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1 Introduction

In this contribution, we would like to discuss the required modifications and options for NR Connected mode DRX (C-DRX) considering multi-beam based NR beamforming system. 
2 LTE C-DRX
Figure 1 shows the Connected Mode DRX (C-DRX) operation in LTE. After the DRX inactivity timer expires, RRC-Connected UE operates following the C-DRX operation. In the C-DRX mode, UE stays awake to receive the downlink in the ON duration and sleeps for power saving at the rest of the time. Following any new data/signalling reception, the UE (re-)starts an inactivity timer and goes back to the active mode. The LTE C-DRX operation consists of configurable short DRX and long DRX operations.

· If a short DRX cycle is configured; the UE follows the short DRX cycle first and after the short DRX cycle ends UE follows the long DRX cycle;

· Else the UE follows the long DRX cycle directly
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· Figure 1. An example of LTE C-DRX Operation
However, the LTE C-DRX operation is not designed considering multi-beam based operation.  
3 NR C-DRX with Beamforming
In case of LTE, in order for a Connected-DRX UE to wake up at ON duration and decoding PDCCH successfully, time/frequency synchronization, cell identification, and DL signal decoding are needed. Hence, UE detects synchronization signals (PSS/SSS), receive CRS for cell specific measurement (RSRP/RSRQ), and decode PDCCH to determine whether UE should go back to active or not. 

In case of NR, in addition to the above LTE based operations, beamforming aspects must be considered. NR multi-beam operation has constraints such as large path-loss in high frequency channels. Therefore, control signals should be transmitted using beamforming and each UE should be able to receive such control signals using beamforming also. The channel quality of a beam (or a beam pair) may change due to UE mobility, irrespective whether the UE is in active mode or C-DRX mode. If the serving beam channel quality is degraded during Sleep duration, the DL control signal may not be decoded successfully and thus, beam must be switched to another available beam. Therefore, in order for a NR UE to successfully receive and decode DL beamformed control signal, UE should perform beam management even during the C-DRX operations. 
Proposal 1: Since C-DRX is also a connected mode operation, NR UE should perform beam management during the C-DRX operation, to successfully decode the control signal during the ON duration. 

In case of LTE C-DRX, in order for the successful PDCCH reception, the UE may be able to wake up before ON duration to perform other operations such as synchronization and cell identification (implementation-wise).
However, in case of NR, the beam management cannot be done by UE as implementation-wisely, since the beam reporting/switching/recovery operations require channels and procedures available on sleep duration. If it is not relevant with beam/UE specific scheduling, some of the procedures can be done implementation-wisely, such as non-UE specific RS based DL beam measurement.  

Observation 1: Some of the NR beam management procedures can be designed to be performed during sleep duration. 
Moreover, if the newly designed NR C-DRX framework requires any beam management operation during sleep duration, such beam management operation should be designed considering C-DRX operation design. Therefore, RAN2 should design the NR C-DRX operation and study how NR UE can perform beam management for proper C-DRX operation. 
Proposal 2: RAN2 should design the C-DRX operation considering proper UE beam management procedures, in order to support successful DL control signal reception during ON duration. 
3.1 Beam management in ON durations
UE can perform beam management during ON durations, since the UE in ON durations is in active mode. If the previous serving beam quality is not good enough, successful DL signal decoding will be delayed until the serving beam is switched to a suitable beam, as in Figure 2. 

Observation 2: NR UE can perform beam management (measurement/reporting/switching/recovery) in ON durations, since the UE in ON durations is in active mode. 

Observation 3: NR UE may not be able to decode DL signal during a part of ON duration, if the serving beam quality is not good enough. 
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· Figure 2. An Example of NR C-DRX Operation when UE perform beam management 
during ON duration only

If there are large number of beams in gNB and UE, beam management procedures consisting of beam measurement, reporting, and switching may require more time than that of the scheduled ON duration, as shown in Figure 3. In this case, UE may not be able to measure the whole beam pairs and switch to the appropriate beam within an ON duration. In consequence, DL control signal will not be decoded successfully within the ON duration.
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· Figure 3. An Example of Failed NR C-DRX Operation when the required beam management duration is longer than scheduled ON duration
Observation 4: An ON duration may not be enough to perform the beam management and DL signal reception procedures, since the gNB and UE may have lots of beams.

Observation 5: There are two possible C-DRX operations considering beam management duration:
1) Set the ON duration longer than the required beam management duration and DL control signal reception for a specific UE. 

2) Beam management procedures (full or partial) can be done even in the sleep duration before ON duration starts.

Operation 1) may waste DL transmissions within the ON duration until the beam switching is done for an available beam. Moreover, with this solution, each UE’s ON duration can be different with respect to the UE’s Rx beams and the number of UE Rx beams may need to be reported to gNB. 
Operation 2) may require non-UE specific resources for beam reporting/switching, which a UE in sleep duration can use (e.g., RACH and/or a new channel). 

Since the operation 1) is straight forward (to set ON duration bigger than the beam management + DL signal decoding), let’s discuss further regarding operation 2).
3.2 Beam management in Sleep duration, before ON duration starts
Consider an NR UE which can wake up early before ON duration starts, to start beam management. As in the Observation 1, some of the procedures can be designed to be performed during sleep duration and some other procedures cannot. In order for a UE to wake up early for such possible beam management operations, the UE should decide when it will wake up, and what it will do during the early wake up time. 

Regarding UE wake up time determination, we have the following options 

1) Early wake up time > beam management duration 
- Can be done if the full beam management procedures (measurement, reporting, switching, and recovery) are available for UE in sleep duration.
- With this option, UE may be able to perform DL reception/decoding successfully right after the ON duration starts. 
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· Figure 4. An Example of NR C-DRX Operation when UE wakes up early for full beam management
2) (Early wake up time + ON duration) > (beam management duration + DL signal reception/decoding)
- Can be done by performing time consuming, non-UE specific beam measurement before on duration, and within on duration, perform scheduling based beam reporting and switching. 
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· Figure 5. An Example of NR C-DRX Operation when UE wakes up early for part of beam management
Regarding all the above possible operations, the early wakeup time should be determined considering C-DRX framework and the number of gNB beams and UE beams, since the beam measurement is always take place in sleep duration. 
Proposal 3: If UE performs beam management before ON duration starts, the wake up time should be defined considering C-DRX framework and both gNB/UE beams. (FFS: which entity defines such UE wake up time and how to signal such information if necessary.)
In order for a successful DL signal reception in an ON duration, beam management must be end at least during the ON duration. 
Observation 6: If the beam management is done properly before ON duration ends, the UE will be able to receive and decode the DL control signals successfully during the ON duration. 

4 Conclusion

This contribution discusses the basic operation of C-DRX in multi-beam based NR system, with the required considerations. In order to make progress, we request RAN2 to discuss the following proposals. 
Observation 1: Some of the NR beam management procedures can be designed to be performed during sleep duration. 
Observation 2: NR UE can perform beam management (measurement/reporting/switching/recovery) in ON durations, since the UE in ON durations is in active mode. 

Observation 3: NR UE may not be able to decode DL signal during a part of ON duration, if the serving beam quality is not good enough. 
Observation 4: An ON duration may not be enough to perform the beam management and DL signal reception procedures, since the gNB and UE may have lots of beams.
Observation 5: There are two possible C-DRX operations considering beam management duration:

1) Set the ON duration longer than the required beam management duration and DL control signal reception for a specific UE. 

2) Beam management (full or partial) can be done even in the sleep duration before ON duration starts.
Observation 6: If the beam management is done properly before ON duration ends, the UE will be able to receive and decode the DL control signals successfully during the ON duration. 

Proposal 1: Since C-DRX is also a connected mode operation, NR UE should perform beam management during the C-DRX operation, to successfully decode the control signal during the ON duration. 

Proposal 2: RAN2 should design the C-DRX operation considering proper UE beam management procedures, in order to support successful DL control signal reception during ON duration. 
Proposal 3: If UE performs beam management before ON duration starts, the wake up time should be defined considering C-DRX framework and both gNB/UE beams. (FFS: which entity defines such UE wake up time and how to signal such information if necessary.)
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