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1. Introduction
In Rel-16 and Rel-17 several new features were introduced to save UE power. On Release-18 a new study item was defined to investigate energy saving on the network side. The “Study on network energy savings for NR” [1] has started on RAN1#109-e. One of the most discussed aspects on RAN1#109-e was the possibility to have some sparser configuration of synchronization signal blocks (SSBs), which could in principle facilitate gNBs to reach deeper sleep states. This is in line with the priority defined on the SI [1]:
[bookmark: _GoBack]The study should prioritize idle/empty and low/medium load scenarios (the exact definition of such loads is left to the study), and different loads among carriers and neighbour cells are allowed.

On the one hand a sparser configuration of SSB is needed to achieve larger energy saving gains on the network. On the other hand the periodicity of SSBs impact a number of functionalities on RAN and UE. This particular contribution focus on how sparser SSB periodicity may impact recently introduced UE power saving features, and therefore impact UE power consumption. In fact, the SI already highlights that this is an aspect which should be investigated [1]:
The study should not only evaluate the potential network energy consumption gains, but also assess and balance the impact on network and user performance, e.g. by looking at KPIs such as spectral efficiency, capacity, user perceived throughput (UPT), latency, UE power consumption, complexity, handover performance, call drop rate, initial access performance, SLA assurance related KPIs, etc. The techniques to be studied should avoid having a large impact to such KPIs.
This contribution discusses why SSB periodicity impacts such features and how the problems can be addressed. In this way, the alignment of UE and network energy saving will lead to the best possible energy cost reductions and environmental impact minimization.
2. SSB periodicity 
The possible SSB periods are standardized in TS 38.331 [2]:
ssb-periodicityServingCell ENUMERATED { ms5, ms10, ms20, ms40, ms80, ms160, spare2, spare1 } 
When multi-beam operation is used the SSB period is applied between SSB burst sets. In case there is no load (e.g., all UEs in a cell are in idle or inactive state) in the interval between 2 SSB periods, the gNB may shut down some components to reduce energy consumption. 
The length of the SSB period affects many functionalities on RAN and UE. For example, in the initial-cell search a period of 20 ms is assumed (TS 38.213). Furthermore, the SSB period affects SSB-based measurements and expected RRM performance (TS 38.304). It follows that the SSB periodicity cannot be arbitrarily changed without analysing the effects on other functions.. 
[bookmark: _Toc110964723]Observation 1: The SSB periodicity cannot be arbitrarily changed without analysing the effects on other functions. 
3. SSB periodicity and Paging Early Indication
In Rel-17, in order to introduce the Paging Early Indication (PEI) feature the pre-paging timeline and UE power consumption were widely discussed. Some detailed analysis can be found in [3] and [4]. Such analysis is based on 20 ms SSB periods and concludes that depending on SINR and assumptions a UE needs 1-3 SSBs before it can decode legacy paging or DCI-based PEI (which was standardized on Rel-17). This timeline is illustrated in Figure 1, which also includes expected energy saving states at gNB based on the reported transition times in [5].
Before PEI occasion and paging, a UE configured for power saving should be typically in a deep sleep state. However, during this 1-3 SSB synchronization the UE will switch between an active state and light sleep. The longer this pre-paging synchronization, the more UE battery is consumed because the consumption in light sleep is significantly higher than in deep sleep. According to the model in TR 38.840 the UE may not be able to keep synchronization on deep sleep. Therefore, in this case the UE needs to maintain light sleep during this 1-3 SSB pre-paging synchronization even if there is an extended period between SSBs. As a consequence, if the SSB period is increased for the sake of network energy saving the UE power consumption will increase as the UE will spend less time in deep sleep. This situation is illustrated in Figure 2.
[bookmark: _Toc110964724]Observation 2: If the SSB period is increased for the sake of network energy saving, the UE power consumption may increase as the UE will spend less time in deep sleep.
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[bookmark: _Ref110425473]Figure 1 – The UE needs to wake-up way before the paging occasion to synchronize to the network. In bad SINR conditions this may take 3 SSB burst sets to synchronize. The default SSB period of 20ms gives little chance for the gNB to apply better energy saving states. 
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[bookmark: _Ref110425560]Figure 2 – When the SSB period is increased to give the gNB the chance to reach better energy saving states, the power consumption of the UE is increased because the UE spends a larger amount of time of the DRX cycle in light sleep instead of deep sleep. 
Naturally, it would be of little use to just move energy consumption from the network to UEs or the other way around. The design needs to be changed so that both sides can benefit from energy saving. A possible solution to the above problem is to enhance the pre PO/PEI synchronization so that the UE can receive multiple SSBs before PEI, even if the SSB periodicity is increased to save energy in the network. This proposal is illustrated in Figure 3 and capture in Proposal 1. Using this mechanism both the network and UE energy consumption can be improved compared to a Rel-17 scenario. 
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[bookmark: _Ref110425624]Figure 3 – Proposed scheme which benefits largely both the network and UEs. The sparser SSB period is compensated by concentrated repeated SSBs just prior to PO/PEI. Both sides may thus save a considerable amount ofenergy. 

[bookmark: _Toc110964726]Proposal 1:	RAN2 should investigate the usage of denser SSB / synchronization prior to PO/PEI to maximize energy saving on both network and UE sides. 

4. SSB periodicity and RRM Relaxation
RRM relaxation was introduced in Rel-16 for RRC_IDLE/RRC_INACTIVE UEs and on Rel-17 for RRC_CONNECTED mode. In RRC_IDLE/RRC_INACTIVE the UEs can enter RRM relaxation autonomously whereas on RRC_CONNECTED mode the UE informs the network when the criteria for RRM relaxation has been reached. After the UE reports rrm-MeasRelaxationFulfilment [2] the UE may be reconfigured accordingly. 
If the network can determine that all UEs in RRC_CONNECTED mode are fulfilling the RRM relaxation criteria, this information could be used to configure energy saving modes where SSBs are sent less often. If, however, some UEs never report rrm-MeasRelaxationFulfilment the network may need to maintain a regular SSB period (e.g. 20 ms) in the serving cell and even on neighbour cells. In such situation extra network knowledge could help to enhance both the network energy saving configuration as well as RRM relaxation. 
[bookmark: _Toc110964725]Observation 3: If the network can determine that all UEs in RRC_CONNECTED mode are fulfilling the RRM relaxation criteria, this information could be used to configure energy saving modes where SSBs are sent less often.
Consider the scenario of Figure 4. A fixed wireless surveillance camera is placed close to the border of 2 cells. This type of application will produce traffic 24/7 even during the night. Thus the network needs to support this low, but constant load even when other traffic is otherwise absent. A video application will produce traffic continuously and the UE will remain in RRC_CONNECTED mode all the time the application is running. The UE is close to fulfil the RRM relaxation criteria. As the network has no information about this quasi fulfilment, the SSB period of the serving cell and neighbour cells are being measured on default settings (20 ms) just in case the UE needs to make a handover. In fact, as the UE is very close to the border it may need to perform a handover now and then because of variations of the RF environment, such as moving scatterers. However, the network does not know that actually only one neighbor cell is really relevant for RRM. All the other 5 cells (shown in grey in Figure 4) could set very aggressive network energy saving modes (large SSB periods) without any effect on the UE RRM/mobility. 
This lack of knowledge could be addressed by introducing further UE assistance information. For example, the UE could be configured to classify the relevance of each cell by reporting to the network the RSRP of neighbour cells in relation to the RSRP of the serving cell. With this knowledge the network could configure both RRM relaxation and network energy saving to perfectly match the scenario. In the case of Figure 4 , the SSB period and RRM relaxation of the grey cells could be set more aggressively, than the 2 cells to which the UE may be connected. 
[bookmark: _Toc110964727]Proposal 2:	RAN2 should investigate to enhance the UE assistance information, including cell classification that can be used to align RRM relaxation and network energy saving (larger SSB periods) to maximize energy saving at both the UE and the network.
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[bookmark: _Ref110426026]Figure 4 – Scenario where a single UE not on RRM relaxation can be prevent many cells to apply an energy saving mode with sparser SSBs. If the UE sends appropriate assistance information to the network, the grayed cells can increase the SSB period with no impact at all on the RRM/mobility of the UE. 

5. Conclusion
We make the following observations and proposals from the above discussions:
Observation 1: The SSB periodicity cannot be arbitrarily changed without analysing the effects on other functions.
Observation 2: If the SSB period is increased for the sake of network energy saving, the UE power consumption may increase as the UE will spend less time in deep sleep.
Observation 3: If the network can determine that all UEs in RRC_CONNECTED mode are fulfilling the RRM relaxation criteria, this information could be used to configure energy saving modes where SSBs are sent less often.
Proposal 1:	RAN2 should investigate the usage of denser SSB / synchronization prior to PO/PEI to maximize energy saving on both network and UE sides.
Proposal 2:	RAN2 should investigate to enhance the UE assistance information, including cell classification that can be used to align RRM relaxation and network energy saving (larger SSB periods) to maximize energy saving at both the UE and the network.
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