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Introduction
Concept of wake-up signaling (WUS) for DRX in NR was introduced in RAN1 [1][3]. In RAN1 AH #2, there has been a Way-Forward across multiple companies on the wake-up signal/channel and the associated power saving operations [4]. Analysis on the power saving and latency trade-off has been discussed in RAN2 [5]. While the WUS concept can be applied to DRX in general which includes idle mode DRX (I-DRX) and connected mode DRX (C-DRX), emphasis is placed on the latter because for EMBB applications, C-DRX has a much larger impact to the DoU power consumption compared to I-DRX.
Support for WUS can be considered an enhancement to connected mode DRX scheme and should also be discussed in RAN2, while RAN1 can focus on the discussion on the physical channel to be used for carrying the wake-up signal [7]. The RAN2 aspect of wake-up signaling is the subject of discussion in this contribution. 

Discussion
Overview of Wake-up Signaling in C-DRX
High level operation for wake-up signalling has been described in RAN1 [1][3][5]. Below is a recap.
It has been shown in [1][3] that significant energy could be consumed due to “empty” C-DRX cycles which are the DRX cycles containing ON durations with no grant. During a typical C-DRX cycle, UE may perform the following operations: UE first wakes up from sleep, activates its RF and baseband circuitry, obtains frequency and timing synchronization, and monitors PDCCH during the ON duration. Its Tx chain also needs to get ready in case UL feedback needs to be transmitted. All of these activities consume power and can be considered a major overhead if the C-DRX cycle is “empty” (i.e. there is no DL data assignment). Wake-up signaling reduces the power overhead for such “empty” C-DRX cycles. Power saving for a more general traffic model and the tradeoff against latency has been analyzed in [5].
For UE in C-DRX that supports WUS, a WUS occasion is prepended before each ON duration. The time offset between the WUS occasion and ON duration is the WUS offset which should be a configurable parameter. The main purpose of WUS offset, which can be multiple slots long, is to give enough time for full modem functionality to come online and get ready for monitoring PDCCH, receiving DL data and transmitting feedback such as HARQ acknowledgement during the ON duration. During the WUS occasion, UE activates only the minimal functionality to detect for WUS. If the result indicates “grant unexpected” (which applies to the entire ON duration), the UE is allowed to go back to sleep and skip the ON duration. Otherwise, regular DRX procedure is performed for the remainder of this cycle.
In some discussions, “go-to-sleep” signal is proposed as an alternative to “wake-up” signal. Our view is that there is a strict and a general scope for the definition of wake-up signal. In the stricter definition, wake-up signal refers to a signal that is transmitted only when the UE is expected to “wake-up” for a subsequent time frame. In a more general definition, it refers to a signal that helps the UE to determine whether it should wake up or is allowed to go to sleep for a subsequent time frame. Under this general definition, a “go-to-sleep” signal can also be considered as a kind of wake-up signal. The general definition of WUS is also implied for terms such as WUS occasion and WUS offset. In order to help avoid some of the ambiguity in the definition, a new term called “advanced grant indication (AGI)” is proposed to refer to the signal, be it a wake-up signal or a go-to-sleep signal. In the context of wake-up signalling for C-DRX, the information that AGI conveys includes whether a grant should be expected in the subsequent ON duration. AGI also refers to the actual physical channel and is discussed more in detail in [7].
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Sources of Power Saving:
1. Opportunistic activation of full modem functionality
· Essentially two-stage wake-up: In the first stage, only the minimum modem functionality is activated to receive and decode AGI. Only when a grant is expected based on AGI, UE enters the second stage and conditionally enable the full functionality of the modem for data reception (and feedbacks) during ON duration. If significant percentage of the DRX cycles contains no grant, allowing the UE to expend as little power as possible for AGI detection and going back to sleep for those cycles greatly helps minimize power consumption.
2. Facilitates further DRX parameter optimizations
· In systems without wake-up signalling such as LTE, there is usually a power penalty for operating with short DRX cycles (for example, in the order of tens of millisecond). This kind of short DRX cycle is typically only configured if the traffic has stringent latency requirement, such as VoLTE. For sporadic traffic that has stringent latency requirement (for example, actuation or response for automation applications), DRX cycle has to be short but majority of them could be empty cycles. Wake-up signalling could be extremely effective for such scenarios.
· Generally, if the power overhead for waking up to monitor for data assignment in each DRX cycle is reduced, shorter DRX cycle can similar to longer DRX cycles in terms of energy efficiency. This allows shortening of the inactivity timer while maintaining the similar latency target, and tends to reduce the duration of time UE spends monitoring PDCCH (during inactivity timer unexpired state).

Proposal 1: NR supports wake-up signalling in C-DRX mode for UE power saving
Proposal 2: Wake-up signalling is supported by the method of advanced grant indication, which is special DCI that tells UE whether a grant should be expected in the upcoming DRX on duration.
Proposal 3: Based on the advanced grant indication, if a grant should be expected, UE wakes up to perform regular DRX on-duration procedure; Otherwise, it goes back to sleep without performing DRX on-duration procedures. 

Design Considerations for WUS
UE-specific vs Group-specific
UE-specific AGI refers to an addressing scheme where the AGI is dedicated to a particular UE. Group-specific AGI refers to an addressing scheme where the AGI is shared between a group of UE. 
For UE-specific AGI, each UE tries to decode AGI in its assigned search space. UE may be addressed with UE-RNTI scrambling or an UE identifier in the payload. Because multiple UEs can have search space that overlap, AGI search space must be defined to be sufficient to handle collision of resources. UE can assume AGI search space based on the state of DRX operation.
Group specific AGI should be carried in the common search space for PDCCH, or in the group common PDCCH channel. For latter, because the design options are still being discussed in RAN1, the following discussion focuses more on the former. 
UEs may be configured to monitor the common search space for the AGI with a special RNTI. The set of UE which are monitoring the same search space would share the AGI. gNB is aware of this set of UEs and would aggregate the AGI across the set of UE. If any UE in the set needs to be woken up for ON duration PDCCH monitoring, the entire set will be woken up. As an enhancement, UE identifiers for subset of the group may be carried in the payload to further qualify that the AGI is only for those identified UEs.
Proposal 4: Network can configure, activate and deactivate advanced grant indication either on a per UE basis or on a per group basis.

Position of WUS Occasion
When wake-up signalling is configured, UE tries to detect AGI in the WUS occasion. In terms of timing relationship with the associated ON duration, it only makes sense that the WUS occasion comes before the ON duration.
In [8], it has been proposed that WUS occasion effectively displaces the ON duration. When wake-up signal is detected, this applies to the following DRX cycle, for which UE switch to monitor the entire ON duration. A major drawback for this scheme is the increased latency which is doubled of the legacy scheme at the same DRX cycle length. If the argument is to conserve network resources, as WUS occasion occupies a subset of the existing ON duration slots, this concern can also be addressed in our original scheme: The ON duration can always be shortened enough to offset the extra slots taken by WUS occasion to conserve network resources.
There has been another alternate proposal to have the WUS occasion in the beginning of the ON duration, and during that period, UE can also assume that it only needs to monitor for AGI and not expected to receive DL data and not transmit any feedback. This may also allow the UE to approach the ON duration as a two-stage wake-up. A gap (i.e. duration that gNB guarantees to not schedule to the UE) can also be imposed after the WUS occasion to allow time for full wake-up. Only the latter portion of the ON duration is “schedulable” with DL data.
While from UE operation perspective, above alternate proposal is similar to our original proposal to have the WUS occasion positioned before the ON duration (and considered not part of the ON duration), the original proposal should be preferred due to the following reasons:
· Wake-up signalling may be enabled/disabled or configured differently across UE. When UE’s traffic pattern results in high percentage of DRX cycles with data assignments, it may be more efficient to disable wake-up signalling for that UE and use legacy DRX. By considering WUS occasion as an “add-on” before the ON duration seems to be less disruptive to DRX operation between the WUS enabled vs disabled options.
· The concept of prepending another operation before the ON duration is more universal than altering the behaviour at the beginning portion of the ON duration. For example, in mmW system, there is greater support for considering the beam management operation to be done before the ON duration (instead of being part of the ON duration) [9].
· In DRX, ON duration is defined to be a duration where UE is expected to monitor grants, decode DL data and transmit feedback conditioned on the grant. It is best not to alter this definition and the consistency of this definition throughout the ON duration.
· Absorbing WUS occasion and the gap into the beginning portion of the ON duration imposes a minimum length on the ON duration which currently does not exist: ON duration can be as short as one subframe. It would be especially confusing if ON duration length needs to be reconfigured every time WUS is enable or disabled in order to keep the length of the schedulable ON duration (i.e. the latter portion).

Proposal 5: Advanced grant indications are positioned before DRX on-durations, with a time offset.  This time offset is configured by network on a per-UE basis.

Signaling Scheme
In [6], it has been proposed that existing DL control channel (such as PDCCH) can be used to carry AGI. Typical PDCCH payload contains 60~70 bits. AGI payload is much smaller if only one bit of information needs to be conveyed. It may be enhanced to carry a few bits (FFS) to piggyback other types of dynamic information; For example, the bandwidth information of where the data allocation will be scheduled. 
There are several signalling schemes to consider.
Scheme #1 “wake-up signal”: gNB transmits AGI to indicate “grant expected”; DTX for “grant unexpected”
· This means successful detection or decoding of the AGI implies grant should be expected. This has the advantage that control channel capacity is conserved when majority of the DRX cycles are without data assignments.
· In case AGI carries more information than just “grant expected” or “grant unexpected”, it would be more efficient to piggyback other types of information along with the “grant expected” signal.

Scheme #2 “go-to-sleep signal”: gNB transmits AGI to indicate “grant unexpected”; DTX for “grant expected”
· This is the opposite of Scheme #1. For the scenario of low data activity, i.e. many C-DRX cycles are “empty”, AGI has to be transmitted in high percentage of occurrences. While from UE’s power consumption point of view there is no difference compared to Scheme #1, this would be wasteful of network resources. For the scenario of high data activity, there is not much opportunity for skipping ON duration PDCCH to save power. Based on these observations, the use case for Scheme #2 may be limited.
· In the context of wake-up signaling, other types of information would not be needed for “grant unexpected”. Therefore, Scheme #2 may be less suitable for piggybacking other types of information in AGI.
· One potential use case for AGI with “go-to-sleep signal” is as a replacement for DRX command which is conveyed via MAC CE in LTE design. Essentially, to support a “DCI-based DRX command”. This is beyond the scope of wake-up signalling and will not be elaborated further in this contribution. It should be observed that DRX command based on AGI would not be as energy efficient as wake-up signalling because the latter facilitates two-stage wake-up.

Scheme #3: gNB always transmits AGI which explicitly indicates one of the states
· This always consumes control channel resources and is not recommended. Shown for completeness only. In the following discussion, this scheme is no longer considered.

In the context of wake-up signalling for C-DRX, we want to start with Scheme #1 as the baseline design, with Scheme #2 as an option for further study.
Proposal 6:  Network configures the content for advanced grant indication on a per-UE or per-group basis
· FFS whether “go-to-sleep” signalling scheme can be configured
· FFS whether other information is included, and which information

Conclusions
Proposal 1: NR supports wake-up signalling in C-DRX mode for UE power saving
Proposal 2: Wake-up signalling is supported by the method of advanced grant indication, which is special DCI that tells UE whether a grant should be expected in the upcoming DRX on duration.
Proposal 3: Based on the advanced grant indication, if a grant should be expected, UE wakes up to perform regular DRX on-duration procedure; Otherwise, it goes back to sleep without performing DRX on-duration procedures.
Proposal 4: Network can configure, activate and deactivate advanced grant indication either on a per UE basis or on a per group basis.
Proposal 5: Advanced grant indications are positioned before DRX on-durations, with a time offset.  This time offset is configured by network on a per-UE basis.
Proposal 6:  Network configures the content for advanced grant indication on a per-UE or per-group basis
· FFS whether “go-to-sleep” signalling scheme can be configured
· FFS whether other information is included, and which information
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