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1		Introduction
In RAN#84, a the WI on UE power savings for NR was updated and agreed with the objectives as highlighted below for power saving signal/channel power saving techniques. 
1) Specify power saving techniques with PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED mode [RAN1, RAN2, RAN4] 
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]
NOTE: Any change of PDCCH channel coding and payload interleaver is not in the scope
b) Specify the procedure of cross-slot scheduling power saving techniques  [RAN1, RAN4]
NOTE: The procedure is in addition to Rel-15 cross-slot scheduling procedure
Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure

Several agreements were made in RAN1#97 to progress the design of power savings signal/channel (listed in Annex B).
In this document, we discuss further design details for PDCCH-based power savings signal/channel.
[bookmark: _Ref178064866]2	Power Saving Signal/Channel
The main objective is to design a PDCCH-based power saving signal/channel, without duplicating DRX operation in order to wake up the UE to monitor PDCCH for the next ON duration. Furthermore, changing PDCCH channel coding and payload interleaver is not in scope. Thus, if a DCI based scheme is used, then it should reuse the coding chain specified in Rel-15, including the CRC payload interleaver. In Rel-15, DCI with smaller number of information bits was discussed and handled through the following principle, captured in 38.212, subclause 7.3.1. 
If the number of information bits in a DCI format is less than 12 bits, zeros shall be appended to the DCI format until the payload size equals 12.
Thus, Rel-15 PDCCH channel coding and payload interleaver can already handle the case when the number of information bits in a DCI is less than 12 bits, by appending zeros until the payload size is 12. Subsequently, a 24-bit CRC is attached with a 16-bit RNTI masking. The UE could improve the detection performance by taking the additional information (regarding zero padding bits and additionally trading off the 24 bits of CRC for error correction, etc) into the Polar SSCL decoding. With this background we discuss some aspects related to the detailed design of power saving signal/channel.
2.1  Design Details for Power saving signal before On duration (WUS)
In the use case of power saving signal as the wakeup signal, the WUS would be sent when UE is not in Active time (e.g. before On duration) to indicate wake up and monitor PDCCH in an On duration. In this case, since UE is not monitoring any scheduling DCI simultaneously, the BDs/CCEs/DCI budgets for power saving signals for WUS do not need to be shared with UE’s scheduling DCI. Hence there is more flexibility in configuring these parameters (BD/CCEs/DCI) for the WUS. 
As a minimum the PDCCH based power saving signal needs to indicate ‘wake-up’ based on which the UE can decide to decode/not decode subsequent PDCCH monitoring occasion(s). The UE can detect presence of power saving signal/channel addressed for it using CRC masked by RNTI. This option (shown in Figure 1 below) allows the power saving signal/channel to be detected by a correlation-based receiver or by using a regular PDCCH decoder. From a robustness perspective this would be the most robust option as it has the smallest amount of information (i.e. On/Off or 1 bit).
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Figure 1 – WUS option with smallest possible amount of information.
A more flexible option is to have a small number of bits of information in the DCI payload. This can allow the power saving signal to control more actions than just wakeup as shown in Figure 2.  
[image: ]
Figure 2. Flexible power saving signal/channel.

Next, we evaluate the required SNR vs number of information bits in DCI for various aggregation levels (1/2/4/8/16) and target BLERs of 1% and 0.1%. These are assuming TDL-C, 100ns DS, 3kmph UE speed. 
Table 1 Required SNR for PDCCH based WUS BLER 1% and 0.1 % for different payload sizes and ALs

	[bookmark: OLE_LINK1]Payload size
	AL
	SNR for 1% BLER
	SNR for 0.1% BLER

	1
	1
	7.8 dB
	11.5 dB

	
	2
	3.5 dB
	6.5 dB

	
	4
	-2.4 dB
	0.7 dB

	
	8
	-5.7 dB
	-3.7 dB

	
	16
	-8.1 dB
	-6.4 dB

	2
	1
	8 dB
	11.5 dB

	
	2
	3.5 dB
	6.5 dB

	
	4
	-2.3 dB
	0.3 dB

	
	8
	-5.7 dB
	-3.7dB

	
	16
	-8.1 dB
	-6.5 dB

	4
	1
	8.3 dB
	11.8 dB

	
	2
	4 dB
	6.8 dB

	
	4
	-2 dB
	0.6 dB

	
	8
	-5.6 dB
	-3.5 dB

	
	16
	-8 dB
	-6.2 dB

	8
	1
	9 dB
	12.8 dB

	
	2
	4.7 dB
	8 dB

	
	4
	-1.7 dB
	1 dB

	
	8
	-5 dB
	-4.4 dB

	
	16
	-7.8 dB
	-6.2 dB

	16
	1
	10.7 dB
	15 dB

	
	2
	5.9 dB
	9.2 dB

	
	4
	-1.2 dB
	1.7 dB

	
	8
	-4.7 dB
	-2.8 dB

	
	16
	-7.4 dB
	- 5.7 dB

	32
	1
	16.2 dB
	>20 dB

	
	2
	9 dB
	12.8 dB

	
	4
	0.3 dB
	3 dB

	
	8
	-3.7 dB
	-1.9 dB

	
	16
	-6.3 dB
	-5.2 dB



From the results, apart from allowing link adaptation for WUS, it is also beneficial to reduce number of information bits in DCI as it can yield significant performance gains (~ 1dB from 16 bits -> 1 bit). Thus, the design of WUS DCI should allow the use of very small number of information bits in the DCI addressed to a UE. 
Next, we consider DCI size/format for PDCCH-based wakeup signal (WUS). RAN1 made following agreement in RAN1#98 meeting. 
Agreements:
For power saving signal/channel configured outside Active Time, introduce a new DCI format for a UE, where the UE is configured to monitor the DCI format, with the power saving information for the UE in the DCI configurable by RRC
· FFS whether the DCI is in UESS or CSS or both
· FFS detailed configuration of the power saving information
· FFS the new DCI format
· Note: the same DCI may carry power saving information for one or more UEs

Since the power saving signal/channel is expected to be always monitored separately (e.g. X slots before DRX On duration) from scheduling PDCCH monitoring, the  for the new DCI format size can be independently configured. This allows using a more compact and robust DCI size and will not be affected by DCI format size budget that is applicable during Active time. 
1. [bookmark: _Toc16885869][bookmark: _Toc16886001][bookmark: _Toc16886039][bookmark: _Toc16886091][bookmark: _Toc16886175][bookmark: _Toc16886286][bookmark: _Toc16885870][bookmark: _Toc16886002][bookmark: _Toc16886040][bookmark: _Toc16886092][bookmark: _Toc16886176][bookmark: _Toc16886287][bookmark: _Toc16885871][bookmark: _Toc16886003][bookmark: _Toc16886041][bookmark: _Toc16886093][bookmark: _Toc16886177][bookmark: _Toc16886288][bookmark: _Hlk5125868][bookmark: _Toc7813648][bookmark: _Toc16888550]For power saving signal/channel configured outside active time, new DCI format’s size is independent of scheduling DCI format size(s).
Power saving signal/channel can be used to address a group of UEs i.e. for wake up. As shown in Figure 3 below, this can be done using approach like TPC-PUXCH-RNTI where WUS for multiple UEs is sent in one PDCCH with each UE assigned specific DCI bit(s) for its corresponding wake-up indication e.g. UE is assigned bit4 for its wakeup indication in below figure. 

[image: ]
Figure 3 – Group-based power saving signal/channel option. 

Like some of DCI formats 2-x, the number of information bits in new DCI format should be configurable, and for indicating wake up or not, which would need only 0 or 1 bit of information. 
Since the WUS DCI can address a single UE or a group of UEs in a transparent manner, higher layers would need to indicate to a UE where the relevant information for that UE is within the new DCI via a starting location (S) and length (L) values.

An optional length (L) can also be indicated, the lengths in the range of 0 to 1 bit can be supported. L=0 implies a fixed DCI payload (e.g. DCI with information bits set to all zero). L = 1 allows group DCI with wake-up indication for each UE (as in Figure 3) signal i.e. explicit indication for each UE to wake-up or not. 

1. [bookmark: _Toc16888551]The following information is configurable for the new DCI format : 
1. [bookmark: _Toc16888552]number of information bits in the DCI between 0 and Xmax
1. [bookmark: _Toc16885875][bookmark: _Toc16886007][bookmark: _Toc16886045][bookmark: _Toc16886097][bookmark: _Toc16886181][bookmark: _Toc16886292][bookmark: _Toc16885876][bookmark: _Toc16886008][bookmark: _Toc16886046][bookmark: _Toc16886098][bookmark: _Toc16886182][bookmark: _Toc16886293][bookmark: _Toc16888553]starting position of the UE-specific information within the DCI

In RAN1#98, the following agreement was made. 
Agreements:
A new RNTI (e.g., PS-RNTI) is introduced for the PDCCH-based power saving signal/channel decoding at least outside Active Time, UE-specifically configured
FFS how to use the PS-RNTI for scrambling of the PDCCH-based power saving signal/channel
The PS-RNTI should be used at least for CRC masking of the new DCI format. The scrambling initialization seed (in 38.211) can also used the PS-RNTI. Since the DCI can be addressed to a single UE or a group of UEs, the search space used for WUS transmission should also be configurable for additional flexibility and reduced load on common search space in a Coreset. Since a UE is not required to monitoring PDCCH in common/UE-specific search spaces during WUS reception, allowing a separate search space can provide a NW more flexibility in managing WUS transmissions.
1. [bookmark: _Toc16885880][bookmark: _Toc16886012][bookmark: _Toc16886049][bookmark: _Toc16886101][bookmark: _Toc16888554]PS-RNTI is used for CRC masking of the new DCI format, scrambling initialization seed (n_RNTI) and search space hashing.

[bookmark: _Toc16885881][bookmark: _Toc16886013][bookmark: _Toc16886050][bookmark: _Toc16886102][bookmark: _Toc16518902][bookmark: _Toc16519065][bookmark: _Toc16519109][bookmark: _Toc16518903][bookmark: _Toc16519066][bookmark: _Toc16519110][bookmark: _Toc16518904][bookmark: _Toc16519067][bookmark: _Toc16519111][bookmark: _Toc16518905][bookmark: _Toc16519068][bookmark: _Toc16519112][bookmark: _Toc7777317][bookmark: _Toc7777335][bookmark: _Toc7777837][bookmark: _Toc7777856][bookmark: _Toc16886015][bookmark: _Toc16886052][bookmark: _Toc16886104]
In RAN1#98, the following agreement was made. 
Agreements:
· [bookmark: _Hlk16879874]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 
· [bookmark: _Hlk16880028]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

Since other WIs are discussing increasing the number of coresets relative to that in Rel-15, we do not need to repeat that discussion in this work item. If the number of coresets is increased (by other WIs) in Rel-16, the NW should have full flexibility in configuring coresets for the PDCCH-based power saving signal/channel outside Active Time, including configuring a coreset that is exclusively used for PDCCH-based power saving signal/channel.
1. [bookmark: _Toc16888555]PDCCH-based power saving signal/channel outside Active Time configuration should be on a per BWP basis.
[bookmark: _Toc16885885][bookmark: _Toc16886017][bookmark: _Toc16886054][bookmark: _Toc16886106][bookmark: _Toc16886186]
The PDCCH-based power saving signal/channel outside Active Time should largely reuse the existing PDCCH configuration signalling framework which is on a per-BWP basis. A dedicated BWP for WUS leads to increased RRC signalling overhead (extra BWP configuration, reduced opportunity for linkage to CORESET(S) configured for other PDCCH monitoring, etc) and inherent BWP switching delay between WUS MO and corresponding On duration. Given this, the PDCCH-based power saving signal/channel outside Active Time (or WUS) in a should be within a DL BWP configured for the UE. If an active DL BWP has no WUS configured, then the UE should follow the regular behaviour and monitor On durations.
1. [bookmark: _Toc16888556]PDCCH-based power saving signal/channel outside Active Time is monitored in an active DL BWP.  
In RAN1#98, the following agreement was made wrt monitoring occasions. 
Agreements:
One or more PDCCH monitoring occasion of PDCCH-based power saving signal/channel is supported outside Active Time
· FFS: Whether the monitoring occasions of the  PDCCH-based power saving signal/channel in the same slot or not for multiple monitoring occasions
· FFS: whether the monitoring occasions are via search space set(s), CORESET(s), a combination thereof, etc.

Agreements:
· For outside Active Time, up to [3] CORESETs per BWP is supported for the power saving signal/channel outside Active Time with each CORESET associated with its TCI state and QCL assumption
· FFS details
· FFS whether any other additional handling is necessary for FR2 w.r.t. TCI state, and if so, how

Currently, up to ten search spaces can be configured for a UE for PDCCH monitoring in active time in a BWP. An additional search space can be configured for the UE or one of the existing search spaces configured for PDCCH monitoring in Active time can be reused. 
On whether the monitoring occasions of the PDCCH-based power saving signal/channel in the same slot or not for multiple monitoring occasions. In our view, both options should be supported but the window within which the monitoring occurs should be kept small. From UE point of view, having multiple MOs within a slot is better as UE can quickly monitoring and go back to sleep if no WUS is detected. On the other hand, from NW perspective, allowing the MOs in at least a couple of slots can be beneficial as it can from scheduling flexibility perspective and not force the gNB to configure PDCCHs MOs in the middle of slots, which cannot be used for regular UE scheduling (except for Case 2 scenarios). Thus, it is preferable to allow (via configuration) a small number of WUS MOs (e.g. 1 ~ 4) concentrated over a short time interval (e.g. 1 to less than 4 slots). 
1. [bookmark: _Toc16885889][bookmark: _Toc16886021][bookmark: _Toc16886058][bookmark: _Toc16886110][bookmark: _Toc16886190][bookmark: _Toc16886299][bookmark: _Toc7813651][bookmark: _Toc16888557]For PDCCH-based power saving signal/channel, search space for PDCCH monitoring can be configured separately from or can be same as one of the existing search spaces configured for PDCCH monitoring in Active time. 
1. [bookmark: _Toc16885891][bookmark: _Toc16886023][bookmark: _Toc16886060][bookmark: _Toc16886112][bookmark: _Toc16886192][bookmark: _Toc16886301][bookmark: _Toc16885892][bookmark: _Toc16886024][bookmark: _Toc16886061][bookmark: _Toc16886113][bookmark: _Toc16886193][bookmark: _Toc16886302][bookmark: _Toc16888558]For PDCCH-based power saving signal/channel, multiple monitoring occasions can be configured to be in the same slot or in multiple slots.
One additional aspect is the offset between the WUS monitoring occasions and corresponding DRX On duration(s), which was also discussed in RAN2 (LS in [3]) that UE should monitor for WUS occasions at a known offset before on duration C-DRX. 
Annex A shows UPT performance between different WUS offsets, ranging from 1 slot before On duration to 30 slots before On duration for the case with CDRX cycle of 320 ms representing the long DRX, and between 1 to 16 slots for the CDRX cylce of 20 ms, representing the short DRX. The results indicate that larger WUS offset leads to UPT degradation and hence WUS offset should be as small as possible. 
1. [bookmark: _Toc7813653][bookmark: _Toc16888559]Configuration of the PDCCH-based power saving signal/channel includes an offset indication from DRX On duration. Minimum offset is one slot.
1. [bookmark: _Toc16888560]UE-specific configuration of the PDCCH-based power saving signal/channel should include a number of monitoring occasions (MOs) from minimum of 1 to maximum of Y (subject to FFS) spanning over 1 to X slots, and can be a combination of SSs associated with Coresets. 

If WUS is not detected in a WUS MO, this can be due to NW not sending wakeup command or UE missing the WUS. For the former case, UE should skip monitoring the associated ON duration(s). However, the case of missed WUS can increase latency significantly. Also, configuring WUS for a UE should not result in adverse NW impact such as increased link failures. To avoid such situations, it should be possible to adapt WUS monitoring based on fluctuating channel conditions and also as a fall-back UE should monitor some search spaces/PDCCH On durations even when WUS is not detected. For example, the UE can be configured with a fallback search space with a sparser monitoring periodicity with respect to the regular search space if WUS is not detected. Furthermore, the NW should be able to not configure WUS for all the ON durations to make sure there are always some ON durations that the UE awakes irrespective of WUS being sent or not.
1. [bookmark: _Toc7813654][bookmark: _Toc16888561]When the PDCCH based power saving signal/channel is used as WUS, UE monitors WUS in WUS monitoring occasions configured by the NW and upon WUS detection, UE should wake-up during On Duration(s) associated with the WUS monitoring occasion.
1. [bookmark: _Toc7813655][bookmark: _Toc16888562]Mechanisms to avoid and quickly recover from WUS misdetection should be specified e.g. adapting WUS monitoring based on fluctuating channel conditions, fallback search spaces/PDCCH On durations that are always monitored independent of WUS detection, etc.

2.2 Impact of WUS on periodic UE report/measurements
Another aspect to consider is how WUS should impact configured events for the UE for reporting and measurements, e.g., periodic CSI reports. If periodic CSI report is configured, and the UE provides the report irrespective of WUS being detected or not, the disadvantage is a small additional power consumption. However, the advantage is that it helps the NW to maintain WUS and PDxCH LA in place since the NW can access to the up to date CSI. Furthermore, it provides a mechanism for the NW to distinguish between link failure and missing of the WUS by the UE which is indeed necessary to avoid link failure recovery. Even if the UE is not obliged to follow all the periodic reporting instances, the NW should be able to configure some unconditional reporting instances for the advantages mentioned before.
1. [bookmark: _Toc16888563]If UE is configured with periodic CSI reports, it should provide the reports irrespective of WUS being detected or not.
2.3 Inclusion of additional commands in WUS
It was discussed to include additional commands in WUS and not just indication of wake-up, e.g., aperiodic CSI-RS, SRS, TRS, cross-slot scheduling, BWP switching and so on. 
As agreed in WID and previous meetings, the main objective of power saving signal outside the active time should be to wake-up the UE for the next On duration. As such, the intention should not be to duplicate the scheduling DCI fields in the new DCI format. Inclusion of additional commands comes at the cost of a larger DCI size. A larger DCI size leads to a lower detection performance which should be avoided. Since there is independent on-going work on cross-slot scheduling, the advantage of having an additional one in WUS is unclear. The same holds for BWP switching and other commands. There are efficient mechanisms for BWP switching in current scheduling DCIs, hence, if the NW would like to make this change, it can do so in the beginning of the On duration. 

Conclusion
In section 2, the following proposals were made: 

Proposal 1	For power saving signal/channel configured outside active time, new DCI format’s size is independent of scheduling DCI format size(s).
Proposal 2	The following information is configurable for the new DCI format :
a.	number of information bits in the DCI between 0 and Xmax
b.	starting position of the UE-specific information within the DCI
Proposal 3	PS-RNTI is used for CRC masking of the new DCI format, scrambling initialization seed (n_RNTI) and search space hashing.
Proposal 4	PDCCH-based power saving signal/channel outside Active Time configuration should be on a per BWP basis.
Proposal 5	PDCCH-based power saving signal/channel outside Active Time is monitored in an active DL BWP.
Proposal 6	For PDCCH-based power saving signal/channel, search space for PDCCH monitoring can be configured separately from or can be same as one of the existing search spaces configured for PDCCH monitoring in Active time.
Proposal 7	For PDCCH-based power saving signal/channel, multiple monitoring occasions can be configured to be in the same slot or in multiple slots.
Proposal 8	Configuration of the PDCCH-based power saving signal/channel includes an offset indication from DRX On duration. Minimum offset is one slot.
Proposal 9	UE-specific configuration of the PDCCH-based power saving signal/channel should include a number of monitoring occasions (MOs) from minimum of 1 to maximum of Y (subject to FFS) spanning over 1 to X slots, and can be a combination of SSs associated with Coresets.
Proposal 10	When the PDCCH based power saving signal/channel is used as WUS, UE monitors WUS in WUS monitoring occasions configured by the NW and upon WUS detection, UE should wake-up during On Duration(s) associated with the WUS monitoring occasion.
Proposal 11	Mechanisms to avoid and quickly recover from WUS misdetection should be specified e.g. adapting WUS monitoring based on fluctuating channel conditions, fallback search spaces/PDCCH On durations that are always monitored independent of WUS detection, etc.
Proposal 12	If UE is configured with periodic CSI reports, it should provide the reports irrespective of WUS being detected or not.
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Annex A (WUS Offset Evaluations)
IM traffic model with inter-arrival time of 2s, and DRX setting of 320ms of CDRX cycle, 200ms IAT, and 10ms On duration. 
[image: cid:image002.png@01D50182.D665F500]

	Offset value
	Median UPT (Mbps)
	UPT loss

	1
	3.80
	0.0 %

	4
	3.65
	3.9 %

	8
	3.55
	6.6 %

	16
	3.35
	11.8 %

	24
	3.18
	16.3 %

	30
	3.08
	18.9 %





IM traffic model with inter-arrival time of 2s, and DRX setting of 20ms of CDRX cycle, 200ms IAT, and 10ms On duration. 
[image: cid:image001.png@01D551AD.1D62BD60]



	DRX Cycle = 20ms

	Offset value
	Median UPT (Mbps)
	UPT Loss*

	1
	12.02
	0.0%

	4
	11.07
	7.9%

	8
	9.98
	17.0%

	16
	8.55
	28.9%
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