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Introduction
In this contribution, we discuss the following aspects of the PDCCH-based power saving signal / channel:
· [bookmark: _Hlk21124457]Procedure when WUS-PDCCH monitoring location collides with other procedures
· Reliability of WUS-PDCCH
· Applicability of WUS-PDCCH functionality to short DRX cycles in addition to long DRX cycles
· WUS-PDCCH triggering CSI reports
· PS_offset
This document is based on the agreements that are documented in the chairman’s notes for NR power saving agenda items in RAN1 meetings prior to RAN1#99 Reno.
For the sake of conciseness, this document uses the acronym “WUS-PDCCH” to mean “DCI with CRC scrambled by PS-RNTI”.
Procedure when WUS-PDCCH monitoring location collides with other procedures
The following agreement was made in RAN1#98bis:
UE follows legacy DRX operation to wake up and start the OnDurationTimer at the next DRX ON at least for the case when the active BWP is not configured with the PDCCH –based power saving signal/channel
· FFS other cases (e.g., the monitoring occasion at the PDCCH-based power saving signal/channel is not valid for the UE,  e.g., collision with other procedures)

The following procedures have been identified that might stop the UE from being able to monitor the WUS-PDCCH at the WUS-PDCCH monitoring occasion:
· Timer based BWP switching [3]
· Measurements, including when a measurement gap exists [3, 4]
· Paging occasions [4]
· SSB monitoring [4]
In all of the above cases, the UE knows that it has prioritised one of the above procedures over WUS-PDCCH monitoring. The state of the wake-up signalling within the DCI with CRC scrambled by PS-RNTI is a “known unknown” in these collision cases. The UE should hence monitor the associated DRX ON duration, since it is otherwise unknown whether the UE should wake up at that DRX ON duration. Assuming the above procedures do not often overlap with the WUS-PDCCH monitoring occasion, any increased power consumption from unnecessarily monitoring the DRX ON duration should be minimal.
Proposal 1: UE follows legacy DRX operation to wake up and start the OnDurationTimer at the next DRX ON also for cases where the monitoring occasion of the DCI with CRC scrambled by PS-RNTI is not valid for the UE,  (e.g., collision with other procedures).

Reliability of WUS-PDCCH
The following agreement was made in RAN1#98bis:
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”

Hence the UE can be configured to go to sleep (i.e. not wake up) if the DCI with CRC scrambled by PS-RNTI is not detected by the UE. This functionality can lead to a robustness issue: if there is a problem with reliability of the WUS-PDCCH, the UE can be un-contactable by the gNB since it will sleep during the DRX_ON durations.
In order to overcome the potential robustness issue, the UE should occasionally monitor the DRX_ON duration even when PS-PDCCH is not present. For example, the UE could be required to monitor every N’th  DRX_ON duration. In this case, the UE can be contacted even when there is an issue with PS-PDCCH reliability: the gNB would contact the UE during the N’th DRX_ON duration. This provides a fallback mechanism for the gNodeB to contact the UE.
Proposal 2: For robustness purposes, the UE monitors every N’th DRX_ON duration regardless of the presence or absence of a DCI with CRC scrambled by PS-RNTI. 

WUS controlling short DRX
In RAN1#98bis Chongqing, the following agreement was reached:
· 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


This section discusses whether the short DRX functionality should be controlled by a wake-up signal carried by PS-PDCCH.
Traffic models such as HTTP have bursts of data that follow an initial download of data (e.g. the initial download is associated with an HTML main page and the following bursts of data are associated with embedded objects) [1,2]. Short DRX functionality allows the UE to power-efficiently monitor for these follow-on bursts of data. Release-15 power saving functionality associated with bursty data traffic is shown in Figure 1. The figure shows the bursty data consisting of main page and embedded objects, where the traffic bursts are separated by reading times. At the start of a long DRX DRX_ON duration, the main page can be delivered to the UE. Following this main page delivery, the inactivity timer and short DRX cycle operate in order to save power while the embedded objects are delivered. If there is no traffic burst (e.g. during the second DRX_ON period shown in the figure), the UE wakes up for the long DRX_ON duration and then goes back to sleep. 
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[bookmark: _Ref20927955]Figure 1 – Rel-15 power saving functionality for bursty data
We think that the main power saving benefit comes from the UE being able to sleep during periods when there is no traffic activity, as controlled by the long DRX cycle. Once there has been activity for an HTTP-like application (e.g. an HTML main page has been downloaded), it is likely that there will be following bursts of data (e.g. associated with the embedded objects), where power saving is controlled by short DRX. Given that there are likely to be following bursts of data, there is little point in the UE monitoring a power saving signal to control the short DRX functionality: the UE would spend extra power monitoring the power saving signal and the power saving signal would be likely to wake the UE up anyway. Wake-up signaling functionality associated with bursty traffic is illustrated in Figure 2. The figure shows that when the WUS (carried by a PS-PDCCH) wakes the UE up for the long DRX DRX_ON duration, it effectively wakes the UE up for traffic bursts.
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[bookmark: _Ref20929080]Figure 2 – Rel-16 power saving for bursty data where WUS (PS-PDCCH) relates only to long DRX

Monitoring a power saving signal relative to short DRX is likely to be complicated to specify and implement. Whereas the timing of the DRX_ON duration for long DRX is regular, the timing for short DRX is dependent on previous traffic activity (the timing of previous traffic and the operation of inactivity timers). Hence the location of a power saving signal relative to the DRX_ON duration for short DRX is going to be problematic (e.g. if there is a fixed offset of the PS-PDCCH relative to DRX_ON, it must be possible to assign that PS-PDCCH in any slot since the DRX_ON duration with short DRX can start in any slot).
Proposal 3: Confirm the following 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 

Functionality related to UE power saving subsequent to the basic long DRX DRX_ON duration can be considered in Rel-17. 
While it has been considered that applying a WUS in the short DRX cycle will not lead to significant additional power saving and would lead to a complicated timing relationship between the PS-PDCCH and the short DRX DRX_ON durations, power saving in short DRX could be improved by implicitly adapting the short DRX functionality, for example by increasing the time between short DRX DRX_ON durations as time extends without traffic.
Additionally, it is observed that a typical UE will operate with different applications running at the same time. Whereas some applications will exhibit an HTTP-like bursty traffic model (with follow-on embedded objects), another application might operate with a more FTP-like traffic model (a single large burst of data, potentially followed by an application layer ACK). It would thus be helpful to dynamically configure the DRX configuration during DRX_ON operation. For example, when the system (either gNodeB or UE) knows that the traffic burst is associated with HTTP traffic, the DRX configuration can be dynamically configured to apply a short DRX cycle (in the expectation of transmission of embedded objects) and when the traffic burst is associated with FTP traffic, the DRX_ON duration can be terminated (on the understanding that the FTP traffic would be associated with download of a single large burst of data).  
Dynamic DRX configuration functionality is shown in Figure 3, where the figure shows that for HTTP traffic, since embedded objects are expected after a main page, the dynamic DRX configuration signals the UE to enter a short DRX phase following the initial DRX_ON duration. For FTP traffic, no embedded objects are expected after the single large FTP file is transmitted and the dynamic DRX configuration signals that the UE can go to sleep. 
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[bookmark: _Ref21125465]Figure 3 – Operation of dynamic DRX configuration for HTTP and FTP traffic

WUS-PDCCH triggering CSI report
In RAN1#98bis Chongqing, the following agreement was made:
[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

This section considers whether the WUS-PDCCH should be able to trigger a CSI-report.
The benefit of supporting that the WUS-PDCCH can trigger CSI-reporting is that the UE can be accurately scheduled at the start of the DRX_ON duration based on CSI report [5,6,7]. 
Even without support of CSI-report triggering within the WUS-PDCCH, the DRX_ON duration can be controlled based on CSI reports by triggering CSI reports at the start of the DRX_ON duration, as illustrated in Figure 4. The figure shows that a UE that is to be scheduled is firstly woken up by a WUS-PDCCH prior to the DRX_ON duration. At the start of the DRX_ON duration (during period “A”), the UE can then be sent a DCI triggering a CSI report, causing the UE to measure and report CSI. The UE can then be accurately scheduled (during period “B”) based on that CSI report. Note that the UE could also be scheduled with PDSCH during period “A”, but these scheduling decisions would be made on less accurate channel state information.
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[bookmark: _Ref23978735]Figure 4 – Triggering CSI report at the start of the DRX_ON duration
A benefit of triggering CSI reports using the WUS-PDCCH, compared to triggering CSI reports during the ON duration, is that the UE doesn’t have to additionally monitor for scheduling DCI during the “CSI report preparation period” following the WUS-PDCCH. However similar functionality could be achieved with a simple rule that stated that if the UE receives a DCI triggering a CSI report during the first portion of the DRX_ON duration (period “A” in the above figure), it doesn’t need to monitor for other PDCCH for a defined time period (i.e. until period “B” in the above figure). 

Proposal 4: DCI with CRC scrambled by PS-RNTI does not trigger CSI reporting.
Proposal 5: During an initial phase of the DRX_ON duration, if the UE is triggered to report CSI, it does not need to further monitor PDCCH until a later phase of the DRX_ON duration.

Offset of PS-PDCCH relative to DRX_ON 
In RAN1#98bis Chongqing, the following agreement was reached:
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

The following proposal was made in the offline feature lead summary [8]:
The starting monitoring occasion of the PDCCH-based power saving signal/channel  is configured with the monitoring occasion offset relative to the beginning of the DRX ON based on Rel-15 search space principle with posible new search space parameters.   
· FFS: The parameters of search space configuration for the offset of the monitoring occasion
· The preferred offset value is the UE assistance information based on UE capability 

Based on the above agreement, it is clear that the PS_offset value has to take account of (1) the monitoring range for the PDCCH with CRC scrambled by PS-RNTI and (2) the capability of the UE for transitioning between being asleep and being awake enough to monitor PDCCH during the DRX_ON duration. The contributing factors to PS_offset are shown in Figure 5.
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[bookmark: _Ref24013666]Figure 5 – PS_offset accounts for WUS-PDCCH monitoring range and transition time to wake-up
It is expected that the PS_offset value will be configured separately for different BWPs, as opposed to there being a single PS_offset configured for the carrier as a whole. In particular, the default BWP could be configured with a longer PS_offset value than an active BWP. The rationale for having a longer PS_offset on the default BWP is power saving:
· The default BWP is typically narrower bandwidth than the active BWPs, allowing for lower power operation.
· The UE can implement a lower power receiver to decode the WUS on the default BWP. For example, the UE could decode fewer candidates for the DCI scrambled with PS-RNTI or could decode at a lower clock rate / voltage.
· Latency is less critical on the default BWP when the default BWP is mainly used for PDCCH monitoring, assuming that the UE would be switched to an active BWP when there is significant data transmission.

Given that the UE could save additional power by operating with a lower power / higher latency receiver on the default BWP, it would be beneficial for the UE to be able to signal separate UE capabilities for the WUS to DRX_ON time gap for the default BWP and active BWPs, as illustrated in Figure 6:
· Default BWP. The capability allows for relaxed processing and decoding of the WUS (DCI scrambled by PS-RNTI), T1, and for a longer transition time, T2, required for allowing the UE to switch on its main receiver from a low power state.
· [bookmark: _GoBack]Active BWPs. The capability allows for more rapid DCI decoding and processing, T3, and a shorter transition time, T4, since the UE is already substantially awake when it decodes the wider bandwidth WUS in the active BWP.
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[bookmark: _Ref23864541]Figure 6 - Gap capabilities for default BWP and active BWPs

Proposal 6: PS_offset is configured per BWP.

The UE may not know the configuration of the bandwidth parts at the time that it sends UE capability signaling. In this case, the UE can send a single capability to the gNodeB, which is the transition time gap capability for the faster WUS decoding circuit (e.g. the gap capability shown for the active BWP in Figure 6). The gNodeB would need to configure the UE with a PS_offset that is compatible with this capability in order to ensure consistent and reliable UE operation. Once the UE had received details of the configured BWPs, it could then send UE assistance information to the gNodeB, informing the gNodeB that for certain BWPs (such as narrower bandwidth parts) it could operate in a lower power mode for WUS-PDCCH decoding at the expense of a longer transition time gap. The gNodeB would then have the opportunity of updating the UE’s BWP configuration with new PS_offset values to allow for the longer transition time gap / lower power mode of operation on certain BWPs.  
Proposal 7: The PS_offset value that is configured per BWP takes into account the UE transition time between the end of monitoring for WUS-PDCCH and the start of the DRX_ON duration either through UE capability signaling or UE assistance information.  


Summary of Proposals 
This document has considered issues related to the PDCCH-based power saving signal channel.
The following proposals are made:
Proposal 1: UE follows legacy DRX operation to wake up and start the OnDurationTimer at the next DRX ON also for cases where the monitoring occasion of the DCI with CRC scrambled by PS-RNTI is not valid for the UE,  (e.g., collision with other procedures).
Proposal 2: For robustness purposes, the UE monitors every N’th DRX_ON duration regardless of the presence or absence of a DCI with CRC scrambled by PS-RNTI. 
Proposal 3: Confirm the following 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 4: DCI with CRC scrambled by PS-RNTI does not trigger CSI reporting.
Proposal 5: During an initial phase of the DRX_ON duration, if the UE is triggered to report CSI, it does not need to further monitor PDCCH until a later phase of the DRX_ON duration.
Proposal 6: PS_offset is configured per BWP.
Proposal 7: The PS_offset value that is configured per BWP takes into account the UE transition time between the end of monitoring for WUS-PDCCH and the start of the DRX_ON duration either through UE capability signaling or UE assistance information.  
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