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1 Introduction

This contribution discusses how wakeup signaling and its related beam management procedures can be designed to save more power in C-DRX mode.
2 Discussion  
2.1 Background
When a UE operates in C-DRX mode, it periodically wakes up to check if there is data to download. If duty cycle of the traffic is low, many of these wakeups end up in “empty” on durations, because there is no data to receive after waking up. It has been shown in [1] [2] that if most C-DRX cycles are “empty”, then they can become a major overhead in term of power consumption. This is because for a UE to wake up from sleep, it needs to go through several steps, such as activating RF and baseband circuits and obtaining synchronization, to get its transceiver ready to monitor PDCCH. All these steps can consume considerable amount of energy.

This overhead is even higher for multi-beam systems. In a multi-beam system, when UE wakes up from sleep, the quality of serving beam might have degraded during the DRX idle period, due to user movement or signal blockage. If this degradation is severe enough, UE may not be able to monitor PDCCH correctly. Therefore, during C-DRX mode a UE has to periodically perform beam management procedures, in which it sweeps through multiple potential beams to select a good serving beam for the on durations. Because of the beam sweeping operation, multi-beam systems have higher power overhead in C-DRX mode.
The idea of wakeup signaling (WUS) has been proposed as a method to avoid empty C-DRX cycles [3]. With WUS, before a UE wakes up its modem in full functionality for a DRX on duration, it first wakes up only part of the Rx circuit in its modem to listen for a short indication from gNB sent over PDCCH. This indication signals if there is data waiting for UE to download. If there is no data, UE can go back to sleep without continuing to the on duration. Otherwise, UE stays on to perform the regular DRX on-duration procedure. 
In the rest of this contribution, this special indication is referred to as advanced grant indication (AGI), because its presence indicates whether there will be grants in the upcoming DRX on duration. The reception of AGI can be more power efficient than monitoring PDCCH during DRX on durations. The reason is that in DRX on durations, both Tx and Rx circuits in the modem have to operate in full functionality (i.e. in a high-power state), in order to be ready to receive or transmit if needed.  Whereas to decode a AGI, the modem only needs to turn on the Rx circuit, and the Rx circuits needs to operate in its minimum functionality only.  In addition, the SNR requirement for decoding AGIs is lower than that for data.  This allows the Rx circuits to lower its sensitivity and hence consumes less power.  Additional implementation optimizations are possible too to further lower the power consumption of receiving a AGI. More details are provided in our companion contribution [4].  

The idea of WUS may be further generalized to support either WUS or go-to-sleep (GSS), i.e. the indication sent by gNB before a DRX on duration can be pre-configured to tell a UE whether to stay on or go back to sleep. GSS may be efficient in cases where UE has to wake up for most on durations, so that only small number of AGIs need to be sent. But in this case, it is not clear how much power can be saved, since the UE has to wake up for most on durations any way. Since WUS and GSS require different procedures for UE and gNB, supporting both WUS and GSS would require additional implementation complexity, but for unclear benefits. For these reasons, we suggest GSS for multi-beam systems should be FFS.
Proposal 1. A multi-beam system supports wakeup signaling (WUS) in C-DRX mode. It is FFS if go-to-sleep signaling should be supported.
Proposal 2. WUS can be implemented by a special indication, called advanced grant indication (AGI), sent over PDCCH. 
2.2 WUS for multi-beam systems

2.2.1 AGI beams and beam management procedure
As explained earlier, when UE operates in the C-DRX mode, beam management procedure needs to be performed periodically, so that the quality of serving beam can be maintained between DRX cycles. Otherwise, UE may not be able to monitor PDCCH properly when waking up for on durations. 
With the introduction of AGI, beam management procedure can be further enhanced to save more power.  Th idea is that beam management for AGI and regular PDCCH monitoring can be performed separately, and the latter is performed only when UE has incoming traffic. Since AGI is a signal with much lower code rate than regular PDCCH, it can be received at lower SINR with coarse beams, and its beam management can be done with low duty cycles based on beam coherent time. For regular PDCCH, a set of finer beams may be required, which are needed only when UE needs to receive data. 
More specifically, a beam management procedure based on this idea can be performed as follows:
· For the transmission of AGIs, network configures N>=1 beams, called AGI beams, to helps ensure robustness of AGI reception and minimize the likelihood of beam failure. Network can configure proper values of N based on application scenario, channel statistics and tradeoff between power consumption and latency requirement. Beam management for AGI beams is done periodically with K DRX cycles, where K is configured by network based on certain AGI beam metrics such as beam coherence time. 
· If AGI indicates there is incoming data, UE should wake up the modem in full functionality. But before UE goes on to perform on-duration procedure, a further beam management procedure for fine tuning the beams for regular PDCCH monitoring may be performed. The exact triggering conditions for this additional procedure is FFS.
Proposal 3.  When in C-DRX mode, UE perform separate beam management procedures for the reception of AGI and regular PDCCH monitoring.
Proposal 4.  Network configures N beams for the reception of AGI. These beams, called AGI beams, are updated in every K DRX cycles, where K is configured by network.
2.2.2 WUS procedure

The WUS procedure on the network side is performed as follows:

· Network configures occasions, called AGI occasions, when AGIs are sent before DRX on durations. Our companion contribution [4] provides reasons why AGIs should be received before on durations instead of within them.

· If gNB plans to send UE a grant in the upcoming on duration, it transmits an AGI on each AGI beam at the prescheduled AGI occasion. Otherwise, it does not transmit anything.
On the UE side, the following procedure is performed:

· If UE receives an AGI on one of the AGI beams, UE may trigger a further beam management procedure optimized for regular PDCCH monitoring before starting DRX on-duration procedure. The exact triggering conditions are FFS. 
· If UE does not receive an AGI on any of the AGI beams, UE skips the upcoming DRX on duration and goes back to sleep. Note that AGI beams might fail during the idle period in the previous DRX cycle. In that case, UE would not be able to tell whether the absence of the AGI is due to lack of traffic or lose of the AGI beams. But if AGI beams are lost, they will be recovered in the next AGI beam management procedure. Therefore, in the worst case, the data will be delayed by K DRX cycles. If the application(s) is delay sensitive, then network can configure sufficient number of AGI beams to minimum this possibility. In the extreme case, AGI beams could include a full set of beams, i.e. this effectively set K to one and beam management for AGI is not necessary. But the more beams to use, the more power expensive they are. This configuration of using full set of beams therefore is used only when DRX cycle is set according to the latency requirement of the application(s) or DRX cycle is long.
Proposal 5.  If gNB plans to send UE a grant in the upcoming on duration, it transmits an AGI on each AGI beam at the prescheduled AGI occasion. Otherwise, it does not transmit anything.
Proposal 6.  At each prescheduled AGI occasion, UE performs the following procedure:
a. If UE receives an AGI on one of the AGI beams, UE may trigger a further beam management procedure optimized for regular PDCCH monitoring before starting DRX on-duration procedure. The exact triggering conditions are FFS. 
b. If UE does not receive an AGI on any of the AGI beams, UE skips the upcoming DRX on duration and goes back to sleep.
2.2.3 Configuration of WUS
Network can configure, activate and deactivate WUS either on a per UE basis or on a per group basis. A detailed discussion on this topic can be found in our companion contribution [4]. 
Proposal 7.  Network can configure, activate and deactivate WUS either on a per UE basis or on a per group basis.
3 Summary
Based on the above discussions, we recommend RAN2 to discuss the following proposals: 
Proposal 1. A multi-beam system supports wakeup signaling (WUS) in C-DRX mode. It is FFS if go-to-sleep signaling should be supported.
Proposal 2. WUS can be implemented by a special indication, called advanced grant indication (AGI), sent over PDCCH. 
Proposal 3. When in C-DRX mode, UE perform separate beam management procedures for the reception of AGI and regular PDCCH monitoring. 

Proposal 4. Network configures N beams for the reception of AGI. These beams, called AGI beams, are updated in every K DRX cycles, where K is configured by network.

Proposal 5. If gNB plans to send UE a grant in the upcoming on duration, it transmits an AGI on each AGI beam at the prescheduled AGI occasion. Otherwise, it does not transmit anything. 
Proposal 6. At each prescheduled AGI occasion, UE performs the following procedure:

a. If UE receives an AGI on one of the AGI beams, UE may trigger a further beam management procedure optimized for regular PDCCH monitoring before starting DRX on-duration procedure. The exact triggering conditions are FFS. 
b. If UE does not receive an AGI on any of the AGI beams, UE skips the upcoming DRX on duration and goes back to sleep.

Proposal 7. Network can configure, activate and deactivate WUS either on a per UE basis or on a per group basis.
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