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Introduction
In this contribution, we discuss the following aspects of the PDCCH-based power saving signal / channel:
· Do all power saving schemes require a PDCCH-based power saving signal / channel?
· Implicit indication of power saving adaptation
· Timing at which power saving adaptation applies
· Reliability of PDCCH-based signaling and handling of error cases
· UE-specific vs group-specific DCI issues
· Support of a dedicated BWP for a PDCCH-based power saving signal / channel
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#98 Prague.
For the sake of conciseness, this document uses the acronym “PS-PDCCH” to mean “PDCCH-based power saving signal / channel”.
[bookmark: _Ref16608499]Do all power saving schemes require a PS-PDCCH?
Based on the updated WID from RANP#84, the following schemes will be supported in Release-16 for the purposes of UE power saving:
· “wake-up” in response to a PS-PDCCH: objective 1 (a) in the WID
· Cross-slot scheduling: objective 1 (b) in the WID
· MIMO layer adaptation: objective (2) in the WID
· [Reduction of PDCCH monitoring on activated Scells for CA and DC]: to be re-visited at RANP#85
There is also a set of 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:
· Triggering of the following in response to wake-up signalling outside active time:
· Use of aperiodic reference signals:
· Reception of CSI-RS / TRS for UE measurements
· Transmission of SRS
· Transmission of aperiodic CSI report
· Go to sleep signalling to transition from the active time to outside the active time
· 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

Observation 1: The power adaptation schemes that are to be considered in Release-16 are (1) wake-up from outside active time via PS-PDCCH, (2) cross-slot scheduling and (3) MIMO layer adaptation.
Table 1 considers whether Release-16 power saving schemes require the use of a PS-PDCCH, or whether they can be supported through implicit mechanisms or the BWP framework. Wake-up signalling outside the active time requires use of a PS-PDCCH. Cross-slot scheduling can either be controlled implicitly through a scheduling DCI or (FFS) explicitly via a PS-PDCCH non-scheduling DCI. MIMO layer adaptation can be controlled through the BWP framework. 
Observation 2: Wake-up signalling outside the active time requires use of a PS-PDCCH. Cross-slot scheduling can either be controlled implicitly through a scheduling DCI or (FFS) explicitly via a PS-PDCCH non-scheduling DCI. MIMO layer adaptation can be controlled through the BWP framework.
[bookmark: _Ref16585751]Table 1 – Consideration of which power saving schemes require use of a PS-PDCCH
	scheme
	Requirement for PS-PDCCH
	Comment

	Wake-up via PS-PDCCH
	The WID includes the following objective

a) Specify procedures triggering a MAC entity to “wake up” to monitor PDCCH at reception of the PDCCH-based power saving signal/channel for the next occurrence(s) of the drx-onDurationTimer [RAN2, RAN1]


	The WID explicitly states that “wake-up” for the next DRX_ON duration will be signalled via a PS-PDCCH

	Cross-slot scheduling
	The following was agreed at RAN1#97

Agreements:
The indication of at least one power saving technique(s) is supported at least by the enhancement of existing scheduling DCI formats with additional field(s), if any, and/or repurposing the existing field(s), if identified, when UE is in the Active Time.     
· It applies to UE-specific search space.  
· It is FFS for the common search space.
· The at least one power saving technique(s) includes at least “Cross-slot scheduling”
· FFS: Which existing DCI formats includes the power saving information
· Whether power saving information is not included in the fallback DCI(s) (e.g., DCI format 0_0, DCI format 1_0)
· Use of non-scheduling DCI formats.
· It is FFS which field(s) is used to be repurposed for the indication of the power saving technique if the repurpose of existing field(s) is used.
· FFS: New DCI format with size aligned with existing DCI format

The following was agreed under the 7.2.9.2 agenda item:
“To adapt the minimum applicable value of K0 (K2) for an active DL (UL) BWP, indication of the minimum applicable value is supported.
· FFS: Direct assignment of the minimum application value, indication of one value from one or multiple preconfigured or predetermined value(s), and/or implicit indication.
· …. “

	Cross-slot scheduling is indicated via the enhancement of existing DCI formats. This enhancement does not necessarily mean that there would be additional fields in the DCI. Enhancements to a scheduling DCI would not require specification of a new PS-PDCCH. 
It is FFS whether a non-scheduling DCI format can be used to control cross-slot scheduling. The non-scheduling DCI would operate as a PS-PDCCH.
Agreements under agenda item 7.2.9.2 suggest that implicit mechanisms to adapt cross-slot scheduling will be considered by RAN1 in addition to the agreed explicit signalling schemes.



	MIMO layer adaptation
	The WID states that:
2) Specify the power saving techniques of UE adaptation to the maximum number of MIMO layers [RAN1, RAN2, RAN4]
a) Specify configuration of a different MIMO layer configuration of the initial/default BWP compared with other BWPs of a Serving Cell.  [RAN2, RAN4]
i) Discuss whether to also extend this to define per-BWP MIMO layer configuration [RAN1, RAN2] 

b) Evaluate if switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers are needed and which case assuming a relationship between the number of RF ports and the MIMO layer configuration [RAN4]

NOTE: Switching on/off the RF is part of the evaluation

	MIMO layer adaptation for power saving is concerned with specification of different MIMO layer configurations for different BWPs. Hence power saving through MIMO layer adaptation should be possible through the BWP framework rather than through specification of a new PS-PDCCH. 




Implicit indication of power saving adaptation
In addition to explicit indication of power saving adaptations, RAN1 should also consider implicit methods of power saving adaptation. 
A power saving adaptation is considered to be explicitly signaled when there is an explicit field that controls that adaptation either as an enhancement to a scheduling DCI or as part of a PS-PDCCH that specifically controls power saving adaptations.
A power saving adaptation is considered to be implicit when the power saving adaptation occurs due to a field in a scheduling DCI adopting a particular value or a counter / timer reaching a particular value. An example of an implicit power saving scheme in Rel-15 is the inactivity timer, whereby the UE can move to a low power state if there has been no PDCCH activity for the duration of the inactivity timer.
Implicit indication schemes have the advantage of less PDCCH signaling and may lead to less specification impact. 
Based on section 2 of this document, it seems that wake-up via PS-PDCCH requires explicit power saving indication. Cross-slot scheduling can be controlled either via explicit indication or implicit indication. Power saving adaptation via MIMO layer adaptation can be controlled implicitly through the BWP framework.
Implicit indication of cross-slot scheduling is considered further in [3]. The UE can move from a cross-slot scheduling mode (K0_min > 0) to a same-slot scheduling mode (K0_min = 0) via reception of a scheduling DCI with a TDRA having K0 = 0: in this case, the UE will update its value of K0_min. The UE can move from a same-slot scheduling mode to a cross-slot scheduling mode under control of a timer: if the UE has not received a DCI indicating same-slot scheduling during the running of the timer, the UE reverts to a cross-slot scheduling mode. This implicit mode of changing between same-slot scheduling and cross-slot scheduling is illustrated in Figure 1.  
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[bookmark: _Ref16611134]Figure 1 – Implicitly changing between cross-slot scheduling and same-slot scheduling

Proposal 1: RAN1 considers implicit methods for cross-slot scheduling and MIMO layer adaptations for power saving.
Proposal 2: RAN1 considers explicit methods for power saving adaptation through wake-up via a PS-PDCCH outside the active time. 
Timing at which power saving adaptation applies
“wake-up” via PS-PDCCH
For the PS-PDCCH triggering “wake-up” outside the active time, according to the agreements in RAN1#97, the timing of the PS-PDCCH “wake-up” signal relative to DRX_ON can be configurable. The configuration can either be explicit through higher layer signaling or implicitly be defining a CORESET / search space prior to the DRX_ON period. There may be more than one monitoring occasion for the PS-PDCCH, at least in part to allow for beam management procedures.
From the UE implementation perspective, it is necessary to specify a minimum timing between the PS-PDCCH and the DRX_ON period. The gNB can then configure the actual timing to be compatible with this minimum timing. The minimum timing should account for the time required to transition the UE modem circuitry between a deep sleep and a light sleep state, where the transition between these sleep states includes the time required to update synchronization with the network and “boot up” modem hardware that is turned off.
The Release-16 WID does not include support for the UE to receive additional CSI-RS or send CSI reports (to optimize performance during the DRX_ON period), hence the timing between PS-PDCCH and DRX_ON does not need to account for the time required to receive / measure or transmit such signals. It is assumed that network configuration would ensure that there is some signal, such as an SS-block, for the UE to synchronise with between the PS-PDCCH and DRX_ON period.
Cross-slot scheduling
The time at which new cross-slot scheduling parameters apply are being considered under the cross-slot scheduling agenda item. Based on the ongoing discussions, it is likely that new cross-slot scheduling parameters will apply with a timing of the “old” cross-slot scheduling parameters, as shown in Figure 2 below. 
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[bookmark: _Ref16588864]Figure 2 – timing of application of new cross-slot scheduling parameters
In order to provide robustness against signaling errors, leading to a mismatch in the cross-slot scheduling  state between the UE and gNodeB, the gNodeB should only assume that the UE has updated its cross-slot scheduling parameters after it has received either a PUCCH or PUSCH response from the UE.

MIMO layer adaptation
The current WID states that the switching and interruption time for MIMO layer adaptation are to be studied by RAN4, hence the timing at which the MIMO layer adaptation power saving adaptation applies does not need to be considered by RAN1.

Reliability of PS-PDCCH signaling and handling of error cases
The reliability of PS-PDCCH signaling was discussed in RAN1#97 Reno. The issue arises when PS-PDCCH signaling causes a semi-persistent change in the state of the UE. An example of a semi-persistent change in state of the UE would be where the UE changes from operating in same-slot scheduling mode to operating in cross-slot scheduling mode for the remainder of the active time. If there are signaling errors between the gNodeB and UE (for example if the UE misses detection of a PS-PDCCH carrying a power-saving DCI), the understanding of the used-configuration at the UE can become unsynchronized with the understanding at the gNodeB.
Table 2 considers which sets of DCI contents (potentially associated with different power saving schemes) can be adversely affected by PDCCH signaling errors. While some schemes are resilient to PDCCH signaling errors, some schemes where a semi-persistent change in the UE state is effected are adversely affected by PDCCH signaling errors.

[bookmark: _Ref7622275]Table 2 – DCI contents that can be adversely affected by PS-PDCCH signalling errors
	scheme
	Prone to error
	Consequences of signaling error

	Wake-up outside active time
	One DRX_ON cycle
	WUS signaling leads to active time being cancelled and the UE being unreachable for the associated DRX_ON cycle.
The UE is unreachable for the single DRX_ON cycle that is controlled by the WUS. The PS-PDCCH error therefore has a limited impact. 


	Cross slot scheduling
	Yes
	UE can become unreachable if gNB assumes same-slot scheduling and UE assumes cross-slot scheduling 

	MIMO layer adaptation
	Yes
	If UE assumes it can monitor with a single RX antenna and gNodeB assumes UE is monitoring with multiple RX antennas, the UE may be scheduled with a high MCS, or large number of MIMO layers, that it cannot decode




For PDSCH, resilience to these error scenarios can be provided if the UE always sends a PUCCH in response to either a scheduling DCI or a non-scheduling DCI. Once the gNB receives the PUCCH, it understands that the UE has received the corresponding PDCCH and hence that the UE has made the associated semi-persistent state change. Note that the gNB should assume the safest mode of operation from transmission of a PDCCH until the gNB receives a PUCCH from the UE. For example, if the UE had been operating in a same-slot scheduling mode and the PDCCH instructs the UE that it can operate in a cross-slot scheduling mode (K0_min = 1), but the gNB does not receive a PUCCH response, the gNB must assume that the UE is actually operating in a cross-slot scheduling mode (and that there was an error with the PUCCH feedback).  
Observation 3: To ensure that the gNB and UE remain in synchronization regarding UE power saving state, the UE should respond to PS-PDCCH with a PUCCH when PS-PDCCH affects downlink operation.
For PUSCH, there is generally no PUCCH response to PDCCH: instead the UE responds with a PUSCH transmission in response to the PDCCH. For cross-slot scheduling, a scheduling DCI could instruct the UE to change from a cross-slot scheduling mode (e.g. K2_min = 1) to a same-slot scheduling mode (e.g. K2_min = 0). If the gNB does not receive a PUSCH related to that scheduling DCI, it would assume that the UE had not received the scheduling DCI and hence assume that the UE remains in a cross-slot scheduling mode. 
Observation 4: To ensure that the gNB and UE remain in synchronization if the gNB does not receive PUSCH in response to a PS-PDCCH, the gNB should assume that the UE did not receive the PS-PDCCH.
UE-specific vs group-specific DCI issues
In RAN1#96bis, the following alternatives relating to whether the PS-PDCCH contains UE-specific fields or group-specific fields were identified: 
· The DCI format(s) contain information for (including potential down-selection, which may or may not depend on power saving techniques/scenarios):
· Alt 1: triggering a single UE only 
· Alt 2: triggering UE(s) within a group 
· FFS whether to always trigger all UEs in a group or a subset of it
· Alt 3: Alt 1 & Alt 2 

Outside the active time, the functionality of the power saving signal / channel is to provide a one-bit indication to the UE: whether it should wake up or not. There are no other bits that need to be signaled to the UE in addition to this single bit. It is inefficient to signal this single bit within a UE-specific DCI. We hence prefer that outside the active time, the wake-up signal is carried by a group-specific DCI, where the group-specific DCI can either wake up all UEs within a group or a subset of UEs within a group. 

There are two types of group-specific DCI:
· All UEs within the group are activated by the group-specific DCI
· The group-specific DCI contains a set of UE-specific fields. While all UEs in the group monitor the group-specific DCI, any one UE only decodes its portion of the group-specific DCI. This mode of operation is similar to that for DCI format 2_2.

For MTC / IoT applications, there are cases where it is possible to group UEs to monitor the same wake-up signal / group-specific DCI, since the traffic for those devices in the group could be correlated (e.g. a group of utility meters are all woken up together to report meter readings).
For eMBB applications the traffic is more diverse and it is unclear whether it is possible to group UEs such that all UEs within the group are activated by that group-specific DCI. If the gNB wants to activate more than one UE based on a single bit within a DCI, the gNB can UE-specifically configure two UEs to monitor the same single bit within a DCI. In this case, it is up to gNB implementation whether single bits within a DCI act in a group-specific or UE-specific manner. Hence it is preferable that the group-specific DCI carries a set of UE-specific fields, in the manner of DCI format 2_2.
Proposal 3: The group-specific DCI for power saving operates with a set of UE-specific fields, in the manner of DCI format 2_2.

Dedicated BWP 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


The use of a dedicated BWP for PDCCH-based power saving signal/channel is still under discussion. In this section we further elaborate on these aspects.

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 active DL BWP. 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 receivers in the UE. The BWP in NR is so-far designed to carry both control and/or data and would for a low power receiver be larger than necessary, 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 CORESET or search space, results in high power consumption, making the expected power saving from 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 at in the limited bandwidth of this low-power bandwidth part.  

Observation 5 - Associating a dedicated BWP, potentially limiting search-space and CORESET, allows to only power up a certain part of the circuitry and fully power up to the receiver for other PDCCH monitoring only during the ON duration when indicated by the power saving signal/channel. 

Proposal 4 - Support using a dedicated BWP for PDCCH-based power saving signal/channel. 


Summary of Proposals and Observations
This document has considered the design of the PDCCH-based power saving signal channel.
The following observations are made:
Observation 1: The power adaptation schemes that are to be considered in Release-16 are (1) wake-up from outside active time via PS-PDCCH, (2) cross-slot scheduling and (3) MIMO layer adaptation.
Observation 2: Wake-up signalling outside the active time requires use of a PS-PDCCH. Cross-slot scheduling can either be controlled implicitly through a scheduling DCI or (FFS) explicitly via a PS-PDCCH non-scheduling DCI. MIMO layer adaptation can be controlled through the BWP framework.
Observation 3: To ensure that the gNB and UE remain in synchronization regarding UE power saving state, the UE should respond to PS-PDCCH with a PUCCH when PS-PDCCH affects downlink operation.
Observation 4: To ensure that the gNB and UE remain in synchronization if the gNB does not receive PUSCH in response to a PS-PDCCH, the gNB should assume that the UE did not receive the PS-PDCCH.
Observation 5 - Associating a dedicated BWP, potentially limiting search-space and CORESET, allows to only power up a certain part of the circuitry and fully power up to the receiver for other PDCCH monitoring only during the ON duration when indicated by the power saving signal/channel. 

The following proposals are made:
Proposal 1: RAN1 considers implicit methods for cross-slot scheduling and MIMO layer adaptations for power saving.
Proposal 2: RAN1 considers explicit methods for power saving adaptation through wake-up via a PS-PDCCH outside the active time. 
Proposal 3: The group-specific DCI for power saving operates with a set of UE-specific fields, in the manner of DCI format 2_2.
Proposal 4 - Support using a dedicated BWP for PDCCH-based power saving signal/channel. 
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