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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. 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. TR 38.804 [3] states that the UE supports aggregation of carriers of different numerologies. DRX enhancements are continued to support multiple services with different requirements and/or numerologies.
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 [6]
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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].
In RAN2#97bis, DRX was discussed briefly, and the following agreements were reached:

Agreements on DRX
-
A MAC entity can be in one DRX state (i.e. single on/off time) at any given time.  FFS if multiple configurations are supported.

-
When MAC entity is awake it monitors “PDCCH” occasion 

-
In NR, a DRX configuration is described by at least the following configuration parameters: an on duration time, an inactivity time, a retransmission time, short DRX cycles, long DRX cycles

This contribution discusses C-DRX in NR in relation with the aspects of time and frequency. 

2 Applicability of LTE Power Savings Procedures for NR
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. LTE C-DRX was developed given the LTE control channel structure, which consists of the control channel always present on the first 1-3 symbols of every subframe, and over the entire bandwidth. Defining DRX parameters solely based on the time-domain thus makes sense for LTE, as the PDCCH spans the carrier 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 new services and subframe structures for multiple control transmission opportunities in the same subframe. Furthermore, the control channel structure for different numerologies can be tailored differently, as explained in section 3. 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. Therefore, the NR 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 1:
Direct applicability of LTE DRX principles for NR ignores RAN1’s design of the downlink physical control channel(s).
3 C-DRX for NR

In NR, the UE monitors one or more control resource set (coreset), where a coreset is a set of resources under a given numerology on which the UE blind decodes DCI. There is one search space per coreset, as search spaces in different coresets are defined independently. Each search space contains multiple control candidates (sets or NR CCEs), where CCEs may occupy different number of OFDM symbols and different PRBs in the frequency domain within the carrier bandwidth. The resource mapping for each coreset is provided by the gNB to the UE [2].

Observation 2:
Coresets can be configured with different time and frequency domain resources.
An NR UE can be configured to “monitor DL control channel” in terms of slot(s) or OFDM symbol(s) with respect to the numerology of the DL control channel [4]. So for each coreset, the UE does not have monitor the PDCCH on every slot and on every configured symbol for the given coreset. Therefore, unlike LTE, a scheduled UE doesn’t have to blind decode the PDCCH every subframe on every configured control symbol and over the whole carrier bandwidth.
Observation 3:
Coresets can be configured with different PDCCH monitoring occasions and blind decoding periods
Depending on the coreset’s time-domain configurations, a DRX configuration can be set accordingly:

· The DRX sleep opportunity is tailored to the coreset’s monitoring occasion periodicity, which depends on the number of slots between occasions and the slot duration associated with the coreset and its numerology.

· The DRX Active Time is tailored to the coreset’s blind decoding period, which depends on the number of OFDM symbols on which the PDCCH is monitored and the coreset’s numerology.
DRX can be configured differently depending on the coresets monitored and their associated PHY configurations. Further if the UE is served in higher frequencies, it can be configured to monitor the PDCCH on different occasions and periods, depending on the beam(s) it is served on. For this reason, a DRX state should have multiple independent DRX configurations for the different coresets the UE is configured with. Each configuration has its own set of parameters.
Proposal 1:
The MAC entity’s DRX state can have multiple DRX configurations, configured by RRC.
NR UEs support dynamic flexible bandwidth adaptation. 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 are some dependencies between control channel monitoring and RF tuning in NR.
An NR UE can be semi-statically configured with one or multiple “bandwidth part” configurations for a single carrier, where a bandwidth part is a subset of contiguous PRBs within the carrier bandwidth. The UE may change bandwidth parts within the carrier, provided a certain interruption time (i.e. within less than X µs) [4]. Depending the bandwidth part the UE is scheduled on, the UE adapts its receive bandwidth and center frequency and it does not monitor any downlink signals outside the configured PRBs [4]. In essence, the bandwidth on which the UE blind decodes the DCI for a certain coreset depends on the “bandwidth part” the UE is scheduled on.
Observation 4:
The bandwidth on which the UE blind decodes the DCI for a given coreset depends on the “bandwidth part” the UE is scheduled on.
In addition to the DRX configuration parameters agreed in RAN2#97bis, a DRX configuration should contain a monitoring bandwidth parameter, which can be set considering the coreset’s frequency domain resource configuration, the bandwidth parts the UE is scheduled on, and the minimum channel bandwidth needed for the UE to determine whether it is scheduled or not. 
The UE may adapt its PDCCH monitoring bandwidth upon during the Active period of the DRX configuration, depending on how RAN1 specifies such adaption and how the UE is scheduled. However, the UE shall return to monitoring the configured monitoring bandwidth upon the expiry of the Activity timer.

Proposal 2:
A DRX configuration includes a monitoring bandwidth parameter, considering the minimum channel bandwidth needed for the UE’s control channel(s) activity.
Each DRX configuration can be tailored to the coreset’s time and frequency domain configurations and the corresponding monitoring bandwidth. Therefore, DRX configurations may have some common configurations corresponding to the time or frequency domain resources the PDCCH is monitored on.
Proposal 3:
Multiple DRX configurations may overlap in terms of their time and frequency domain configuration parameters.
Depending on the UE’s scheduling activity, the underlying services, and the corresponding numerologies, the UE can be configured to monitor a subset of the coresets it is configured with. Therefore, in order to increase power savings, the gNB may indicate to the UE which DRX configurations are active, through MAC CE signalling.
Proposal 4:
The gNB may activate/deactivate DRX configurations via MAC CEs signalling, according to the UE’s scheduling activity.
However, since not all DRX configurations associated with a DRX state are necessarily simultaneously active, the UE’s DRX state, which determines the UE’s on/off state, should be set according to the union of its active DRX configurations. Therefore, the UE dynamically switches between DRX configurations upon changing its monitoring bandwidth, coresets to monitor, numerology(ies), serving beam(s), or service characteristics. The DRX state is then adjusted according to the active DRX configuration(s).
Proposal 5:
The MAC entity’s DRX state is configured considering the active DRX configurations.
4 Conclusion

In this contribution, the following observations and proposals we made related to UE Power Savings in NR:
Observation 1:
Direct applicability of LTE DRX principles for NR ignores RAN1’s design of the downlink physical control channel(s).
Observation 2:
Coresets can be configured with different time and frequency domain resources.
Observation 3:
Coresets can be configured with different PDCCH monitoring occasions and blind decoding periods
Proposal 1:
The MAC entity’s DRX state can have multiple DRX configurations, configured by RRC.
Observation 4:
The bandwidth on which the UE blind decodes the DCI for a given coreset depends on the “bandwidth part” the UE is scheduled on.
Proposal 2:
A DRX configuration includes a monitoring bandwidth parameter, considering the minimum channel bandwidth needed for the UE’s control channel(s) activity.
Proposal 3:
Multiple DRX configurations may overlap in terms of their time and frequency domain configuration parameters.

Proposal 4:
The gNB may activate/deactivate DRX configurations via MAC CEs signalling, according to the UE’s scheduling activity.
Proposal 5:
The MAC entity’s DRX state is configured considering the active DRX configurations.
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