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1 Introduction

In RAN#75, a work item (WI) proposal for New Radio was approved [1]. One objective of the WI is to specify the MAC sub-layer for NR, including the mechanisms for UE power savings.

TR 38.802 [2] states that the UE supports dynamic bandwidth adaptation (i.e. within less than X µs) with a channel bandwidth that may be smaller than the system bandwidth for the carrier, and that the control channel bandwidth may be equal or less than that of the data channel, through the following:

· For phase 1, carrier aggregation/dual connectivity operation within NR carriers over e.g. around 1GHz contiguous and non- contiguous spectrum from both NW and UE perspectives is supported. Carrier aggregation including different carriers having same or different numerologies is supported. From RAN1 specification perspective, maximum channel bandwidth per NR carrier is 400MHz in Rel-15. Note that all details for channel bandwidth at least up to 100 MHz per NR carrier are to be specified in Rel-15.

· At least for single carrier operation, NR should allow a UE to operate in a way where it receives at least downlink control information in a first RF bandwidth and where the UE is not expected to receive downlink control information or data in a second RF bandwidth that is larger than the first RF bandwidth within less than X µs.
· The BW for control resource set is smaller than or equal to the carrier bandwidth (up to a certain limit).

TR 38.804 [3] states that the UE supports aggregation of carriers of different numerologies through the following:

· For NR, a technology of aggregating NR carriers is studied. Both lower layer aggregation like Carrier Aggregation (CA) for LTE (see [4]) and upper layer aggregation like DC are investigated. From layer 2/3 point of view, aggregation of carriers with different numerologies is supported in NR. Radio interface protocols for NR are designed flexibly to allow the possibility of intra-frequency DC and Multi-Connectivity.
· Flexible network and UE channel bandwidth is supported.

· At least for single carrier operation, NR should allow a UE to operate in a way where it receives at least downlink control information in a first RF bandwidth and where the UE is not expected to receive in a second RF bandwidth that is larger than the first RF bandwidth.
· DRX enhancements are continued to investigate in the normative phase in order to support multiple services with different requirements and/or numerologies. DRX design will not be optimised for URLLC service requirements as specified in TR 38.913.
During the study item phase, a number of RAN2 contributions have discussed possible enhancements to C-DRX.
In general, it seems that most companies feel that LTE DRX should be used as a baseline for NR and that enhancements related to different numerologies should be considered. Many companies suggest that NR should include numerology-specific DRX or enhancements related to the support of multiple numerologies [5]
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[9]. Such enhancements include activation of numerology-related UE behavior, clocking of timers when different TTIs are configured and numerology-specific configurations e.g. for HARQ-related timers.
It was also proposed to support different DRX configurations to address different traffic mixes and to enable efficient and dynamic switching between such DRX configurations [9]
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[10]. Enhancements in support of asymmetric activity between downlink and uplink as well as for fast mobility in poor radio conditions have also been proposed [11]. Finally, additional C-DRX enhancements based on the reception of a wake-up signal from the gNB have been proposed in [12].
It was also suggested that there may be a relationship between beam management and C-DRX activity, whereby UE beam management behavior may differ as a function of the C-DRX state [6]
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[14].
This contribution discusses the topic of power savings in NR in relation with the aspects of time and frequency. Contribution R2-1702881 [14] further discusses power savings in relation to beam management.

2 Power Savings in LTE

In LTE, DRX enables a UE in CONNECTED mode to discontinuously monitor PDCCH during inactivity periods under the control of the eNB based on the DRX configuration and the PDCCH scheduling activity. The eNB can tailor the DRX configuration based on service requirements and/or based on cell load (e.g. using DRX start offset).
DRX thus provides the minimal PDCCH decoding requirements in time for specific RNTIs. A UE may then save power by turning off at least parts of the radio outside of its PDCCH active time.
Observation 1:
”Direct” applicability of LTE DRX principles for NR depends on RAN1’s decisions on the structure of the downlink physical control channel(s).
In addition, LTE MAC Activation/Deactivation can be used for a UE configured with one or more SCells for carrier aggregation (CA). Network-based Activation/Deactivation of SCell(s) can be used to adapt the available instant data rates by varying the amount of carriers (and thus the total bandwidth) available to the scheduler. A UE may then save power by retuning its RF front end accordingly.
Observation 2:
Applicability of LTE MAC Activation/Deactivation principles for NR depends on how NR will support multi-carrier operation, aggregation of resources and dynamic bandwidth adaptation.
3 Power Savings for NR

The applicability and/or the design of power savings mechanisms for NR can be impacted at least by the support for multiple TTI durations for a given MAC entity, by use cases applicable to NR with stringent latency requirements, by support for dynamic, flexible bandwidth adaptation as well as by beamforming in support for higher frequencies.

3.1 Support for New Use Cases in NR

NR is expected to fulfil requirements associated to the support of the URLLC, mMTC and eMBB use cases.
For URLLC, devices are expected to transmit small packets with low latency – the target user plane latency is 0.5ms. It remains unclear if the legacy time-based DRX mechanism can remain applicable for devices with such user plane latency requirements; however, battery life should be as important for such devices.  

For mMTC, the target requirement is for enabling battery life up to 10-15 years. One power savings component for such devices is related to reduction of signalling; however, other aspects are likely to be further investigated e.g. such as battery-efficient monitoring of control channel(s), to achieve such target.

Furthermore, the power savings mechanism should consider the different timing (e.g. 1ms for eMBB, 125us for URLLC) given the support for multiplexing of numerologies/TTI durations from the UE’s perspective.

Observation 3:
Multiplexing of different TTI durations within one UE may impact the power savings function.
It is likely that a UE may support different use cases and numerologies, possibly simultaneously. It would be preferable to avoid standardization of different mechanisms to enable power savings for each different use cases and their requirements. This may further mitigate the need for new mechanisms in case new use cases are introduced for NR at a later time.  
Proposal 1:
As a design principle, MAC specifies a single power savings procedure.
Similar to how DRX parameters are configurable for LTE today, the power savings mechanism should be configurable so that it can be tailored for each of these use cases e.g. numerology/TTI duration-specific.
Proposal 2:
As a design principle, the power savings procedure in MAC is flexible by RRC configuration.
3.2 Scalability of the Control Channel Structure

As described in the first section, LTE has methods for power savings which involve limiting PDCCH decoding based on time (DRX) and based on frequency (activation/deactivation of carriers).  Such methods were developed under the assumption of a control channel structure of LTE which consisted of control channel always present on the first 1-3 symbols of every subframe, and over the entire bandwidth.  

The design of NR control channels is different than that of LTE. Specifically, RAN1 is considering a number of design goals or design principles for the NR control channels, such as forward compatibility (for introduction of new services), subframe structures allowing flexibility for multiple control transmission opportunities in the same subframe, and explicit signalling of timing relationships (e.g. between UL assignment and UL data transmission). Furthermore, RAN1 may consider a more scalable control channel structure with multiple control channels to support different numerologies. Finally, RAN1 has agreed that the UE will have the possibility to determine whether some blind decodings can be skipped based on information on a group common PDCCH (if present) [2]. In other words, decoding on the group common PDCCH will modify the minimum blind decoding requirements for other PDCCH resources.  

Any power savings mechanism would preferably take advantage of any aspects of the RAN1 control channel design, including aspects related to having a more power-efficient control channel decoding in the PHY layer.

Observation 4:
RAN1 design for the control channel impacts the minimum requirements for the UEs control channel decoding methods and, correspondingly, the UE power savings algorithm in the MAC specifications.
Proposal 3:
NR-MAC DRX supports group common PDCCH indication impacting blind decoding requirements.
3.3 Support for Flexible UE Available Bandwidth
UEs in NR will support larger channel bandwidths, for example, in order to meet the larger data rate requirements of eMBB. The power savings mechanism should consider large UE channel bandwidths. For example, a large amount of UE power consumption in LTE not directly related to data transfer can be attributed to monitoring the control channel in the absence of any grants (UL or DL) from the network [8]. It can be expected that the power consumption from periods of scheduling inactivity will increase as the UE bandwidth increases. 
The NR UE supports dynamic flexible bandwidth adaptation (i.e. within less than X µs) with a channel bandwidth that may be smaller than the system bandwidth for the carrier. A UE may thus have the opportunity to perform RF tuning on the useful bandwidth. Such tuning is currently possible in LTE using MAC SCell activation/deactivation, only when configured with carrier aggregation. For NR, enabling RF tuning may however depend on the control channel structure. For example, there may be multiple control channels which may schedule an associated set of physical resource blocks

As a result, there may be dependencies between control channel monitoring and RF tuning in NR.   
Observation 5:
A power savings algorithm should consider the dependency between control channel monitoring, dynamic bandwidth adaptation and opportunities for RF retuning.
Contribution [7] describes a possible structure for the NR carrier that enables flexible allocation of transmissions resources through the support of variable UE channel bandwidth (in size and/or location) based on the UEs activity. The power savings mechanism operates based on the schedulable channel bandwidth at any given time. Specifically, it could control the monitoring of the UEs control channel(s), and/or enable tuning to the minimum applicable bandwidth dynamically.
Proposal 4:
As a design principle for NR, the UE power savings mechanism enables a UE to operate according to the minimum possible channel bandwidth needed for the UE’s control channel(s) activity.
3.4 Support for Higher Frequencies

NR is expected to be deployed in higher frequencies and should support beamforming and beam processing techniques. One such technique is beam sweeping whereby NR UEs may decode different PHY layer channels (e.g. control channel) transmitted with a certain periodicity by the gNB. With beam sweeping, the UE monitors for a signal transmitted at different beam angles over a period of time. The UE can track the signal once a beam is acquired, in which case monitoring can be limited to the specific time associated with the signal transmission with the proper beam angle.   
Observation 6:
Beam sweeping may introduce periods of control channel monitoring inactivity.
Proposal 5:
As a design principle for NR, the UE power savings mechanism minimizes the UE power consumption associated to beam sweeping, acquisition, and maintenance without impairing beam management.
Power savings and beam management are further discussed in companion contribution R2-1702881 [14].
3.5 Overall Design Principle for Power Savings in NR
LTE DRX and LTE Activation/Deactivation both address power savings, in time and frequency respectively. 
For NR, it can be expected that the system will support dynamic bandwidth management within a carrier as well as bandwidth aggregation of multiple carriers with a power efficient control channel(s) structure. Support for different use cases and possibly also for same-UE multiplexing of different numerologies/TTI durations is also supported. Finally, beamforming and related procedures in the UE will be introduced in support of operation in higher frequencies.

The NR-MAC DRX should be specified such that it addresses all the above mentioned design principles.
Proposal 6:
NR-MAC DRX defines a single power savings procedure that controls the minimum PDCCH decoding requirements and the minimum channel bandwidth requirement based on the above design principles.
4 Conclusion

In this contribution the following observations we made related to UE Power Savings in NR:
Observation 1:
”Direct” applicability of LTE DRX principles for NR depends on RAN1’s decisions on the structure of the downlink physical control channel(s).
Observation 2:
Applicability of LTE MAC Activation/Deactivation principles for NR depends on how NR will support multi-carrier operation, aggregation of resources and dynamic bandwidth adaptation.
Observation 3:
Same UE multiplexing of different TTI durations may impact the power savings function.
Observation 4:
RAN1 design for the control channel impacts the minimum requirements for the UEs control channel decoding methods and, correspondingly, the UE power savings algorithm in the MAC specifications.
Observation 5:
A power savings algorithm should consider the dependency between control channel monitoring, dynamic bandwidth adaptation and opportunities for RF retuning.
Observation 6:
Beam sweeping may introduce periods of control channel monitoring inactivity.
Based on the above observations, RAN2 should discuss and agree to the following:
Proposal 1:
As a design principle, MAC specifies a single power savings procedure.
Proposal 2:
As a design principle, the power savings procedure in MAC is flexible by RRC configuration.
Proposal 3:
NR-MAC DRX supports group common PDCCH indication impacting blind decoding requirements.
Proposal 4:
As a design principle for NR, the UE power savings mechanism enables a UE to operate according to the minimum possible channel bandwidth needed for the UE’s control channel(s) activity.
Proposal 5:
As a design principle for NR, the UE power savings mechanism minimizes the UE power consumption associated to beam sweeping, acquisition, and maintenance without impairing beam management.
Proposal 6:
NR-MAC DRX defines a single power savings procedure that controls the minimum PDCCH decoding requirements and the minimum channel bandwidth requirement based on the above design principles.
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