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Introduction
In this contribution, we discuss the following aspects of the PDCCH-based power saving signal / channel:
· [bookmark: _Hlk21124457]Procedure for detecting WUS in PS-PDCCH
· Offset of PS-PDCCH relative to DRX_ON
· PS-PDCCH operation relative to long DRX cycles and short DRX cycles
· Support of a dedicated BWP / search space for PS-PDCCH
· Reserved bits within PS-PDCCH
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#98bis Chongqing.
For the sake of conciseness, this document uses the acronym “PS-PDCCH” to mean “PDCCH-based power saving signal / channel”.
Procedure for detecting WUS in PS-PDCCH
The following agreement was made in RAN1#97:
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).

From this agreement and from discussions in RAN1 meetings, it is apparent that there will be [at least] a field in the PS-PDCCH that will control whether the UE monitors the subsequent DRX_ON duration or not. The information contained within a PS-PDCCH could potentially also control other aspects of UE operation within the DRX_ON duration.
Hence, our understanding is that there will at least be an explicit field within the PS-PDCCH outside the active time that indicates to a UE whether it monitors the DRX_ON duration or not, as shown in Figure 1. The figure shows 3 PS-PDCCH, where each PS-PDCCH precedes a DRX_ON duration. The PS-PDCCH shown supports 4 UE-specifically assigned fields, thus supporting WUS for 4 UEs (UE_A, UE_B, UE_C and UE_D). It is up to gNB implementation whether it assigns more than one UE to each of the UE assigned fields (e.g. the gNB could independently UE-specifically assign two different UEs to monitor field A).
The figure shows that for the first DRX_ON duration, a field within the PS-PDCCH explicitly indicates that UE A should wake up for the DRX_ON duration. The second DRX_ON duration is preceded by a PS-PDCCH that explicitly indicates that the UE does not need to wake up for the DRX_ON duration and UE A can hence go to sleep for that second DRX_ON duration. A PS-PDCCH is not decoded by the UE before the third DRX_ON duration and the question arises as to whether the UE should wake up for that third DRX_ON duration or not. 
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[bookmark: _Ref20915500]Figure 1 - Control of DRX_ON when PS-PDCCH is present and absent

Potential UE functionalities for when a PS-PDCCH is not detected prior to a DRX_ON active duration are:
· UE wakes up. 
· Advantages:
· Robustness. If the PS-PDCCH is not detected, the UE implements the legacy functionality that it wakes up for the DRX_ON duration. The UE can still be contacted even when the PS-PDCCH is unreliable.
· Lower load on PDCCH CORESETs. If the cell is heavily loaded and PDCCH CORESETs are being heavily used, the gNB does not need to send PS-PDCCH. The UE will wake up during the DRX_ON duration even without the PS-PDCCH and the CORESETs can be used by the heavily loaded gNB to schedule other users.
· Disadvantages:
· Power consumption. If the gNB does not send PS-PDCCH in a heavily loaded cell, the UE will have to wake up at each DRX_ON duration. Hence WUS-based power saving would not be possible for a UE in a heavily loaded cell.
· UE goes to sleep.
· Advantages:
· Power consumption. UE can sleep unless it is specifically woken up.
· Disadvantages:
· Load on PDCCH CORESETs. Even in a heavily loaded system, the gNB needs to send PS-PDCCH to UEs that it wants to monitor the DRX_ON duration, since if those UEs do not receive a PS-PDCCH, they would sleep during the DRX_ON duration.
· Robustness. If there is a problem with reliability of the PS-PDCCH, the UE can be un-contactable by the gNB since it will sleep during the DRX_ON durations.
The goal of the power saving work item is to reduce power consumption at the NR UE, so we think that the lowest power consumption functionality should be adopted: that the UE can go to sleep if the PS-PDCCH is not detected. If a cell is heavily loaded and the transmission of PS-PDCCH is seen to be a significant overhead, UEs can in any case be configured to operate with legacy Rel-15 functionality, where the DRX_ON duration is always monitored and PS-PDCCH does not need to be transmitted.
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.
The proposed UE DRX functionality in case the PS-PDCCH exists or is absent is shown in Table 1. 
[bookmark: _Ref20917224]Table 1 – UE DRX functionality when PS-PDCCH exists or is absent
	PS-PDCCH presence
	WUS status
	UE DRX functionality

	Exists
	1
	Wake-up in DRX_ON

	Exists
	0
	Go-to-sleep in DRX_ON

	Absent
	N / A
	Go-to-sleep in DRX_ON. UE monitors every N’th DRX_ON duration if PS-PDCCH is absent



Proposal 1: When power saving channel outside the active time is absent prior to a DRX_ON duration, the UE can go to sleep.
Proposal 2: For robustness purposes, the UE monitors every N’th DRX_ON duration regardless of the presence or absence of a power saving channel outside the active time. 

Offset of PS-PDCCH relative to DRX_ON 
In RAN1#98 Prague, the following conclusion was reached:
For next meeting, down select the following two alternatives: The configuration of the offset of the PDCCH-based power saving signal/channel  
· Alt1: Dedicated configuration with offset relative to the beginning of DRX ON
· Alt2: The Offset is based on search space configuration
· FFS: whether this applies to long DRX only or long/short DRX.

Alternative 1 has a fixed offset between PS-PDCCH and DRX_ON duration. This simplifies UE implementation and potentially reduces UE power consumption (since the UE only has to wake up for the duration of the fixed offset and the UE’s wake up implementation can be power-optimised to that fixed offset). The issue with alternative 1 is that DRX_ON durations for different UEs are not time-aligned. Hence having fixed offsets between PDCCH search spaces and DRX_ON increases the number of PDCCH search spaces that the network needs to configure and the UE needs to monitor (there needs to be a PDCCH search space at a fixed offset relative to every DRX_ON duration). WUS for LTE-MTC is specified to occur at a fixed offset relative to the paging occasion, where the location of the paging occasion varies from UE to UE. Given that it is possible to operate an LTE-MTC network with a fixed WUS offset, we feel that an even more capable NR 5G network should also be capable of operating with a fixed WUS offset.  
For alternative 2, RAN1 would need to specify rules about which PDCCH search space, prior to the DRX_ON duration, that the UE has to monitor for PS-PDCCH. For example, the UE would monitor the PDCCH search space that is closest to the DRX_ON duration, subject to a minimum time gap between the search space and the DRX_ON duration. The minimum time gap would be required to allow the UE to wake-up in a power efficient manner between PS-PDCCH monitoring and full DRX_ON operation. Given that the search space monitoring periodicity may be different to the DRX_ON periodicity, the gap between the PS-PDCCH and DRX_ON duration would vary from DRX cycle to DRX cycle. The varying gap would have the disadvantages of (1) increasing the UE implementation complexity of the feature and (2) increasing UE power consumption (since the UE would have to stay in a light sleep state between PS-PDCCH and DRX_ON). 
Proposal 3: The PDCCH-based power saving signal/channel has a dedicated configuration with offset relative to the beginning of DRX ON. This is Alt1 from the RAN1#98 conclusion.

WUS controlling long DRX and short DRX
In RAN1#98 Prague, the following conclusion was reached:
For next meeting, down select the following two alternatives: The configuration of the offset of the PDCCH-based power saving signal/channel  
· Alt1: Dedicated configuration with offset relative to the beginning of DRX ON
· Alt2: The Offset is based on search space configuration
· FFS: whether this applies to long DRX only or long/short DRX.

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 2. 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 2 – 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 3. 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 3 – 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 4: The PDCCH-based power saving signal / channel applies to long DRX only. It does not apply to short DRX. 

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 4, 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 4 – Operation of dynamic DRX configuration for HTTP and FTP traffic


[bookmark: _Ref20919956]Dedicated BWP / search space for PS-PDCCH 
In RAN1#97 the following has been agreed related to CORESET and BWP for the PS-PDCCH.

Agreements:
· The CORESET for the PDCCH-based power saving signal/channel outside Active Time can be configured to index to at least one of the CORESET(S) configured for other PDCCH monitoring 
· FFS whether the indexed CORESET can be exclusively used by the PDCCH-based power saving signal/channel (i.e., not be used for other PDCCH monitoring) 
· FFS whether or not to increase the number of CORESETs relative to that in Rel-15
· FFS whether or not a BWP is dedicated for PDCCH-based power saving signal/channel

In RAN1#98 the following working assumption further were agreed.

Working assumption:
· The CORESET for power saving signal/channel outside Active Time can be associated with (in addition to search space set for power saving signal/channel) other search space set(s).

Working assumption:
· UE monitors the PDCCH-based power saving signal/channel outside Active Time being configured on the active BWP in an active cell.   


Configuring PS-PDCCH on the active BWP or associating the PS-PDCCH CORESET with other search space sets, as per the working assumptions, can reduce the power saving effectiveness of the PS-PDCCH. 
In legacy NR Release 15, a UE can be configured with 4 DL BWP configurations. These DL BWPs are UE-specific and there is only one DL BWP where the actual transmission and reception occur. The default bandwidth part is the active BWP when the UE is operating outside the active time. When inside the active time, the gNB can switch the UE to a different BWP depending on the payload size and traffic. The above configuration available in NR Release 15 is, however, sub-optimal if the purpose is to allow power saving using lower-power reception in the UE. The BWP in NR is  designed to carry both control and/or data and its bandwidth would be larger than necessary for a low power reception, reducing the possibilities for UE power consumption savings. Accommodating a power saving signal/channel in a large bandwidth or requiring a receiver to monitor a large bandwidth, through configured CORESETs or search spaces, results in high power consumption, making the expected power saving from the power saving signal/channel limited. We propose to include a new bandwidth part to NR, a so-called low-power bandwidth part. This low-power bandwidth part is designed to only contain a power saving signal/channel and the UE only needs to monitor the channel for possible communication in the limited bandwidth of this low-power bandwidth part.  
When there is a dedicated BWP for the PS-PDCCH, with a lower bandwidth and potentially with limited search spaces and CORESETs, the UE is able to only power up a certain part of the circuitry and then fully power up to the receiver for other PDCCH monitoring during the ON duration when indicated by the power saving signal/channel.
Observation 1: A dedicated BWP that, compared to the default BWP, has a lower bandwidth, limited search spaces and limited CORESET, allows for a lower power PDCCH-based power saving signal / channel receiver. 

Proposal 5: Support using a dedicated BWP for the PDCCH-based power saving signal/channel. 

Reserved bits within PS-PDCCH
Based on agreements in RAN1#97, 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). 

It was also agreed in RAN1#97 that it is for further study whether the following techniques will be indicated by the new DCI (i.e. by the PDCCH-based power saving signal/channel outside the active time):
 
· 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

There is, however, also a set of further techniques that have not been included in the Release-16 WID, but could be supported as power saving enhancements in future releases. The design of the PS-PDCCH should hence be forward compatible to support future power saving schemes, e.g. through the inclusion of “reserved bits” within a DCI of the PS-PDCCH. Techniques that could be supported via future enhancements include:
· Techniques to reduce PDCCH monitoring:
· PDCCH skipping
· Adaptation of PDCCH monitoring periodicity
· Indication of CORESET/search space/candidate of subsequent PDCCH decoding
· DRX-related techniques:
· Dynamic DRX configuration
· Skipping monitoring of a number of DRX_ON periods

Proposal 6: The design of the power saving signal / channel supports reserved bits for purposes of forwards compatibility. 

Summary of Proposals and Observations
This document has considered issues related to the PDCCH-based power saving signal channel.
The following observations are made:
Observation 1: A dedicated BWP that, compared to the default BWP, has a lower bandwidth, limited search spaces and limited CORESET, allows for a lower power PDCCH-based power saving signal / channel receiver. 

The following proposals are made:
Proposal 1: When power saving channel outside the active time is absent prior to a DRX_ON duration, the UE can go to sleep.
Proposal 2: For robustness purposes, the UE monitors every N’th DRX_ON duration regardless of the presence or absence of a power saving channel outside the active time. 
Proposal 3: The PDCCH-based power saving signal/channel has a dedicated configuration with offset relative to the beginning of DRX ON. This is Alt1 from the RAN1#98 conclusion.
[bookmark: _GoBack]Proposal 4: The PDCCH-based power saving signal / channel applies to long DRX only. It does not apply to short DRX. 
Proposal 5: Support using a dedicated BWP for the PDCCH-based power saving signal/channel. 
Proposal 6: The design of the power saving signal / channel supports reserved bits for purposes of forwards compatibility. 
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