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Introduction

In RAN#96bis meeting the principle of the power saving signal/channel was discussed. The discussion led to the following agreements.

Agreements:
· The PDCCH-based power saving signal/channel is UE-specifically configured.   
· 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 

Agreements:
The assumptions of the DCI design of the PDCCH-based power saving signal/channel include:
· No increase of DCI format size budget  
· FFS whether or not the same or different sets of DCI format sizes for Active time vs. out of Active time
· Working assumption: no increase of UE BD/non-overlapping CCE limit

Agreements:
Possible candidates of DCI format design for the PDCCH-based power saving signal/channel (including potential down-selection, which may or may not depend on power saving techniques/scenarios):

· New DCI format(s) 
· The size of new DCI format may or may not be the same size as the existing DCI size
· Enhancement of existing DCI. E.g.,:
· Additional new field(s)
· Using the existing DCI format for the power saving purpose
· Re-purpose field(s) in the DCI
· The detection of existing DCI format as the indication for the power saving technique 

Agreements:
The DCI format(s) of the PDCCH-based power saving signal/channel is designed to provide: 
· Indication of one or more power saving associated operations.  
· Supporting configurability (e.g., 0, 1, 2, …bits, etc.), if needed, for one or more information fields in the DCI at least for one DCI format

Agreements:
Potential DCI contents in DCI format(s), to be further investigated:
· Power saving technique associated with C-DRX–
· Essential for UE function for the C-DRX
· Wakeup – 
· UE is indicated to transition from outside Active Time to Active Time
· UE is indicated to stay at Active Time
· Go to sleep– 
· UE is indicated to transition from Active Time to outside Active Time.
· UE is indicated to stay outside Active Time
· FFS: The time of receiving the wakeup and go-to-sleep indication inside or outside Active Time.
· Cross-slot scheduling
· Triggering RS transmission
· CSI report
· Single vs. multi-cell operation
· BWP /SCell
· BWP & SCell together 
· BWP and SCell have separated fields
· MIMO layer adaptation/number of Anenna adaptation 
· May further depend on RAN4’s work
· Indication of CORESET/search space/candidate of subsequent PDCCH decoding
· PDCCH monitoring periodicity
· PDCCH skipping (skipping duration)- 
· PDCCH skipping – UE is indicated to skip number of the PDCCH monitoring occasions and stays in the Active Time
Note that 
· For the bullets in italic, there are concerns that some of which may have dependence on the ongoing SI in RAN2. 
· For the last two bullets, there are additional concerns that these are deemed by some companies to be not in the scope of the power saving WI approved so far 

The following candidates may be discussed after RAN2’s SI is completed:
· Skipping number of DRX monitoring 
· SPS activation
· DRX configuration

Agreements:
· The design of the DCI format(s) and size needs to account for one or more of the following aspects
· Within or outside Active Time
· DCI format size for the power saving signal/channel to fit the DCI format size budget
· Including aspects whether or not it is necessary to align it with existing DCI format size
· Other aspects are not precluded

Agreements:
· Support at least one CORESET with configured search space(s) for the power saving signal/channel  
· FFS separate vs. shared with a CORESET (and/or search space(s)) configured for other purposes (when applicable)

Agreements:
· For PDCCH-based power saving signal/channel, 
· The set of AL(s) is configured 
· The number of PDCCH candidate(s) for each AL is configured

In this contribution, we discuss the following aspects of the PDCCH-based power saving signal / channel:
· Fields transmitted within DCI
· UE-specific vs group-specific DCI issues
· Reliability of PDCCH-based signaling
· Implicit indication of power saving adaptation
[bookmark: _Ref7704989][bookmark: _Ref7618659]Fields transmitted within DCI
The power saving signal / channel is used for triggering adaptation of the UE in various respects for the purpose of power saving. Different parameters need to be varied for different schemes. The power saving channel needs to be able to support different power saving schemes (see potential candidates listed in the agreements above) and be able to support adaptation via more than one power saving scheme at a time, as per the agreement below: 
The DCI format(s) of the PDCCH-based power saving signal/channel is designed to provide: 
· Indication of one or more power saving associated operations.  
· Supporting configurability (e.g., 0, 1, 2, …bits, etc.), if needed, for one or more information fields in the DCI at least for one DCI format

It is envisaged that there will be two broad types of DCI that are signaled to a UE:
· UE-specific DCI. Provides details of one or more adaptations that the UE should apply. An example would be a DCI that controls cross-slot scheduling, MIMO layer adaptation, PDCCH monitoring periodicity etc.
· Group-specific DCI. Turns functionality on or off either for a subset of UEs in the group or for all UEs in the group.  An example would be a DCI that turns the active time on or off or triggers RS transmission.
Table 1 provides estimates on the number of bits that would be required to be signaled in DCI for the different power saving adaptations, based on the potential DCI contents that were agreed to be further investigated. The detailed numbers of bits required for these schemes depend on detailed descriptions of the schemes by proponents. Subsections following the table provide some more information on some of the schemes. 
[bookmark: _Ref7606033]Table 1 – Estimated numbers of DCI bits required for power saving adaptations
	scheme
	Estimated number of bits
	Comments
	UE-specific / group

	Wake-up / Go to sleep outside active time
	1
	Single bit indicates whether UE should monitor PDCCH in the DRX_ON duration.
See subsection  2.1
	group

	Wake-up / Go to sleep inside active time
	1
	Single bit indicates whether UE should terminate PDCCH monitoring for this DRX cycle
See subsection 2.2
	UE-specific

	Cross slot scheduling
	3
	See subsection 2.3 
	UE-specific

	Triggering RS transmission
	[1-2]
	Pre-configured RS resources are indicated to be transmitted either in UL or DL
	UE-specific

	CSI report
	[1]
	Indication that a UE should send a CSI report based on pre-configured report type
	UE-specific

	Single vs multi-cell operation
	[1-2]
	Either a binary switch between operating with single-cell vs multi-cell or signalling the number of cells to operate with 
	UE-specific

	BWP / Scell
	[TBD]
	
	UE-specific

	MIMO layer adaptation
	2
	2 bits can indicate 4 different combinations of MIMO layers / number of antennas. Depends on RAN4 work
	UE-specific

	CORESET/search/space/candidate of subsequent PDCCH decoding
	[2]
	An index into a table defines which aspects of subsequent PDCCH are the same as the current DCI.
	UE-specific

	PDCCH monitoring periodicity
	[1-2]
	PDCCH monitoring periodicity should be adapted to the UE’s traffic and may be used in conjunction with other adaptations. Hence UE-specific adaptation seems appropriate. 2 bits would allow for 4 different monitoring periodicities to be signaled (e.g. 1,2,4,8 slots).
	UE-specific

	PDCCH skipping
	[3]
	The gNodeB can signal for the UE to skip PDCCH monitoring for a number of slots, e.g. based on known scheduling decisions  (e.g. other users are being scheduled) or some knowledge about the traffic pattern. The number of PDCCH to skip is probably small (since the gNodeB scheduler is unlikely to have visibility a long way into the future). 3 bits would for example allow between 0 and 7 slots to be skipped for PDCCH monitoring 
	UE-specific

	Skipping number of DRX monitoring
	[TBD]
	Whether this feature is supported depends on RAN2 decisions. If supported, we would expect a small number of bits (e.g. 2 bits) to be used to signal a restricted number of skippable DRX monitoring occasions
	UE-specific

	SPS activation
	1
	SPS activation / deactivation seems to be a binary decision (“active” / “inactive”), hence 1 bit signaling should be sufficient
	UE-specific

	DRX configuration
	[1-2]
	Whether this feature is supported depends on RAN2 decisions. These DCI bit(s) provide an index into a table of previously configured DRX configurations. The UE uses the appropriate DRX configuration based on the signaled index. The gNodeB changes DRX configuration as an adaptation to traffic conditions. 
See subsection 2.4
	UE-specific



If it is possible to adapt all of the power saving techniques in the same UE-specific DCI, summing the number of bits indicates that the power saving DCI would need to carry in the region of 17-22 bits. According to the RAN1#96bis agreements, the DCI should support configurability (e.g. only some of the power saving schemes are supported in a network), hence the UE-specific power-saving DCI can support fewer bits. For example, the power-saving DCI could support 12 information field bits.
Observation 1 – If all of the potential power saving schemes were to be supported, the DCI format for the power saving DCI would need to support in the region of 17-22 bits. The power saving DCI can be configured to be smaller if a subset of the power saving schemes are supported by the network.

[bookmark: _Ref7617362] Wake Up / Go To Sleep Signalling outside the active time
There are two possibilities for controlling the UE transitioning from outside the active time to being inside the active time, as summarized in the RAN1#96bis agreements:
· Wake-up: the UE is indicated to move into the active time. In this case, the default assumption is that the UE will not turn on during the active time and that default assumption is over-ridden to cause the UE to wake up.
· Go-To-Sleep: the UE is indicated that it does not need to move into the active time. The default assumption is then that the UE should monitor the active time and this default assumption can be over-ridden to allow the UE to go to sleep

The benefit of the wake-up mode of signaling is that less signaling is required if the UE rarely needs to be woken up. The drawback of wake-up signaling is that missed-detection of the wake-up signal will cause the UE to not activate during the active time and hence miss scheduling allocations.
The benefit of go-to-sleep signaling is that it is robust to missed-detection errors. If there is a missed detection of the GTS signal, the UE unnecessarily monitors PDCCH during the active time and there is a slight increase in power consumption. With a PDCCH BLER target of less than 1%, this power consumption drawback is insignificant. The drawback of GTS signaling is that if the UE is rarely woken up, the GTS signaling is wasteful.

From the UE perspective, the power saving gain between WUS signaling and GTS signaling should be similar. Given that there seems to be more support in RAN1 for WUS-type signaling, we are OK with accepting that outside the active time the power saving signal / channel indicates the UE to wake up.
Proposal 1 – Outside the active time, the power saving signal / channel has a wake-up functionality. 
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. The UE-specific / group-specific DCI issues are further considered in section 3.
Proposal 2 – Outside the active time, wake-up signalling uses a group-specific DCI. 

[bookmark: _Ref7618414] Wake Up / Go To Sleep Signalling during the active time 
Within the active time, wake-up / go to sleep signaling signals one of two things:
· [bookmark: _GoBack]WUS: the UE remains in the active time
· GTS: the UE may go to sleep for the remainder of the DRX cycle

The default operation is that the UE remains in the active time, hence it seems unnecessary to have extra signaling (WUS) to maintain the UE within that state. On the other hand, GTS signaling explicitly causes the UE to change state. Our preference is hence for GTS signaling during the active time. 
Proposal 3 – During the active time, the power saving signal / channel has a go-to-sleep functionality. 
During the active time, there are many potential adaptations that could be applied to the UE for power-saving purposes, hence the UE should in any case be monitoring a UE-specific DCI in order to adapt to those power saving techniques. In order to signal the adaptations for those power saving techniques, the UE-specific DCI carries many bits (e.g. up to [17-22] bits according to observation 1 in section 2), hence transmission of a single additional bit for GTS signaling is not inefficient. 
In order to avoid the UE additionally monitoring a group-specific power saving signal / channel, the GTS signaling during the active time should use UE-specific signaling.
Proposal 4 – During the active time, go-to-sleep signaling uses a UE-specific DCI. 

[bookmark: _Ref7605937]Cross-slot scheduling 
Cross-slot scheduling for power saving purposes has been considered in [5]. It is proposed that cross-slot scheduling is adapted by signaling minimum applicable values of K0 and K2, since this method requires only a small number of signaling bits and does not require complex RRC configuration. 2 bits can be used to signal up to 4 possible values of “minimum applicable K0” and 2 bits could be used to signal the “minimum applicable K2”. It should be possible to apply some joint encoding of “minimum applicable K0” and “minimum applicable K2”. Hence our estimate for the number of bits required to signal cross-slot scheduling is 3 bits. 

[bookmark: _Ref7614457]DRX Configuration 
In NR rel.15, the C-DRX parameters are configured at RRC level, which compared to the quick scheduling opportunities within NR layer 1 signaling (in the order of milliseconds), are much slower. In our companion contribution [3], we have shown that a set/subset of C-DRX parameters are beneficial to be dynamically changed when the traffic pattern or network condition changes. The benefit/power saving gain on dynamic DRX is also shown in [2]. Assuming RAN2 supports the dynamic DRX configuration, we propose the following:
Proposal 5: The power saving information associated with DRX, other than indication of wake-up and go-to-sleep, contains a field which determines how a UE adapts its C-DRX configuration in response to the traffic condition.
There are a set of DRX configuration parameters as part of an RRC configuration message, for example DRX Cycle, onDuration-Timer, drx-InactivityTimer, drx-RetransmissionTimer, drxShortCycleTimer, longDRX-CycleStartOffset, and drxStartOffset. Updating those parameters directly via the PDCCH-based power saving signal  / channel may not be feasible as the payload size may be tremendously large. It is therefore beneficial to include a subset or an index indicating a new set of parameters within the DCI, both to achieve a very quick adaptation of the C-DRX configuration parameters, based on traffic conditions, and to perform such adaptation with a small number of required information bits in the DCI. The minimum required number of signaling bits is one, for the case where the UE is configured with two C-DRX configurations by RRC signaling, and a simple switch command would be signaled by DCI.
The exact number of bits for signaling dynamic DRX configuration depends on ongoing discussions in RAN2, but we would expect between 1 and 2 bits to be required for this signaling in order to switch between configurations.
Proposal 6: For DRX configuration, 1-2  DCI bits could be used to indicate a switch between two or more C-DRX configurations based on traffic conditions.
An alternative to switching between DRX configurations (as per the above proposal) would be for the DCI signaling to represent a subset of the configured C-DRX parameters. The DCI signaling could then modify that subset of parameters. Such signaling could provide finer granularity of C-DRX configuration adaptation. The number of bits and mapping required for this type of re-configuration is FFS. 

Indication of CORESET / search space / candidate of subsequent PDCCH decoding 
PDCCH blind decoding reduction can be used to potentially reduce the UE power consumption. There is, however, a potential system level impact related to such a power saving scheme. In order to mitigate the potential system level impact we propose that the PDCCH blind decoding reduction scheme can be improved by a DCI-based power saving signal channel indicating PDCCH monitoring adaptation. 
The proposal is to add a mechanism for a UE to simplify the decoding of PDCCH, where a DCI-based power saving signal / channel can indicate the set of used PDCCH decoding parameters. Thus, the UE would still need to decode subsequent PDCCHs, but with less effort (i.e. with no blind decoding) as the PDCCH parameters are known. For example: if the DCI-based power saving signal / channel indicates for the UE to operate with {AL=4, PDCCH candidate location 4, and DCI format 1_1}, then the UE would know that the eNodeB would only schedule subsequent PDCCHs using {AL4, candidate 4 and DCI format 1_1}. Hence the UE would only attempt to decode PDCCH with that known configuration. 
The indication of the configuration of subsequent PDCCHs can be signaled as an index into a table, where the table could be configured via RRC signaling. It is envisaged that [2] bits can be used to signal this index.
Proposal 7: The DCI content includes an index indicating which parameters in the current PDCCH can be used for decoding subsequent PDCCHs . The details on possible mapping for such functionality is for FFS.


[bookmark: _Ref7617265]UE-specific and group-specific DCI
As per the below agreement in RAN1#96bis, the DCI format and size needs to account for whether the DCI is used within or outside the active time. 

· The design of the DCI format(s) and size needs to account for one or more of the following aspects
· Within or outside Active Time
· DCI format size for the power saving signal/channel to fit the DCI format size budget
· Including aspects whether or not it is necessary to align it with existing DCI format size
· Other aspects are not precluded

From the discussions in section 2 and from Table 1, our analysis and observations indicate that outside the active time, the power saving signal / channel should use a group-specific DCI and within the active time, the power saving signal / channel should use a UE-specific DCI.
Proposal 8: Outside the active time, the power saving signal / channel uses a group-specific DCI.
Proposal 9: During the active time, the power saving signal / channel uses a UE-specific DCI.

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. 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 10: The group-specific DCI for power saving operates with a set of UE-specific fields, in the manner of DCI format 2_2.

Reliability of PDCCH-based signaling and error scenarios
Some of the power saving schemes that are for consideration, according to agreements in RAN1#96bis, potentially semi-persistently change 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 PDCCH carrying a power-saving DCI), the understanding of the used-configuration at the UE can become unsynchronized with the understanding at the gNodeB.
A specific example of this issue is discussed in [5], where the UE can be in a cross-slot scheduling mode and the gNodeB can be in a same-slot scheduling mode. In this case, it can become impossible for the gNodeB to schedule the UE (or for the scheduling operation to become very error prone).
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 PDCCH signalling errors
	scheme
	Prone to error
	Consequences of signaling error

	Wake-up / Go to sleep outside active time
	WUS: yes
GTS: no
	WUS signaling leads to active time being cancelled and the UE being unreachable
GTS signaling leads to UE being reachable, but un-necessarily being in the active time

	Wake-up / Go to sleep inside active time
	WUS: yes
GTS: no
	As above

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

	Triggering RS transmission
	No
	One set of RS is not transmitted by the UE, which might lead to an isolated poor scheduling decision by the gNodeB

	CSI report
	No
	gNodeB does not receive CSI report and can schedule conservatively using some older CSI. Alternatively the gNodeB can trigger a new CSI report

	Single vs multi-cell operation
	Yes
	If UE assumes single-cell and gNodeB assumes multi-cell, the UE can be unreachable if signaled to using the wrong cell.

	BWP / Scell
	Yes
	If UE assumes a different BWP / SCell to the gNodeB, the UE can become unreachable

	MIMO layer adaptation
	Yes
	E.g. 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 that it cannot decode

	CORESET/search/space/candidate of subsequent PDCCH decoding
	Yes
	UE assumes a different set of search spaces / candidates to that at the gNodeB, leading to the UE potentially becoming unreachable

	PDCCH monitoring periodicity
	Yes
	If the UE assumes a long periodicity and the gNodeB assumes a short periodicity, there will be many slots where the UE cannot be reached

	PDCCH skipping
	No
	If the UE misses a PDCCH skipping command, it decodes PDCCH un-necessarily, but is still reachable by the gNodeB 

	Skipping number of DRX monitoring
	No
	If the UE misses the skipping command, it monitors some DRX cycles un-necessarily, but it still reachable by the gNodeB

	SPS activation
	Yes
	If UE assumes SPS is activated when the gNodeB assumes SPS is deactivated, UE SPS transmissions can collide with transmissions from other UEs making those transmissions undecodable

	DRX configuration
	Yes
	UE assumes one DRX configuration and the gNodeB assumes a different DRX configuration, making the UE unreachable



Observation 2: Some PDCCH-based power saving schemes are adversely affected by PDCCH signaling errors. This issue particularly affects power saving schemes that cause a semi-persistent  change in UE state or configuration. 
Proposal 11: RAN1 further considers robustness of DCI-based signalling that causes a semi-persistent change in UE state or configuration.

Implicit Indication
In line with the WID, the current power saving work item is heavily focused on power saving schemes that are controlled by a power-saving signal / channel. 
However there are many power saving schemes that do not require the overhead of a power saving signal / channel, whereby the UE implicitly enters a power saving state. A classic example is short-DRX (as specified in Release-15), where a UE automatically enters a short-DRX phase after expiry of a timer. Other examples include some MIMO adaptation schemes (e.g. monitoring PDCCH with a smaller number of receive antennas and monitoring PDSCH with a larger number) and implicitly changing the PDCCH monitoring periodicity during different phases of the DRX cycle (e.g. reduced PDCCH monitoring during running of the inactivity timer).
In future work, and depending on the outcome of discussions in RAN2, RAN1 can consider power saving schemes that are implicitly indicating.
Observation 3: RAN1 can further consider implicitly indicated power saving schemes based on the outcome of RAN2 discussions and any further WID updates.

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 – If all of the potential power saving schemes were to be supported, the DCI format for the power saving DCI would need to support in the region of 17-22 bits. The power saving DCI can be configured to be smaller if a subset of the power saving schemes are supported by the network.
Observation 2: Some PDCCH-based power saving schemes are adversely affected by PDCCH signaling errors. This issue particularly affects power saving schemes that cause a semi-persistent  change in UE state or configuration. 
Observation 3: RAN1 can further consider implicitly indicated power saving schemes based on the outcome of RAN2 discussions and any further WID updates.

The following proposals are made:
Proposal 1 – Outside the active time, the power saving signal / channel has a wake-up functionality. 
Proposal 2 – Outside the active time, wake-up signalling uses a group-specific DCI. 
Proposal 3 – During the active time, the power saving signal / channel has a go-to-sleep functionality. 
Proposal 4 – During the active time, go-to-sleep signaling uses a UE-specific DCI. 
Proposal 5: The power saving information associated with DRX, other than indication of wake-up and go-to-sleep, contains a field which determines how a UE adapts its C-DRX configuration in response to the traffic condition.
Proposal 6: For DRX configuration, 1-2  DCI bits could be used to indicate a switch between two or more C-DRX configurations based on traffic conditions.
Proposal 7: The DCI content includes an index indicating which parameters in the current PDCCH can be used for decoding subsequent PDCCHs . The details on possible mapping for such functionality is for FFS.
Proposal 8: Outside the active time, the power saving signal / channel uses a group-specific DCI.
Proposal 9: During the active time, the power saving signal / channel uses a UE-specific DCI.
Proposal 10: The group-specific DCI for power saving operates with a set of UE-specific fields, in the manner of DCI format 2_2.
Proposal 11: RAN1 further considers robustness of DCI-based signalling that causes a semi-persistent change in UE state or configuration.
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