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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In RAN#80 meeting, a study item was approved to study NR UE power saving framework, taking into consideration latency and performance as well as the network impact[1]. In RAN1#94bis, companies provided the potential power saving techniques and it was agreed that the power saving techniques are to be further studied including detailed scheme, performance, complexity, overhead, etc.[2]. 
[bookmark: OLE_LINK54]This contribution further analyzes the power saving techniques, where techniques on UE processing timeline, CA and the number of UE’s antennas are included. The contribution also provides analysis on UE assistance information.
[bookmark: _Ref129681832] Discussion
Scheduling/UE-processing timeline
[bookmark: OLE_LINK1]Based on the analysis in [3], a UE with a relaxed timeline would be able to work with lower clock frequency and lower voltage which has exponential contribution on the UE power which is commonly referred as DVFS (Dynamic Voltage Frequency Scaling). A relaxed timeline corresponds to a lower power consumption. For a tight timeline, not only a high clock frequency of UE modem/modules is required, but also a high operating voltage is needed. This increases the UE power consumption significantly. 
In order to enable a relaxed timeline for power saving, UE has to make sure that the time domain allocation scheduled by gNB to meet this relaxed timeline requirement. If not, UE can’t lower down its processing speed and applied voltage. 
According to Rel-15 specifications, one way to achieve this timeline relaxation is to configure the values of time domain allocation parameters to be large enough. For the PDSCH timing slot-level parameter K0, gNB can configure all the values of K0 for PDSCH to be larger than 0 or larger than a threshold, so that at least it would allow the PDCCH decoding and DL receiving related modules of the UE modem to be set to a lower clock frequency (probably accompanied with a lower voltage), and as a consequence UE power saving is achieved. Additionally, aperiodic CSI is also related to this issue. The slot-level offset between the UL grant triggering the A-CSI report and the corresponding A-CSI-RS, similar to K0, should also follow the larger-than-0 rule, if the clock frequency of the corresponding modules is relaxed.
Similarly, for other scheduling/processing timeline parameters like K1, K2, configuring larger values may also help UE to set a slower clock to process PDSCH, PUSCH. According to the current Rel-15 specification, minimum K1/K2 depends on UE capability. Beyond what has already been defined with the UE capability, further power saving could be achieved by larger scheduling delay. Besides, to achieve consensus between gNB and UE on processing/scheduling time relaxation, a possible mechanism could be that, UE reports a relaxed processing timeline (other than UE capability associated timeline) to gNB. Then after gNB assesses performance degradation with the service requirement (delay, throughput etc.), gNB decides whether or not to apply the requested configuration.  
From the above analysis, we have the following proposal.
[bookmark: OLE_LINK7][bookmark: OLE_LINK20]Proposal 1：Study the timeline relaxing of UE processing and corresponding mechanisms to enable pre-known K0>0 for PDSCH receiving and relaxation of K1/K2 beyond the processing timeline of Rel-15 UE capability.
Power reduction in CA 
Power reduction on CC grouping
[bookmark: OLE_LINK12]It is well known that power consumption is high when carrier aggregation is enabled on a UE. It is observed from LTE deployment that for intra-band CA the modem power consumption increases by about 50%-90% due to an additional activated CC. For inter-band CA, the power consumption increase is even higher. In Rel-15 NR, the network does not know the power consumption state of the UE when CA is configured for a given UE. Once the carriers are configured and activated by the network, the UE needs to keep all necessary related modules running to process all activated carriers. Activating/de-activating carriers by using MAC CE is a reliable method, although the reliability comes at the cost of latency, and helps to reduce the UE power consumption as parts of the receivers may be switched on/off. It may difficult for gNB to predict the downlink traffic for a long duration and timely activate/de-activate carriers for power saving.
Even for the same number of component carriers, the power consumption for operating on different sets of component carriers would correspond to different power consumption levels. For example in Figure 1, if CC1 and CC2 are activated the power consumption shall be lower than that for the case when CC1 and CC3 are activated. This is due to the RF bandwidth the UE can support, which depends on UE implementation. Therefore, component carriers can be considered to be grouped into CC-groups where the operation on component carriers in the same CC-group can share modules and correspond to a lower power consumption level.  If the suggestion on the CC-group, which depends on UE implementation, can be reported to gNB, gNB can try to schedule the intra-group carriers for saving UE power consumption. From a UE perspective, the UE may switch off the RF chains and other parts of the modem that are to process the carriers belongs to other CC-groups. UE can report the CC-group information to gNB when CA is configured by gNB. 
As shown in Figure 1, {CC1, CC2} can be reported as a CC group X for UE power saving and {CC3, CC4} as another CC group Y for UE power saving. Scheduling inside either group X or group Y can correspond to a low UE power state, and cross scheduling between these two groups corresponds to a higher UE power state. For example, UE can just use a narrower bandwidth of RF bandwidth1 and keep essential modules to process carriers in CC group X, which contains the primary carrier CC1. At the gNB side, the scheduler can consider this information and schedule PDSCH in either CC1 or CC2 for saving UE power consumption if possible. In this case, when PDSCH is scheduled in either CC1 or CC2, dynamical scheduling with K0 can be used, where K0 is configured by higher layer. However, when either CC3 or CC4 is scheduled, the scheduling delay K0 should include an additional time for UE warm-up/retune the modules to process the carriers in CC group Y. The additional time for UE warm-up/retune can be fixed or configured by higher layer.

[image: ]
Figure 1 Example of CC grouping for power saving
Proposal 2: CC-grouping is introduced for power saving and reported as recommendation to gNB for power efficient activation/scheduling in CA.
PDCCH monitoring reduction in CA
During the discussion in RAN1 #94bis, it is known that reduction of PDCCH monitoring is not limited to single cell case. Actually, if UE is configured with CA, it shall monitor PDCCH for PCell and activated SCells. When there is no traffic, the power inefficiency may be more severe due to PDCCH-only monitoring for SCell. Adjusting the PDCCH monitoring priority can reduce PDCCH-only monitoring for activated SCells. For example, the UE can monitor PDCCH only for PCell from the beginning of each C-DRX cycle even if there are activated SCells. At the beginning of each C-DRX cycle, the UE can keep a low power consumption level by only detecting PDCCH for PCell. When a DCI is detected to schedule data and the InactivityTimer starts, the traffic may arrive in the corresponding C-DRX cycle. In this case the UE can monitor PDCCH for PCell and SCells for higher throughput. 
Observation 1: Adjusting the PDCCH monitoring priority can reduce PDCCH-only monitoring for activated SCells.
Proposal 3: Study methods to reduce PDCCH-only monitoring for activated SCells in CA.
Adaptation of number of antenna ports 
[bookmark: OLE_LINK24]Even considering the requirement on the number of RF chains for UEs is defined in the specifications, it may introduce power saving gains if the number of RF chains used by the UE can be adapted based on the indication from gNB. In RAN1#94bis, we have provided data from LTE deployment to show that UE power consumption increases when Rx chains or MIMO rank increase [3]. Also in the power model discussion in RAN1#94bis, it was agreed that the power consumption of 2 RX antennas is only 0.7 of the power consumption of 4 Rx antennas [2]. As part of the Rel-16 study we can further study whether the gNB can indicate to the UE to use a smaller number of antennas for receiving PDCCH and PDSCH on certain condition and have the UE switch off part of the RF chains. This avoids UE always working with high power consumption if a large number of antennas was configured.
Thus, to save UE power, gNB can indicate to the UE to use a different number of antennas by semi-static signaling. For example, when gNB predicts the low data rate for a UE, gNB schedules the PDSCH with at most single rank and informs the UE, then UE will uses the small number of antennas for receiving PDSCH and PDCCH. When gNB predicts the high data rate and expects to schedule PDSCH with multiple ranks, UE will use the large number of antennas with higher power consumption. Physical layer signaling can be also studied regarding the scenarios and potential gain for dynamic indication. 
Proposal 4: Study the mechanism that gNB indicates to the UE to adapt the number of antennas to reduce UE power consumption.
UE reporting assistance information to gNB 
In RAN1#94bis, reporting UE assistance information is considered for saving UE power considering some useful information for power saving may not be known or may not be maintained by gNB with an acceptable complexity. This section gives the analysis on what kinds of UE assistance information can be reported for power consumption reduction case by case as in the following and the views are summarized in Table 1. 
· [bookmark: OLE_LINK10]For C-DRX, the aspects that influence UE power consumption include the lengths of DRX cycle, On Duration and Inactivity Timer. It is desirable to have suitable C-DRX configurations for UEs for power saving. A gNB may configure UE-specific C-DRX parameters based on the QoS information. However, in deployments, in a cell there could be a large number of UEs with different application types and different traffic characteristics. It would be difficult or complex for gNB to acquire service characteristics and decide which set of C-DRX parameters is optimized for each connected mode UE without UE’s help. Therefore in reality the parameters for C-DRX configured by gNB may not be optimized per UE basis.  If gNB acquires the assistance information on C-DRX configuration from the UE, it would be helpful for gNB to adjust the configuration per UE basis.
· [bookmark: OLE_LINK16]For CA, the overheating issue has been discussed in RAN2 in LTE, and it is agreed that when the UE experiences internal overheating the UE can report the number of maximum SCells the UE prefers to be configured with. In NR, the operations of activation/deactivation of carriers are done by the gNB in some sense independently of the UE power status, UE characteristics or UE implementation. For the purpose of power saving, it is of interest to study whether gNB can achieve some UE assistance information so that it can adapt the choices of carriers to activate/deactivate for CA.  
· The concept of BWP was introduced so that the UE can access part of the BW to save power while the system retains the benefit of using the large BW [4][5]. The large BW may imply a higher UE power consumption from both the RF and baseband perspective. Similar to CA, in order to reduce the UE power consumption, it is desirable that the UE can report its desired BWP in UE assistance information.
· For MIMO, when gNB indicates the MIMO configuration to a UE, it is not aware of the UE power status or UE characteristics (e.g. the UE’s temperature). The MIMO configurations affects the UE power consumption. It may also introduce power saving benefit on UE if the UE can report assistance information on recommending MIMO configurations, to facilitate network decision to reduce power consumption.  The UE can report its desired maximum number of layers and/or desired number of antennas in UE assistance information.
[bookmark: _Ref528075639]Table 1 Possible UE assistance information for each case
	Case
	Possible UE assistance information

	C-DRX
	· UE desired lengths of DRX cycle, On Duration and Inactivity Timer.

	CA
	· UE desired number of carriers and/or recommended CC-group configuration

	BWP
	· UE desired BWP.

	MIMO
	· UE desired maximum number of layers and/or desired antenna numbers.



All of the examples in Table 1 are explicit indications of desired configuration, however this does not preclude other types of assistance information. For example, instead of the exact configuration values, the UE may just report it desires a larger DRX cycle than what is configured by RRC. The gNB can take the reported information as one of the inputs for C-DRX configuration.
The feature of UE assistance information is not mandatory. The UE should only report UE assistance information to a gNB that supports and enables this function. The indication on support/enabling of the function can be either broadcasted in system information or indicated by dedicated signalling. After the UE knows the UE assistance reporting is enabled by network, the UE could report the assistance information. Two possible procedures are shown in Figure 2(a) and Figure 2(b). In Figure 2(a), when the network indicates enabling of the function, the UE can report the assistance information based on UE implementation. In Figure 2(b), the UE assistance information reporting is requested by the network. For example, when the network wants to reconfigure the parameters to the UE, it may send a message to request the UE’s preference on the configuration. 


(a)


(b)
[bookmark: _GoBack]Figure 2 Procedures of UE assistance information
After the reception of assistance information from UE, the gNB could consider the assistance information and other aspects, such as latency, resource utilization rate, blocking probability etc. into the configuration or scheduling of the corresponding UE. New parameters may be configured accordingly to the UE and it is up to gNB implementation. Taking the C-DRX configuration as an example, a UE configured with C-DRX cycle of 40ms and OnDuration of 10ms may think the configuration is not the best one for its application. The UE may report its desires to change the cycle length from 40ms to 320ms and meanwhile keep the same OnDuration length. After the reception of the assistance information, the gNB may take this into account, as well as other aspects, and decide to configure a C-DRX cycle length of 160ms. Although the UE is not configured with the exact value it requests, the network still may take the request into consideration and may configure a more preferred value by the UE for power saving.
Regarding the mechanism of reporting UE assistance information, there would be a consensus that the UE assistance information reported by UE for power saving is purely UE recommendation and it is up to network to decide whether and how to use the recommendation from UE. It is worth noting that while UE can show its preference on the above aspects, it is up to gNB to decide whether or not to apply each of the configuration or indication. The trade-off between UE power saving gains and the corresponding performance loss should be evaluated by gNB before a decision is made. Thus we have the following proposals.
Proposal 5: Study  UE reporting assistance information to gNB for power saving purpose at least from the following aspects:
· For C-DRX, UE desired lengths of DRX cycle, On Duration and Inactivity Timer. 
· For CA, UE desired number of carriers.
· For BWP, UE desired BWP.
· For MIMO, UE desired maximum number of layers and/or antenna numbers.
Proposal 6: UE reporting assistance information is not a mandatory function. 
Proposal 7: UE assistance information reported by UE for power saving is only  UE recommendation and the network shall make the final decision on whether and how to use that information.
Conclusions
In this contribution, power saving techniques on scheduling/UE processing timeline, CA and the number of UE’s antennas are discussed, where grouping activated CCs into CC-groups and reduction of PDCCH monitoring for SCells are analyzed for power saving when CA is enabled. Moreover, the contribution provides analysis on UE assistance information. Views on power saving techniques in the contribution are summarized in Table 2. 
[bookmark: _Ref525840760]Table 2 Summary of power saving techniques
	Power saving techniques
	View summary

	Adaptation on Scheduling/processing timeline
	· Study the timeline relaxing of UE processing and corresponding mechanisms to enable pre-known K0>0 for PDSCH receiving and relaxation of K1/K2 beyond the processing timeline of Rel-15 UE capability.

	Power reduction in CA

	Grouping activated CC into CC-groups
	· Even for the same number of component carriers, the power consumption for operating on different sets of component carriers would correspond to different power consumption levels.
· CC-grouping is introduced for power saving and reported as recommendation to gNB for power efficient activation/scheduling in CA.

	
	PDCCH monitoring reduction in CA
	· Adjusting the PDCCH monitoring priority can reduce PDCCH-only monitoring for activated SCells
· Study the methods to reduce PDCCH-only monitoring for activated SCells in CA

	Adaptation of number of antenna ports
	· Further study the benefit of power saving gains if the number of RF chains used by UE can be adapted based on the indication from gNB
· Study the mechanism that gNB indicates to the UE to adapt the number of antennas to reduce UE power consumption

	UE assistance information
	· UE assistance information on C-DRX/CA/BWP/MMIMO can be reported for power consumption reduction
· The feature of UE assistance information is not mandatory
· The UE assistance information reported by UE for power saving is purely UE recommendation and it is up to network whether to use the recommendation from UE



It is proposed:
Proposal 1: Study the timeline relaxing of UE processing and corresponding mechanisms to enable pre-known K0>0 for PDSCH receiving and relaxation of K1/K2 beyond the processing timeline of Rel-15 UE capability.
Proposal 2: CC-grouping is introduced for power saving and reported as recommendation to gNB for power efficient activation/scheduling in CA.
Proposal 3: Study the methods to reduce PDCCH-only monitoring for activated SCells in CA.
Proposal 4: Study the mechanism that gNB indicates to the UE to adapt the number of antennas to reduce UE power consumption.
Proposal 5: Study UE reporting assistance information to gNB for power saving purpose at least from the following aspects:
· For C-DRX, UE desired lengths of DRX cycle, On Duration and Inactivity Timer. 
· For CA, UE desired number of carriers.
· For BWP, UE desired BWP.
· For MIMO, UE desired maximum number of layers and/or antenna numbers.
Proposal 6: UE reporting assistance information is not a mandatory function.
Proposal 7: UE assistance information reported by UE for power saving is only UE recommendation and the network shall make the final decision on whether and how to use that information.
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