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1 Introduction
At RAN #83, the UE Power Saving in NR WI has been approved in [1]. According to the WID, PDCCH-based power saving signal/channel should be specified to trigger UE adaptation in RRC_CONNECTED mode.
	1) Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 
a) Specify the power saving techniques with power saving signal/channel 
i) Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
ii) Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
iii) Note: Any change of PDCCH channel coding and payload interleaver is not in the scope
b) Specify the procedure of cross-slot scheduling power saving techniques  
i) Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure
2) Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
a) Note: Switching on/off the RF is part of the evaluation



In this contribution, we provide details of PDCCH-based power saving signal designs, including potential DCI contents, DCI formats, PDCCH monitoring configurations as well as the aspects related to the blind decoding operations.    
2. Discussion
During the SID of UE power saving in NR, wake-up signal and go-to-sleep signal as potential power saving signals were extensively evaluated and significant power saving gains were reported by many companies [2]. As one of the objective of the WID is to specify PDCCH-based power saving signal/channel [1], below we discuss PDCCH-based wake-up signal and go-to-sleep signal, focusing on several key aspects such as, what contents should be signaled, which DCI format is better suited, and where these PDCCH should be monitored.  
2.1 PDCCH-based Wake-up signal (WUS)
2.1.1. Location of WUS 
During the study item phase, two possible time domain locations have been identified for WUS transmission: either before DRX ON duration or at the beginning of DRX ON duration. In our view, the former option (i.e. before DRX ON duration) is preferable due to the simplicity and less potential impacts on the legacy C-DRX operation. For example, the former option may preserve most, if not all, of the legacy C-DRX configuration and operation during active time, such as in legacy C-DRX operation, UE can potentially receive scheduling DCI at the beginning of DRX ON. However, WUS is monitored at the beginning of DRX ON in the latter option. Consequently, monitoring scheduling DCIs would be delayed. It may require RAN2 to reconsider definitions and operation of some of the existing C-DRX timers, e.g., 
· What would ON-duration-timer mean here?
· Is a separate configuration of WUS transmission duration/timer necessary? 
· Does inactivity timer start after WUS DCI or scheduling DCI in this case?
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This clearly leads to significant changes in DRX operation. Therefore, avoiding impacts on C-DRX operation is preferable to minimize the WUS operation complexity. 

We therefore have the following proposal:

Proposal 1: 
· WUS PDCCH is monitored before DRX ON duration.  

2.1.2 Fields in Wake-Up Signal (WUS) DCI
A wake-up signal makes it possible for NR UE to wake up just in time for the data to be received and hence the power consumption can be significantly reduced. Correspondingly, UE decides whether to wake up or keep sleeping to skip the associated DRX cycle or not. As captured in [2] based on the evaluation, the schemes of power saving signal/channel triggering wake-up for C-DRX show power saving gain in a range of 8% - 50% comparing to the baseline with the agreed C-DRX reference configuration.   
To get a good design in place for WUS DCI, it is desirable to analyse what information needs to be carried within the DCI by a trade-off between control overhead and power saving gain. 
To allow more efficient BWP selection at the start of DRX cycle, a BWP indicator should be included in WUS DCI to provide the flexibility for network to choose a suitable BWP e.g. based on traffic characteristic of applications or the buffer status at network side. 
To support a fast CSI feedback, a CSI request trigger field can be present in WUS DCI to allow the network to trigger CSI report to capture the DL channel conditions just before DRX ON duration. This may facilitate efficient link adaptation for scheduling transmission at the beginning of DRX ON. One open issue is which UL channel can be used to carry the triggered CSI report. Two options exist, either PUCCH or PUSCH. However, it should be noted that the following agreement was made [3], which exclude the possibility to use PUCCH for aperiodic CSI reporting in Rel-16. As a result, PUSCH is the left option to carry A-CSI when it is trigged by WUS DCI.  
	Conclusion:
No consensus in RAN1 for supporting A-CSI on PUCCH in R16.


 
In addition, aperiodic CSI-RS offset may be selected depending on whether BWP switching is triggered by WUS DCI or not. R15 supports offset range from 0 to 4 slots. For example, the CSI-RS can be triggered in the same slot (i.e., offset is 0 slot) as WUS DCI to maximize power saving if there is no BWP switching for data scheduling in the upcoming ON duration. UE therefore can utilize the gap before ON duration to compute CSI and report the updated CSI information at the beginning of upcoming ON duration in a PUSCH which only carries A-CSI report but no UL-SCH. On the other hand, in case of BWP switching initiated by WUS, the CSI-RS may be selectively triggered at the start of DRX ON. In any case, the function of A-CSI triggering by WUS PDCCH can improve the power consumption as well as the CSI feedback latency.      
For the BWP indicator and CSI request fields, the legacy IEs should be the starting point when defining the fields for WUS DCI. The number of bits for BWP indicator and CSI request could also be configurable like in Rel-15 DCI format 0_1 to minimize the signalling overhead.  
Moreover, some other fields can be beneficial for wake-up operation, e.g., enabling cross-slot scheduling to save UE power and indicating the PUSCH resource used for aperiodic CSI feedback. As PUSCH will not carry any UL-SCH, high flexibility in PUSCH resource indication may not be necessary, and number of bits for time and/or frequency resource indication can be considerably reduced, compared to format 0_0 or format 0_1. Alternatively, PUSCH resource can be higher layer configured or DCI may indicate a PUSCH resource from a set of configured resources.   
Table 1 summarized the possible WUS DCI content based on the discussions above. Note that one or more of the fields mentioned below can be configurable, which may or may not be present in the WUS DCI for a given UE. 
[bookmark: _Ref441738213]Table 1: Fields of the WUS DCI.
	Field
	Number of bits
	Comment

	BWP indicator
	2
	If a UE does not support active BWP change via DCI, the UE ignores this bit field

	CSI request
	0-6 
	Same as legacy, for UEs configured with multiple CCs, the number of bits can be determined as the maximum number of bits configured by higher layer parameter. 

	PUSCH time resource
	1 or 2
	

	PUSCH frequency resource
	2
	2 bits, like ARI to select one of four configured resources. The MCS can be preconfigured by RRC signaling. 

	TPC-command-PUSCH
	2
	Power control for PUSCH carrying A-CSI

	Cross-slot scheduling configuration indicator
	1
	

	Reserved bits
	
	

	Total information bits
	8-15 bits
	




2.1.3 Support of efficient CA operation 
WUS DCI may also indicate which carriers the UE wake-up to for monitoring scheduling DCIs, if the UE is configured with CA mode. For example, if a UE is receiving large amount of data in a burst sporadically, then network may wake-up the UE with multiple carriers activated so that faster delivery of data is achieved. For WUS DCI design, additional considerations are required to efficiently operate waking up in CA mode e.g. introducing CC-group-specific wake up request field. Like CSI request field, the configured CCs may be first grouped based on frequency bands or UE assisted information (e.g. CCs within a group share a same RF chain), which is fully controlled by network. Base on the traffic application characteristic and buffer status at gNB side, different CC groups can be selected for a UE to wake up for PDCCH monitoring to balance latency and power consumption aspects. Some joint coding of the BWP indicator and CC group indicator can be considered to reduce overhead. 
Table 2 provides an example to implement this function, where 2-bit BWP indicator field in Table 1 can be simply extended to support CA mode. Here, a set of RRC-configured pair of , refers to activating  a set of CCs with associated BWPs. Note that BWP IDs in a set of activated CCs can be different to allow flexible operation.
Table 2: 2-bit configurable BWP field for CC/BWP indication 
	Value of 2-bit BWP-ID field
	If CA is not configured 
	If CA is configured

	0
	
	Triggering the 1st set of RRC-configured pair of 

	1
	
	Triggering the 2nd set of RRC-configured pair of 

	3
	
	Triggering the 3rd set of RRC-configured pair of 

	4
	
	Triggering the 4th set of RRC-configured pair of 



Proposal 2: 
· WUS DCI at least includes BWP indication field, covering both single CC and CA case like shown in Table 2. 
· FFS: A-CSI trigger, cross-slot scheduling configuration


2.1.4 DCI formats
In our view, contents in the WUS DCI can be transmitted in a UE specific manner and the DCI can be associated with a configured RNTI. As traffic characteristics may vary from one UE to another, UE-specific signalling for wake-up indication is more efficient and provide best power saving performance. On the other hand, a group-specific DCI format generally yields a lower signalling overhead. More specially, the power consumption degradation for group-specific DCI may be still negligible, e.g. by properly grouping a small number of UEs (e.g. two UEs) with similar traffic characteristic and DRX configurations so as to guarantee the power saving benefit. Both UE specific DCI format and group common DCI format with UE specific field can be considered and further down selection can be made e.g. based on the decision on WUS contents.  
If the signalling content of a WUS DCI for a single UE is limited, such as including BW part indication only, it can be efficiently signalled in a UE specific field in a group-common DCI. At the minimum, UE specific field in GC DCI includes a trigger whether UE needs to wake-up or not. A joint IE for CC-group and BWP indication can also be considered, such as in Table 2. Whereas if more signalling contents are deemed useful and necessary, UE specific DCI format becomes more suitable as a trade-off between overhead and the achievable power saving benefits. 
In the slot where UE monitors WUS, UE may not expect other DCIs such as scheduling DCIs. Hence, “3+1” DCI format size budget has been relaxed in the slot. Blind detection and overhead is equivalently low for both UE-specific and Group-specific WUS DCI. 
Proposal 3: 
· WUS DCI format should have UE-specific fields to ensure the power saving efficiency. 
· FFS: UE-specific or group-common DCI format for WUS PDCCH based on the exact IEs for a single UE.  


2.1.5 RS Enhancements
PDCCH reception requires accurate time/frequency tracking. It is expected that UE receives TRS in a timely manner so that performance of WUS PDCCH detection does not suffer. In R15, both periodic and aperiodic TRS transmissions are supported. However, in Rel-15 TRS configuration and DRX configurations are independent and network may configure a group of UEs to receive a TRS in same resource to improve the resource efficiency. Consequently, periodic TRS transmission cannot always assumed exactly before DRX ON duration for every UE. Furthermore, aperiodic TRS can only be triggered by an earlier scheduling DCI, hence it does not apply to WUS DCI case.  Moreover, it is essential to allow UE skipping one or more periodic TRS transmission occasion during DRX OFF to minimize the power consumptions. The combinations of these considerations may necessitate to introduce an on-demand RS, which can be configured in a UE-specific manner to assist the UE in obtaining accurate T/F tracking for WUS PDCCH decoding. Given the on-demand RS is only transmitted when WUS PDCCH is presence to assist T/F tracking purpose, instead “always-on” signal, the associated signalling overhead should not be a real concern. Either an on-demand (i.e., RS is not transmitted if UE does not need to wake-up) UE specific TRS or PDCCH DMRS enhancements can be considered.

Proposal 4: 
· RAN1 considers RS enhancements for tracking to aid PDCCH-based WUS detection.

2.2 PDCCH-based Go-to-sleep (GTS) Signal
2.2.1. Fields in Go-to-sleep (GTS) DCI
When the UE is in active time, gNB may signal GTS DCI so that UE could sleep or skip PDCCH monitoring for a given duration if there is no expected traffic activity for the UE. For flexibility, the duration may be dynamically signalled in the GTS DCI. Moreover, GTS DCI may also indicate the CCs where UE skips PDCCH monitoring for the indicated duration. This provides the flexibility for network to properly select the CCs to maximize power saving e.g. by selecting CCs with a shared RF chain. Hence, in our view, GTS DCI may include the following UE-specific fields:
· Duration for skipping PDCCH monitoring occasions, e.g., number of slots
· Indication of carrier group, where UE skips PDCCH monitoring
In Table 3, an example of 1-bit field is shown for CC-group indication.
Table 3: CC group indication field 
	Value of field
	Description

	0
	A set of CCs in a first RRC-configured CC group

	1
	A set of CCs in a second RRC-configured CC group




Proposal 5: 
· GTS DCI at least includes indication of duration for skipping PDCCH monitoring occasions. 

2.2.2 DCI formats
Similar to the case of WUS DCI, traffic characteristics of UEs can be different and appropriate sleep duration of a first UE can be different from the sleep duration of a second UE. Hence, UE specific signaling is better suited at least from power saving perspective.
For UE-specific DCI format, the following options can be considered:
· Use of non-fallback DCI format 0_1 or 1_1
· Either by adding new field(s) or reusing existing fields with new UE behavior
· New GTS DCI format
· Monitored with a new configured RNTI or C-RNTI. 
Note that fallback DCI format may not be suitable here, as fields are not configurable since type of fields/payload are same for all UEs.
In one option, non-fall back DCI format in Rel-15 can be augmented by including a configurable field, such as a field to indicate sleep duration. An example of the values of the field is given below in Table 4
Table 4: Sleep duration indication field 
	Value of sleep duration field
	Description

	0
	UE does not go to sleep and assumes a valid grant

	1
	UE may go to sleep for a configured duration and assumed an invalid grant (i.e., ignore fields related to grant assignment)



Furthermore, non-fallback DCI format 0_1 can be used to indicate go-to-sleep trigger without adding any new field. If UL-SCH indicator bit is zero and CSI request trigger field is all zeros, UE may assume the DCI is triggering go-to-sleep. The sleep duration may be configured by higher layer or can be indicated by another field in the format 0_1. 
New DCI format can also be considered which may at least include indications identified in Section 2.2.1. A new RNTI can be configured or C-RNTI can be reused. To reduce blind detection burden on the UE, a new DCI format with new RNTI can be size matched to fallback DCI or size matched to a non-fallback DCI with C-RNTI. 
To address the concern of signal overhead, a group-common DCI format with a configured RNTI can be also considered where, the following information can be signaled in a UE specific fields within the group-common DCI. 
1) Indicate whether or not to sleep/not monitor PDCCH occasions
2) Sleep Duration, e.g., number of slots for not monitoring PDCCH occasions
3) Carrier or carrier group, i.e., over which carrier or carrier group UE does not monitor PDCCH occasions for the indicated duration (this field can be present if CA is configured for the UE)
More specifically, The IE of 1) and 2) can be combined into a single field, as shown an example below in Table 5, where values of L1, L2, L3 can be higher layer configured. In a separate field, CC-group indication can be provided to apply the indicated sleep duration, as shown in Table 3.
Table 5: Sleep duration indication field in GTS DCI
	Value of sleep duration field
	Description

	0
	UE does not go to sleep 

	1
	UE may go to sleep for L1 = 10 slots 

	2
	UE may go to sleep for L2 = 20 slots

	3
	UE may go to sleep for L3 = 40 slots


Next, we compare different aspects of the potential DCI formats candidates to carry GTS DCI in Table 6
Table 6: Comparison of DCI formats 
	Features
	Fields extension in non-fallback DCI format
	Reusing existing fields in non-fallback DCI format
	New UE specific DCI format
	Group-common DCI format

	DCI payload
	high
	high
	low
	Configurable
(Mainly depends on the number of grouped UEs) 

	System overhead
	high
	high

	low
	low

	Blocking probability
	high
	high
	low
	low



As signaling contents related to GTS signaling is not high, few bits (<=5/6) in a UE specific field may be adequate in most occasions. Although fields in a non-fallback DCI can be configurable, however overhead can be quite large if a same DCI is used for scheduling as well as GTC DCI. New DCI format can be considered however may not be justified as only few bits may be needed. Taking these facts into consideration, GC DCI format with UE specific fields can be considered. 
Proposal 6: 
· Support a group-common DCI format for GTS DCI design.


2.3 PDCCH monitoring, SS Set configurations 
It is beneficial to support more than one aggregation levels for WUS DCI to vary the code rate and support link adaptation to ensure a robust delivery of WUS. On the other hand, the power consumption is a key design aspect to be considered for this WI. To manage blind decoding complexity and UE power consumption for detection WUS, the aggregation level of WUS can be configurable by network on a per UE basis to still meet the detection requirement.   
Proposal 7: 
· The aggregation level and blind decoding candidates for WUS and GTS DCI can be separately configured as part of respective search space configuration.  

If UE receives the WUS in a narrow BWP B1, associated SS Sets with WUS DCI format are configured in BWP B1. As UE may need to monitor WUS, possibly periodically before every DRX ON, UE needs to camp on BWP B1 at the start of the slot where WUS monitoring occasion is configured. Hence, if BWP-inactivity-timer of any other BWP is running, UE may need to stop the timer and tune to BWP B1. If BWP B1 is not default BWP, UE may start BWP-inactivity-timer for B1 which may be terminated shortly after if WUS DCI signals BWP switching.

Observation 1: 
· If UE monitors WUS in a given BWP, UE may need to tune to the given BWP before WUS transmit occasion and may need to stop any other running BWP-inactivity-timer.
3. Conclusion 
In this contribution, we discussed different design aspects for PDCCH-based power saving signal including DCI contents, formats, CORESET configurations, search spaces and the blind decoding operation. Based on the discussions, we propose the following: 
Observation 1: 
· If UE monitors WUS in a given BWP, UE may need to tune to the given BWP before WUS transmit occasion and may need to stop any other running BWP-inactivity-timer.


Proposal 1: 
· WUS PDCCH is monitored before DRX ON duration.  

Proposal 2: 
· WUS DCI at least includes BWP indication field, covering both single CC and CA case like shown in Table 2.
· FFS: A-CSI trigger, cross-slot scheduling configuration


Proposal 3: 
· WUS DCI format should have UE-specific fields to ensure the power saving efficiency. 
· FFS: UE-specific or group-common DCI format for WUS PDCCH based on the exact IEs for a single UE.  


Proposal 4: 
· RAN1 considers RS enhancements for tracking to aid PDCCH-based WUS detection.
 Proposal 5: 
· GTS DCI at least includes indication of duration for skipping PDCCH monitoring occasions. 

Proposal 6: 
· Support a group-common DCI format for GTS DCI design.

Proposal 7: 
· The aggregation level and blind decoding candidates for WUS and GTS DCI can be separately configured as part of respective search space configuration.  
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