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1 Introduction
In this contribution, we further discuss various aspects on the PDCCH based power saving signal/channel design and power saving techniques. 
2 PDCCH-based power saving signal design 

UE-specific Power saving signal vs Group-common power saving signal

During RAN1#96bis, the following agreements have been reached on the power saving PDCCH.
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 

For UE-specific power saving signal, each PDCCH channel only convey one UE’s power saving indication bit(s). For Group-common power saving signal, there would be power saving indication bits for multiple UEs multiplexed into the same DCI.  It is noted that very few bits would be sufficient for one UE’s power saving indication, e.g., 2 bits can support 4 power saving states indication and 3bits can support 8 power saving states indication. 
Since for both methods, PDCCH is used thus similar detection complexity and reliability can be expected. However, as 24 bits CRC parity bits are needed for both UE-specific PDCCH and Group-common PDCCH, the CRC parity bits overhead would be high for UE-specific PDCCH since only very few power saving indication bits are carried. For Group-common PDCCH, with the same CRC parity bits, multiple UEs power saving indications bits can be carried. In addition, even only very few bits (such as 2 or 3 bits) are used as the power saving indication bits, the DCI bits length shall be padded to a length of at least 12 bits as specified in Rel-15. Hence it can be seen that Group-common PDCCH has distinct advantages than UE-specific PDCCH on the indication efficiency. 
Therefore, Group-common PDCCH will consume fewer resources for each UE on average than UE-specific PDCCH does. In addition, with one Group-common PDCCH, a number of UEs’ power saving indication bits can be carried and then it can provide sufficient indication capacity. For UE-specific PDCCH, the indication capacity would be limited by the total available PDCCH resource used for power saving indication. When the system load is high, there would be PDCCH blocking issues for UE-specific PDCCH.
Observation 1: Group-common PDCCH has distinct advantages of indication efficiency than UE-specific PDCCH.
Observation 2: Group-common PDCCH consumes fewer resources for each UE on average and could provide sufficient indication capacity while UE-specific PDCCH consumes more resources and it is challenging to support enough capacity by UE-specific PDCCH.     
A link level simulation is performed to compare the UE-specific PDCCH and Group-common PDCCH. The simulation assumptions in the following Table 1 are used.
Table 1 Simulation assumptions

	Parameters
	Value

	Carrier Frequency
	4GHz

	Simulation time
	10000 slots

	Antenna configurations
	2TX2RX

	SCS
	15 kHz

	Bandwidth
	20 MHz

	Speed
	3 /120 km/hr

	Fading channel
	TDL-C  100 ns

	PDCCH configuration
	20MHz; 2 OFDM symbols

	payload
	2 indication bits +10 padding bits for UE-specific PDCCH and  20 bits for Group-common PDCCH

	
Aggregation level
	AL= 8 for UE-specific PDCCH and AL= 16 Group-common PDCCH


The simulation results are shown in Figure 1. It can be seen that the required SINR is low than -9dB @ 1% BLER for Group-common PDCCH while the required SINR is about -7dB @ 1% BLER for UE-specific PDCCH.  With better decoding performance, a Group-common PDCCH carries power saving indication for more than 10 times of UEs while using only twice resources of UE-specific PDCCH. Therefore, Group-common PDCCH shall be supported as the PDCCH-based power saving signal/channel.
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Figure 1 Performance Comparison between UE-specific PDCCH and Group-common PDCCH

In some cases, e.g., when the system load is light, only a few UEs are in RRC connected states thus several UE-specific power saving PDCCHs would be enough. In addition, for some power saving techniques such as PDCCH skipping, a PDCCH skipping indication can be added in the scheduling DCI. Therefore, for these cases, UE-specific PDCCH can also be used.  
Proposal 1: Both Group-common PDCCH and UE-specific PDCCH as power saving signal/channel shall be supported. 
For a UE, the network can configure whether group-common PDCCH or UE-specific PDCCH is used by RRC signalling based on the system load and the power saving techniques to be used by the UE.

Proposal 2: Whether group-common PDCCH or UE-specific PDCCH is used can be configured by the network with RRC signalling.
DCI formats

For the DCI formats for power saving PDCCH, we have the following agreements:
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 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:

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

For different power saving techniques, the power saving PDCCH may be placed at different time location. For the wake-up functionality, it has been agreed in RAN2 that WUS shall be before the DRX ON-duration. For BWP adaptation, it has been supported to switch a UE’s BWP using the BWP indicator in the scheduling DCI. It would be beneficial to further support BWP indication with the power saving PDCCH before the DRX ON-duration based on UE’s traffic, channel condition etc.. When the UE is waken up to monitor PDCCHs in the DRX ON-duration, a target BWP can be also indicated to the UE so that it can switch to the target BWP in the DRX ON-duration. 

For power saving techniques such as PDCCH skipping, cross-slot scheduling etc., it would be natural to send the power saving PDCCH within the DRX active time (if DRX is configured). For example as discussed above, a PDCCH skipping indicator field can be added into the scheduling DCI. A set of PDCCH skipping duration length can be indicated depending on the bit width of PDCCH skipping indicator field, e.g., 4 lengths can be supported with 2 bits indicator. 

For cross-slot scheduling, we have the following agreements on how to adapt the minimum k0/k2:

Agreements:

· For an active DL and an active UL BWP, a UE can be indicated via signalling(s) from gNB to adapt the minimum applicable value(s) of K0, K2 and/or aperiodic CSI-RS triggering offset (with/without QCL_typeD configured) where the signalling type is to be down-selected from:

· Alt 1: MAC-CE based

· Alt 2: L1 based
If Alt 2 L1 based scheme is adopted. Similar as PDCCH skipping, a cross-slot adaptation field can be added into the scheduling DCI. With this bit filed in the DCI, the gNB can flexibly enable or disable cross-slot scheduling dynamically considering the power saving or service latency.  
Based on the discussion above, it can be seen that for some functionalities such as wake-up and BWP adaptation, the power saving PDCCH can be transmitted before the DRX ON-duration. For some functionality such as PDCCH skipping and cross-slot scheduling, the power saving indication can be multiplexed into the scheduling PDCCH. For power saving PDCCH before DRX ON-duration, since there is no scheduling DCI, there is no DCI budget issue on whether a new DCI format or the existing format DCI is used. If group-common PDCCH is used, a power saving RNTI would be configure to UEs in the same group, therefore a new DCI format would be used for group-common PDCCH. If UE-specific PDCCH is used, a compact DCI can be used to carry a UE’s power saving indication information. Or, UE-specific PDCCH can be padded with a length same as that of one existing DCI format such as DCI format 1-0.
On the other hand, for some functionalities such as PDCCH skipping and cross-slot scheduling, the existing DCI format can be used with addition of some new bit fields. Therefore, we have the following proposals:

Proposal 3: Both new DCI format(s) and enhancement of existing DCI format(s) can be supported for power saving PDCCH. 

· new DCI format(s) or enhancement of existing DCI format(s) to support wake-up and BWP adaptation
· enhancement of existing DCI format(s) to support PDCCH skipping and cross-slot scheduling 
In addition, during the study item phase, the following has been agreed for the power saving techniques of BWP adaptation:

· BWP -  UE adaptation to different BWP

· RS to assist UE channel tracking and measurements to assist BWP switching  

· The assistance may also include CSI measurements (UE supports and processes one BWP at a time)

· Enhancement of L1 signaling, e.g., power saving signal or DCI for power saving, in triggering the BWP switching

· Association of BWP and DRX

· UE assistance information could be considered
Currently in Rel-15, A-CSI measurement and report can be triggered with DCI format 0-1 and a UE can only measure aperiodic CSI-RS within its DL active BWP and is not expected to measure CSI-RS outside its DL active BWP. On the other hand, during BWP switching, timely A-CSI measurement in the target BWP would improve the PDSCH transmission efficiency thus save UE’s power.  As shown in the following Figure 2, a power saving signal/channel send in the current DL BWP1 could be used to trigger CSI measurement in the target BWP 2.  The existing DCI format 0-1 can serve as the power saving signal/channel. The procedure to trigger CSI-measurement in the target BWP with DCI format 0-1 can be as following:

· DCI format 0-1 indicates the UE to measure aperiodic  CSI-RS in a target BWP that is not the current active BWP 
· The UE switch its DL BWP to the target BWP 

· The UE measure the aperiodic  CSI-RS  and report the CSI measurement 

It can be seen that with the above procedure, the current DCI format 0-1 is reused, the only change is a new UE behaviour is defined when DCI format 0-1 indicates the UE to measure aperiodic CSI-RS outside its active BWP. 
Proposal 4: Reinterpret the existing DCI format can be supported to trigger BWP switching and CSI-RS measurement in the target BWP.  
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Figure 2: BWP switching together with CSI measurement
CORESET and search space 

The PDCCH CORESET and PDCCH search space has been discussed in RAN1#96bis meeting and the following have been agreed.
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 Rel-15, at most 4 BWP can be configured for a cell and at most 3 PDCCH CORESETs and at most 10 PDCCH search spaces could be configured for in each BWP. Therefore, in order to maintain the total PDCCH blind detection times, it is straightforward to reuse PDCCH CORESET and/or PDCCH search space configured for a BWP for power saving PDCCH within the DRX active time.

Proposal 5: Reuse PDCCH CORESET and/or PDCCH search space configured for a BWP for power saving PDCCH within the DRX active time.

For power saving PDCCH before the DRX ON-duration, one solution is to configure a separate PDCCH CORSET and/or PDCCH search space. However, it would be beneficial to apply part or all of the parameters of the PDCCH CORESET(s) configured for a BWP. 
For example, multiple beam transmission shall be supported for robust power saving PDCCH transmission performance. There shall be multiple power saving PDCCH monitoring occasions in order to support multi-beam transmission. For the TCI states of power saving PDCCH CORESETs, one straightforward way is to re-use the TCI states of PDCCH CORESET associated with the configured PDCCH search space for a BWP which are configured based on output of the beam management procedure. For example, two PDCCH search spaces have been configured to the UE in a BWP. PDCCH CORESET 1 with TCI state 1 is associated with PDCCH search space 1 and PDCCH CORESET 2 with TCI state 2 is associated with PDCCH search space 2. Then there are two PDCCH monitoring occasions for power saving PDCCH before the DRX ON-duration and the 1st one is configured with a CORESET with TCI state 1 and the 2nd one is configured with a CORESET with TCI state 2. 
As another example, it is also feasible to re-use the PDCCH CORESET(s) configured for a BWP, as shown in Figure 3. By such operation, the signalling overhead to configure power saving PDCCH is minimized. In FR1, one PDCCH CORESET among the multiple PDCCH CORESET(s) for a BWP can be used for power saving PDCCH. In FR2, in order to support multi-beam transmission, all the PDCCH CORESET(s) configured for a BWP can be used.
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Figure 3 Reuse PDCCH CORESETs configured for a BWP for power saving PDCCH

Proposal 6: The configuration reuse part or all of the parameters of PDCCH CORESET(s) configured for a BWP for power saving PDCCH outside the DRX active time.

For the PDCCH search space for power saving PDCCH before the DRX ON-duration, the sets of the AL(s) and the number of the PDCCH candidates can be configured as has been agreed. The periodicity of PDCCH search space can be same as the DRX cycle or multiple DRX cycle. The timing offset between power saving PDCCH monitoring occasions and the beginning of the DRX On-duration shall be configurable. Support configurable timing offsets have at least two benefits: 1) Configurable timing offsets can align different UE’s power saving PDCCH monitoring occasions in the same slot as shown in Figure 4 . 2) Configurable timing offsets can enable proper timing offset between power saving PDCCH and SSB thus the UE could firstly wake up to receive SSB to get time and frequency synchronization and then decode power saving PDCCH. 
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Figure 4 Align different UE’s power saving PDCCH monitoring occasions in the same slot with configurable timing offsets between power saving PDCCH monitoring occasions and the beginning of the DRX On-duration

Proposal 7: The timing offset between power saving PDCCH monitoring occasions and the beginning of the DRX On-duration shall be configurable.
When a UE’s BWP is switched based DCI or a timer, where to monitor the power saving PDCCH needs to be considered.  One method would be that power saving PDCCH is always monitored in the current active BWP. It means that when switching DL BWP, then the power saving PDCCH shall be monitored in the new BWP. Figure 5 illustrated such a procedure.
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Figure 5 Power saving PDCCH monitoring after BWP switch

Proposal 8: power saving PDCCH is always monitored in the current active BWP
PDCCH skipping 

It has been discussed and evaluated PDCCH monitoring skipping could bring in significant power saving gain. For a while the UE has no traffic or the UE’s data packet being processed in the scheduling queue, the gNB could indicate the UE to skip PDCCH monitoring for that time duration as illustrated in Figure 6. It is noted that the scheduler has enough knowledge and could decide how long the UE could skip the PDCCH monitoring. For example, it can be determined basing on UE’s traffic statistics or latency requirement or the length of the scheduling queue. Such kinds of skipping information can be encoded in the scheduling DCI. 
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Figure 6: indication to skip PDCCH monitoring
One potential issue for PDCCH skipping would be that due to the inaccurate prediction of the UE’s service, the indicated PDCCH skipping duration may not well match the UE’s traffic. For example, the data packet may arrive during the PDCCH skipping period. Or, the would be no data arriving after a PDCCH skipping duration, therefore another PDCCH skipping DCI shall be send to the UE to resume PDCCH skipping procedure. Therefore, there arises the DCI overhead concern for such case. 
In order to solve this issue, an autonomous PDCCH skipping scheme can be considered. As illustrated in Figure 7, after the PDCCH skipping duration, the UE can detect whether there is a scheduling DCI for the UE in certain amount of time.  If there is no scheduling DCI detected, the UE can re-do PDCCH skipping for another PDCCH skipping duration. Otherwise, if scheduling DCI is detected, the UE stop PDCCH skipping.  It can be seen with autonomous PDCCH skipping, the DCI overhead can be saved and UE could enjoy the power saving benefits even if the gNB cannot accurately predict the PDCCH skipping duration.  
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Figure 7 autonomous PDCCH skipping

Proposal 9: PDCCH skipping shall be supported in Rel-16. 
Proposal 10: Power saving PDCCH can indicate a PDCCH skipping duration and the UE can autonomously skip PDCCH monitoring if there is no scheduling DCI detected after the 1st PDCCH skipping duration. 
3 Conclusion

In this contribution, we discussed on the design aspects on the PDCCH-based power saving signal/channel. Based on the discussion, we have the following observations and proposals:
Observation 1: Group-common PDCCH has distinct advantages of the indication efficiency than UE-specific PDCCH.
Observation 2: Group-common PDCCH consumes fewer resources for each UE on average and could provide sufficient indication capacity while UE-specific PDCCH consumes more resources and it is challenging to support enough capacity for UE-specific PDCCH.     
Proposal 1: Both Group-common PDCCH and UE-specific PDCCH as power saving signal/channel shall be supported. 
Proposal 2: Whether group-common PDCCH or UE-specific PDCCH is used can be configured by the network with RRC signalling.
Proposal 3: Both new DCI format(s) and enhancement of existing DCI format(s) can be supported for power saving PDCCH. 

· new DCI format(s) or enhancement of existing DCI format(s) to support wake-up and BWP adaptation
· enhancement of existing DCI format(s) to support PDCCH skipping and cross-slot scheduling 
Proposal 4: Reinterpret the existing DCI format can be supported to trigger BWP switching and CSI-RS measurement in the target BWP.
Proposal 5: Reuse PDCCH CORESET and/or PDCCH search space configured for a BWP for power saving PDCCH within the DRX active time.

Proposal 6: The configuration reuse part or all of the parameters of PDCCH CORESET(s) configured for a BWP for power saving PDCCH outside the DRX active time.

Proposal 7: The timing offset between power saving PDCCH monitoring occasions and the beginning of the DRX On-duration shall be configurable.
Proposal 8: power saving PDCCH is always monitored in the current active BWP
Proposal 9: PDCCH skipping shall be supported in Rel-16. 

Proposal 10: Power saving PDCCH can indicate a PDCCH skipping duration and the UE can autonomously skip PDCCH monitoring if there is no scheduling DCI detected after the 1st PDCCH skipping duration. 

PDCCH CORESET 1
DRX cycle
t2
t1
PDCCH CORESET 2

DRX cycle
t2
t1
DRX ON
DRX ON
Power saving 
PDCCH
Power saving 
PDCCH




DRX cycle
t3
t2
t1

DRX cycle
DRX ON
DRX ON

DRX cycle

DRX cycle
t5
t4
DRX ON
DRX ON
BWP1
BWP2
BWP switching
Power saving PDCCH
Power saving PDCCH



t
Power saving PDCCH
Indicate  a PDCCH skipping GAP
Data arrives
...
...
...
Autonomous PDCCH skipping GAP



DL BWP 1
DL BWP 2
f
PDCCH
CSI-RS



_1602664216.vsd

