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1 Introduction
One of the objectives of the UE power saving study [1] is:
	The objective is to study UE power saving framework taking into consideration of latency and performance in NR as well as network impact. The objective of the UE power saving study includes the following,
1)  Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]
a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
(Note: existing UE capabilities are assumed for UE processing timeline)

i) Network and/or UE assistance information

ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme

b) Study the power saving signal/channel/procedure for triggering adaptation of UE power consumption characteristics

… 


In this paper, we discuss UE power saving in CA scenario.
2 Discussion
2.1 Assistance information for CA scenario
CA related assistance information in overheating

For overheating in NR SA, it is agreed that UE can report the number of maximum SCells and the maximum aggregated bandwidth the UE prefers to be configured when the UE experiences internal overheating. Such indications can be reused for the purpose of power saving.

UEAssistanceInformation-v1540-IEs ::= SEQUENCE {

    overheatingAssistance               OverheatingAssistance               OPTIONAL,

    nonCriticalExtension                SEQUENCE {}                         OPTIONAL

}

OverheatingAssistance ::=           SEQUENCE {

    reducedMaxCCs                       SEQUENCE {

        reducedCCsDL                        INTEGER (0..31),

        reducedCCsUL                        INTEGER (0..31)

    } OPTIONAL,

    reducedMaxBW-FR1                    SEQUENCE {

        reducedBW-FR1-DL                    ReducedAggregatedBandwidth,

        reducedBW-FR1-UL                    ReducedAggregatedBandwidth

    } OPTIONAL,

    reducedMaxBW-FR2                    SEQUENCE {

        reducedBW-FR2-DL                    ReducedAggregatedBandwidth,

        reducedBW-FR2-UL                    ReducedAggregatedBandwidth

    } OPTIONAL,

    reducedMaxMIMO-LayersFR1            SEQUENCE {

        reducedMIMO-LayersFR1-DL            MIMO-LayersDL,

        reducedMIMO-LayersFR1-UL            MIMO-LayersUL

    } OPTIONAL,

    reducedMaxMIMO-LayersFR2            SEQUENCE {

        reducedMIMO-LayersFR2-DL            MIMO-LayersDL,

        reducedMIMO-LayersFR2-UL            MIMO-LayersUL

    } OPTIONAL

}

ReducedAggregatedBandwidth ::= ENUMERATED {mhz0, mhz10, mhz20, mhz30, mhz40, mhz50, mhz60, mhz80, mhz100, mhz200, mhz300, mhz400}

In CA scenario, 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. The power consumption increases if more number of SCells is configured or larger aggregated bandwidth is configured. In order to save power, UE can report desired number of SCells and desired aggregated bandwidth, so that the gNB can adapt the choices of carriers to activate/deactivate for CA.
Proposal 1: The CA related assistance information introduced for overheating can be reported to the gNB for power saving purpose:

· The number of maximum SCells the UE prefers to be configured
· The maximum aggregated bandwidth the UE prefers to be configured

UE assistance information on CC grouping
It is well known that power consumption is high when carrier aggregation is enabled on a UE. 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.
When CA is configured, 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. When the gNB schedules CC3 or CC4 by CC1, UE should use a wider bandwidth of RF bandwidth3, which corresponds to higher power consumption. In this solution, when PDSCH is scheduled in either CC1 or CC2, dynamic scheduling with K0 can be used, where K0 is configured by higher layer. However, when cross CC group scheduling occurs, e.g., either CC3 or CC4 is scheduled, the larger K0 is needed and 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.
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Figure 1 Example of CC grouping for power saving
Proposal 2: Consider to introduce CC-grouping related assistance information for power saving.
2.2 PDCCH monitoring reduction in CA scenario
Carrier Aggregation (CA) is a technique used to increase bandwidth for higher bit rate which puts high demand on UE’s power consumption. The UE can be configured by the network with a Primary Cell (PCell) and one or more Secondary Cells (SCell) when CA is applied. According to the LTE deployment, the UE power consumption rises dramatically with the increase of activated Scells. Regarding power saving issues, there are exist some problems in the current CA implementation. The traffic of SCell is typically sparser than that of PCell, since SCell is mainly used for large data reception. However, the network generally does not deactivate SCells by MAC CE even when the SCells are not in use, but instead relies on the SCell deactivation timer (which is typically long) to deactivate these unused SCells. For one thing, this is because the latency of using MAC CE is not suitable for burst traffic. Besides, the transition time for SCells from the deactivated state to active state could be considerably large in NR which affects the scheduling flexibility. As a result, even when DRX is applied for saving power, there may exist a large amount of unnecessary power consumption caused by additional SCells. 

Observation: In CA scenario, the power waste may still be high due to unused activated SCells even under C-DRX functionality.
According to the above analysis, it is beneficial for UE power reduction to reduce PDCCH-only monitoring on activated SCells. It is known that UE should monitor the PDCCH simultaneously in PCell and activated SCells when it is in active time (e.g. drx-onDurationTimer is running or drx-InactivityTimer is running). A possible way is to adjust the UE behaviour of PDCCH monitoring for activated SCells implicitly. For example (as showed in Figure 2), the UE can monitor PDCCH only for PCell from the beginning of each C-DRX cycle even if there are activated SCells. In this way, the UE can keep a low power consumption level by only detecting PDCCH for PCell at the beginning of each C-DRX cycle. When a DCI is detected to schedule data and the drx-InactivityTimer starts, the traffic may arrive continuously in the corresponding C-DRX cycle. In this case, the UE can monitor PDCCH for PCell and activated SCells for higher throughput. As another example, when both long DRX cycle and short DRX cycle are configured and long DRX cycle is used, if a DCI is detected in PCell, the UE only needs to change to short DRX cycle in PCell and still use long DRX cycle in SCells to avoid frequent PDCCH monitoring. The UE starts to use short DRX cycle for SCell when a DCI is received in SCells.
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Figure 2 Example of PDCCH monitoring behaviour for PCell and SCell
Power saving signals can also play a role in reducing power consumption in the CA scenario. If it is agreed to introduce the power saving signals, another way to reduce PDCCH-only monitoring on activated SCells can be adapting/adjusting PDCCH monitoring behaviours per cell by power saving signals. The following aspects can be examples for investigating power consumption reduction mechanisms with power saving signals. 
· When the traffic is small, the UE can be indicated to monitor PDCCH only on some specified activated cell(s) by the power saving signal, e.g. only on PCell (as showed in Figure 3),
· To match the traffic pattern, the C-DRX parameters can be modified by the power saving signal, e.g. the length of drx-onDurationTimer, drx-InactivityTimer, etc…
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Figure 3 Example of PDCCH monitoring reduction with power saving signals

Proposal 3: It is suggested to study methods to reduce PDCCH monitoring for activated SCells.
3 Conclusion

In this paper we discuss UE power saving in CA scenario and propose:
Proposal 1: The CA related assistance information introduced for overheating can be reported to the gNB for power saving purpose:

· The number of maximum SCells the UE prefers to be configured
· The maximum aggregated bandwidth the UE prefers to be configured
Proposal 2: Consider to introduce CC-grouping related assistance information for power saving.

Observation: In CA scenario, the power waste may still be high due to unused activated SCells even under C-DRX functionality.
Proposal 3: It is suggested to study methods to reduce PDCCH monitoring for activated SCells.
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