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During the RAN1#98b, progress has been made on the design on power saving signal/channel (PoSS) with focus on
· Power saving signal/channel monitoring window with offset and range
· Search space / CORESET
· New DCI including indication details
In this contribution, we discuss the remaining design details for PoSS inside and outside Active Time.
Power Saving Signal/Channel Outside Active Time
PDCCH Monitoring
During RAN1#98b, we made following agreements on monitoring of power saving signal outside Active Time.
	Agreements:
The following working assumption is confirmed:
· More than one monitoring occasion can be configured within a slot or multiple slots before the DRX ON

Agreements:
UE starts monitoring the PDCCH with CRC scrambled by PS-RNTI  at the configured PS_offset before the start of DRX ON until the end of the configured range of monitoring.   
· The “PS_offset” is a new higher layer parameter  
· (Working assumption) the range of monitoring is derived based on existing parameters, e.g., duration and  monitoringSymbolsWithinSlot, in SearchSpace IE without any change 
· Note: the value of “range” is smaller than that of PS_offset, e.g., to ensure UE with sufficient time for preparing for PDCCH monitoring at the DRX ON
Search space is configured for the indication of monitoring DCI with CRC scrambled by PS-RNTI.
· Reuse the existing search space configuration with all or subset of parameters, e.g., the periodicity and the offset
· FFS: The restriction in the supported periodicity, the aggregation level and the number of blind decoding for the new DCI with CRC scrambled by PS-RNTI





Monitoring Window
During RAN1#98b meeting, it has been agreed that PS-offset and Range were agreed to be used to identify the search space(s) to be monitored outside of Active Time. The PS_offset is defined w.r.t to the start of DRX On duration starting time, and Range is to be derived from search space configuration. This is compromised approach to utilize both PS-offset and search space configuration to identify the search space set(s) for PDCCH monitoring occasions outside Active Time.

The PS_offset and Range determines the window covering the search space sets to be monitored. The Figure 1 shows a monitoring window covering two monitoring occasions of a single search space (or it could be two different search spaces). In this case, since two monitoring occasions were covered by a window, the UE is supposed to monitor both search space sets.
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[bookmark: _Ref23867098]Figure 1 The PS_offset and range before the DRX ON duration determines search spaces to be monitored outside of Active Time

PS-gap
The gap between monitoring window and DRX On duration start time may need to have some limit in its value. Certainly gap of 0 is not a good choice since then there would be not much time for UE to warm up PDSCH processing engine after DCI3_0 decoding finishes. Thus, there should be a reasonable amount of gap between monitoring window and DRX On duration start time. To be precise, the gap should be the time between a search space set and DRX On duration start time. However, since search space set may not be guaranteed to be aligned with DRX periodicity, it is better to consider gap between the end time of window and DRX On duration starting time. 

Proposal 1 : Define PS-gap as a time gap between power saving signal channel monitoring window (determined by PS-offset and Range) and DRX On duration start time.

Since the time required to prepare PDSCH decoding is different for different UEs, it would be good to allow UE to indicate its preferred minimum gap.

Proposal 2 : UE can indicate minimum-PS-gap value (in ms) as UE capability. If network does not receive, network assumes default value to be used.

Range of Monitoring Window
The remaining question is how to determine the Range from search space configuration. Current search space configuration have time related parameters such as duration, and periodicity. The periodicity of search space set would be a good choice since if the range of monitoring window is configured to equal to the periodicity, then it could ensure that at least one search space set is covered by the window. If the range is configured as N times of the periodicity, then the monitoring window covers N occurrence of the search space set. Together with this, there is one constraint that range should be shorter than PS-offset. But, more strict constraint is that range should be shorter than Rmax which is the difference of PS-offset and minimum-PS-gap in case minimum-PS-gap is available. Rmax is the maximum allowed range of monitoring window.

Proposal 3 : The Range of monitoring window is determined as min(N*P, Rmax) where 
· N is a positive integer,
· P is periodicity of search space configuration in the unit of ms,
· Rmax (=PS-offset – minimum-PS-gap) is a maximum value for monitoring window range where minimum-PS-gap is an minimum value of gap.

Instead of using periodicity for P, one can consider using duration. This is also possible but then it gets harder to ensure that search space set(s) are covered by window. This is because duration is shorter than periodicity.

Naturally, following the unit of P and Rmax, the unit of window range is given as ms.
Proposal 4 : The unit of monitoring window Range is ms.

PS-Offset Value and Unit
The offset of power saving signal monitoring occasion from the start of DRX ON duration could be selected in predefined ranges. The offset needs to be large enough to allow UE to prepare PDSCH reception in case the UE is indicated to wake up, but does not need to be too large.

· Small offset : If offset is too small, UE may not fully take advantage of two steps of power consumption level (power level for PDCCH only reception followed by different power level for receiving both PDCCH and PDSCH). However, this is only for the UE with such special HW structure. For an UE without such structure, smaller value gives slightly lower power consumption than larger offset since UE don’t have to wait between WUS and DRX ON duration when WUS indicates to wake up. Supporting small value is also good for increasing network scheduling flexibility.

· Large offset : The offset value cannot be too large since then traffic arrival could happen between power saving signal monitoring occasion and start of DRX ON duration. This could introduce unnecessary delay of one DRX cycle for traffic arriving after monitoring occasion. Thus too large offset should be also avoided. Considering a typical DRX cycle of 160ms, 16ms which is 10% of it should be good starting value.

Note that the unit of PS-offset could be provided in terms of absolute time (e.g., ms) or slot. Given that DRX parameters are given as absolute time (ms), from the calculation point of view, it is easier that the PS-offset have absolute time unit of ms. If lower resolution is required, sub ms could be added in the configurable range.

Proposal 5 : NR supports the unit of PS-offset is given in ms (millisecond).

Proposal 6 :NR supports the range of PS-offset is given 1/32ms to 16ms.

Proposal 7 : The PS-offset should be shorter than configured DRX cycle.


Short DRX and Long DRX
During RAN1#98b following agreements was made regarding whether short/long DRX and WUS.

	Agreements:
· The PDCCH-based power saving signal/channel can be configured for long DRX for a UE
· (Working assumption) If there is also short DRX cycle configured for the UE, the PDCCH-based power saving signal/channel is not applicable for the short DRX cycle




Considering that there is significant overlap between the ranges for short DRX cycle and long DRX cycle, there is no strong technical reason why power saving signal should be applied to long DRX only. Note that the short DRX cycle ranges from 2ms to 640ms. The long DRX cycle ranges from 10ms to 10240ms. However, considering the view that short DRX duration is replacement of long inactivity timer, it may make sense to make UE monitor all the PDCCHs until short DRX cycle expires without WUS. Another fact is the complication of WUS application when DRX cycle is very short. Handling two cases could increase spec work was one of argument. In this sense, we think at least in R16, it is reasonable to apply WUS for long DRX only.

Proposal 8 : Confirm following working assumption from RAN1#98b.
· (Working assumption) If there is also short DRX cycle configured for the UE, the PDCCH-based power saving signal/channel is not applicable for the short DRX cycle

Search Space Set
During RAN1#98, RAN1 has agreed to support CSS for power saving signal/channel.
	Agreements:
· The new DCI format for power saving signal/channel is configured to be monitored at least in CSS.
· FFS for UESS



During the RAN1#98b meeting, RAN1 made following agreements
	Agreements:
For a UE, the following information can be configured to be included in the new DCI for the WUS PDCCH scrambled by PS-RNTI 
· Indication to wake up or not to wake up 
· L1 based mechanism for transitioning from ’dormancy-like’ to ’non-dormancy like’ behaviour on activated Scells,  as agreed in MR CA/DC
· FFS: Triggering -CSI-report
· FFS: whether or not the bitwidths of some or all of the above information fields can be zero


Agreements:
· When the UE is outside Active Time, for the L1 based mechanism for transitioning from ’dormancy-like’ to ’non-dormancy like’ behaviour on activated Scells, an explicit information field for the UE is introduced to the PDCCH WUS
· The explicit information field is configurable within a range of 0 to X1 bits
· X1 <<15
· FFS whether to use BWP framework for transitioning from dormany to non-dormancy
· FFS the case of ’non-dormancy-like’ to ’dormancy like’ transition
Agreements:
· For the L1 based Scell dormancy indication sent on primary cell outside active time in WUS PDCCH
· The explicit information field in DCI is a bitmap with up to X1 bits and 1 bit per group of configured Scells
· Each Scell group can have one/multiple Scells and up to X1 Scell groups are configured via RRC. 
· The Scell group configuration is independent from the Scell group configuration for dormancy indication within active time (if supported) 
· X1 = [5]
· Note: X1 is upper bound.
· Note: Number of bits used for explicit information field in WUS PDCCH is based on configuration




It has been agreed during RAN1#98b that L1 based signal for Scell dormancy indication is carried in power saving signal channel, i.e., DCI 3_0 outside Active Time. The length of bits X1 for one UE is up to [5] bits, one bit for a group of cells. With this agreement, the maximum number of bits per UE carried in DCI 3_0 is [6] bits, where 1 bit for indication for wake up or not. If N UEs supporting L1 indications for SCells are multiplexed in a single DCI3_0, then the total number of bits required becomes [6]*N bits, which can make the size of DCI 3_0 increase to a reasonable size avoiding padding.  

Proposal 9 : NR supports CSS only for monitoring power saving signal/channel outside Active Time.

Power Saving Signal Transmission at gNB
Regarding UE behavior and understanding on power saving signal transmission (especially wake up signal) we have following agreement made during RAN1#97.
	Agreements:
Support UE-specific configuration of the search space set(s) dedicated to the PDCCH-based power saving signal/channel for UE to monitor outside Active Time
· Following the principle of Rel-15 search space configuration
· FFS: the corresponding UE behaviour in monitoring the power saving signal/channel outside Active Time
· FFS whether UE can further monitor the search space set(s) inside Active Time




The UE behavior for monitoring power saving signal (PoSS) depends on the PoSS transmission assumption. There could be multiple options for gNB side.

· The first approach is to always send PoSS on configured PoSS monitoring occasion and indicate UE whether to wake up or not. This approach is based on explicit signaling and UE, once configured, is expected to receive signal during every monitoring occasion and will decide what to do after receiving the signal. So, the signal should include both “wake-up”, “sleep”, and possibly other indications. Note that “sleep” indication makes UE skip corresponding DRX ON duration. In terms of resource usage, it is not so efficient since the power saving signal needs to be sent always every monitoring occasion. However, this approach provides higher reliability in terms of operation since UE can always assume that PoSS is always transmitted.
· The second approach is to send PoSS only when gNB wants to wake some UE up. This approach is more efficient in terms of resource usage. Note that the signal transmission itself indicates wake-up. The absence of signal could indicate something else, which is discussed below.
· The third approach is to send go-to-sleep signal only when gNB wants to make UE skip upcoming DRX ON duration. If UE detects no signal, then default UE behavior is to wake up and monitor PDCCH. Considering that UE would spend more time in CDRX mode than non-DRX mode (in which UE has active (running) DRX inactivity timer) with power consumption optimized configuration, this approach would require more radio resources to make UE go to sleep.

From radio resource utilization perspective, the first approach is the worst choice since it requires gNB to sends PS signal before every DRX ON duration. The second approach is best resource efficient among three since it requires no signaling during CDRX operation when there is no active data transfer or when UE is in DRX mode.

Proposal 10 : UE do not assume that power saving signal/channel is always transmitted.

UE Behavior
When UE detects No PS signal (CRC failure)
Following agreements were made during RAN1#98b.
	Agreements:
If a DCI format 3_0 outside Active Time is not detected by a UE, “UE wakeup or not” is configured by the higher layer signalling to address this case
· The default is “not wake up”




During RAN1#98b, UE behavior when no PS signal is detected was determined. When UE does not detect power saving signal channel, the UE’s behavior follows as configured, which is either “wake up” or “sleep – (or not wake up)”. The default behavior, which is the UE behavior when UE default behavior is not configured, is “not wake up”.

If UE does not detect power saving signal/channel, then, according to following RAN2 agreement, UE does not start drx-onDurationTimer.
	Agreement
· On a PDCCH-WUS occasion that a UE is monitoring, if the UE is indicated to wake-up to monitor the PDCCH during the next occurrence of the drx-onDurationTimer, the UE starts the drx-onDurationTimer at its next occasion. Otherwise it does not.
· If UE is in DRX Active Time during a PDCCH-WUS occasion, it starts the drx-onDurationTimer at its next occasion as in legacy.




This means that the UE will stay outside Active Time. According to current 38.321, the UE outside Active Time do not transmit periodic or semi-persistent SRS and report CSI on PUCCH/SP-CSI on PUSCH. When power saving signal is not detected, as a consequence of not starting On duration timer, UE is not supposed to send periodic/semi-persistent CSI on PUCCH/SP-CSI on PUSCH and SRS. This could be problematic especially when the number of skipped DRX On duration increases.

Observation 1 : When the number of skipped DRX On duration increases, UE could not report CSI for an long time.

When UE detects More Than One WUS Indication
In case UE is configured to monitor multiple PDCCH monitoring occasions, UE could end up with multiple WUS indications. For example, when network configures multiple CORESET with different beams for power saving signal channel, UE is supposed to monitor configured search spaces in each of the CORESET to receive potential DCI3_0. As an another example, in FR1, network could configure multiple monitoring occasions to improve scheduling flexibility. One monitoring occasion may not be available due to high control traffic. Then, the other monitoring occasion could be used for sending DCI3_0. In either case, there is some chance that UE detect multiple WUS indication. If UE detects two WUS indications, the should have the same value, otherwise it could be treated as error case. It could happen due to network error, or it could happen UE’s false detection.
If such error event happens, there is no way that UE have no idea which one is correct indication. Thus, in this case it is better that UE wake up not to miss any potential PDCCH transmission during next On duration.

Proposal 11 : If UE detects two or more conflicting WUS indications corresponding to a single DRX On duration, UE wakes up and monitor PDCCH.


PS Techniques Outside Active Time
Regarding the PS techniques carried in power saving signal outside Active Time, RAN1 made following agreement during RAN1#97. Based on recent agreements, power saving signal/channel transmitted outside Active Time could carry at least wake up signal to trigger UE to monitor PDCCH or not during subsequent DRX ON duration(s).

	Agreements:
Outside Active Time, the PDCCH-based power saving signal/channel is configured for triggering UE to or not to monitor the subsequent ON duration(s) 
· FFS a single vs. multiple durations, particularlly checking consistency with RAN2 agreements
Further study in the new DCI how to potentially indicate at least the following techniques (subject to further WID update):
Indicating UE to use the aperiodic RS
Aperiodic CSI-RS 
Aperiodic SRS
TRS
Triggering aperiodic CSI report
Cross-slot scheduling
Rel-15 DCI-based BWP switching
The power saving techniques can be explicitly included in the DCI contents or implicitly indicated by other techniques (e.g., BWP switching).




RAN1#98b made following agreement including L1 indication for SCell dormancy switching in power saving signal.
	Agreements:
[bookmark: _Hlk22055053]For a UE, the following information can be configured to be included in the new DCI for the WUS PDCCH scrambled by PS-RNTI 
· Indication to wake up or not to wake up 
· L1 based mechanism for transitioning from ’dormancy-like’ to ’non-dormancy like’ behaviour on activated Scells,  as agreed in MR CA/DC
· FFS: Triggering -CSI-report
· FFS: whether or not the bitwidths of some or all of the above information fields can be zero




With wake up signal in use, in case there are many ON durations skipped, network may need adaptation to time varying channel status. This is done by CSI measurement and reporting. For UE with DRX configured to report CSI, the most recent CSI occasion (should) occur in DRX active time [38.214]. This restriction makes it UE sleeping for a long time to report less accurate CSI. As a solution, aperiodic CSI could be considered. Triggering aperiodic CSI could be helpful for quick adaptation to channel status. This could be triggered by DCI after UE wake up based during ON duration. Since wake up signal is transmitted when data traffic arrivals, triggering DCI for RS measurement and CSI report should provide minimal additional contribution to data transfer delay. Including aperiodic CSI report request in DCI could be also considered.

DCI Format
Regarding the search space and the new DCI monitored outside Active Time, RAN1 made following agreement in RAN1#97.
	Agreements:
For power saving signal/channel configured outside Active Time, introduce a new DCI format for a UE, where the UE is configured to monitor the DCI format, with the power saving information for the UE in the DCI configurable by RRC
· FFS whether the DCI is in UESS or CSS or both
· FFS detailed configuration of the power saving information
· FFS the new DCI format
· Note: the same DCI may carry power saving information for one or more UEs




RAN1 made following agreements in RAN1#98b.
	Agreements:
A new DCI format 3_0 is introduced for providing the indication of power saving information used outside Active Time in Rel-16

Agreements:
If UE detects DCI format 3_0 in the monitoring occasion(s), UE follows the indication of wakeup or not from the corresponding field.   

Agreements:
For a UE, the following information can be configured to be included in the new DCI for the WUS PDCCH scrambled by PS-RNTI 
· Indication to wake up or not to wake up 
· L1 based mechanism for transitioning from ’dormancy-like’ to ’non-dormancy like’ behaviour on activated Scells,  as agreed in MR CA/DC
· FFS: Triggering -CSI-report
· FFS: whether or not the bitwidths of some or all of the above information fields can be zero

Agreements:
· For the L1 based Scell dormancy indication sent on primary cell outside active time in WUS PDCCH
· The explicit information field in DCI is a bitmap with up to X1 bits and 1 bit per group of configured Scells
· Each Scell group can have one/multiple Scells and up to X1 Scell groups are configured via RRC. 
· The Scell group configuration is independent from the Scell group configuration for dormancy indication within active time (if supported) 
· X1 = [5]
· Note: X1 is upper bound.
· Note: Number of bits used for explicit information field in WUS PDCCH is based on configuration




In this section, we provide DCI design based on agreements so far.

Wake Up Indication
Per UE wake up indication in the new DCI monitored outside Active Time could include one bit indicating “wake up” or “sleep”. Since there is only single DRX state per UE, the wake up signal applies to UE itself.
Table 1 Wake up indication field
	Field name
	Field value
	Operation

	Wake up indication
	0
	Do not start drx-onDurationTimer during the next occurrence of DRX ON duration

	
	1
	Wake up and starts drx-onDurationTimer during the next occurrence of DRX ON duration



Proposal 12 : For each UE configured to monitor power saving signal/channel, 1 bit information is included in DCI3_0 to indicate one of the followings for the next occurrence of ON duration
· Do not start drx-onDurationTimer
· Start drx-onDurationTimer

SCell Dormancy Indication
It has been agreed that up to X1=[5] bits are used for dormancy indication. The X1 bits is per UE value and can be configured by higher layer parameter. Note that the number of X1 bits could be different for different UEs and multiple UE’s information is multiplexed in a single DCI, each UE needs to know which part of DCI information bits are for SCell dormancy indication.

Table 2 Scell group dormancy indication field
	Field name
	Value of n-th bit of the field
	Operation

	SCell group Dormancy
Indication for outside of Active Time
	0
	Switch the active BWP of cells in n-th cell group to dormancy BWP.

	
	1
	Switch the BWP of cells in n-th cell group to most recently used BWP other than dormancy BWP




Figure 2 shows an example of power saving information encoding for multiple UEs in DCI3_0. Each UE is configured by higher layer with following information.
· Whether WUS is supported or not.
· Whether SCell dormancy is supported or not. If supported, number of cell groups supported and cell to cell group mapping is also configured.
· The position of starting bit for PS fields for UE.

Proposal 13 : If UE is configured by higher layer to support at least one of WUS and SCell dormancy indication, UE is configured to monitor DCI3_0 outside Active Time.


DCI encoding for Multi-UE Support
Then, depending on the configuration, the DCI3_0 for the UE could include following field(s).
· WUS field
· Field size is 1 bit if configured, otherwise field size is 0 bit.
· SCell dormancy indication field
· Field size is X1 bits if configured, otherwise field size is 0 bit.
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[bookmark: _Ref23852108]Figure 2 Bit encoding for DCI3_0 outside of Active Time for UE j and UE k including WUS and SCell dormancy indication

Proposal 14 : If UE is configured to monitor DCI3_0, then, UE is configured with fields to monitor (WUS field or/and SCell dormancy indication) and starting bit position of the field.


Power Saving Signal/Channel Inside Active Time
Cross Slot Scheduling
Inside Active Time, scheduling DCI is reused and additional field could be configured to support power saving signal. Based on the agreement, at least cross slot scheduling related indication could be included. Note that L1 based SCell dormancy indication could be handled independently from cross slot scheduling indication although they could be carried by DCI 0_1 and 1_1.

During RAN1#98, following agreements were made.

	Agreements:
· Scheduling DCI format(s), 1-1 and/or 0-1 are enhanced to include the configurable additional field of 1-bit dynamic indication of cross-slot scheduling in the Active Time in Rel-16.

Agreements:
· Power saving information using DCI formats 0_0/1_0 is not supported.




During RAN1#98b, following agreements were made.
	Agreements:

For an activated BWP without the 1-bit indication received in DCI for adapting the minimum applicable value of K0 (K2) for the BWP when there are one or two RRC configured values for the BWP, e.g., due to BWP switching triggered by BWP timer expiration, etc., the value applied for the BWP before the 1-bit indication is received within the BWP is determined by
· Option 2: The configured value if one value is RRC configured; The lowest-indexed RRC configured value if two values are RRC configured
FFS Value zero is a valid configuration for the minimum applicable K0/K2 value for the case when two RRC values are configured for the BWP




If cross slot scheduling is supported, then a new 1 bit field could be added to DCI 1_1 / 0_1 to indicate minimum applicable values for K0 and K2. More details on field / indication is discussed in our companion paper 

Proposal 15 : Add 1 bit indication to support cross slot scheduling in DCI 1_1/0_1, if configured.

Conclusions
In this contribution, we have provide detailed design of power saving signal/channel including offset, gNB power saving signal transmission, UE behavior, and DCI content for supporting power saving signal. Based on discussion we make following observation / proposals.


Proposal 1
· Define PS-gap as a time gap between power saving signal channel monitoring window and DRX On duration start time.

Proposal 2 : UE can indicate minimum-PS-gap value as UE capability. If network does not receive, network assumes default value to be used.

Proposal 3 : Monitoring window range is determined as min(N*P, Rmax) where 
· N is a positive integer,
· P is periodicity of search space configuration in the unit of ms,
· Rmax (=PS-offset – minimum-PS-gap) is a maximum value for monitoring window range where minimum-PS-gap is an minimum value of gap.

Proposal 4 : The unit of monitoring window range is ms.

Proposal 5 : NR supports the unit of PS-offset is given in ms (millisecond).

Proposal 6 : NR supports the range of PS-offset is given 1/32ms to 16ms.

Proposal 7 : The PS-offset should be shorter than configured DRX cycle.

Proposal 8 : Confirm following working assumption from RAN1#98b.
· (Working assumption) If there is also short DRX cycle configured for the UE, the PDCCH-based power saving signal/channel is not applicable for the short DRX cycle

Proposal 9 : NR supports CSS only for monitoring power saving signal/channel outside Active Time.

Proposal 10 : UE do not assume that power saving signal/channel is always transmitted.

Observation 1
· When the number of skipped DRX On duration increases, UE could not report CSI for an long time.

Proposal 11 : If UE detects two or more conflicting WUS indications corresponding to a single DRX On duration, UE wakes up and monitor PDCCH.

Proposal 12 : For each UE configured to monitor power saving signal/channel, 1 bit information is included in DCI3_0 to indicate one of the followings for the next occurrence of ON duration
· Do not start drx-onDurationTimer
· Start drx-onDurationTimer

Proposal 13 : If UE is configured to monitor DCI3_0 outside Active Time, UE is configured by higher layer to support at least one of WUS and SCell dormancy indication.

Proposal 14 : If UE is configured to monitor DCI3_0, then, UE is configured with fields to monitor (WUS field or/and SCell dormancy indication) and starting bit position of the field.

Proposal 15 : Add 1 bit indication to support cross slot scheduling in DCI 1_1/0_1.
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