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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 NR C-DRX with Beamforming
LTE UE performs Connected mode DRX operation for power saving while maintain the RRC connection. LTE C-DRX consisting of ON and OFF durations, while LTE UE sleeps during OFF durations for power saving and wakes up at ON duration and decode PDCCH. In order for the successful PDCCH decoding, LTE UE performs time/frequency synchronization and cell identification before DL PDCCH signal decoding. Hence, for each ON duration, 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.  Moreover, in order for the successful PDCCH reception, LTE UE can be able to wake up before ON duration to perform the synchronization and cell identification (implementation-wise).
In case of NR, in addition to the above LTE based operations, beamforming aspects must also be considered. NR multi-beam operation has constraints such as large path-loss in high frequency channels. Therefore, control signals and reference signals will be transmitted using beamforming and each UE should be able to receive such control signals using rx-beamforming also. Hence, 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 OFF duration, the DL control signal may not be decoded successfully. And, thus, in NR, transmission and reception beams must be selected properly, before any control signal transmission. Therefore, in order for a NR UE to successfully receive and decode DL beamformed control signal, UE should perform beam management during the C-DRX operations. 
Proposal 1: Considering multi-beam based operation, NR UE shall perform beam management during C-DRX, to successfully receive the DL control signal. 
Unlike synchronization, the beam management cannot be solved using only UE implementation, since the beam reporting/switching/recovery operations require signaling. 

2.1 Beam management during ON durations
It is obvious that the NR UE can perform beam management during active mode and also during ON duration among the C-DRX operation. Figure 1. shows an example of UE beam measurement followed by successful DL decoding in each ON duration. 
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· Figure 1. An Example of NR C-DRX Operation when UE perform beam management 
during ON duration 

However, if there is large number of beams in gNB and UE, beam management may require more time than that of the scheduled ON duration, as shown in Figure 2. In this case, beam management is not successful during the short period of ON durations and consequently, DL control signal will not be decoded successfully at all.
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· Figure 2. An Example of Failed NR C-DRX Operation when the required beam management duration is longer than scheduled ON duration
Observation 1: Since NR gNB and UE may have large number of beams, an ON duration may not be long enough to perform the beam management and download PDCCH.

So, there are two possible C-DRX operations considering beam management duration:
1) Extension: Extend each ON duration until UE successfully decode a DL PDCCH.
2) Early Wake-up: Perform beam management earlier before ON duration starts.

In order for the successful DL PDCCH decoding, NR shall support at least one option among the above two options. 

Proposal 2: In order for successful PDCCH reception during ON duration, NR shall support one of the below options:

1) Extension of ON-duration: Extend each ON duration until UE successfully decode a DL PDCCH.

2) Early Wake-up: Perform beam management earlier before ON duration starts.

In the following sub-section, we would like to discuss the merits and demerits of the above two operations

2.2 ON-duration Extension vs. Early Wake-up operations
In order for the successful DL PDCCH decoding, a UE may extend the ON duration in case when the beam management takes time longer than the original ON duration, as shown in Figure 3. 
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· Figure 3. An Example of extended ON duration for beam management
If the beam management duration is short enough (i.e., less than the ON duration period), this option operates well. Although this Extension option can guarantee the successful DL decoding, it has the following shortcomings: 

1. Wasted resource and power consumption on DL PDCCH tx/rxs during beam management (Pink)

· Network needs to transmit DL PDCCH until it is successfully received by the destined UE. 

2. Un balanced ON duration periods and consequently reduced sleep duration of UE 
Another option is that the NR UE wakes-up early before ON duration starts, to start beam management, as shown in the Figure 4. 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 which RSs it will measure during the early wake up time. 
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· Figure 4. An Example of NR C-DRX operation where UE wakes-up early before ON duration
The merit of this early wake-up operation is that the UE and network can perform the PDCCH Tx/Rx only during the scheduled ON duration. Therefore, the network and UE can save power consumption while also saving the resource. However, this option has shortcomings as follows: 

1. If beam management is not needed or ended early, there’s time gap between beam measurement and PDCCH reception
2. UE in Sleep duration cannot transmit proper beam feedback to the network so it may use common channel such as PRACH
With considering the above pros and cons, RAN2 should discuss which option NR supports for beamforming based C-DRX operation. 
3 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: Since NR gNB and UE may have large number of beams, an ON duration may not be long enough to perform the beam management and download PDCCH.

Proposal 1: Considering multi-beam based operation, NR UE shall perform beam management during C-DRX, to successfully receive the DL control signal. 
Proposal 2: In order for successful PDCCH reception during ON duration, NR shall support one of the below options:

1) Extension of ON-duration: Extend each ON duration until UE successfully decode a DL PDCCH.

2) Early Wake-up: Perform beam management earlier before ON duration starts.
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