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1. Introduction
According to the WID agreed in RAN 84 and RAN 85 [1], the scope of the UE power saving is given as the following:
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
2) Specify the power saving techniques of UE adaptation to the maximum number of MIMO layers [RAN1, RAN2, RAN4]
a) Specify configuration of a different MIMO layer configuration of the initial/default BWP compared with other BWPs of a Serving Cell.  [RAN2, RAN4]
i) Discuss whether to also extend this to define per-BWP MIMO layer configuration [RAN1, RAN2] 
b) Evaluate if switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers are needed and which case assuming a relationship between the number of RF ports and the MIMO layer configuration [RAN4]
NOTE: Switching on/off the RF is part of the evaluation
4) Specify, if agreed, the mechanism to provide UE assistance information [RAN2, RAN1]:
· Study and select among the following UE assistance information for RAN2 by RAN#85:
power preferred information (baseline LTE PPI in a well-defined manner) and UE's preference on C-DRX, BWP and SCell configuration [RAN2].
NOTE: additional UE assistance information for RAN1-specific power saving techniques to indicate what setting of parameters related to this Work Item will lead to power savings for the UE can be included if agreed in RAN1.  
Note: 
The following objective may be considered in RAN#85 pending progress on SCell dormant behaviour and will be re-evaluated in RAN#85
· Study and specify (if agreed) power saving techniques to reduce PDCCH monitoring on activated SCells for CA and DC (EN-DC in particular).  
· Solutions (e.g. power saving signal/channel, enhancing Rel-15 DRX procedure) are to be discussed
· Enhancements to Rel-15 DRX procedure can be studied further if they do not violate the general principle of single DRX configuration per MAC entity
Based on the agreements made in RAN1 98 meeting, we will further discuss the detailed functions to trigger power saving characteristics and related signal/channel design in this contribution.
2. [bookmark: _Ref498564494]Power saving signal/channel design
In UE power saving SI stage, several power saving techniques are proposed, and power saving gain are shown by many sources, which are summarized in TR [2]. According to the WID [1], the power saving signal should be based on PDCCH. In this section, the following aspects to design of PDCCH-based power signal/channel are discussed.
· Power saving PDCCH design
·  CORESET/search space design
·  TCI states for Power saving PDCCH
·  DCI size alignment
· UE behaviors in monitoring power saving PDCCH
·  Default behavior if WUS not detected
·  Other procedures that impacted by power saving PDCCH
1. 
2. 
[bookmark: _Hlk521582650]As discussed in previous meetings, the wake up PDCCH is monitored before the DRX on duration to avoid unnecessary PDCCH monitoring. For PS-PDCCH, it would be preferred if this new PDCCH itself can be monitored with less power consumption and high reliability. Bearing in mind the aforementioned requirements and principles, we will further discuss the detailed design of power saving PDCCH in this contribution.
Functions of the wake up PDCCH
As summarized in TR 38.840, when CDRX is configured, 8%-50% power saving gain can be achieved by wake-up signal/channel for CDRX compared to the existing behavior. Besides, other power saving characteristics, e.g. MIMO layer adaptation and cross/same-slot scheduling, have also been included in scope of UE power saving WI. 
In [3], it has been agreed that UE should monitor WUS at a known offset before on duration of C-DRX. The offset of the monitoring occasions can be configured by search space sets using Rel-15 diagram or by a time offset to the DRX on duration. To take advantage of the offset between WUS and DRX on duration, other power saving characteristics can be triggered to further reduce the UE power consumption, the triggering information can be delivered by the DCI in wake up PDCCH simultaneously. Besides, to make a full usage of the transmitted DCI bits, i.e., at least 12bits in the wake up PDCCH, it is reasonable to include other DCI fields triggering different kind of power saving characteristics. Triggering signal for the following functions, which may need additional time before new behavior taking effect, can also be delivered in wake up PDCCH.
· BWP switching
As discussed in Rel-15, interruption time is needed for DCI based BWP switching. With the offset between WUS and on duration introduced, UE can monitor WUS in a narrow bandwidth by implementation. When traffic arrives, another BWP, e.g., larger bandwidth in order to accommodate traffic arrival, can be used. 
· Alt 1: PDCCH-based power saving DCI carriers indication to trigger UE monitoring in a wider BWP
such that the transmission of data can be finished in a short duration of time. In this case, the switching time can be included in the offset period. 
· Alt 2: RRC configured a default BWP for UE wake-up
Alternatively, BWP switching can be automatically triggered once the UE is indicated to be “wake-up”, where the default “wake-up” BWP in on duration of CDRX is configured by RRC. In such case, no DCI field is needed for indication of the BWP after wake-up. Compared to Alt 1, one of the pros is that Alt 2 can avoid any ambiguities for the UE which BWP should be used when UE miss WUS.
· MIMO layer adaptation
Besides, as agreed in [3], the MIMO layer adaptation can be realized based on BWP switching diagram. Once UE is indicated that MIMO layer is changed, UE may need to switch on/off the RF port at receiver. In this case, not only the BWP switching delay, but also the potential interruption caused by UE RF port on/off switching can be covered by the time offset between WUS and DRX on duration.
· Indication of cross/same slot scheduling
As discussed in our companion paper [4], cross-slot/same-slot scheduling can also be delivered with the wake up PDCCH to further facilitate UE power saving in the CDRX on duration. Network can indicate whether cross slot scheduling is enabled during the upcoming DRX on duration based on the traffic load, service type, etc., and UE can adapt the receiver for DRX on duration in advance. Besides, as agreed in [1], when UE is indicated by L1-based signaling in slot n to change the minimum applicable value(s) of K0 and/or K2, UE is not expected to apply the new indicated minimum applicable value in a certain time duration after slot n. 
· Indication of Scell dormancy/non-dormancy state
As discussed in RAN 85 [5], Scell dormancy/non-dormancy state transition can be specified in MR/DC, and the state transition triggered by power saving PDCCH can be considered. As agreed by RAN2, the power saving PDCCH are monitored only on Pcell of MCG and PScell on SCG. In this case, dormancy/non-dormancy state transition for Scells can be indicated in the PS-PDCCH transmitted in SPcells when DRX is configured.
As discussed in the companion paper [6], for a Scell in dormant state, UE will perform only PDCCH monitoring with relatively long periodicity and CSI reporting. These activities are proceeded only during DRX active time. In the DRX off period, UE is unlikely to keep the RF chain activated for multiple serving cells, when CA is configured and at least one of the Scells are activated. In this case, after UE detect the DCI indicating of state transition, processing delay is also needed to retune RF chain before UE is wake up for multiple serving cells.
Note that, the switching period after UE detect the WUS depends on the behaviors UE need to perform after wake up and also depends on UE capability. For example, the minimum switching time for wake up with/without indication of BWP switching or Scell (non)dormancy state transition may be different. UE can report the preferred offset for different cases to network. Long time offset between WUS and on duration should be allowed by configuration.
[bookmark: OB1]Observation 1: The interruption time cause by BWP switching, MIMO layer adaptation, Scell activation and cross-slot/same-slot scheduling adaptation could be covered by the time offset between power saving PDCCH and DRX on duration.
[bookmark: PP1]Proposal 1: The following behaviors for upcoming DRX on duration can be explicitly/implicit indicated in power saving PDCCH
· BWP switching
· Adaptation MIMO layer implicitly derived by BWP switching 
· Indication of Scell dormancy/non-dormancy state
· Adaptation of cross/same slot scheduling
[bookmark: PP2]Proposal 2: For BWP switching triggered by detection of power saving PDCCH, following alternatives can be considered.
· Alt 1: Power saving PDCCH carries indication to trigger UE monitoring in a wider BWP
· Alt 2: RRC configured a default BWP for UE wake-up
Based on the discussion above, the following bit field maybe needed for power saving PDCCH if configured, as shown in Table 1. 
[bookmark: _Ref16629875]Table 1  DCI content for power saving PDCCH
	DCI field 
	Function
	Number of bits

	WUS/GTS
	1: wake up
0: go to sleep
	1

	BWP indicator
(MIMO layer adaptation)
	Indication of BWP switching, and may implicitly indicate MIMO layer adaptation.
	2 or 0 

	Scell dormancy/non-dormancy state transition
	To indicate the dormancy/non-dormancy state of each Scell.
	Number of Scells or Scell groups

	TDRA table/k0 indication
	Dynamically enable/disable cross slot scheduling
	1


CORESET for power saving PDCCH
In previous RAN1 meetings, the following agreements and working assumptions are made on CORESET for power saving PDCCH.
	Agreements (RAN1 #97):
· The CORESET for the PDCCH-based power saving signal/channel outside Active Time can be configured to index to at least one of the CORESET(S) configured for other PDCCH monitoring 
· FFS whether the indexed CORESET can be exclusively used by the PDCCH-based power saving signal/channel (i.e., not be used for other PDCCH monitoring) 
· FFS whether or not to increase the number of CORESETs relative to that in Rel-15
· FFS whether or not a BWP is dedicated for PDCCH-based power saving signal/channel
Agreements (RAN1 #97):
· 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
Agreements (RAN1 #98):
· The maximum number of CORESETs for PDCCH-based power saving signal/channel outside Active Time is no larger than the max number that can be configured inside Active Time. 
Working assumption (RAN1 #98):
UE monitors the PDCCH-based power saving signal/channel outside Active Time being configured on the active BWP in an active cell. 


Typically, the CORESET resources for PDCCH monitoring are shared by multiple UEs, which may lead to PDCCH blockage for cells with high load. If the PS-PDCCH is not transmitted due to PDCCH blockage, UE may not wake up which may bring about unexpected traffic delay. As already agreed in previous meetings, the power saving PDCCH is not monitored during DRX active time. Thus, the monitoring occasions for PS-PDCCH and legacy PDCCHs are seperated in time. In Rel-15, UE is capable of monitoring PDCCH in up to three CORESETs. Since PS-PDCCH monitoring is not performed cocurrently with other PDCCH, the PS-PDCCH can be configured in up to 3 additional CORESETs. No new capability is needed compared with Rel-15 UE.
Besides, the CORESET for WUS can be confined in a narrow bandwith to further limit the power consumed on PS-PDCCH monitoring. UE can stay in narrow bandwidth for WUS monitoring, and switch to the target BWP once WUS is detected. As mentioned earlier, the switching process and be contained in the time duration between WUS and DRX on duration.
In the case of FR2 or multiple TRPs scenario, UE may be configured to monitor PDCCH in multiple beams. In the active DL BWP, UE can be configured with up to 3 CORESETs, and each coreset have an active TCI state indicated by RRC signaling and activated by MAC-CE. When DRX is configured in FR2, UE may lose fine beam tracking after long DRX cycle. In order to ensure the detection performance of PS-PDCCH, it can be transmitted in beam sweaping manner, like paging in idle state, UE need to monitor PS-PDCCH assuming different TCI states at different monitoring ocassions, as illustrated in Figure 1.


[bookmark: _Ref20746524]Figure 1  Different QCL assumptions for power saving PDCCH monitoring in multiple monitoring ocassions
UE can determine the QCL properties for the CORESETs outside DRX active time using the active TCI states of CORESETs in active time by predefined association, e.g. UE monitors PS-PDCCH in each CORESET out of active time using the QCL assumptions identical to the active TCI states of the configured CORESETs in the active BWP in ascending order of the CORESET index. Alternatively, the association can be indicated by RRC signaling.
[bookmark: PP3]Proposal 3: Up to [3] CORESETs per BWP can be configured for power saving PDCCH, in addition to the CORESETs monitored in the active time. 
[bookmark: PP4]Proposal 4: QCL properties of CORESETs for PS-PDCCH can be associated with the active TCI states of the CORESETs monitored inside active time. The association can be predefined or indicated by RRC signaling.
For UE monitoring PS-PDCCH in different CORESETs with independent active TCI states in FR2, UE is not be able to monitor PDCCH in different CORESET simultaneously, due to incapble of apply two spatial Rx parameter at the receiver. In this case, the PS-PDCCH monitoring in different CORESETs should be configured in TDM manner, different time offset between the monitoring occasions with different QCL assumptions and DRX onduration should configured by the search space sets on the CORESETs.
[bookmark: PP5]Proposal 5: Multiple search spaces on multiple CORESETs should be supported for power saving PDCCH.
Search space vs offset to DRX On Duration
In last RAN1 meeting, following conclusion has been made on how the monitoring occasions for power saving PDCCH are configured.
	Conclusion:
[bookmark: OLE_LINK1]For next meeting, down select the following two alternatives: The configuration of the offset of the PDCCH-based power saving signal/channel  
· [bookmark: _Hlk20477248][bookmark: _Hlk20483342]Alt1: Dedicated configuration with offset relative to the beginning of DRX ON
· Alt2: The Offset is based on search space configuration
· FFS: whether this applies to long DRX only or long/short DRX.


As discussed in [3], UE may need to perform periodic activities, e.g. time and frequency tracking, RRM measurement and AGC retuning, especially after deep sleep before wake up. In NB-IoT, this issue does not exist since UE can perform AGC tuning and RRM measurement based NRS, power efficient timeline can be expected. In NR, UE may need to process both SSB and PS-PDCCH, even if UE is not indicated to wake up for the next DRX occurrence. Therefore, the overall power consumption is impacted by timeline of SSB reception, PS-PDCCH monitoring and potential processing during DRX active time if WUS detected. Configuration of PS-PDCCH monitoring occasions should take UE processing timeline into consideration. 
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]In Rel-15, the periodicity supported for long DRX cycle, SSB and PDCCH monitoring are given in Table 2. We can observe from the table that periodicity of SSB and DRX cycle can be configured independently, and one maybe not integer multiple of the other. While the PDCCH monitoring periodicity, if configured adequately, can be very well aligned with any SSB periodicity. Therefore, the time offset between SSB and PDCCH monitoring occasions can be fixed in every SSB transmission cycle. However, fixed time offset between PDCCH monitoring occasion and DRX on duration cannot be guaranteed for some DRX cycle configurations.
[bookmark: _Ref20871923]Table 2  Periodicity of DRX cycle and PDCCH monitoring
	
	Supported periodicity

	SSB periodicity(ms)
	5, 10, 20, 40, 80, 160

	Long DRX cycle (ms)
	10, 20, 32, 40, 60, 64, 70, 80, 128, 160, 256, 320, 512, 640, 1024, 1280, 2048, 2560, 5120, 10240

	PDCCH monitoring periodicity (slots)
	1, 2, 4, 5, 8, 10,16, 20, 40, 80, 160, 320, 640, 1280, 2560


According to the power model in [2],	 for “PDCCH-only” and “SSB or CSI-RS processing” concurrent in a slot, the slot-averaged power consumption is 0.85 times sum of power consumption for each behaviour, at least for FR1. Thus, the relative power of PS-PDCCH monitoring and SSB processing is 0.85*(100+100) = 170, which will minimize UE power consumption. Besides, the power consumption is also impacted by time gap between non-contiguous UE reception behaviour, since deep/micro/light sleep and corresponding state transition leads to different power consumption. Frequent switching between “wake-up” state and “sleep” state is not expected from power consumption perspective. For traffic with low data arrival rate, the monitoring occasions for WUS are configured in SSB slots or near SSBs to be measured, where SSB processing and PDCCH monitoring can be finished is a short duration, can be more power efficient compared with the monitoring occasions close to DRX on duration but far away from SSB occasions in time. 
Assuming SSB periodicity is 40ms and DRX cycle is 60ms, SSB periodicity cannot be divided by DRX cycle. As shown in Figure 2, for Alt-1 where WUS monitoring occasions are configured relative to DRX on duration, the time interval between WUS and DRX on duration is fixed, while the interval between SSB and WUS alters every DRX cycle. As for Alt-2, the time interval between SSB and WUS is fixed with proper configuration, but the time interval between SSB and DRX on duration changes every DRX cycle.


[bookmark: _Ref20924067][bookmark: _Ref20928366]Figure 2  illustration of the processing timeline for two alternatives.
We evaluated these two alternatives through numerical analysis based on the power model agreed in SI stage [2]. The detailed simulation assumptions and results are shown in Table 3.
Table 3  Power consumption comparison between Alt1 and Alt2
	Mean inter-arrival time 

              Alt 2/Alt 1

WUS 1/2 offset (slot)
	FTP 3 (200ms)
	FTP 3 (2 sec)

	5
	0.827
	0.746

	10
	0.825
	0.753

	15
	0.812
	0.744

	Average power saving gain of Alt2
	[bookmark: _Hlk20765757]17.8%
	[bookmark: _Hlk20766438]25.2%

	Traffic model: FTP3 (0.1 Mbytes, mean arrival interval 200 ms or 2sec)
SSB periodicity = 40ms
C-DRX cycle = 60ms Onduration = 4ms and inactivity timer = 4ms
WUS 1 of Alt 1: periodicity of WUS is the same as C-DRX cycle, i.e. 60ms, offset relative to the beginning of DRX ON = 5/10/15 slots, duration = 1 slot.
[bookmark: _Hlk20817764]WUS 2 of Alt 2: periodicity of WUS monitoring is same as SSB periodicity i.e. 40ms, offset relative to the beginning DRX ON = 5/10/15 slots, duration = 1 slot. 


Based on the evaluation above, non-negligible power saving gain can be achieved if the monitoring occasions of WUS is configured using Alt-2. With sparser traffic arrival rate, the power saving gain can be even more obvious.
[bookmark: OB2]Observation 2: Based on the evaluation with FTP 3 traffic model, Alt 2 can achieve 17.8% - 25.2% power saving gain compared with Alt 1. More power saving gain can be achieved with lower traffic arrival rate.
[bookmark: PP6]Proposal 6: Alt-2, i.e. time offset between monitoring occasions of PS-PDCCH configured by search space set(s), should be adopted.
As illustrated in Figure 2, there may be more than one monitoring durations in the DRX cycle if the periodicity of PDCCH monitoring is shorter than DRX cycle. Besides, as shown in table 1, the maximum periodicity of PDCCH monitoring is 2560 slots, while the maximum DRX cycle is 10240ms, which means there may be multiple PDCCH monitoring durations in a DRX cycle if the DRX cycle is far greater than 2560 slots. As shown in Figure 3, there are multiple monitoring durations for WUS PDCCH in long DRX cycle. If the periodicity of WUS PDCCH monitoring configured is too short, the WUS PDCCH may need to be monitored quite frequently during the DRX off period.


[bookmark: _Ref16632785]Figure 3 Valid WUS monitoring occasion when DRX cycle is multiple of PDCCH monitoring periodicity
For above cases, there may be not a few monitoring durations for PS-PDCCH configured by search space, where at least one slot is included in each duration. To avoid unnecessary PDCCH monitoring across the whole DRX cycle, UE only monitors the WUS PDCCH in the monitoring duration, closest to DRX on and T slots before DRX on, where T is the minimum time interval between WUS and DRX on, as discussed in section 2.1. UE can derive the valid monitoring occasions from DRX and search space configuration implicitly.
[bookmark: PP7]Proposal 7: If multiple PS-PDCCH monitoring durations are configured per DRX cycle by a search space configuration, UE monitors PS-PDCCH in the monitoring duration which is closest to next DRX ON Duration and T slots before DRX ON Duration.
Multiple monitoring occasions for power saving PDCCH 
In RAN1 98 meeting, the following working assumption are made:
	Working assumption:
· More than one monitoring occasion can be configured within a slot or multiple slots before the DRX ON


WUS PDCCH is transmitted due to data arriving in the following DRX on duration. UE will skip the PDCCH monitoring in the DRX on duration if WUS PDCCH is not detected. If UE failed to detect the WUS PDCCH, it will lead to longer traffic delay.
To guarantee detection performance of wake up PDCCH and reduce detection failure, WUS can be transmitted several times before DRX on duration, and multiple monitoring occassion can be configured for WUS monitoring. However, it is up to network to transmit once or multiple times for wake up signaling. Similar design has been adopted in NB-IoT WUS design. Therefore, it is nature to support configuring multiple monitoring occasions for WUS before C-DRX onduration.


Figure 8 : Multiple monitoring ocassions for WUS
[bookmark: PP8]Proposal 8: Confirm the working assumption that multiple monitoring occasions for power saving PDCCH can be configured within a slot or multiple slots before the DRX ON.
Whether UE specific PS-PDCCH is supported
In previous meetings, following agreements have been made on search space configuration for power saving PDCCH.
	Agreements (RAN1 #97):
The indication of at least one power saving technique(s) is supported at least by the enhancement of existing scheduling DCI formats with additional field(s), if any, and/or repurposing the existing field(s), if identified, when UE is in the Active Time.     
· It applies to UE-specific search space.  
· It is FFS for the common search space.
· The at least one power saving technique(s) includes at least “Cross-slot scheduling”
· FFS: Which existing DCI formats includes the power saving information
· Whether power saving information is not included in the fallback DCI(s) (e.g., DCI format 0_0, DCI format 1_0)
· Use of non-scheduling DCI formats.
· It is FFS which field(s) is used to be repurposed for the indication of the power saving technique if the repurpose of existing field(s) is used.
· FFS: New DCI format with size aligned with existing DCI format
Agreements (RAN1 #98):
· The new DCI format for power saving signal/channel is configured to be monitored at least in CSS.  
· FFS for UESS


In traditional PDCCH design, the DCI format for group common and UE specific PDCCH are predefined. For group common PDCCH, UE can be configured to monitor a subset of the bits in the DCI, and the indications for multiple UEs can be contained in the same DCI. 
For power saving PDCCH before DRX on duration, multiple power saving characteristics can be triggered at the same time. Since each UE may be configured with different combination of functions and power saving characteristics depending on network configuration, traffic type and UE capability, etc. Therefore, each UE may be configured to monitor a different subset of the bits in the DCI with different bit location, length and field mapping, as shown in Figure 4. When only limited number of bits are needed for each UE, packet the indication in the group common PDCCH can save the system overhead. UE only need to monitor the bits configured for the UE, and the bit fields not configured for this UE should be ignored after the DCI successfully decoded. Different from traditional DCI format, in which the DCI field is predefined, the DCI field of power saving PDCCH can be semi-statically configured by RRC signaling.


[bookmark: _Ref16625742][bookmark: _Ref16625697]Figure 4: RRC configured DCI format for power saving PDCCH
[bookmark: PP9]Proposal 9: The DCI field, including bit length, locations and corresponding functions in group common power saving PDCCH, can be configured by RRC signaling.
If the wake-up indication is delivered by group common PDCCH, when a UE is not intended to be wake up, it may still detect the PDCCH since the PDCCH is intended for other UE(s) in the group. In this case, there should be an explicit bit or code points indicating that UE does not need to wake up or adapt nay behaviors for the upcoming CDRX on duration.
[bookmark: PP10]Proposal 10: Explicit bit or code point should be defined in a group common to indicate UE not to wake up or adapt any behaviors for the upcoming DRX on duration.
Group DCI can carry information for a group of UE which can save PDCCH overhead. And it is efficient to be included in one PDCCH which targets to accompany with some group-specific or cell-specific transmission, e.g., SSB, CSI-RS or a DRX boundary in which a group of UE has the same period and offset configuration. UE-specific DCI is also useful.  In order to minimize system overhead, UE detection of the presence/absence of the PDCCH should indicate whether UE wake-up or not for the next DRX cycle. UE-specific DCI can carry more information compared to group DCI.
Same DCI design framework for both Group DCI and UE-specific DCI can be considered, one possible solution is that all bits in a DCI can be allocated to a single UE in a group common PDCCH through network implementation. Considering the fact that the search space and PS-RNTI is UE specifically configured, and the DCI bits are not shared with other UEs, such PDCCH is almost equivalent to a UE specific PDCCH. 
[bookmark: PP11]Proposal 11: UE specific power saving PDCCH can be supported in group common PDCCH diagram.
If the number of bits UE need to monitor is limited, e.g. less than 6, UE can treat the PDCCH decoding as sequence detection, when UE is fully aware of the state of padding bits that UE does not need to monitor. As discussed in [7], the sequence detection can achieve low miss-detection rate with low detection complexity. To take advantage of sequence based PDCCH receiver, in addition to bit length, locations and corresponding functions in group common PS-PDCCH, UE should be aware of the DCI in the detected PDCCH is dedicated for the single UE, and not multiplexed with power saving signal of other UEs, which can also be indicated in PS-PDCCH configuration in RRC signaling.
[bookmark: PP12]Proposal 12: To improve the detection reliability of group common power saving DCI for a single UE, UE should be indicated whether the power saving DCI is shared with other UEs. 
[bookmark: PP16]DCI size budget
In Rel-15, UE is only required to monitor PDCCH with no more 4 different DCI sizes, and up to 3 DCI sizes with C-RNTI. With the introducing of power saving PDCCH, the DCI size alignment should be further considered in the DCI format design.
For wake up PDCCH, it is monitored before the DRX on duration, which means it will not be monitored at the same time instance as other PDCCH with UE specific RNTI during DRX active time, only one DCI size is monitored if the SI, paging PDCCH is not considered. In this case, it is not necessary to align the DCI size of WUS with other DCIs. On the other hand, the detection performance for power saving PDCCH is expected to be more reliable compared with other PDCCH, a shorter DCI size would be preferred to achieve a low code rate to ensure high detection reliability for WUS. 
[bookmark: PP13]Proposal 13: The power saving DCI is only monitored outside active time. The size budget of power saving DCI is not restricted by the existing DCI size budget (3+1) in Rel-15 which is used in Active Time.
Blind decoding limitations for power saving PDCCH monitoring
To further limit the power consumptions, the number of blind decodings can be reduced with limited number of aggregation levels and limited number of PDCCH candidates. For example, based on network configuration for the search space, only AL4 and AL8 need to be monitored, and only 4 and 2 PDCCH candidated need to be monitored for the 2 ALs respectively, which is similar to the configuration for SFI PDCCH monitoring.
[bookmark: PP14]Proposal 14: Limited number of aggregation levels and PDCCH candidates can be indicated in the search space configuration for power saving PDCCH, like SFI PDCCH.
Default behavior if power saving PDCCH not detected
In previous meetings, one issue has been raised that what is default behavior if UE does not detect the power saving PDCCH. It has been proposed by some companies that UE has to wake up to monitor PDCCH to avoid traffic delay if PS-PDCCH is not detected. 
However, the following agreements are made in RAN2 #107,
	Agreements:
1.	The PDCCH-WUS triggers a MAC entity to “wake up” to monitor PDCCH at reception of the PDCCH-based power saving signal/channel for the next occurrence of the drx-onDurationTimer. 
2.	The PDCCH-WUS is considered jointly with DRX i.e. it is only configured when DRX is configured.
3.	The PDCCH-WUS is monitored at occasions located at a configured offset before the start of the drx-onDurationTimer. The offset is part of physical layer design.
4.	On a PDCCH-WUS occasion that a UE is monitoring, if the UE is indicated to wake-up to monitor the PDCCH during the next occurrence of the drx-onDurationTimer, the UE starts the drx-onDurationTimer at its next occasion. Otherwise it does not.
5.	From RAN2 point of view the UE does not monitor WUS during active time.
6.	If UE is in DRX Active Time during a PDCCH-WUS occasion, it starts the drx-onDurationTimer at its next occasion as in legacy.


Based on the agreements made by RAN2, if UE does not detect the PDCCH delieverying WUS, UE will not start the drx-onDurationTimer. Hence, UE will not wake up to monitor PDCCH. 
[bookmark: OB3][bookmark: _GoBack]Observation 3: According to RAN2 agreements, UE does not start the drx-OnDurationTimer (no PDCCH monitoring, no CQI reporting) if PS-PDCCH is not detected before DRX OnDuration.
Impact to non-scheduled UL transmissions
In [9], it has beed discussed that whether the non-scheduled UL transmission, e.g. CSI report, SR, PRACH, and SPS/configured grant, are affected by the power saving PDCCH. In this section, we will further analyse the impact to these UL transmissions after power saving PDCCH introduced.
·  CSI report/SRS transmission
According to TS 38.321 [10], the periodic and semi-persistent CSI reporting/SRS transmission are only transmitted during DRX active time in Rel-15, quoted as follows
	1>	in current symbol n, if the MAC entity would not be in Active Time considering grants/assignments/DRX Command MAC CE/Long DRX Command MAC CE received and Scheduling Request sent until 4 ms prior to symbol n when evaluating all DRX Active Time conditions as specified in this clause:
2>	not transmit periodic SRS and semi-persistent SRS defined in TS 38.214;
2>	not report CSI on PUCCH and semi-persistent CSI on PUSCH.


Furthermore, as agreed by RAN2, if UE does not detect the PDCCH delieverying WUS, UE will not start the drx-onDurationTimer. If drx-onDurationTimer is not started, UE would not be in active time. Thus, the periodic and semi-persistent CSI reporting/SRS transmission are also omitted if wake up signalling is not indicated.
[bookmark: OB4]Observation 4: Based on RAN2 agreements, periodic and semi-persistent CSI reporting/SRS transmission are also omitted if wake up signalling is not indicated.
·  Scheduling request/PRACH/Configured grant
Based on in TS 38.321 [10], the definition of DRX active time have already take SR procedure in to consideration, as shown in the following text
	When a DRX cycle is configured, the Active Time includes the time while:
-	drx-onDurationTimer or drx-InactivityTimer or drx-RetransmissionTimerDL or drx-RetransmissionTimerUL or ra-ContentionResolutionTimer (as described in clause 5.1.5) is running; or
-	a Scheduling Request is sent on PUCCH and is pending (as described in clause 5.4.4); or
-	a PDCCH indicating a new transmission addressed to the C-RNTI of the MAC entity has not been received after successful reception of a Random Access Response for the Random Access Preamble not selected by the MAC entity among the contention-based Random Access Preamble (as described in clause 5.1.4).


After SR is sent on PUCCH, and SR is pending, the UE remains in DRX active time. The SR pending will be cancelled after BSR are transmitted or reception of UL grant can accommodate all pending data available for transmission. Therefore, the SR procedure is not impacted by DRX active time and power saving PDCCH.
Besides, in MAC specification, both PRACH and configured grant transmission procedures are not impacted by DRX timer, and would not be impacted after power saving PDCCH introduced.
[bookmark: OB5]Observation 5: SR/PRACH/Configured grant transmissions are not impacted by power saving PDCCH.
Note that, the above-mentioned UL transmission procedure is controlled by MAC entities, and power saving signal is used to trigger MAC entity whether to start DRX OnDurationTimer and monitor PDCCH. Therefore, impact between power saving procedure and the above mentioned procedures should be discussed in RAN2, no action is needed in RAN1.
 Related RRC parameters
Based on the discussion above, the related RRC parameters that could be introduced are summarized in following table.
	Parameter Name
	RAN1 spec / section
	(New) values
	New R16 vs extension of R15
	Per (UE, cell, TRP, …)
	Broadcast/
dedicated
	Description
	RAN2 spec
	Config restriction (if any)
	Relevant agreement / working assumption

	SearchSpacePS
	38.213
	
	New
	Per BWP
	dedicated
	ID(s) of Search Space set(s) for PDCCH-based power saving PDCCH
	38.331
	
	

	ControlResourceSetPS
	38.213
	
	New
	Per BWP
	dedicated
	ID(s) of CORESET(s) for PDCCH-based power saving PDCCH
	38.331
	
	

	DCI-PayloadSize 
	38.213
	INTEGER (12..maxPS-DCI-PayloadSize)

	New
	Per BWP
	dedicated
	Indication of DCI size for power saving PDCCH
	38.331
	
	

	PSpositionInDCI
	38.213
	INTEGER (0..maxPS-DCI-PayloadSize-1)
	New
	Per BWP
	dedicated
	The (starting) position (bit) of the power saving DCI for this BWP in the DCI payload
	38.331
	
	

	PScontentSharing
	38.213
	ENUMERATED {true}
	New
	Per BWP
	dedicated
	Indicting whether the DCI is shared with other UEs
	38.331
	
	

	defaultBWPafterWakeup
	38.213
	INTEGER (0..maxNrofBWPs)
	New
	Per carrier
	dedicated
	Indicate UE the default BWP for after wake up signal detected
	38.331
	
	

	maxMIMO-Layers 
	38.213
	INTEGER (1..8)
	New
	Per BWP
	dedicated
	Indicates the maximum MIMO layer to be used for PDSCH in each BWP
	38.331
	
	

	PS-RNTI
	38.213
	RNTI-value
	new
	Per UE
	dedicated
	Power saving RNTI used for CRC scrambling of PDCCH based power saving signal/channel
	38.331
	
	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
•The CRC of new DCI format for power saving signal/channel is scrambled by PS-RNTI outside active time

	minimumSchedulingOffset
	38.213
	TBD
	new
	Per BWP
	dedicated
	For a DL BWP, one parameter with up to two configured values (Minimum K0).

For an UL BWP, one parameter with up to two configured values (Minimum K2).

For a DL BWP, the Minimum K0 parameter denotes minimum applicable value(s) for the TDRA table for PDSCH and for A-CSI RS triggering Offset(s).

For an UL BWP, the Minimum K2 parameter denotes minimum applicable value(s) for the TDRA table for PUSCH.

	38.331
	
	To adapt the minimum applicable value of K0 (K2) for an active DL (UL) BWP for the carrier where PDSCH(PUSCH) is transmitted, the following is supported:
· One or two RRC configured values for restriction to the active TDRA table 
· RRC configuration is per BWP 
· If there are one or two RRC configured values for a BWP, 1-bit indication to indicate one value from two candidate values
· For the case of one RRC configured value, the 1-bit indication further indicates whether or not there is no restriction to the active TDRA table
The 1-bit indication in DCI format 1_1 or format 0_1 is used to jointly determine the minimum applicable K0 for the active DL BWP and the minimum applicable K2 value for the active UL BWP, which are to be applied at least after the application delay.



3. Conclusion
In this contribution, we focus on the power saving characteristics and the corresponding PDCCH design, and have the following proposals:
Observation 1: The interruption time cause by BWP switching, MIMO layer adaptation, Scell activation and cross-slot/same-slot scheduling adaptation could be covered by the time offset between power saving PDCCH and DRX on duration.
Proposal 1: The following behaviors for upcoming DRX on duration can be explicitly/implicit indicated in power saving PDCCH
· BWP switching
· Adaptation MIMO layer implicitly derived by BWP switching 
· Indication of Scell dormancy/non-dormancy state
· Adaptation of cross/same slot scheduling
Proposal 2: For BWP switching triggered by detection of power saving PDCCH, following alternatives can be considered.
· Alt 1: Power saving PDCCH carries indication to trigger UE monitoring in a wider BWP
· Alt 2: RRC configured a default BWP for UE wake-up
Proposal 3: Up to [3] CORESETs per BWP can be configured for power saving PDCCH, in addition to the CORESETs monitored in the active time. 
Proposal 4: QCL properties of CORESETs for PS-PDCCH can be associated with the active TCI states of the CORESETs monitored inside active time. The association can be predefined or indicated by RRC signaling.
Proposal 5: Multiple search spaces on multiple CORESETs should be supported for power saving PDCCH.
Observation 2: Based on the evaluation with FTP 3 traffic model, Alt 2 can achieve 17.8% - 25.2% power saving gain compared with Alt 1. More power saving gain can be achieved with lower traffic arrival rate.
Proposal 6: Alt-2, i.e. time offset between monitoring occasions of PS-PDCCH configured by search space set(s), should be adopted.
Proposal 7: If multiple PS-PDCCH monitoring durations are configured per DRX cycle by a search space configuration, UE monitors PS-PDCCH in the monitoring duration which is closest to next DRX ON Duration and T slots before DRX ON Duration.
Proposal 8: Confirm the working assumption that multiple monitoring occasions for power saving PDCCH can be configured within a slot or multiple slots before the DRX ON.
Proposal 9: The DCI field, including bit length, locations and corresponding functions in group common power saving PDCCH, can be configured by RRC signaling.
Proposal 10: Explicit bit or code point should be defined in a group common to indicate UE not to wake up or adapt any behaviors for the upcoming DRX on duration.
Proposal 11: UE specific power saving PDCCH can be supported in group common PDCCH diagram.
Proposal 12: To improve the detection reliability of group common power saving DCI for a single UE, UE should be indicated whether the power saving DCI is shared with other UEs. 
Proposal 13: The power saving DCI is only monitored outside active time. The size budget of power saving DCI is not restricted by the existing DCI size budget (3+1) in Rel-15 which is used in Active Time.
Proposal 14: Limited number of aggregation levels and PDCCH candidates can be indicated in the search space configuration for power saving PDCCH, like SFI PDCCH.
Observation 3: According to RAN2 agreements, UE does not start the drx-OnDurationTimer and monitor PDCCH if PS-PDCCH is not detected before DRX OnDuration.
Observation 4: Based on RAN2 agreements, periodic and semi-persistent CSI reporting/SRS transmission are also omitted if wake up signalling is not indicated.
Observation 5: SR/PRACH/Configured grant transmissions are not impacted by power saving PDCCH.
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