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Introduction
Energy efficiency is one of the KPIs defined by ITU-R for IMT-2020. A number of designs were adopted in NR Rel-15 striving for UE power savings using either PHY layer signaling (e.g. BWP adaptation, cross-slot scheduling) or higher layer signaling (e.g. PDCCH monitoring periodicity and number of PDCCH candidates per CCE aggregation level per search space set). However, there are several power consumption aspects that are not addressed in NR Rel-15 including possible enhancements to Rel-15 mechanisms, such as for C-DRX operation or for PHY layer indication of search space set parameters, support for UE indication of preferred configurations particularly regarding the use of 4 Rx antennas, and so on. 

In RAN #80, the SID: “Study on UE power saving in NR” was approved [1]. One objective of the UE power savings study relevant to RAN1 inputs is:
· 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

This contribution considers UE adaptation schemes for power savings in NR Rel-16 and various corresponding components.

UE adaptation Schemes for Power Savings
In the following, Rel-15 network and power saving mechanisms and their potential enhancements through adaptation of various UE transmission/reception configurations are considered in the temporal/frequency/spatial domains in order to improve power efficiency to variations in traffic demand/channel condition/link quality/UE status. The following mechanisms need to be subsequently evaluated for potential benefits according to UE power consumption models, such as in [1], together with corresponding required signaling for their support.

A broad objective from the beginning of the SI should be to target mechanisms that do not penalize network operation, in order for a network to not have a material disincentive in deploying them. In general, a network that can advertise enhanced UE battery time should, in principle, have an advantage over another network that cannot offer similar UE battery time enhancements. Further, mechanisms should focus on re-using Rel-15 signals/channels in order to avoid additional gNB/UE complexity but new signals/channels can also be considered if they offer material gains or new functionalities that can justify their introduction. Backward compatibility issues are not expected as NR Rel-15 does not have wideband or ‘always-on’ signaling and, if needed, provisions have been made in Rel-15 for the use of reserved time/frequency resources. Similar, any co-existence issue with LTE MTC/NB-IoT UEs is not expected as operation for such UEs is in narrow-bands and NR operation is in configurable BWPs.

The SI can focus on UEs with mobile broadband traffic. If necessary, UEs (also) supporting URLLC services can be considered but different solutions should be preferably avoided. 

2.1 Dynamic PDCCH monitoring
It has been extensively documented that most of the UE modem power is consumed, depending on the data traffic application, on monitoring PDCCH. In many C-DRX periods a UE may not detect any DCI format and, even in C-DRX periods where the UE detects a DCI format, the Inactivity Timer may expire without the UE detecting another DCI format. 

Unlike LTE where a UE has fixed PDCCH monitoring occasions, NR supports duty-cycle based PDCCH monitoring with configurable PDCCH candidates and configurable monitoring periodicity and duration per search space set. However, reconfiguration of parameters for search spaces sets is by RRC signaling and therefore has limited applicability for adapting to dynamic traffic patterns. When the buffer status or the channel conditions for a UE change, it can be beneficial to either increase or decrease PDCCH monitoring (including skipping PDCCH monitoring for one or more C-DRX periods). Both can have an impact on UE power consumption either by increasing PDCCH monitoring to reduce a time required to complete a session (e.g. buffer increases or channel conditions improve) or by decreasing (including skipping) PDCCH monitoring (e.g. buffer is empty or channel conditions deteriorate and UE may not be scheduled at least in some search space sets).

An impact on UE power savings from adaptations to PDCCH monitoring depend on the affected UE modem components. The largest UE power savings are obtained when the UE can completely skip PDCCH monitoring in all search space sets over a number of slots as then the UE can turn off both the RF and the DBB. However, the impact on the network operation is also the largest as the scheduler needs to make a firm commitment regarding the scheduling of the UE and this may not be generally desirable (e.g. when traffic is bursty). Moreover, depending on the DRX length, the UE may need to resynchronize when it turns it RF/DBB on again and the absence of ‘always on’ periodic synchronization signals or CRS as in LTE may make this more difficult for a network to handle in a dynamic manner and for UEs with different C-DRX cycles. Conversely, when the PDCCH monitoring is not completely skipped but only the number of PDCCH candidates (or search space sets) to monitor in a slot is reduced, UE power savings will be smaller but network operation will be simpler and easier to predict/commit and re-synchronization will not be needed. Therefore, it would be preferable to avoid a hard switch between ‘full’ and ‘no’ PDCCH monitoring within or across C-DRX cycles and enable a network to choose not only the two extremes but also intermediate states.

Potential UE power savings from dynamic adaptations to PDCCH monitoring (including ‘on/off’ or adaptation of C-DRX timers) should be evaluated in conjunction with a penalty from the signaling needed to perform such adaptations. An immediate choice for the signaling is a DCI format in a PDCCH. New signaling mechanisms, such as new structures for sequence-based signals considered in LTE, can also be studied for possible material gains over PDCCH.

Proposal 1: Study UE power savings and network impact from dynamic adaptations to PDCCH monitoring at least for UEs in C-DRX mode.

2.2 Dynamic BWP switching enhancement 
A main reason for the introduction of BWP-based operation in Rel-15 is for power savings. For example, when the UE does not have data to transmit or receive, a small BWP can be used for operation in order to still be able to access the UE when data arrives or for the UE to be able to transmit SR and be subsequently scheduled. In Rel-15, BWP switching can be by RRC, of by a DCI format, and/or based on the expiration of a timer. 

In all cases, BWP adaptation is controlled by the NW without any direct input from the UE (other than the legacy one of BSR, …, that do not consider UE power consumption). UE-triggered BWP switching (with a decision still made by the NW) can be considered in the study of UE power savings. For example, a UE can request to operate with a smaller/larger BWP or with a different BWP depending on the UE battery level status and/or power consumption characteristics for a given BWP (e.g. a larger BWP requires a linearly larger RF/DBB power consumption than a smaller BWP). 

In addition, similar to enabling CSI measurements in non-active SCells or SRS carrier switching for SCells where the UE does not transmit other signaling, a corresponding state can also be introduced for BWPs (and be part of a general unification for CA/BWP operations). A UE can request to switch a BWP based on corresponding CSI measurements (an non-exclusive alternative with larger overhead is for the UE to provide CSI reports to the gNB for non-active BWPs in order for the gNB to have more information to determine a possible BWP switching for the UE). SRS BWP-switching can also be supported similar to SRS carrier switching and then the gNB can switch BWPs based on SRS measurements at least for TDD and probably also for FDD. 

Proposal 2: Study support of CSI measurements and SRS BWP switching in non-active BWPs and UE-triggered BWP switching.

2.3 Tx/Rx Antennas Adaptation
In NR Rel-15, it is mandatory for a UE to support operation with four receiver antennas in certain frequency bands, such as n7, n38, n41, n77, n78, and n79. Such a large number of receiver antennas is particularly penalizing to UE power consumption. In many conditions, it may not be necessary or preferable for a UE to use 4 Rx antennas. For example, such condition include when the UE service is associated with small data packets, or the UE is in good coverage, has low battery power, experiences correlated receptions among antennas in certain channel conditions, there is a large path-loss imbalance among antennas due to varying blockage (e.g. based on UE positioning), etc. An adaptation request from UE can be a request to activate/deactivate Tx/Rx antennas. To enable a gNB to make a decision for the UE request, the UE can provide associated information per antenna port. 

Similar, an adaptation request can also be used to indicate activate/deactivate Tx antennas at the gNB. This can be similar to rank reporting. An association between Tx/Rx antenna port adaptations with TCI-states in a CORESET configuration can be configured or predefined. 

Proposal 3: Study adaptation on de(activation) of Tx antennas or Rx antennas at UE and gNB.

2.4 Dynamic SCell (de)activation
In NR Rel-15, the network supports activation/deactivation of SCells by MAC layer signaling. L1 signaling was considered but not from a UE power savings perspective. Similar to de(activation) of UE receiver antennas, a number of activated SCells for a UE can be considered to potentially be adapted according to both traffic load and channel conditions. 

However, unlike (de)activation of UE receiver antennas, it is already possible for a UE to provide CSI reports for non-activated SCells. Further, given that CA is primarily targeted for low speed UEs, the additional delay for MAC layer (de)activation relative to L1 (de)activation is not likely to have an impact on throughput (and will not have an impact on UE power consumption) especially since such (de)activation is not frequent. However, L1 activation of non-active SCells can be considered similar to L1 activation of non-active BWPs in order to have a unified design for BWP/CA operation.

Proposal 4: Study L1 de(activation) of SCells for a unified design of BWP/CA operation.

2.5 Enhancements to C-DRX
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]C-DRX operation is another mechanism for UE power savings as described in [2]. When a UE is in RRC_CONNECTED mode, the UE operates in C-DRX mode that is associated with parameters “On Duration” and “Inactivity Timer” (and others). During the “On Duration” period, the UE monitors PDCCH (attempts to detect DCI formats) in configured search space sets for a given slot. If the UE detects a DCI format scheduling a PDSCH reception or a PUSCH transmission during the “On Duration” period, the UE starts the “Inactivity Timer” and continues to monitor PDCCH until the “Inactivity Timer” expires and the UE goes into sleep mode. 

In Rel-15, the configuration for values of the “On Duration” and “Inactivity Timer” parameters is determined by a serving gNB through higher layer signaling. Dynamic adaptation on C-DRX configuration with respect to different traffic patterns, such as requirements on latency, data rate, has the potential to improve the C-DRX operation functionality that is anyway intended for UE power savings.

A C-DRX adaptation can also be triggered/indicated by a UE, in order to adapt to a current power status. For example, a UE with low battery power can suggest a larger value for the “On Duration” period and a smaller value for the “Inactivity Timer” (opposite for a UE with power connection). Such indication may be combined with other information provided by the UE such as information related to the determination for a number of Rx antennas.

Proposal 5: Study power savings from dynamic adaptation of a C-DRX configuration.

2.6 Adaptation in UE processing timeline 
Scheduling
Cross-slot scheduling is supported in NR Rel-15. This can be beneficial for several functionalities including for UE power savings. A UE can perform light sleep (and/or switch a BWP) for a period indicated by the delay between scheduling PDCCH and the scheduled PDSCH/PUSCH reception/transmission, i.e. K0/K2. The dynamic indication of K0/K2 is jointly encoded in the DCI format with start symbol and duration of associated PDSCH/PUSCH occasions from predefined tables. 

The maximum value of K0 supported in NR Rel-15 is 1 slot for PDSCH. Therefore, only light sleep within a single slot at UE is possible for DL transmission. A UE still needs to buffer data/samples of an entire slot as the UE can decide light sleep operation only after decoding all PDCCH candidates without detecting a DCI format scheduling data transmission/reception in the slot. In addition, the light sleep period is constrained by the start of a next PDCCH monitoring occasion. The UE has to switch from light sleep mode to regular active mode when the next PDCCH monitoring occasion starts, regardless of whether or not the scheduling timer of K0/K2 associated with current PDSCH/PUSCH expires. 

To enable power saving gains from cross-slot scheduling, a minimum scheduling time, i.e. N0/N2, can be introduced where any K0/K2 value indicated by a DCI format has to be larger than N0/N2. UE-triggered adaptation for the N0/N2 values can be also be supported for example based on the UE battery status. 

Proposal 6: Study adaptation on minimum scheduling delay between PDCCH and PDSCH/PUSCH.

NR Rel-15 supports only a 1-to-1 mapping between scheduling grant in PDCCH and TB in PDSCH/PUSCH. LTE LAA supports a 1-to-N mapping between scheduling grant and TB (slot aggregation). In this way, UE power can be saved from reduced PDCCH monitoring; even though such power savings may not be substantial as the RF needs to stay on and the UE modem needs to perform PDSCH receptions, they are accumulative to the overall savings from skipping PDCCH decoding operations. Similar to other UE-assisted mechanisms for UE power savings, a slot aggregation factor can be indicated by the UE or be adapted by the gNB.

Proposal 7: Study adaptation on slot aggregation factor for supporting 1-to-N mapping between scheduling DCI format and TB.

HARQ-ACK feedback
NR Rel-15 supports semi-static and dynamic HARQ-ACK codebook determination. For the semi-static HARQ-ACK codebook, a UE provides HARQ-ACK information for a set of PDSCH reception occasions in one PUCCH or PUSCH transmission and UE determines a HARQ-ACK codebook size by a set of slot timing values K1. The UE can be provided the set of slot timing values K1 by a higher layer parameter, dl_DataTo_UL_ACK, for DCI format 1_1. A set of slot timing values K1 can include 8 elements with values ranging from 0 to 31. 

A semi-static configuration of slot timing values may not be efficient for adaptation to different traffic loads. Power consumption regarding HARQ-ACK feedback can increase when the codebook size is small due to increased number of PUCCH transmissions. Moreover, UE power saving gains are not balanced for different numerologies. For example, with a same configuration for slot timing values, a UE with a SCell operating in FR2 requires more power consumption than a UE with a SCell operating in FR1. This is due to more frequent transmissions of HARQ-ACK information and, for unpaired spectrum operation, due to an increased overhead for DL to UL switching. The default set of slot timing values of K1 should therefore be adapted to different numerologies and traffic loads or be in absolute time (e.g msec) instead of slots.

[bookmark: _GoBack]In addition, whenever there is a HARQ-ACK codeword error at the gNB, a UE is currently required to again receive all PDCCH candidates, detect all associated DCI formats, and receive all CBGs/TBs that the UE already received. For a relatively large association set (bundling window) and CA operation, this can prolong a communication session due to retransmissions even though the UE already correctly received most associated CBGs/TBs. A gNB can target a lower BLER for a larger HARQ-ACK codeword but this may not be always feasible due to coverage issues and as decoding errors may be due to interference. With the existence of CRC in a HARQ-ACK codeword, there is no fundamental reason to treat HARQ-ACK information different than data information and, as for CBG/TB retransmissions, it should be possible for a gNB to request a HARQ-ACK codeword retransmission without having to retransmit (and the UE having to receive) all associated DCI formats and PDSCHs. 

[bookmark: _Ref473183266][bookmark: _Ref129681832]Proposal 8: Study adaptation of slot timing values K1 for HARQ-ACK codebook determination and for retransmissions of HARQ-ACK codewords.

3. Conclusions
In this contribution, we have identified potential UE adaptation approaches for NR UE power saving.. Our proposals are as follows.
Proposal 1: Study UE power savings and network impact from dynamic adaptations to PDCCH monitoring at least for UEs in C-DRX mode.
Proposal 2: Study support of CSI measurements and SRS BWP switching in non-active BWPs and UE-triggered BWP switching.
Proposal 3: Study adaptation on de(activation) of Tx antennas or Rx antennas at UE and gNB.
Proposal 4: Study L1 de(activation) of SCells for a unified design of BWP/CA operation.
Proposal 5: Study power savings from dynamic adaptation of a C-DRX configuration.
Proposal 6: Study adaptation on minimum scheduling delay between PDCCH and PDSCH/PUSCH.
Proposal 7: study adaptation on slot aggregation factor for supporting 1-to-N mapping between scheduling DCI format and TB.
Proposal 8: Study adaptation of slot timing values K1 for HARQ-ACK codebook determination and for retransmissions of HARQ-ACK codewords.
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