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Introduction
[bookmark: _GoBack]In many cases, UE can be more power efficient in connected mode if it receives some scheduling information in advance from the gNB. Such information includes at least an indication of whether a grant should be expected. We propose the term Advanced Grant Indication (AGI) to refer to this information. AGI could be useful for several power saving scenarios: (i) DRX with wake-up signaling (WUS), (ii) cross-slot scheduling in PDCCH-monitoring mode, which has been introduced in [7]. 
The most compelling and important use case, in our view, is to support wake-up signaling for DRX. Concept of wake-up signaling (WUS) for DRX in NR was introduced in [1][3]. In RAN1 AH #2 and #3 (2017), there has been a Way-Forward supported by growing number of companies on the wake-up signal/channel and the associated power saving operations [4][5]. WUS is a system level concept spanning physical layer and MAC layer. For physical layer design, we propose using AGI (instead of “wake-up signal”) to refer to the control information carried in a physical channel. 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.
In [7], AGI is proposed as an alternate approach to cross-slot scheduling. It allows the UE to know in advance whether a grant will be scheduled to help with power saving. The content of this indication is very similar to WUS; It is envisioned that the same physical channel can be used.
In this contribution, to set the context, the applications and need for AGI will be discussed first. Design consideration for AGI will be discussed next.
This is a resubmission from R1-1716417.
Discussion
Applications of Advanced Grant Indication (AGI)
For Wake-up Signaling in C-DRX
High level operation for wake-up signalling has been described in [1][3]. 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 [6].
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.


	

	

y-axis is proportional to instantaneous power consumption
x-axis represents time.



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. It is estimated that the energy overhead for the first stage is only a small fraction of the second stage even without grant. 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).

For PDCCH Monitoring Mode
The idea of a power-optimized PDCCH monitoring mode has been first introduced in [2] and further developed in [7]. In this mode, cross-slot scheduling is employed to support the power saving features, such as maximizing microsleep duration and allowing time for RF transition latency for bandwidth adaptation. An alternate approach to cross-slot scheduling is for gNB to signal in AGI that the UE will be scheduled in a subsequent slot. The full grant will be transmitted in the same slot as the DL data. Below is an illustration.


In the above illustration example, it can be seen that if “grant expected” is decoded based on AGI, UE transitions from narrower BW (optimized for PDCCH monitoring) to wider BW (for data reception). In this particular example, transition back to narrower BW for PDCCH monitoring mode happens after not receiving any grant (in Slot n+x+3); Other rules such as not receiving grant for a threshold number of consecutive slots can be used; Explicit L1 signalling can also be considered.
Compared to the baseline scheme for cross-slot scheduling where the full grant is transmitted one slot (or more) in advance of the DL data, use of AGI achieves the same objective as cross-slot scheduling in terms of enabling the power saving features, meanwhile giving the gNB scheduler more flexibility as it can defer construction of the grant. Essentially, gNB scheduler only needs to decide one slot (or more) in advance that it will schedule the UE, but the main effort in data scheduling and grant construction can be performed in a similar timeline as same slot scheduling. In the rare case gNB fails to actually schedule the data and/or the grant, it may revert the grant indication by not following through with an actual grant transmission in the subsequent slot.
Observation: The need for advance grant information (AGI) is similar between two applications for UE power saving: wake-up signalling in C-DRX and PDCCH-monitoring mode.
Proposal 1: RAN1 considers introduction of AGI for C-DRX wake-up signalling for NR
· FFS: whether to use AGI during PDCCH monitoring mode.

Design Considerations for AGI
Signaling Scheme
At the minimum, AGI only needs to convey one bit of information – whether a DL grant shall be expected for a target slot (for cross-slot scheduling) or series of slots (i.e., the ON duration, for WUS). The state of the UE determines whether a target slot or series of slots is used for the interpretation of the AGI. If the UE is detecting for AGI during a WUS occasion, AGI signals whether the UE may skip monitoring PDCCH during the ON duration. If the UE is detecting for AGI during PDCCH monitoring mode with as proposed in [7], AGI signals whether UE needs to prepare for DL data reception and decode the full grant in the target slot.
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. 
Proposal 2: NR should support AGI that signals at least whether grant should be expected. Which other types of information that can be carried by AGI should be further discussed.
In order to minimize the design effort and complexity associated with addition of a new physical channel, existing DL control channel currently being developed in NR can be used to carry AGI. Whether to use PDCCH or group common PDCCH channel structure should be further discussed. It can follow the same CCE structure and search space design for ease of multiplexing within the DL control region. Generally, low aggregation level should deliver good performance due to small payload. Compared to regular DL control channels, a dedicate small search space (in terms of number of aggregation levels and candidates) may be introduced for AGI to optimize the processing time to decode the AGI. Channel coding should be done but should be simple for low complexity decoding. Based on on-going discussion on channel coding scheme for the group common PDCCH, the same design principle may be followed: Below certain threshold of bits, use block code such as Reed-Muller code instead of polar code.
Proposal 3: AGI physical channel should be based on existing DL control channel

There are several signalling schemes to consider.
Scheme #1: gNB transmits AGI to signal “grant expected”; DTX for “grant unexpected”
· This means successful detection or decoding of the AGI implies grant should be expected. In the context of C-DRX wake-up signalling, 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: gNB transmits AGI to signal “grant unexpected”; DTX for “grant expected”
· This is the opposite of Scheme #1. In the context of C-DRX wake-up signalling, 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.
· Another 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”. 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.

Proposal 4: RAN1 should study the number of AGI signalling schemes supported, and what other information can be included in AGI
In case multiple schemes are supported, the scheme that is the most optimized for the traffic pattern and/or cell loading at hand can be configured. For example, if UE is scheduled for most of the DRX cycles, Scheme #2 would be more optimized than Scheme #1, as DTX would be used most of the time, consuming less control channel resources.
Without loss of generality, in subsequent discussions, Scheme #1 is assumed.

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. 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. This scheme is only suitable for WUS application. 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.
NR should discuss the merits for all options for different applications (for WUS or for PDCCH monitoring mode). The options include but is not limited to the ones mentioned above. Also, it is not required that one option be fixed across all AGI applications. For example, a group-specific option may be selected for WUS and an UE-specific option may be selected for cross-slot scheduling application.
Proposal 5: NR should consider UE specific or group specific AGI and their sub-options for addressing, and narrow down either to a fixed setting or configurable setting.

Conclusions
Observation: The need for advance grant information (AGI) is similar between two applications for UE power saving: wake-up signalling in C-DRX, and PDCCH-monitoring mode.
Proposal 1: RAN1 considers introduction of advanced grant indication (AGI) for C-DRX wake-up signalling for NR
· FFS: whether to use AGI during PDCCH monitoring mode.
Proposal 2: NR should support AGI that signals at least whether grant should be expected. Which other types of information that can be carried by AGI should be further discussed.
Proposal 3: AGI physical channel should reuse existing DL control channel
Proposal 4: RAN1 should study the number of AGI signalling schemes supported, and what other information can be included in AGI
Proposal 5: NR should consider UE specific or group specific AGI and their sub-options for addressing, and narrow down either to a fixed setting or configurable setting.
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