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1. [bookmark: _Toc120549591]Introduction
At RAN1 #98bis meeting [1], new DCI format 3_0 was agreed for WUS PDCCH. There were also other agreements about monitoring occasions and DCI fields. 
Agreements:
A new DCI format 3_0 is introduced for providing the indication of power saving information used outside Active Time in Rel-16

Agreements:
Terminology of PDCCH-based power saving signal/channel outside Active Time is DCI with CRC scrambled by PS-RNTI 
Note PS-RNTI is monitored only outside Active Time in Rel-16
In this contribution, the remaining issues such as WUS PDCCH monitoring occasion, DCI format 3_0 design and DCI contents, etc., will be discussed.
2. Design of WUS PDCCH
2.1. Detection performance and payload size
The miss detection probability is a very important aspect, which needed to be taken into account in WUS PDCCH design. The common understanding in SI phase was that 0.1% miss detection probability should be considered in the design of WUS PDCCH. Regarding this, the following was agreed in RAN1#98bis meeting,
Agreements:
If a DCI format 3_0 outside Active Time is not detected by a UE, “UE wakeup or not” is configured by the higher layer signalling to address this case,
· The default is “not wake up”
In our understanding, if “UE wakeup” is configured as the behaviour when a DCI format 3_0 outside Active Time is not detected by a UE, the requirement of 0.1% miss detection probability could be relaxed in a certain extent based on network implementation. While if “UE not wakeup” is configured by the higher layer or there is no higher layer configuration regarding this, 0.1% miss detection probability should be guaranteed by setting proper DCI payload size and aggregation level. Therefore, the design of DCI format 3_0 should support configurable payload size and aggregation level to allow network control the miss detection probability based on the higher layer configuration. In Annex 1, some LLS simulations are carried out to evaluate the miss detection performance with different aggregation levels and payload sizes, and the evaluation results show that, in order to satisfy the 0.1% miss detection performance,
· for AL = 8, the required SINRs for DCI size of 12 and 6 are lower than -3.5dB. 
· for AL=16, the required SINRs for DCI size of 24,12 and 6 are lower than -4.5dB. 

Observation 1: The design of DCI format 3_0 should support configurable payload size and aggregation level to allow network control the miss detection probability based on the higher layer configuration. To satisfy the 0.1% miss detection performance, DCI size for different ALs can be designed based on the following, 
•	for AL = 8, the required SINRs for DCI size of 12 and 6 are lower than -3.5dB. 
•	for AL=16, the required SINRs for DCI size of 24,12 and 6 are lower than -4.5dB.
2.2. Monitoring occasion
In last RAN1 #98bis meeting, the following agreement was achieved, but there are still some remaining issues.
Agreements:
UE starts monitoring the PDCCH with CRC scrambled by PS-RNTI at the configured PS_offset before the start of DRX ON until the end of the configured range of monitoring.   
· The “PS_offset” is a new higher layer parameter  
· (Working assumption) the range of monitoring is derived based on existing parameters, e.g., duration and  monitoringSymbolsWithinSlot, in SearchSpace IE without any change 
· Note: the value of “range” is smaller than that of PS_offset, e.g., to ensure UE with sufficient time for preparing for PDCCH monitoring at the DRX ON
Search space is configured for the indication of monitoring DCI with CRC scrambled by PS-RNTI.
· Reuse the existing search space configuration with all or subset of parameters, e.g., the periodicity and the offset
· FFS: The restriction in the supported periodicity, the aggregation level and the number of blind decoding for the new DCI with CRC scrambled by PS-RNTI

From the above agreement, we can see that the PS_offset is configurable, which means there will be two cases, one is that the PS_offset is not configured, and the other is that the PS_offset is configured. 
· Case 1: PS_offset is not configured
For the case that PS_offset is not configured, the above agreement imply that search space is configured for the indication of monitoring DCI with CRC scrambled by PS-RNTI, and reuse the existing search space configuration with all or subset of parameters, e.g., the periodicity and the offset. However, at least some restriction should be defined regarding the periodicities can be used in this case, e.g., the periodicity in this case should be equal to or multiple of the DRX cycles. Without such kind of restriction, there might be multiple SS periodicities before DRX ON if the SS periodicity is small enough, then additional UE behaviour needs to be further defined which leads to more complexity. 
Proposal 1: For the case that PS_offset is not configured, the periodicity of search space for WUS PDCCH should be equal to or multiple of configured DRX cycle.
· Case 2: PS_offset is configured
For the case that PS_offset is configured, according to the above agreement, UE starts monitoring the PDCCH with CRC scrambled by PS-RNTI at the configured PS_offset before the start of DRX ON until the end of the configured range of monitoring. The only remaining issue is that how to define the range of monitoring. The current working assumption is that it is derived based on existing parameters, e.g., duration and monitoringSymbolsWithinSlot, in SearchSpace IE without any change. 
However, in our understanding, the current WA is not clear enough, and further clarification is needed regarding the relationship of PS_offset and the periodicity/duration/offset of the search space. Considering the PS_offset and search space are independently configured and the starting position of search space periodicity may not align with PS_offset, three different configuration cases of PS_offset, search space duration and periodicity are illustrated in Figure 1. For 1(A), the search space duration is shorter than PS_offset and the search space monitoring occasion is later than the PS_offset. For 1(B), the search space periodicity is shorter than PS_offset value which causes there are more than one search space monitoring durations until the start of DRX ON. For 1(C), the starting of search space duration is before the PS_offset.


Figure 1. Different configurations of PS_offset and search space parameters
There are two different WUS PDCCH monitoring occasion determination alternative schemes considering different definition of range of WUS PDCCH monitoring.
Alt 1: Range of WUS PDCCH monitoring equals to SS duration/monitoringSymbolsWithinSlot value without taking into account SS periodicity/offset
In this solution, the search space periodicity/offset is not used to determine the WUS PDCCH monitoring occasions and the consecutive monitoring range of WUS PDCCH is equals to search space duration as in Figure 2. If the PS_offset is configured, UE starts monitoring WUS PDCCH from the configured PS_offset for consecutive slots, which equals to the configured search space duration value, and the monitoring occasions have no relationship with search space periodicity/offset parameters.


Figure 2. Alt 1 WUS PDCCH monitoring occasions’ determination
Alt 2: Range of WUS PDCCH monitoring are determined by PS_offset and SS duration, monitoringSymbolsWithinSlot, periodicity and offset jointly
[bookmark: _GoBack]This solution is that the search space duration/periodicity/offset is used to calculate the WUS PDCCH monitoring occasions as in R15, but PS_offset is used to determine the WUS PDCCH search space starting position as illustrated in Figure 3, in which the blue part is the actual WUS PDCCH monitoring occasions. The advantage of this alternative is the commonality of the UE behaviour of UE when PS_offset is configured compared the case that the PS_offset is not configured. However, there would be other issues with this alternative, e.g., regarding Figure 3(B), is this configuration allowed or not, and if yes, what’s the motivation and benefit to support this configuration, and how to ensure UE with sufficient time for preparing for PDCCH monitoring at the DRX ON in this case. The another problem is that if the search space monitoring occasion determined by SS parameters is close to DRX ON as in Figure 4, there will be no WUS PDCCH processing time for UE.


Figure 3. Alt 2 WUS PDCCH monitoring occasions’ determination


Figure 4. WUS search space monitoring occasions is close to DRX ON
Comparing with these two alternatives, we prefer Alt 1 since it is very simple.
Proposal 2: Range of WUS PDCCH monitoring equals to SS duration/monitoringSymbolsWithinSlot value without taking into account SS periodicity/offset. 
Regarding case 1 and case 2, our understanding is that they have different applicable scenarios. If the proper SS periodicity could be selected to match the configured DRX cycle, the WUS PDCCH monitoring could be realized without PS_offset configuration. If none of the SS periodicities could match the configured DRX cycle, PS_offset should be configured.  Therefore, the current solution can avoid introducing new SS periodicity values to match the possible DRX cycle. 
Another issue is the configured value range for PS_offset. As the agreements in previous RAN1 meetings, multiple monitoring occasions are supported to WUS PDCCH considering both multiple slots and multiple occasions in one slot, which means the PS_offset should contain multiple slots. In addition, considering the TDD periodicity in NR which DL slots are in the front of one periodicity and UL slots are in the end of one periodicity, and the DRX ON boundary is usually configured aligned with the TDD periodicity boundary. That is the WUS PDCCH should be transmitted in DL slots in the front TDD periodicity before DRX ON which means the PS_offset should also contain multiple UL slots duration to guarantee the WUS PDCCH transmission occasions. 
Therefore, considering both multiple monitoring occasions and TDD periodicity, 2 slots to 20 slots are suitable configured value range for PS_offset. In order to reduce higher layer signalling overhead, some candidate values can be specified in RRC signalling, one simple way is to reuse the search space periodicity values in TS 38.331, e.g., 2 slots, 4 slots, 5 slots, 8 slots, 10 slots, 16 slots, 20 slots. 
Proposal 3: RRC configured PS_offset value range can be from 2 slots to 20 slots, and the candidate configured values can be set as e.g., 2 slots, 4 slots, 5 slots, 8 slots, 10 slots, 16 slots, 20 slots.
2.3. DCI format
As the agreement in RAN1 #98bis meeting, the DCI format 3_0 supports multiplexing of one or more UEs and the power saving information are UE-specific configured. The remaining issues is the DCI format design.
Agreements:
The new DCI of PDCCH-based power saving signal/channel outside Active Time is designed with UE-specific configured power saving information for one or more UEs .
· The new DCI format supports multiplexing of one or more UEs
· FFS: Whether the starting position and the location of the indication in the new DCI format for a specific UE is based on higher layer configuration
· FFS: Details of the DCI format design for a specific UE
· Whether new DCI format is similar to that of DCI format 2_x

There are two DCI format design solutions to support this, one is similar to DCI format 2_x, and another one is dynamic mapping of different UE’s DCI field positions.
Alt 1: Semi-static mapping of DCI field position for each UE
Alt 1 is similar to Rel-15 DCI format 2_x design, in which the higher layer signalling configures the DCI field position e.g., starting position and length in the DCI format 3_0 for each UE, and the DCI field position is fixed for each UE to simplify WUS PDCCH decoding. The biggest issue of this DCI format design scheme is the PDCCH payload size overhead, since the DCI payload size is proportional to number of UEs configured to monitoring the group-common DCI, and all the functionality fields of each UE should be contained in the DCI payload even if a UE is not indicated to wake up. 
Alt 2: Dynamic mapping of DCI field position for each UE
Another DCI format design scheme is dynamic DCI field position mapping. In this design, the front fields in DCI format 3_0 is a bitmap of “wake up or not” for each UE, and the remaining functionality fields are not necessarily to be indicated in the DCI for each UE. That means, only the UEs indicated to wake up by the bit-map need to decode the rest of DCI contents, e.g., CSI trigger and Scell dormancy, as illustrated in Figure 5. 


Figure 5. Dynamic configuration of DCI field position for each UE design for DCI format 3_0
Considering the number of waking up UEs in one DCI format, this DCI format design can use less payload size than Alt 1, for example, the bitmap can indicate 8 UEs but the DCI fields can only contain 3 UEs as in Figure 2. However, the biggest problem of this scheme is the higher layer configuration complexity of DCI field positions for each UE. In order to realize the dynamic mapping of DCI fields, higher layer need to indicate a UE not only its DCI field length but also some other UEs’. For example, for UE 0, its DCI starting position is just after the bitmap field; for UE 3, higher layer should indicate the DCI lengths of UE 0, UE 1 and UE 2 to it. As for UE 8, higher layer should indicate it all the DCI lengths from UE 0 to UE 7. One UE first decodes the bitmap field to find out which UEs have the DCI fields and then calculates its DCI position according to the DCI lengths of other waking up UEs.
Compared to Alt 1, the payload size of Alt 2 will decrease but the higher layer configuration overhead and complexity of UE decoding WUS PDCCH will increase as well. Therefore, we prefer Alt 1 to be used as the DCI format design scheme.
Proposal 4: DCI format 2_x based design is preferred for DCI format 3_0, in which the DCI starting position and length is indicated by higher layer configuration for each UE.
2.4. DCI content
In last RAN1 #98bis meeting, the “wake up” and “Scell dormancy” fields were agreed to be include in the DCI format 3_0, the only FFS is triggering CSI report.
Agreements:
For a UE, the following information can be configured to be included in the new DCI for the WUS PDCCH scrambled by PS-RNTI 
· Indication to wake up or not to wake up 
· L1 based mechanism for transitioning from ’dormancy-like’ to ’non-dormancy like’ behaviour on activated Scells,  as agreed in MR CA/DC
· FFS: Triggering -CSI-report
· FFS: whether or not the bitwidths of some or all of the above information fields can be zero
2.4.1. Triggering aperiodic CSI report before DRX ON
The following was agreed in RAN2#107 meeting:
	Agreements: 
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.



In current DRX operation procedure, UE can only measure and report CSI in DRX Active Time. The above agreement means that if the WUS PDCCH indicates UE not to monitor PDCCH during the next occurrence of the drx-onDurationTimer, UE will not report CSI in the next whole DRX cycle since it will not start the drx-onDurationTimer and not enter DRX Active Time. Then, when UE is indicated by WUS PDCCH to wake-up in another DRX cycle later, gNB cannot get efficient CSI at the beginning of the DRX cycle. That means gNB has to use very conservative MCS for PDSCH transmission until the UE report CSI to gNB. This impact is even more worse for TDD system considering that it is very likely that there could be several consequent DL slots before the first UL slot that can be used by the UE to report CSI after the DRX ON. For example, in our 5G network, 5 ms UL-DL periodicity with 30 kHz SCS is used and the UL-DL configuration is typical DDDDDDDSUU, which means during the first seven DL slots, gNB has to use very conservative MCS. This will not only greatly impact the network efficiency and reduce the network throughput, but also lead to longer data transmission period and cause more UE power consumption. In order to make an efficient scheduling at the beginning of DRX cycle, WUS PDCCH can be used to trigger an aperiodic CSI report before DRX ON. 
In traditional aperiodic CSI report triggered by scheduling DCI, RRC will configure multiple CSI report configurations and the “CSI request” field will indicate one CSI report trigger state. The PUSCH resource used for aperiodic CSI report is indicated by the scheduling DCI as well. The aperiodic CSI report triggered by WUS PDCCH is similar to the traditional aperiodic CSI report triggered by scheduling DCI, but could be more simple than that, the PUSCH resource used to report the aperiodic CSI before DRX ON could be RRC preconfigured, and no additional resource assignment is needed.  
Specifically, aperiodic CSI report triggered by WUS PDCCH and CSI report resource can be designed as the following:
CSI report configuration
In order to simplify the aperiodic CSI report procedure, limit the CSI computation time and reduce the WUS PDCCH payload size, only one CSI report configuration is enough. For example, only one 4-port CSI-RS resource for channel measurement (i.e., no CRI is needed to report) and wideband CQI/PMI/RI is enough for the aperiodic CSI report configuration. 
CSI report resource configuration
PUCCH cannot be used as aperiodic CSI report resource in R16. Therefore, only PUSCH can be used as the CSI report resource in this scenario. In traditional aperiodic CSI triggered by scheduling DCI, the PUSCH recourse allocation is indicated in the UL grant. Considering the payload size of WUS PDCCH should be limited to satisfy the miss detection performance, RRC pre-configured PUSCH resource can be used as the CSI report resource. RRC pre-configuration could include the frequency and time domain resource, MCS, antenna port configuration, and so on, just like the configuration of Type 1 configured grant PUSCH but without repetition. 
In a summary, RRC signalling configure only one CSI report configuration including CSI quantity, CSI resource and PUSCH resource, and one bit in WUS PDCCH can be used as the triggering signalling. If the WUS PDCCH indicate UE to report aperiodic CSI, UE will measure and report CSI according to the pre-configured CSI-RS recourse and PUSCH resource.
Proposal 5: For a UE, one DCI field can be configured to be included in DCI Format 3_0 to trigger aperiodic CSI report before DRX ON.
Proposal 6: The following could be configured by RRC signalling for one aperiodic CSI report configuration associated to WUS PDCCH:
· CSI quantity: wideband CQI/PMI/RI;
· CSI resource for channel measurement: one at most 4-port CSI-RS resource;
· CSI Report resource: preconfigured PUSCH including frequency and time domain resource, MCS, antenna port configuration and so on.
2.4.2. DCI fields for each UE
As the discussion in section 2.3, DCI format design similar to DCI format 2_x is supported in the WUS PDCCH design. In this DCI format design scheme, one UE has fixed DCI position and the DCI fields can be configured by gNB. As the discussion in section 2.2.1, WUS PDCCH can also be used to trigger aperiodic CSI before DRX ON, the following DCI fields can be configured in DCI format 3_0 for each UE:
1) 1 bit to wake up UE to monitor PDCCH in next DRX cycle;
2) 1 bit to trigger aperiodic CSI report before DRX ON;
3) X bits for Scell dormancy state transitioning. 

In addition, the “waking up” field should be always in DCI format 3_0, the “CSI triggering” and “Scell dormancy” fields can be configured to be present or not by higher layer configuration.
Proposal 7: For each UE’s DCI fields in DCI format 3_0:
· 1 bit used to wake up UE to monitor PDCCH in next DRX cycle should be always in;
· 1 bit used to trigger aperiodic CSI report before DRX ON can be configured to be present or not;
· X bits used to indicate Scell dormancy state transitioning can be configured to be present or not.
2.5. Aggregation level and blind decoding
As the simulation in section 2.1, considering the miss detection performance of WUS PDCCH, aggregation level 8 and 16 can be considered in the design of WUS PDCCH. In addition, considering the blocking problem and UE blind decoding complexity, up to two candidates can be configured for WUS PDCCH which can give gNB more flexibility to transmit WUS PDCCH but not increase UE blind decoding too much.
Proposal 8: Aggregation level 8 and 16, and up to 2 candidates are supported to WUS PDCCH.
2.6. Impact on BWP switching operation
In NR R15, the DRX operation and BWP operation are two independent procedures. The DRX configuration determines the PDCCH monitoring occasion, while BWP configuration and switching procedure determine the working bandwidth. Active BWP can be changed by bwp-InactivityTimer which associated with the UE traffic. For instance, once UE receives a dynamic DL or UL grant or the MAC PDU is transmitted in a configured uplink grant or received in a configured downlink assignment, the bwp-InactivityTimer will start or restart, and if bwp-InactivityTimer expires, UE will switch to default BWP or initial BWP. This procedure can save UE power because the bwp-InactivityTimer expires means that UE has not been scheduled in a long time and can work in a narrow band default BWP or initial BWP.
When UE is configured with WUS PDCCH, in some scenarios timer-based BWP switching will cause unnecessary UE power consumption. For example in Figure 6, UE first detects WUS PDCCH indicating waking up in the next DRX cycle in a larger BWP and then the bwp-InactivityTimer expires before next DRX cycle. If UE follows R15 procedure, UE should switch to default BWP or initial BWP. However, since UE has detected the WUS PDCCH which means that it is very likely that gNB will transmit data to the UE in the next DRX cycle. According to the power model in TR 38.840, if the data packet size is fixed, faster transmitting in a large BWP will save more UE power than slower transmitting in a narrow BWP. Thus, gNB is likely to transmit a PDCCH to the UE for BWP switching to a larger BWP in DRX active time as illustrated in Figure 7. That is, the UE switches to the default BWP and then switches back to the larger BWP again, which will cause unnecessary power consumption. In addition, during the BWP switching time, UE cannot receive or transmit anything, which also decreases the spectrum efficiency. 
Observation 2: When UE is configured with WUS PDCCH, in some scenarios timer-based BWP switching will cause unnecessary UE power consumption. 


Figure 6. Bwp-InactivityTimer expires after power saving signal indicates wake up in next DRX cycle


Figure 7. Twice BWP switching procedure
One possible optimization for the scenario in Figure 6 is that UE could not switch to the default BWP or initial BWP when UE detects the WUS PDCCH which indicates UE to wake up in the next DRX cycle in the larger BWP before the bwp-InactivityTimer expires. 
For example, if UE detects the WUS PDCCH which indicates UE to wake up in the next DRX cycle when bwp-InactivityTimer has not expired before DRX ON, UE stops or restarts bwp-InactivityTimer to avoid BWP switching to initial/default DL BWP. The “stop bwp-InactivityTimer” behaviour of WUS PDCCH is similar to the“stop bwp-InactivityTimer” behaviour of random access procedure which can avoid the BWP switching during it.
Proposal 9: If UE detects the WUS PDCCH which indicates UE to wake up in next DRX cycle when bwp-InactivityTimer has not expired, UE stops or restarts bwp-InactivityTimer to avoid BWP switching.
3. Conclusions
In this contribution, the WUS PDCCH design are discussed, and the following observations and proposals are made.
Observation 1: The design of DCI format 3_0 should support configurable payload size and aggregation level to allow network control the miss detection probability based on the higher layer configuration. To satisfy the 0.1% miss detection performance, DCI size for different ALs can be designed based on the following, 
•	for AL = 8, the required SINRs for DCI size of 12 and 6 are lower than -3.5dB. 
•	for AL=16, the required SINRs for DCI size of 24,12 and 6 are lower than -4.5dB.
Observation 2. When UE is configured with WUS PDCCH, in some scenarios timer-based BWP switching will cause unnecessary UE power consumption.
Proposal 1: For the case that PS_offset is not configured, the periodicity of search space for WUS PDCCH should be equal to or multiple of configured DRX cycle.
Proposal 2: Range of WUS PDCCH monitoring equals to SS duration/monitoringSymbolsWithinSlot value without taking into account SS periodicity/offset.
Proposal 3: RRC configured PS_offset value range can be from 2 slots to 20 slots, and the candidate configured values can be set as e.g., 2 slots, 4 slots, 5 slots, 8 slots, 10 slots, 16 slots, 20 slots.
Proposal 4: DCI format 2_x based design is preferred for DCI format 3_0, in which the DCI starting position and length is indicated by higher layer configuration for each UE.
Proposal 5: For a UE, one DCI field can be configured to be included in DCI Format 3_0 to trigger aperiodic CSI report before DRX ON.
Proposal 6: The following could be configured by RRC signalling for one aperiodic CSI report configuration associated to WUS PDCCH:
· CSI quantity: wideband CQI/PMI/RI;
· CSI resource for channel measurement: one at most 4-port CSI-RS resource;
· CSI Report resource: preconfigured PUSCH including frequency and time domain resource, MCS, antenna port configuration and so on.

Proposal 7: For each UE’s DCI fields in DCI format 3_0:
· 1 bit used to wake up UE to monitor PDCCH in next DRX cycle should be always in;
· 1 bit used to trigger aperiodic CSI report before DRX ON can be configured to be present or not;
· X bits used to indicate Scell dormancy state transitioning can be configured to be present or not.

Proposal 8: Aggregation level 8 and 16, and up to 2 candidates are supported to WUS PDCCH.
Proposal 9: If UE detects the WUS PDCCH which indicates UE to wake up in next DRX cycle when bwp-InactivityTimer has not expired, UE stops or restarts bwp-InactivityTimer to avoid BWP switching.
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Annex I
The LLS parameters for DCI format 3_0 detection performance simulation in Table 1 is used which is based on Table A1.5-1 in TR38.802 that agreed in RAN1 #94bis meeting. Figure 1 and Table 2 are the evaluation results.
Table 1. LLS parameters for DCI format 3_0 detection performance simulation
	Parameter
	Value

	Carrier Frequency
	4GHz

	Channel Model
	TDL-C 100ns

	Subcarrier Spacing
	30kHz

	Antenna Configuration at the TRP
	(1, 1, 2)

	Antenna Configuration at the UE
	(1, 1, 2)

	UE Speed
	3km/h

	CORESET Bandwidth
	48RB

	DCI length
	6bit,12 bit,24bit

	CRC length
	24bit

	Aggregation level
	8,16

	DMRS channel estimation
	real

	CORESET symbol
	2

	Mapping type
	Interleaved

	REG bundle size
	6

	Interleaver Size
	2
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Figure 1. Detection performance of DCI format 3_0

Table 2. Required SINR to achieve 0.1% BLER for different DCI sizes and aggregation levels
	PDCCH configuration
	Required SINR

	AL-8, 6bits
	-4 dB

	AL-8, 12bits
	-3.5 dB

	AL-8, 24bits
	-2.4 dB

	AL-16, 6bits
	-6 dB

	AL-16, 12bits
	-5.5 dB

	AL-16, 24bits
	-4.5 dB
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