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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
NR requires higher UE capability including RF and baseband processing due to its advanced features compared with LTE. NR UE is expected to be more power consuming than LTE UE. Since there is no great progress in battery techniques at present, UE power efficiency will become a critical issue to the user experience and even impacts the success of 5G in the market. To minimize the NR UE power consumption such that the battery life of an NR smartphone is not worse than LTE, it is critical study UE power saving mechanisms in Rel-16. 
In this paper, the issues on NR UE power consumption are analysed and the corresponding power saving solutions are discussed. The views on Rel-16 NR UE power saving SI scope are provided. 
2. NR UE power consumption issues and the related solutions
NR power consumption issues in both RRC connected mode and IDLE mode should be considered. 
1) For RRC connected mode
· Wide bandwidth
The system bandwidth for LTE is up to 20MHz. The system bandwidth for NR is up to 100MHz for FR1 and up to 400MHz for FR2. BWP operation can enable UE to use a narrower BWP than the system BW. NR Rel-15 supports RRC reconfiguration based or PDCCH based dynamic BWP switching, where the dynamic BWP switching is an UE optional feature [1]. Cross-bandwidth part scheduling is adopted for PDCCH based dynamic BWP switching and the BWP transition time can be 2ms long. It could be further enhanced in Rel-16 to remove the scheduling restrictions during BWP switching due to cross-bandwidth part scheduling and reduce the BWP transition time. 
· Frequent control/data monitoring
NR supports more frequent control/data monitoring than LTE. For example, if 30KHz SCS is used for NR, the UE complexity and power consumption for slot level monitoring will be doubled compared to LTE UEs. The issue can be more severe if the mini-slot level monitoring is configured to the UE. Currently the PDCCH monitoring periodicity is configured by RRC, which is not optimal for burst traffic arrival. Reduced PDCCH monitoring and enhanced DRX can be studied in Rel-16. Enhancement to cross-slot scheduling can also be considered.
For some popular services like wechat and web browsing and so on, there are large amount of PDCCH only cases where UE monitors PDCCH but no grant is for the UE. It is observed by many contributions [2][3][4] that PDCCH-only monitoring without data consumes great portion of power, e.g., >40% [2]. Compared with RF, baseband is more power consuming in PDCCH blind decoding according to [5]. To minimize the PDCCH-only monitoring, candidate solutions consist of reduced PDCCH monitoring, adaptive DRX procedures with traffic pattern, wakeup/go-to-sleep signals/channels for CDRX, etc.
· DC/CA operation
It is obvious that from UE perspective, any DC/CA operation is much more power consuming than non-DC/non-CA operation. In [2], it is observed that in CA, SCC traffic pattern is sparser than PCC since its DL is mainly for large data only. Since NR SCC will take longer time to activate and is less likely deactivated, NR UE will perform more redundant PDCCH monitoring in SCC than LTE. Solutions need to be considered to enhance the power efficiency for DC/CA operation, for example, dynamic carrier management in CA/DC and DRX enhancements in CA/DC, etc.
· Increased number of receiving and transmitting antennas
In Rel-15, for NR Bands n7, n38, n41, n77, n78, and n79 the UE shall be equipped with 4Rx ports as a baseline. 4Rx reception will consume more power than 2Rx. In some specific scenario when there is no or marginal performance loss by 2Rx, it is better for UE to fallback to 2Rx for power saving. Similar study can be performed in the UL as well. Dynamic UE Tx/Rx antenna adaptation can be considered to improve the power consumption.
2) For RRC IDLE mode
· DL synchronization
It is observed in [2] that compared with LTE UE, NR UE consumes more power in pre-sync since the synchronization resources (SSB) are distributive and more frequent wake-ups will be required to achieve similar synchronization quality. How to reduce the power consumption for DL synchronization in paging/long DRX in NR is an important design target for realizing better UE power saving. It is worth noting that the same observation is obtained for CDRX if UE only relies on SSB for DL synchronization. Signals relying less on DL synchronization, e.g., wakeup/go-to-sleep signals/channels in idle mode can be studied.
· Paging issues
In R15 paging mechanism, a group of UEs associated to one PO monitor PDCCH and if there is P-RNTI, UEs will further decode PDSCH. If there is no UE ID decoded, the UE is false alarmed. Another issue is that PDCCH and PDSCH need to be transmitted in beam-sweep way which may further increase the overhead and UE power consumption. Some paging procedure enhancement can be considered to reduce the UE power in paging procedure.
3) High RRM measurement burden(for both RRC IDLE and CONNECTED modes)
In legacy LTE, measurement requirements are defined in RAN4 TS 36.133, e.g., for connected mode serving cell, if measurement report is configured, one L3 sample per 200ms shall be provided. In some low mobility scenarios, e.g. indoor and hotspot deployment, the UE movement is very low, it is possible to reduce the UE RRM measurement burden. The reduction of RRM may include reduction of measured carriers or neighbor cells, relaxed measurement accuracy and reduction of measurement frequency. The reduction of RRM measurement shall be configured by network and possibly assisted by the UE. Note that R15 NB-IoT and eMTC already support measurement relaxation.
These candidate solutions mentioned above are based on the proposals in the latest UE power saving SID. In Table 1, these solutions are mapped to the issues of power consumption. Other candidate solutions of UE power saving which are not listed in Table 1 should not be excluded at least in study item stage. 
Table 1: Mapping candidate solutions to the issues of power consumption
	Issues of power consumption
	Candidate solutions to handle the issue

	Wide bandwidth
	· Enhancement to BWP adaptation

	Frequent control/data monitoring
	· Reduced PDCCH monitoring
· Enhancement to cross-slot scheduling
· Adaptive DRX procedures with traffic pattern
· Wakeup/go-to-sleep signals/channels for CDRX

	DC/CA operation
	· Dynamic carriers management in CA/DC
· DRX enhancements in CA/DC

	Increased number of receiving and transmitting antennas
	· Dynamic UE Tx/Rx antenna adaptation

	Power consumption in idle mode:
· DL synchronization
· Paging issues
	· Wakeup/go-to-sleep signals/channels in idle mode
· Paging procedure enhancement

	High RRM measurement burden
	· RRM measurement reduction



3. Discussion on the SI scope
In order to carry out a comprehensive UE power saving study in Rel-16, the scope of study item can be wide and address multiple areas for potential power saving. However, this does not mean all the solutions in SI will be specified in Rel-16. Only solutions which provide UE power saving benefits will be specified. A phased approach, i.e. the identified solutions are partially specified in Rel-16 and further specified in Rel-17 by a follow-up WI can also be considered
Different scenarios and evaluation methodology can be developed for different candidate solutions of UE power saving. For example, to evaluate the power saving gain of wakeup/go-to-sleep signals/channels, the evaluation methodology to model power gain of wake-up signals in R15 NB-IoT/eMTC can be considered as the starting point. Some updates due to NR new features like BWP and multi-beam etc. can be considered in addition. As another example, to evaluate the gain of reduced PDCCH monitoring, some typical service model like video streaming, web browsing and social App etc. need to be modeled. Then how many PDCCH monitoring is saved can be identified for the proposed solutions and also the existing solutions, and the power saving gain can be observed.
With regard to scenarios, at least one indoor scenario and one outdoor scenario are selected for evaluation. For outdoor scenario, one of dense urban, urban macro, and rural macro as defined in TR38.802 can be considered. 
For the services, to narrow down the scope of SI, the eMBB should be the focus. Of course eMBB solutions can be reused for NB-IoT/eMTC/URLLC but in different SI/WI. Both FR1 and FR2 are considered. CA/DC and non-CA/DC need to be studied according to the analysis in Section 2. The network impact should be considered, however it is not the 1st priority for the study item. The resource consumption by the new channel/signal, if any, should be studied. Backward compatibility shall be maintained if introducing new channel/signals. The DL synchronization performance should be considered. Quantitative evaluation of network energy consumption shall not be mandated for the study item. 
To fully understand the power saving potential for eMBB use cases, it is proposed to study IDLE, INACTIVE and CONNECTED. In general, RRC CONNECTED mode is more power consuming than other modes, however, according to our investigation, it is observed that UE is in IDLE mode in most of the time (>80%), thus it will be beneficial if power consumption can also be significantly reduced in IDLE mode. 
With regard to solutions, all the solutions listed in Table 1 need to be considered in SI and other solutions are not excluded. For idle mode, at least wakeup/go-to-sleep signals/channels in idle mode, RRM measurements with network assistance and paging procedure enhancement can be studied in SI.
Proposal: Following aspects are considered for Rel-16 UE power saving study item.
· The study item scope can be a bit wide in order to identify the useful UE power saving features. Only solutions which provide UE power saving benefits will be specified in the follow-up work item.
· Multiple scenarios can be studied. Scenario dependent solutions can be studied. 
· The study shall focus on eMBB use cases. At least one indoor scenario and one outdoor scenario can be studied. Both FR1 and FR2 shall be studied. 
· The network impact should be considered, however it is not the 1st priority for the study item. The resource consumption by the new channel/signal, if any, and backward compatibility could be considered in SI.
· All UE states, including IDLE, INACTIVE and RRC CONNECTED states should be studied. 
4. Conclusion
In this contribution, the issues for NR UE power consumption are analysed one by one and the corresponding solutions are discussed. Some proposals on the scope of power saving SI are given below.
Proposal: Following aspects are considered for Rel-16 UE power saving study item.
· The study item scope can be a bit wide in order to identify the useful UE power saving features. Only solutions which provide significant UE power saving benefits will be specified in the follow-up work item.
· Multiple scenarios can be studied. Scenario dependent solutions can be studied. 
· The study shall focus on eMBB use cases. At least one indoor scenario and one outdoor scenario can be studied. Both FR1 and FR2 shall be studied. 
· The network impact should be considered, however it is not the 1st priority for the study item. The resource consumption by the new channel/signal, if any, and backward compatibility could be considered in SI
· All UE states, including IDLE, INACTIVE and RRC CONNECTED states should be studied.
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