynamic change of CSI-RS beam pattern may lead to unsuspected results to RLM, RRM measurements (if used by RLM, RRM measurements), and CSI reporting.
Proposal 4:
· Consider support of more efficient signaling methods to update the number of antenna ports (and other related configuration) for CSI-RS.
Observation 7:
· Transmission power adaptation in some situations does result in reduction in power consumption anywhere between 15% to 30% at the expense of some cell/user throughput. In the right circumstances, it might be beneficial for the network to be able to update the transmission power such that all UEs can be aware of the update efficiently.
Proposal 5:
· Consider support of more efficient signaling methods to update the transmission power (offset) of CSI-RS. This includes transmission power offset between CSI-RS and SSB, and CSI-RS and PDSCH.

Suggested changes to Technique #A-1
	· Technique #A-1a Adaptation of common signals and channels
· Network energy saving can be realized by flexibly varying the longer periodicity and resource allocation pattern such that common signals are nearly back to back (e.g. nearly consecutive) and/or dynamically changing a transmission pattern (when applicable) of downlink common and broadcast signals, such as SSB/SI/paging/cell common PDCCH, and/or flexibly varying the longer periodicity of uplink random access opportunities and resource allocation pattern such that random access opportunities are nearly back to back (e.g. nearly consecutive) with other common signals.
· This also include introducing light version of downlink common and broadcast signals, where for some periodicity occasion one or more common signals/channels can be skipped.
· This is mainly for BS idle/inactive mode, e.g. cell deactivation without DL data transmission.
· Support of burst transmission and reception of common signals and channels with more than one periodicity and/or adaptation of a burst pattern, including longer periodicity, show power consumption improvement up to 35% in low load scenarios, and up to 25% in zero load scenarios (for paging) are expected to potentially by proving provide longer inactivity periods for the gNB and potentially provide higher power saving gains.
· Support of longer periodicity for SSB/SIB1 including the possibility of SSB/SIB-less operation requires changes to RRC. Support of bursty paging resource pattern requires changes to IDLE mode specification, as well as changes to RRC. Both of theses changes may not be supported by legacy UEs.
· Technique #A-1b Adaptation of common signals and channels (move the following bullets into a separate technique category)
· Support of [dynamic adaptation of SSB/SIB transmission or] on-demand SSBs/SIB1 transmissions or SSB/SIB1-less operations may also enable long periods of inactivity at the gNB and potentially provide energy savings.
· [This may include leveraging SSB-less cell operations and potential enhancements for SSB-less cells, e.g. support SSB-less cell operation for inter-band CA. and/or support offloading system information from one cell to another for inter-band CA.]
· This may include support of signals/channels to aid discovery of cells in lieu of SSBs.
· This may include support of mechanism for UE to trigger on-demand SSB/SIB1 transmission for fast access/fast cell activation.
· It should be noted that use of CA means the technique is only applicable to UEs in connected mode. 
· [Support of scheduling enhancements for SIB1 along with a long period (rather than the period as the same as the SSB period) adaptation of CORESET 0 (e.g. in a separately configured CORESET) are expected to avoid/reduce redundant DCI transmissions within the CORESET 0 for the gNB and potentially provide higher power saving gains.]
· This may include support of a long period (rather than the period as the same as the SSB period) of CORESET 0
· This may include support of scheduling of SIB1 by SSB to avoid transmissions of DCIs within CORESET 0, support of the mechanism to reduce impacts on SSB and overhead
· Dynamic adaptation of the periodicity of common channel/signals might have impact to the UE normal access to the network, such as initial access, and legacy UE network access.   



Suggested changes to Technique #C-1
	· Technique #C-1: Dynamic adaptation of spatial elements
· gNB may conserve energy by reducing the number of active transceiver chains or antenna elements.
· CSI-RS/reporting re-configuration should be indicated to the UEs for spatial adaptation of gNB/cell power state 
· Adaptation can be further categorized into two types:
· Type 1: enable/disable all spatial elements associated to a logical antenna port, e.g. a subset of ports of a CSI-RS resource.
· Type 2: enable/disable of part of spatial elements associated to a logical antenna port(s). This may result in changes to the antenna pattern, gains, TCI states, and/or transmission power of the reference signal or channel that uses the antenna port(s). 
· Type 1 and Type 2 may have impact on measurement operation, so the potential enhancement may include CSI-RS and PL RS measurements, beam failure recovery, radio link monitoring, cell (re)selection and handover procedure. 
· CSI reporting enhancement on muted spatial elements patterns can be considered for assistance information feedback.
· Support enhancements to support group-based UE behaviors due to 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.
· Adaptation of antenna ports by the gNB can yield in lower power consumption at the potential sacrifice of some throughput loss. In some cases, can provide improved energy efficiency (throughput/consumed power).
· Potential specification impacts are:
· Introduction of group-based reconfiguration of various reference signal resources, measurement, reporting, which may be RRC-based or MAC-CE based or by other physical layer indication.
· The different set of ports such as 64/32/8/4 and their associated CSI-RS configurations may be determined from the hypothesis of TRX On/Off. Spatial configuration for the network energy saving may then be determined by mapping the selected TRX ports setting to an associated configuration index. The configuration index can also be used to select the best of directional beams, NZP-CSI-RS configuration and measurement reporting in reportConfig. Over a certain coherent period, whenever the network enters the energy saving mode, the corresponding spatial domain configuration can then be determined from the configuration index.
· Support of light-weight mechanisms such as DCI/MAC-CE-based, that allow fast CSI-RS reconfigurations.
· Techniques including conditions/criteria for UE measurements and feedback to gNB for (de)activation of antenna ports.
· UE feeding back antenna muting pattern recommendations to the gNB. 




Suggested changes to Technique #D-1
	· Technique #D-1: Adaptation of transmission power of signals and channels
· Network energy savings could be potentially obtained by reducing the transmission power or PSD of various signals and channels, e.g SSB, CSI-RS, PDSCH, during specific scenarios or situations. 
· Support of signaling of modified power ratio between CSI-RS and PDSCH/SSB or between SSB and CSI-RS are expected to provide adaptation of flexible power ratio values and potentially reduce overhead, e.g. by utilizing group-level or cell common signaling.
· This may include enhancements on CSI-RS based measurements, such as beam management, beam failure recovery, radio link monitoring, cell (re)selection and handover procedure
· The transmission bandwidth may be adapted jointly with transmission power to keep the similar reception performance.
· Network energy savings could be potentially obtained by transmission power adaptation with UE feedback information, e.g, CSI reporting, power adjustment indication, etc.
· Dynamic adaptation of power offset(s) between PDSCH and CSI-RS.
· The linear reduction of PAE (power added efficiency) when Tx power reduction should be included in the scaling of the power model. 
· Adaptation of transmission power levels of reference signals the gNB can yield in lower power consumption at the potential sacrifice of some throughput loss. In some cases, can provide improved energy efficiency (throughput/consumed power).
· Potential specification impacts are:
· Introduction of group-based reconfiguration of various reference signal resources, measurement, reporting, which may be RRC-based or MAC-CE based or by other physical layer indication.
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Appendix A – Evaluation Assumptions/Parameters

Table 2. System level simulation assumptions
	Parameter
	Value

	Duplex
	TDD (DDDSU, DDDSU)

	Layout
	Hex Deployment, 2 Tier 57 Cell Deployment

	ISD
	500 m

	System (carrier) BW
	100/50/25 MHz

	Number of Carrier
	1

	Number of TRP
	1

	Numerology
	30 kHz

	Total transmit power per TRP
	55/52/49/46/43 dBm
Note 1: The transmit power is scaled depending on occupied bandwidth as it is assumed fixed PSD.
Note 2: Maximum transmit power is linearly reduced when number of antenna elements are reduced from 64.

	Carrier Frequency
	4GHz

	BS Antenna Configuration
	64 TxRu, (M, N, P, Mg, Ng; Mp, Np) = (8,8,2,1,1;4,8) (dH, dV) = (0.5λ, 0.8λ)
32 TxRu, (M, N, P, Mg, Ng; Mp, Np) = (4,8,2,1,1;2,8) (dH, dV) = (0.5λ, 0.8λ)
16 TxRu, (M, N, P, Mg, Ng; Mp, Np) = (4,4,2,1,1;2,4) (dH, dV) = (0.5λ, 0.8λ)

	DL Traffic
	FTP3 0.5Mbyte, 200 msec Reading Time

	UL Traffic
	None

	SSB Periodicity
	20, 160, 2560 msec

	SIB1 PDSCH Periodicity
	80, 160, 2560 msec (occupies 48 PRB)

	PRACH Periodicity
	80, 160, 2560msec

	Average number of Users per cell
	3.28, 7, 11 (used to vary the network load)

	BS power model
	Cat 1 BS power model (unless stated otherwise)



Table 3. Relative Power Consumption Modeling
	States/Modes and description
	Relative Power Value (per slot) 
– Cat 1
	Relative Power Value (per slot)
– Cat 2

	SM3
	1
	1

	Transition between SM3 – SM1
	14.5 
· Total transition energy: 1450
· Additional energy: 1350
· Total transition duration: 50 msec
	1.65
· Total transition energy: 33000
· Additional energy: 13000
· Total transition duration: 10000 msec

	SM2
	25
	2.1

	Transition between SM2 – SM1
	32.5
· Total transition energy: 390
· Additional energy: 90
· Total transition duration: 6 msec
	2.95
· Total transition energy: 3776
· Additional energy: 1088
· Total transition duration: 640 msec

	SM1
	55
	5.5

	Transition between SM1 – Active
	0
Total transition duration: 0 msec
	0
Total transition duration: 0 msec

	Active DL
	(110 + 115*a)*b*c + 55
	(13.25 + 13.25*a)*b*c + 5.5

	Active UL
	55*b*c + 55
	1.0*b*c + 5.5

	BW/Power scaling: a = is the relative transmission power with respect to maximum Tx power of 55dBm. Reduction of BW from 100MHz to 50 or 25 MHz, results in reduction of power by 0.5 or 0.25.

	Time scaling: b = x/14, where x is the number of occupied OFDM symbols within a slot.

	Antenna scaling: c = 0.7^(64/N - 1), where N is the number of active antenna ports




Appendix B – Additional Evaluation Results

Time Domain Technique Evaluations
Figure  shows comparison of various network KPI with 20 msec SSB periodicity, and 80 msec SIB1/PRACH periodicity versus 160 msec SSB/SIB1/PRACH periodicity in low, light, and medium loads.
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[bookmark: _Ref115291906]Figure 17. Comparison of cell throughput and power consumption in load, light, and medium load scenarios with 20 or 160 msec SSB periodicity (Cat 1 BS Power Model)

For evaluation results in Figure , Figure , and Figure  show slot utilization analysis and relative power consumption analysis in low, light, and medium loads with BS power model category 2. It should be noted that BS power model category 2 requires cell to have much longer periods of non-activity, e.g. in the order to 640 msec to 10 sec, before deeper sleep modes can be leveraged. Since the user traffic are generated on average of 200 msec, cells that have any active user may not be able to leverage deeper sleep modes. This creates difficulty in obtaining insightful observations even at low load scenarios. This is one the primary reasons why there is no meaningful difference in terms of relative power consumption between SSB periodicity of 20msec and 2560 msec.
[image: ]
[bookmark: _Ref115291768]Figure 18. Comparison of slot utilization in low, light, and medium load scenarios with 160 msec SSB/SIB1/PRACH periodicity (Cat 2 BS Power Model)
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[bookmark: _Ref115291769]Figure 19. Comparison of slot utilization in low, light, and medium load scenarios with 2560 msec SSB/SIB1/PRACH periodicity (Cat 2 BS Power Model)
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[bookmark: _Ref115291770]Figure 20. Relative power consumption comparison in low/light/medium load scenarios with 20, 160, and 640 msec SSB periodicity (Cat 2 BS Power Model).
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Figure 21
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Figure 22
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Figure 23
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Figure 24
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Figure 25
[image: ]
Figure 26

Frequency Domain Technique Evaluations
Figure , Figure , and Figure  shows the slot utilization of the gNB in low, light, and medium load scenarios with 100%, 50% and 25% utilization of the system bandwidth. It shows that the gNB activity duration increases significantly as the bandwidth of the system reduces.
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[bookmark: _Ref115296413]Figure 27. Comparison of slot utilization with average of 0.57 user per cell (corresponding to very low load of RU of 1.1%	 in case of full BW usage) and using 100%, 50%, and 25% of the system bandwidth
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[bookmark: _Ref115296415]Figure 28. Comparison of slot utilization with average of 3.29 user per cell (corresponding to low load of RU of 7.9% in case of full BW usage) and using 100%, 50%, and 25% of the system bandwidth
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[bookmark: _Ref115296417]Figure 29. Comparison of slot utilization with average of 7 user per cell (corresponding to light load of RU of 20.9% in case of full BW usage) and using 100%, 50%, and 25% of the system bandwidth

Spatial Domain Technique Evaluations
Figure , Figure , and Figure  shows the slot utilization of the gNB in low, light, and medium load scenarios with 100%, 50% and 25% utilization of the number of antenna elements.
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[bookmark: _Ref115296476]Figure 30. Comparison of slot utilization with average of 3.28 user per cell (corresponding to low load of RU of 7.9% in case of full BW and full TxRx usage) and using 100%, 50%, and 25% of the number of antenna elements.
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[bookmark: _Ref115296478]Figure 31. Comparison of slot utilization with average of 7 user per cell (corresponding to light load of RU of 20.9% in case of full BW and full TxRx usage) and using 100%, 50%, and 25% of the number of antenna elements.
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[bookmark: _Ref115296480]Figure 32. Comparison of slot utilization with average of 11 user per cell (corresponding to medium load RU of 38.3% in case of full BW and full TxRx usage) and using 100%, 50%, and 25% of the number of antenna elements.

Power Domain Technique Evaluations
Figure , Figure , and Figure shows the slot utilization of the gNB in low, light, and medium load scenarios with 100%, 50% and 25% utilization of the number of antenna elements.
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[bookmark: _Ref115296604]Figure 33. Comparison of slot utilization with average of 3.28 user per cell (corresponding to low load of RU of 7.9% in case of full BW and full TxRx usage) and using 100%, 25%, and 6.25% of maximum transmit power.
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[bookmark: _Ref115296605]Figure 34. Comparison of slot utilization with average of 7 user per cell (corresponding to light load of RU of 20.9% in case of full BW and full TxRx usage) and using 100%, 25%, and 6.25% of maximum transmit power.
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[bookmark: _Ref115296606]Figure 35. Comparison of slot utilization with average of 11 user per cell (corresponding to medium load RU of 38.3% in case of full BW and full TxRx usage) and using 100%, 25%, and 6.25% of maximum transmit power.
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