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1	Introduction
In RAN#83, a new WI on UE power savings for NR was agreed with the objectives as highlighted below for power saving signal/channel power saving techniques. 
1. Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 
0. Specify the power saving techniques with power saving signal/channel 
0. Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
0. Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
0. Note: Any change of PDCCH channel coding and payload interleaver  is not in the scope
0. Specify the procedure of cross-slot scheduling power saving techniques  
1. Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure

Several agreements were made in RAN1#96bis 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. 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 an On duration [3, LS from RAN2]. 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).

[image: ]
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, it is clear that apart from allowing link adaptation for WUS (agreed in last RAN1 meeting), 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). If 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 DCI size/format for the power saving signal/channel can be independent of existing DCI format sizes. 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: _Toc7813648][bookmark: _Hlk5125868]DCI format size for power saving signal/channel is independent (e.g. smaller) of scheduling DCI format size(s), at least for the case where the power saving signal/channel is expected to be always monitored separately from scheduling PDCCH monitoring (e.g. X slots before DRX On duration).
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 similar to 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. This option can reduce overhead especially for cases where per-UE payload is small. 

[image: ]
Figure 3 – Group-based power saving signal/channel option. 
To accommodate the above design criteria, the DCI for WUS should be configurable, and should facilitate flexible multiplexing of power savings information for multiple UEs in a single DCI. Like some of DCI formats 2-x, the number of information bits in WUS DCI should be configurable. The design should allow the use of the WUS DCI as an indicator for wake up or not, which would need only 0 or 1 bit of information – as mentioned earlier, if number of information bits is less than 12, there is zero padding to pad it up to 12 bits as per Rel-15. An upper bound on the maximum number of information bits can also be considered such as the number of information bits in the payload size of format 1_0 for the UE. 

1. [bookmark: _Toc7813649]The number of information bits within the WUS DCI is configurable between 0 (i.e., known pattern) and a maximum value Xmax (FFS : Xmax).

Next, we discuss the RNTI used for CRC masking of the WUS DCI. Since the DCI could be addressed to a single UE or a group of UEs, the NW should be able to configure the RNTI used for CRC masking of the WUS DCI and this can be different from the UE’s C-RNTI. 
1. [bookmark: _Toc7777317][bookmark: _Toc7777335][bookmark: _Toc7777837][bookmark: _Toc7777856][bookmark: _Toc7813650]For the WUS DCI, the RNTI used for CRC masking is configured via higher layers. 
Next, we consider configuration signalling related to WUS PDCCH. This can largely reuse the Coreset and search space configurations used for configuring PDCCH monitoring for the UE. 
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. 
1. [bookmark: _Toc7813651]Search space for WUS 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. 
Since the WUS 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: _Toc7813652]RNTI used for WUS search space hashing is configured via higher layers.
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. This can be part of e.g. the DRX configuration of the UE or a separate WUS configuration. 
Annex A shows UPT performance between different WUS offsets, ranging from 1 slot before On duration to 30 slots before On duration. The results indicate that larger WUS offset leads to UPT degradation and hence WUS offset should be as small as possible. To allow some flexibility in WUS transmissions, rather than one single WUS monitoring occasion before an On duration, it is preferable to allow (via configuration) a small number of WUS MOs (1 ~ 4) concentrated over a short time interval (e.g. 1 to less than 4 slots) over which the UE monitors WUS associated with an On duration. 
1. [bookmark: _Toc7813653]UE-specific configuration of the WUS includes the offset from DRX On duration.
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. 
1. [bookmark: _Toc7813654]When the 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]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.

[bookmark: _Toc534988066][bookmark: _Toc534988145][bookmark: _Toc534988475][bookmark: _Toc534989075][bookmark: _Toc534989150][bookmark: _Toc534989384][bookmark: _Toc534989632][bookmark: _Toc534988067][bookmark: _Toc534988146][bookmark: _Toc534988476][bookmark: _Toc534989076][bookmark: _Toc534989151][bookmark: _Toc534989385][bookmark: _Toc534989633][bookmark: _Toc534988068][bookmark: _Toc534988147][bookmark: _Toc534988477][bookmark: _Toc534989077][bookmark: _Toc534989152][bookmark: _Toc534989386][bookmark: _Toc534989634][bookmark: _Toc534988069][bookmark: _Toc534988148][bookmark: _Toc534988478][bookmark: _Toc534989078][bookmark: _Toc534989153][bookmark: _Toc534989387][bookmark: _Toc534989635][bookmark: _Toc534988149][bookmark: _Toc534988479][bookmark: _Toc534989079][bookmark: _Toc534989154][bookmark: _Toc534989388][bookmark: _Toc534989636][bookmark: _Toc534885386][bookmark: _Toc534887576][bookmark: _Toc534887950][bookmark: _Toc534891179][bookmark: _Toc534891955][bookmark: _Toc534885393][bookmark: _Toc534887583][bookmark: _Toc534887958][bookmark: _Toc534891030][bookmark: _Toc534891190][bookmark: _Toc534891213][bookmark: _Toc534891252][bookmark: _Toc534891270][bookmark: _Toc534891330][bookmark: _Toc534891442][bookmark: _Toc534891703][bookmark: _Toc534891726][bookmark: _Toc534891785][bookmark: _Toc534891965]2.2  Power savings signal during active time
In RAN1#96bis several potential enhancements for power saving indication during active time were discussed (e.g. GTS, PDCCH skipping, PDCCH monitoring adaptation, etc.). Some of these are also being concurrently discussed in RAN2 SI, and for some it is unclear whether they are in current WI scope. While one option is to discuss these aspects after completion of RAN2 SI, some early discussion on DCI impact of enhancements is given below.
There are two options for providing the indication for power saving enhancements during active time
· Option 1: Separate dedicated DCI to be monitored by the UE during active time for power savings enhancements
· Option 2: The indication for power saving enhancements is provided as extra bit-fields (configurable) added to DCI used for scheduling PDSCH/PUSCH

For power saving signal during active time, since the UE is monitoring PDCCH and DCIs according to higher-layer configuration already, the PDCCH configuration, search spaces, and DCI format size should be reused to avoid running into respective budget limitations. It is essential to avoid scheduling restrictions on scheduling DCI due to the transmission/configuration of power saving signal during active time. Thus, for option 1, the DCI size must be matched to existing DCIs. Given this, unlike the WUS design discussed in previous section, there would no link performance benefit from option 1 for power savings indication in active time, i.e., small DCI format size cannot be supported. Also, also since RNTI is embedded in CRC, even if separate RNTI is used for dedicated DCI format with power savings indication and the information size of power savings bits is small, this information cannot be used by the UE to obtain better link performance than the scheduling DCI reception. 
From a DCI payload perspective, the number of payload bits to be signalled should be relatively small considering the enhancements being discussed (and assuming that there will be down-selection among the enhancements that provide similar functionality).  
Considering the above, option 2, i.e., including power savings related DCI bits (if any), is more suitable than option 1 for power savings indication in active time.
1. [bookmark: _Toc7797907][bookmark: _Toc7797953][bookmark: _Toc7797939][bookmark: _Toc7797985][bookmark: _Toc7797940][bookmark: _Toc7797986][bookmark: _Toc7797941][bookmark: _Toc7797987][bookmark: _Toc7797942][bookmark: _Toc7797988][bookmark: _Toc7813656]No new dedicated DCI format is introduced for power savings signal in active time. 

[bookmark: _Toc7813657]Observation		If needed (i.e., after further RAN1/RAN discussions), additional bits indicating power savings information can be added to scheduling DCI.
Conclusion
[bookmark: _GoBack]In section 2, the following observations and proposals were made: 

Proposal 1	DCI format size for power saving signal/channel is independent (e.g. smaller) of scheduling DCI format size(s), at least for the case where the power saving signal/channel is expected to be always monitored separately from scheduling PDCCH monitoring (e.g. X slots before DRX On duration).
Proposal 2	The number of information bits within the WUS DCI is configurable between 0 (i.e., known pattern) and a maximum value Xmax (FFS : Xmax).
Proposal 3	For the WUS DCI, the RNTI used for CRC masking is configured via higher layers.
Proposal 4	Search space for WUS 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 5	RNTI used for WUS search space hashing is configured via higher layers.
Proposal 6	UE-specific configuration of the WUS includes the offset from DRX On duration.
Proposal 7	When the 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 8	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 9	No new dedicated DCI format is introduced for power savings signal in active time.
Observation	 If needed (i.e., after further RAN1/RAN discussions), additional bits indicating power savings information can be added to scheduling DCI.
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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 %





Annex B
Agreements from RAN1#96bis related to Power savings signal
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 deemded 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
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