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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]The work item of UE power saving was revised in RAN#84 meeting. The scope of RAN1 related topics in the work item is as following [1]. 
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.  
[bookmark: OLE_LINK54]Based on the discussion in RAN1#97, this contribution discusses the remaining issues of PDCCH-based power saving signal/channel.
[bookmark: _Ref129681832]Overview of PDCCH-based power saving signal/channel
The relationship between the PDCCH and the power saving signal/channel was discussed during the RAN1#96bis meeting. In our view, it is not necessary to introduce a new power saving signal/channel and the PDCCH can be used and developed to carry the indication of related power saving operations. The CORESET and the search space set are also not necessarily specified as a separate CORESET or search space set. When using the PDCCH to carry power saving indications, the network can configure a separate CORESET/search space set for the power saving channel. 
Proposal 1: Do not introduce new physical layer signal/channel for the power saving purpose.
In RAN1#97, the PDCCH based power saving signal/channel was discussed for different scenarios when UE is outside Active time and when UE is inside Active Time. Therefore, the contribution discusses the PDCCH based power saving signal/channel outside and inside Active Time respectively. 
Design of PDCCH-based power saving signal/channel outside Active Time
It was agreed that a new DCI format is introduced for power saving signal/channel configured outside Active Time, and the PDCCH-based power saving signal/channel is configured for triggering UE to or not to monitor the subsequent ON duration(s). Therefore, at least the wake-up indication is supported by the new DCI format for UE outside the Active Time in RRC_CONNECTED mode. This sections focuses on the PDCCH design for WUS indication and also provides our view on other information that can be carried by the new DCI for power saving outside Active Time.
CORESET design for PDCCH-based wake-up signaling (WUS)
The design principle of CORESET for PDCCH-based power saving signal/channel was discussed and the following related agreements were agreed in RAN1#96bis and RAN1#97. This sections discusses on the remaining FFS points in the agreements.
	Agreements in RAN1#96bis:
· 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 in 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

· 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


It was agreed that the CORESET for other PDCCH monitoring can be configured for the PDCCH based power saving signal/channel. For the PDCCH channel that carries the power saving indication, it is already possible in Rel-15 specification for gNB to configure a separate CORESET for the usage of power saving only or a CORESET shared with legacy PDCCHs including the PDCCH for scheduling data. Therefore, regarding the first FFS bullet on CORESET design, the indexed CORESET can be exclusively used by the PDCCH-based power saving signal/channel by gNB configuration.
Observation 1: It is supported in Rel-15 to configure an indexed CORESET be exclusively used by the PDCCH-based power saving signal/channel.
Regarding the number of CORESETs for power saving channel outside Active Time, it is better to keep the same CORESET budget as 3 per DL BWP to facilitate the adaptation of the power saving technique on a UE with the same hardware of Rel-15. In Rel-16, it is already agreed in MIMO session that the maximum number of CORESETs can be increased to 5 according to UE capability when  supporting multi-TRP/panel transmission. However, even for UEs supporting MIMO enhancement in Rel-16, it is not needed to increase the maximum number of CORESETs due to the PDCCH based power saving. Therefore, it is preferred that the PDCCH-based WUS reuses the CORESET(s) that are already configured for the active DL BWP. 
Proposal 2: The maximum CORESET number in a BWP is not increased due to the introduction of PDCCH based WUS, which can be configured to reuse the CORESET(s) that are already configured for the active DL BWP. 
Regarding the introduction of a dedicated BWP for power saving channel that carries WUS, it is similar as the CORESET that can be configured for WUS. gNB can decide whether a BWP is configured to be dedicated for power saving PDCCH or shared with other PDCCHs and PDSCHs. BWP switching usually comes up with a BWP switching delay, therefore it is reasonable that gNB can schedule a small amount of data on the BWP where the wake-up signaling is transmitted to minimize unnecessary  BWP switching(s). Based on this, it is proposed not to define a dedicated BWP in the specification which is only used by power saving PDCCH.
Proposal 3: Do not specify a dedicated BWP which is only used by power saving PDCCH. 
One motivation of dedicated BWP with dedicated CORESET for WUS is to support beam management. A CORESET can be associated with a TCI state, which can correspond to a beam, to set up the spatial parameters for receiving the signal/channel transmitted on the CORESET. In Rel-15, up to three CORESET(s) can be configured within a DL BWP, which can imply up to 3 different beams for PDCCH reception. The PDCCH scrambled by C-RNTI is monitored within DRX Active Time according to the MAC specification. The PDCCH-based WUS was already agreed in RAN2 to be monitored before the ON duration. When the UE monitors PDCCH-based WUS, the TCI states of the CORESETs for scheduling PDCCH can be still used for the UE to monitor PDCCH-based WUS. 
In C-DRX mechanism, a UE shall not report CSI reporting to gNB when the UE is not in DRX Active Time. Therefore, for PDCCH-based WUS it is difficult to obtain link adaptation gain by scheduling. In addition, PDCCH-based WUS may be designed to indicate a group of users, e.g. using a group common DCI.  Considering these aspects, the associated CORESET for the PDCCH-based WUS is preferred to be configured with interleaved CCE-to-REG mapping and small REG bundle size (such as 2 or 3), which can benefit from the diversity gain. However, if the bandwidth of the BWP of WUS is small for a low detection power consumption, the diversity gain cannot be obtained with a small size of CORESET. The CCE-to-REG mapping type of associated CORESET can depend on gNB configuration.
Search space set for PDCCH-based wake-up signaling
	Agreements in RAN1#96bis:
· 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

Agreements in RAN1#97
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

Agreements in RAN1#97
Support UE-specific configuration of the search space set(s) dedicated to the PDCCH-based power saving signal/channel for UE to monitor outside Active Time
· Following the principle of Rel-15 search space configuration
· FFS: the corresponding UE behaviour in monitoring the power saving signal/channel outside Active Time
· FFS whether UE can further monitor the search space set(s) inside Active Time



It was already agreed that a dedicated search space is used for PDCCH-based power saving channel for UE to monitor outside Active time, and the principle of Rel-15 search space configuration is used. 
In NR Rel-15, for each DL BWP, the maximum number of search space sets that can be configured to a UE is 10. It is considered to be large enough to provide flexibility for gNB to configure different types of search space sets, e.g. CSS set and USS set. Therefore, even though the dedicated search space set is introduced for PDCCH-based WUS, the maximum number of search space set for each DL BWP should not be changed. 
On the PDCCH-based WUS occasions, besides WUS, UE may also need to monitor the PDCCH candidates for detecting DCIs scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI, considering that detecting of these DCIs is not affected by the C-DRX mechanism. The transmission and the number of PDCCH candidates of these DCIs for WUS are expected not to be frequent and large, respectively. So the maximum number of monitored PDCCH candidates per slot in R15 should not be changed due to the introduction of PDCCH-based WUS. Meanwhile, considering the complexity and power consumption of PDCCH-based WUS detection, the number of monitored PDCCH candidates in WUS occasion should not be larger than the maximum number of monitored PDCCH candidates per slot in R15.
Based on the above analysis, it is proposed to confirm the working assumption from RAN1#96bis meeting.
Proposal 4: The maximum number of search space sets per BWP is not increased due to the introduction of power saving PDCCH.

Proposal 5: UE BD/non-overlapping CCE limit are not increased due to the introduction of power saving PDCCH.
It is FFS that whether UE can further monitor the search space set(s) inside Active Time. In our view, UE can be configured to monitor the search space sets for the PDCCH that carries the new DCI format even when UE is in Active Time. The details are discussed in Section 4.
Proposal 6: UE can be configured to further monitor the search space sets for power saving PDCCH inside Active Time.

[bookmark: _Ref16804739]Configuration of WUS occasion with respect to C-DRX on duration

	Agreements in RAN1#96bis:
The monitoring occasion(s) of the power saving signal/channel outside the Active Time is “indicated” to the UE by the gNB with an offset before the DRX ON
· “Indicated” implies the explicit signalling by higher layer signalling or implicit through the CORESET/search space
· FFS: The value and the range of offset

Agreements in RAN1#97
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 in RAN1#97
Outside Active Time, the PDCCH-based power saving signal/channel is configured for triggering UE to or not to monitor the subsequent ON duration(s) 
FFS a single vs. multiple durations, particularlly checking consistency with RAN2 agreements



In RAN1#97, it was agreed that an offset is introduced to define the monitoring occasions of power saving channel outside Active Time. However, the details and the range of the offset are still FFS. An illustration of the offset from the WUS occasion to the start of ON duration timer is shown in Figure 1. Regarding the detailed value of the offset, the time duration for UE to transit from the WUS detection state to the state in ON duration needs to be taken into consideration. In some cases, for PDCCH-based WUS, the receiver may work in a low power state, e.g. with a smaller number Rx antennas, with limited number of PDCCH candidates or with a relaxed requirement on frequency/timing error. Once the WUS indication is detected, the UE can further wake-up to the active state with the full processing capability in C-DRX ON duration time. In these cases, the WUS offset needs to be larger than the required delay for UE wake-up the main receiver. In some other cases, UE may directly use the full processing capability to detect WUS, and the WUS offset can be set to zero. 


[bookmark: _Ref15407853]Figure 1 Illustration on the location of WUS occasion
Proposal 7: The WUS offset is defined from the start of WUS occasion to the start of the ON duration of the associated C-DRX cycle.
Proposal 8: The WUS offset is configurable and zero offset is supported for the WUS occasion.
Furthermore, during the offset, the UE shall at least demodulate and decode the power saving PDCCH, and get the carried power saving information. It is obvious that the offset should be large enough for the UE to finish the above tasks. However, different UE implementation may have different processing capabilities on WUS PDCCH processing outside Active Time. Therefore the UE can report its preferred value for the offset. Furthermore, if other power saving techniques other than “wakeup/go-to-sleep”, such as A-CSI measurement/report and A-SRS transmitting, are also supported, different lengths of the offset may be need. Since the reporting of UE’s desired offset is before the configuration of the WUS offset by gNB, the UE may need to report a number of values, each of which corresponds to combinations of different power saving functionalities. More detailed analysis can be found in [2]
Proposal 9: The UE can report its desired value(s) of the WUS offset as UE assistance information.
More monitoring occasions for power saving channel outside Active Time gives more flexibility to gNB and can reduce the missing of WUS indication due to the PDCCH blockage. From the power saving point of view, a short time duration for WUS detection can save the UE’s power consumption. Therefore, it is preferred to support the multiple WUS monitoring occasions configured in the same slot. Search space sets can be configured to support multiple PDCCH monitoring in a slot.
Proposal 10: Multiple monitoring occasions in the same slot are supported for power saving channel outside Active Time.
New DCI format for power saving outside Active Time
DCI format size

	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



Based on the agreements in RAN1#96bis, when PDCCH-based power saving signal/channel is configured, DCI format size budget should not increase. When UE is out of DRX active time, UE may need to monitor WUS DCI, it is preferred to reduce the UE detection complexity and power consumption. So for WUS DCI size design, one design principle is to minimize DCI size budget. Considering that C-DRX mechanism cannot impact on PDCCH monitoring for DCI formats with CRC scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI, when UE is out of DRX active time, the UE shall monitor PDCCH for DCI with CRC scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI.  UE may need to monitor the above DCI formats and WUS DCI simultaneously in the same slot. Therefore, one possible solution is WUS DCI size can have the same size as the DCI formats scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. For UE-specific WUS DCI, it would be better to minimize the resource overhead while keeping robust performance. If it is further considered to optimize the size of UE-specific WUS DCI, additional different DCI size can be preferred. Considering that only Rel-15 PDCCH channel coding and payload interleaver are considered in the power saving WID and that the minimum payload size of Rel-15 DCI is 12bits, one good DCI size candidate for UE-specific WUS DCI is 12 bits. So when UE is out of DRX active time, the DCI format size budget should be 1 or 2.
Proposal 11: When UE is outside the DRX Active Time, the number of detected DCI format size(s) should not be larger than 2. 
Proposal 12: Payload size of the group DCI based WUS is aligned with the size of DCI formats scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI.
Other techniques indicated by the new DCI format outside Active Time
In RAN1#97, it was agreed that the WUS indication can be indicated by the power saving PDCCH outside Active Time. Besides this indication, as shown following, it is FFS to decide whether other techniques can be also indicated by the new DCI outside Active Time.  Further discussion is provided on this in this section.
	Further study in the new DCI how to potentially indicate at least the following techniques (subject to further WID update):
Indicating UE to use the aperiodic RS
Aperiodic CSI-RS 
Aperiodic SRS
TRS
Triggering aperiodic CSI report
Cross-slot scheduling
Rel-15 DCI-based BWP switching
The power saving techniques can be explicitly included in the DCI contents or implicitly indicated by other techniques (e.g., BWP switching).



· Indicating UE to use the aperiodic RS
For the triggering of RS, it would be helpful for UE to quickly track the timing/frequency and to report latest CSI-RS after UE wakes up. However, Rel-15 already support UL grant DCI to trigger aperiodic CSI-RS and related CSI reporting. The overhead due to the indication of additional RS in WUS DCI needs to be also considered and the benefit needs to be further justified compared with the Rel-15 mechanism.
· Cross-slot scheduling
The cross-slot scheduling based power saving mechanism was decided to be supported in Rel-16. Therefore, in the WUS DCI, it is straight forward and beneficial to also indicate the default minimum K0/K2 which will be used during the active time after the UE was waken up by the WUS DCI.
Proposal 13: The new DCI that carries WUS can be configured to indicate the default minimum K0/K2/CSI-RS triggering offset in the ON duration associated with the WUS DCI.
· Rel-15 DCI-based BWP switching
Regarding the BWP ID indication, the benefit needs to be further justified for power saving. According to Section 3.3, an offset is configured between the WUS DCI and the first associated ON duration. This offset allows the UE to wake up from sleep mode to be ready for reception of PDCCH/PDSCH in the associated ON duration. Therefore, if the offset is configured larger than the required delay for BWP switching, by implementation the UE can always use smaller bandwidth for WUS detection and switch to larger bandwidth for PDCCH/PDSCH reception in Active Time, even if a single BWP is configured for the UE. On the other hand, the miss-detection and false alarm of a DCI that carries BWP ID always have higher risk to do the unexpected BWP switching which causes unexpected misalignment and interruption of communication between the UE and gNB. Therefore, the BWP ID is not preferred to be indicated in the WUS DCI unless a solid reason is justified.
Proposal 14: BWP ID indication in the new DCI format carrying WUS needs to be justified with solid reason/benefit considering the realistic UE implementation. 
· Short message indication
In Rel-15, a UE in RRC_CONNECTED state shall monitor paging PDCCH to obtain the short messages including the SI change indication and PWS notification at least on primary cell. TS 38.331[3] specifies the monitoring frequency of paging PDCCH for connected mode UE, as follows.
	TS 38.331:
UEs in RRC_CONNECTED shall monitor for SI change indication in any paging occasion at least once per modification period if the UE is provided with common search space on the active BWP to monitor paging, as specified in TS 38.213, clause 13.
ETWS or CMAS capable UEs in RRC_CONNECTED shall monitor for indication about PWS notification in any paging occasion at least once every defaultPagingCycle if the UE is provided with common search space on the active BWP to monitor paging.


Therefore, ETWS or CMAS capable UEs in RRC_CONNECTED is required to monitor paging PDCCH to obtain the PWS notification in paging DCI at least once for every defaultPagingCycle, and ETWS or CMAS non-capable UEs is required to monitor paging PDCCH at least once per modification period, which is at least two times of the defaultPagingCycle [3]. This means even if the PDCCH based power saving channel indicates a UE no need to “wake-up” the MAC entity to monitor PDCCH, the UE still cannot sleep during the whole DRX cycle considering the UE may need to wake up during the C-DRX cycle to obtain the PWS notification and/or SI change indication in paging DCI. This dampens the benefit of configuring wake-up resources, especially considering the wake-up occasions cannot always be aligned with paging occasions. In this case, a user has to wake up often to monitor paging PDCCH in addition to wake-up PDCCH. The issue is illustrated in Figure 2.
Once configured, the wake-up PDCCH is expected to be monitored periodically by UE for power saving, for example, to be monitored once in every DRX cycle. Considering the UE shall monitor the wake-up PDCCH anyway, a power efficient way would be to carry the indication of SI change and PWS notification in the new DCI format that carries the WUS. A UE in RRC_CONNECTED state can directly obtain the indication of SI change and PWS notification from the wake-up PDCCH. In this way, the power consumption due to the wake-up for monitoring paging PDCCH can be saved. 
[image: ]
[bookmark: _Ref16344166]Figure 2  Illustration of the benefit of indicating PWS notification and SI change in wake-up DCI.
The indication of SI change and PWS notification may need to occupy 2 bits in the wake-up DCI format. This is expected to introduce slightly or even no resource overhead for wake-up DCI. For the wake-up DCI format for a group of UEs, this “short messages” field is a common indication for all the users in the group. Therefore the resource overhead is very small. Once, a UE specific DCI is agreed for power saving and introduced for a UE. The power saving DCI monitored outside Active Time is expected to have a small number of bits, and the DCI may be always padded to the minimum DCI payload (12bits). In this case, the indication of SI change and PWS notification hall not introduce any additional resource overhead. As a further consideration, a single bit can be used to indicate SI change or PWS notification for UE to further check the paging DCI or system information directly.
As analyzed above, it is proposed to support a wake-up DCI to be configured to indicate SI change and/or PWS notification.
Proposal 15: The new DCI format that carries WUS can be configured to contain a short messages field to indicate SI change and PWS notification.
· SCell index indication
In CA scenario, the traffic size can vary greatly between DRX cycles, thus it is power inefficient if a user always monitors the same number of cells. The network can deactivate some of the SCells by MAC CE. But long time delay (~40ms or more) is required for re-activation of SCells by MAC CE and this will increase the traffic latency. The network can estimate the size of incoming traffic and indicate in wake-up DCI the right set of cells to monitor from all activated SCells.
The detailed discussion is provided in section 3.10.
· Indication of PDCCH skipping duration
The skipping of PDCCH monitoring is beneficial for power saving within DRX Active Time, i.e. after the UE is waken by the wake-up DCI. Multiple PDCCH skipping durations can be configured to adapt to the different traffic types. Since the gNB can have an estimate on the incoming traffic, it would be straightforward to indicate the PDCCH skipping duration that is to be applied in the following Active Time. Then during the DRX Active Time, a signal can be transmitted to indicate the skipping of PDCCH monitoring with a skipping duration that is indicated by the wake-up DCI.
The purpose of PDCCH-based power saving signal can be (1) for waking up UE from outside Active Time, or (2) for triggering adaptation when UE is within Active Time. For outside Active Time, the first purpose was already agreed in RAN1#97 to support wake-up indication for the new DCI format. For inside Active Time, at least existing scheduling DCI format was agreed to be enhanced for indication of at least one power saving technique, e.g. minimum K0/K2/CSI-RS triggering offset adaptation. However, it is still FFS on whether the new DCI format is also monitored inside Active Time for power saving. Some indications which are only applicable when UE is within Active Time can be conveyed in the new DCI format, for example, PDCCH monitoring skipping for a short duration. As discussed in [5], a unified design of the DCI for WUS and PDCCH skipping is also possible by either an explicit indication in the DCI to understand the DCI correctly or an implicit rule for a UE to interpret the DCI differently (e.g. relative to UE’s active or OFF state). So, the same DCI format can be designed for waking up UE and triggering adaptation including PDCCH skipping, which is also motivated from resource overhead reduction and less standardization efforts. Furthermore, sometimes the PDCCH-based WUS occasion of a UE may be located within Active time, the UE can still detect the PDCCH-based WUS to update some indications for power saving which are application when the UE is within Active time.
Proposal 16: To reduce the resource overhead reduction and the standardization efforts, the new DCI format for waking up UE outside the active Time can be configured to be monitored for triggering adaptation of power saving within the Active Time.
Design of WUS indication field
For group-based WUS DCI, one straightforward way to dynamically indicate different number of UEs in a group is using a bitmap, in which each bit can indicate a UE in the group whether or not to wake up. Assume N is the total number of UEs who are configured to monitor the group-based WUS DCI, the length of the bitmap may need set to N if a dedicated bit in the bitmap is always allocated to a UE. 
As the sparsity of data arrival, at most of the WUS-based PDCCH occasions, it is expected that only a subset of UEs in the group needs to be indicated to wake up simultaneously. Therefore, a one-to-one mapping bitmap may introduce unnecessarily large resource overhead.
Observation 2: In most cases on each WUS occasion, the number of UEs that need to be simultaneously waken up is much smaller than the total number of UEs configured for the group WUS.
Meanwhile, besides the 1 bit indication of wake-up or not, the group-based WUS DCI may also indicate additional information blocks, e.g. minimum K0 value after the UE wake up. Therefore, the desired bit number for a given UE may be larger than 1. In this case, the length of the bitmap may increase a lot.
However, the miss-detection rate for PDCCH-based WUS is expected as slow as 0.1%, and this performance requirement leads to the expectation of the payload size of the group-based WUS DCI to be small. Therefore, an efficient way is necessary to transmit group WUS indication for the minimization of resource overhead due to the WUS DCI transmission.
Observation 3: A one-to-one mapping bitmap for WUS indication may consume unnecessarily much resource usage, considering higher miss-detection requirement for WUS indication and the sparsity characteristic of data arrival for the traffic types that benefit from the WUS indication.
To explore the characteristic in Observation 2 to minimize the resource overhead, one way for WUS indication is encoding only necessary or high probability combinations of waken-up UEs in the bit field for WUS indication DCI. For example, If all the combinations of waking up x UE(s), x=1,2,3,……,n, (n<N), can cover the most cases of WUS indication, only the combinations of up to x UEs need to be encoded for explicitly indication. Additionally, a reserved one special state value can be used for waking up all UEs. The number of bits (P) needed for the “indication field” in WUS DCI satisfies the following formula:

As the value n can be much smaller than N, the number of bits for “indication field” can be much smaller than N. As an example, if there are 18 UEs (N=18) in total, and on each WUS DCI, in most cases there are up to 3 UEs to be indicated to wake up simultaneously. Considering this, the length of the “indication field” can be just 10 bits, which is much smaller than the number of N, according to the following calculation:

And the unused state values of “indication field” can be further configured to wake up more UE(s) in the group.
Proposal 17: Consider more efficient indication for WUS to minimize the resource usage of WUS rather than one-to-one mapping bitmap.
Multiplexing with other signals/channels
Considering the resource efficiency, PDCCH-based WUS should be multiplexed with normal PDCCHs or PDCCH-based WUS for other UEs, and PDCCH-based WUS should also be multiplexed with other channel as PDSCH.
As specified in NR Rel-15, the dedicated search space set of PDCCH-based WUS should also be associated with a CORESET. Furthermore, it may share the same CORESET with other search space sets. When PDCCH-based WUS and other PDCCHs are transmitted in the same CORESET, the resources of these PDCCHs are mapped with same CCE-to-REG mapping type and REG bundle size, CCEs with different indexes can be mapped to different REGs in the CORESET. If one of the PDCCH candidates of PDCCH-based WUS is blocked by other PDCCHs, the network can transmit the PDCCH-based WUS on other unused PDCCH candidates. Any PDCCH candidate can be occupied by either PDCCH-based WUS or other PDCCH, so the resources used for PDCCH-based WUS can be multiplexed with other PDCCH in the CORESET. 
For PDCCH-based WUS multiplexed with PDSCH, if the search space set of PDCCH-based WUS is associated with an existing CORESET of normal PDCCHs, the resource of the associated CORESET of normal PDCCHs can be configured to be multiplexed with PDSCH semi-statically or dynamically. If dynamic, the UE can be indicated whether resource sets of CORESETs are available for PDSCH based on the rate matching indicator field in DCI format. Even though the search space set of PDCCH-based WUS is associated with a separate CORESET, the UE can be also indicated that the separate CORESET is available as PDSCH resources when there is no WUS transmitted in the separate CORESET. So with the existing PDCCH multiplexing mechanism with PDSCH, the resources of PDCCH-based WUS can be available for PDSCH resources dynamically.
Observation 4: With the existing PDCCH multiplexing mechanism with PDSCH, the resources of PDCCH-based WUS can be indicated as available for PDSCH resources.
Detection/decoding of PDCCH-based WUS
The detection power of the power saving signal needs to be considered in the design of power saving signal. According to the study on UE power saving, it is generally preferred to have low power consumption and low detection complexity for the power saving signal/channel, especially for the power saving signal/channel carrying wake-up information. If the UE needs to use almost the same power as that for detecting a scheduling DCI, the benefit of the wake-up signal vanishes especially for the cases with a short C-DRX on duration timer.
Proposal 18: As design principle for PDCCH-based WUS, minimize the power consumption due to PDCCH-based power saving signal/channel detection.
Usually, to detect a PDCCH, a UE first does channel estimation, and then demodulates and blind decodes each candidate in the search space set. A DCI is detected when the CRC is correctly verified for a PDCCH candidate. The blind demodulation and decoding of every PDCCH candidate consumes UE power. If the DMRS sequence of PDCCH can be used to early terminate the demodulation and decoding of some PDCCH candidates where the WUS DCI does not transmit, the UE power consumption can be reduced. For example, if the DMRS of PDCCH is specific with respect to the WUS DCI, the UE can firstly do DMRS presence detection to exclude PDCCH candidates that are not expected to transmit the WUS DCI. This is especially useful for a good coverage UE to early terminate the modulation and blind decoding of PDCCH candidates where the WUS DCI is not transmitted. Once the DMRS of a PDCCH candidate is detected to be present, the UE further demodulates and blindly decodes the corresponding DCI on the PDCCH candidate.
One straightforward way to make the DMRS specific with respect to the WUS DCI is to introduce WUS related information into the initialization seed of the DMRS scrambling. 
Proposal 19: Adopt WUS-specific PDCCH DMRS initialization to differentiate from legacy PDCCH DMRS. 

Scrambling of PDCCH-based WUS

	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



In RAN1#97, it was agreed that a new RNTI (e.g. PS-RNTI) can be introduced at least for PDCCH-based WUS.  The PS-RNTI may be used for scrambling of PDCCH-based WUS, how to initialize the scrambling sequence of PDCCH-based WUS is FFS.
In NR, the scrambling sequence of PDCCH is initialized with:
[image: ].
If PDCCH is transmitted in USS and DMRS scrambling sequence initialization value pdcch-DMRS-ScramblingID is configured, is C-RNTI and is equal to pdcch-DMRS-ScramblingID; Otherwise, is 0 and is equal to cell ID.
For scrambling sequence of PDCCH-based WUS, one straightforward way is to follow the principle of normal PDCCH, i.e. reusing the  above equation for  , where the is set to PS-RNTI only if PDCCH-based power saving channel is transmitted/detected in USS and pdcch-DMRS-ScramblingID is configured; Otherwise,  is 0 and is equal to cell ID. To follow this way, if PDCCH-based WUS in CSS (e.g. group-based WUS) or the pdcch-DMRS-ScramblingID is not configured for the CORESET of PDCCH-based WUS, the scrambling sequence is the same with other legacy PDCCH (e.g. group-common PDCCH). However, for PDCCH-based WUS, the miss-detection target is set to 0.1% and this performance requirement is higher than normal purpose of legacy PDCCH, e.g. for carrying the scheduling DCI. In order to further randomize the interference from other legacy PDCCH, it is preferred that is always equal to PS-RNTI regardless of the configuration of search space set and CORESET. If the WUS-specific PDCCH DMRS scrambling sequence initialization value in section 3.7 is introduced, the  can be equal to this value to further differentiate from other legacy PDCCH and improve detection performance.
Proposal 20: The scrambling sequence of PDCCH-based WUS is initialized with:
[image: ],
where  is equal to PS-RNTI regardless of  the used search space set and CORESET, and is equal to the value used for the initiation of DMRS scrambling.

Performance of PDCCH-based power saving signal/channel
Link level detection performance can be investigated to show the miss-detection rate and false alarm performance of power saving signal. If the wake-up indication is miss-detected, the UE would skip the whole C-DRX cycle and the scheduling of data would be lost. This would impact the service QoS. Therefore, the performance of miss-detection rate is a more critical metric for the power saving signaling that is designed to carry ‘wake-up’ information. For the power saving signal to indicate wake-up, a false alarm shall not impact the scheduling of data and a false detection would merely impact the overall power saving gains. In the study item, the BLER target is set to 0.1% for the wake-up signaling. 
Link level simulation assumptions were agreed in RAN1#94bis and RAN1#95, which can be found in the Appendix A. It is proposed that the link level simulation assumptions are used in the work item phase.
Discussion on WUS and short DRX cycle
According to the WID, the WUS is used to indicate the UE’s behavior within the following one or more drx-onDurationTimer. In Rel-15, the UE can use either long DRX cycle or short DRX cycle at one time, if configured. And the UE can switch between the short DRX cycle and long DRX cycle based on the following rules:
· If a DRX Command MAC CE is received, the UE uses the Short DRX Cycle if it is configured. 
· If a Long DRX Command MAC CE is received or the drx-ShortCycleTimer expires, the UE needs to use the Long DRX cycle. 
An open issue is that whether the WUS is only used for long DRX cycle, or it can be also used for short DRX cycle. In RAN1 #97, a company proposed that the WUS is only used for long DRX because of the simplicity. However, we do not see the complexity to use WUS for both long DRX cycle and short DRX cycle. 
Considering no complexity issue for “WUS + short DRX cycle”, WUS should be applied also for short DRX cycles for power saving gain. When the UE is using short DRX cycle, it is possible that there is no scheduling during the ON duration. If the WUS is not supported for short DRX cycle, the UE shall have to monitor each ON duration. In the worst case, the data arrives sparsely but unfortunately the drx-ShortCycleTimer does not expire. In this case, UE shall work in short DRX cycle for long time, however, for most of the ON durations, there is no PDCCH transmission at all. The UE will suffer from the unnecessary power consumption because of the lack of WUS.
Proposal 21: The WUS is supported not only for long DRX cycle, but also for short DRX cycle.
[bookmark: _Ref15992454]Single vs. multi-cell operation on physical layer when the MAC entity wakes up
In RANP #84, the following was agreed to be included into the WID [1].
	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


As described by the WID, the PDCCH-based power saving signal/channel can trigger a MAC entity to ‘wake-up’ to monitor PDCCH monitoring. When the UE is configured with multiple cells, the PDCCH-based power saving signal/channel can be transmitted in a single cell indicating the operation(s) of the UE on multiple cells. However,  it is still an open issue to define the “wake up” behavior of the MAC entity in the specification: whether the PDCCH-based power saving signal/channel can only indicate the same behavior, e.g. PDCCH monitoring, on all the cells or it can also indicate different behaviors on different cells.
When a UE is configured with multiple cells, in some cases it would be beneficial for the UE to have the same behavior in all cells. For example, when a UE is configured with two intra-band cells and the UE can use the same RF chain to receive DL signal,  the UE can turn on/off the RF chain together when the PDCCH based power saving indicate not to ‘wake-up’ to monitor PDCCH on both the two cells. If the UE is indicated with different behavior on the two cells, e.g. not to “wake-up” on one cell but keep monitoring PDCCH on the other one cell, the UE cannot turn off the RF chain. In this case, little power is saved.
In some other cases, it would beneficial to indicate UE to behave differently on different cells. For example, when a UE is configured with two inter-band cells, the UE needs to use different RF chain for different cell. In this case, CC grouping can be used, where in a group the UE may have the same behavior, and the UE behaves differently in different group. More details of CC grouping can be found in [2]. Besides the motivation for hardware design, the UE may desire to behave differently on different cells to monitor PDCCH on PCell for low latency, and not to monitor PDCCH on SCells for power saving. 
Observation 5: When the MAC entity on UE is “waken up”, it is beneficial to support the indication on UE to monitor PDCCH on some cells and not to monitor PDCCH on other cells.
In Rel-15, C-DRX is configured per UE, which means that the same C-DRX configuration is applied to all the serving cells configured to the UE. And all the serving cells on the UE share the same set of timers, such as ON duration Timer, InactivityTimer, HARQ-RTT-Timer and so on. From the perspective of a MAC entity, when it is waken up, it only indicate the PHY layer whether to monitor PDCCH or not on the following associated ON duration. Physical layer can further differentiate the PDCCH monitoring on different cells according to the WUS DCI indication for additional power saving gain, which can be transparent to the MAC layer. If the PHY prioritizes the per CC-group indication for not monitoring PDCCH on the serving cells in the CC-group by WUS DCI over the MAC layer's indication, e.g. the running of ON duration timer, then the UE can reduce PDCCH monitoring on SCells without impact on RAN2 spec. 
Proposal 22: Support the PDCCH based power saving signal/channel on a serving cell to indicate the same or different behavior(s) regarding physical layer PDCCH monitoring on different serving cells. 
· The UE PDCCH monitoring behaviour is indicated per CC group, where the grouping information can be reported to the gNB.
Error handling
Error handling is an important aspect which should be considered in the WUS design. During the study item phase, the miss-detection of WUS and the blockage of WUS would impact the scheduling of data in the associated C-DRX On-Duration. Therefore, error handling for WUS due to the miss of WUS needs to be specified.
The group based DCI for WUS is targeting for a group of UEs and it is to be transmitted with a high probability. It would be straight forward to assume that gNB shall always transmit the group based DCI for WUS on every WUS occasion, in which when the group based DCI for WUS is configured for the UE. Once, the group based DCI is not detected, it would be due to the miss-detection of group PDCCH for WUS. In this case, the UE default behavior of missing the group DCI can be defined as “wake-up”, i.e. if the UE does not detect the group-based PDCCH in an occasion it is configured to monitor, the UE shall by default monitor the scheduling PDCCHs in the associated C-DRX ON duration.
Proposal 23: For the case of group WUS, the UE shall by default monitor the scheduling PDCCHs in the associated C-DRX ON duration in case that miss-detection happens.
Design of PDCCH-based power saving signal/channel inside Active time
For the power saving technique when UE is inside Active time, the adaptation of minimum K0/K2 and the maximum MIMO layer shall be specified according to the latest WID scope. 
	Agreements:
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



According to the agreements in RAN1#97, at least cross-slot scheduling based power saving technique is supported by at least the enhancement of existing scheduling DCI formats. A flag bit can be introduced in the existing scheduling DCI format to indicate whether the indicated K0/K2 is used to update the minimum K0/K2 value. See details in the companion paper [6]
For the adaptation of maximum MIMO layer, the companion contribution discusses the detailed consideration on DCI design. In our view, the maximum MIMO layer adaptation can be jointly considered with cross-slot scheduling. Compared with the maximum MIMO layer adaptation purely based on BWP switching, the adaption of maximum MIMO layer in the same BWP has much shorter switching delay and can minimize the impact on the scheduling. Therefore, the same DCI format can be considered for cross-slot scheduling and maximum MIMO layer adaptation. Details can be found in [4].
It was agreed that a new DCI format is introduced for power saving signal/channel configured outside Active Time at least for WUS indication. However, it is not decided yet whether the new DCI format can be also monitored when UE is in Avtive Time. A unified design of the DCI for WUS outside Active time and PDCCH skipping in Active time was discussed in our contribution [5]. It can be achieved by either an explicit indication in the DCI to understand the DCI correctly or an implicit rule for a UE to interpret the DCI differently (e.g. relative to UE’s active or OFF state). So, the same DCI format can be designed for waking up UE and triggering adaptation including PDCCH skipping, which is also motivated from resource overhead reduction and less standardization efforts. 
Conclusions
The remaining issues on PDCCH based power saving channel are discussed based on the output of RAN1#97 and the revised WID. The power saving channel monitored outside Active and inside Active time are discussed respectively in section 3 and section 4. The following are observed and proposed in the contribution.
Observation 1: It is supported in Rel-15 to configure an indexed CORESET be exclusively used by the PDCCH-based power saving signal/channel.
Observation 2: In most cases on each WUS occasion, the number of UEs that need to be simultaneously waken up is much smaller than the total number of UEs configured for the group WUS.
Observation 3: A one-to-one mapping bitmap for WUS indication may consume unnecessarily much resource usage, considering higher miss-detection requirement for WUS indication and the sparsity characteristic of data arrival for the traffic types that benefit from the WUS indication.
Observation 4: With the existing PDCCH multiplexing mechanism with PDSCH, the resources of PDCCH-based WUS can be indicated as available for PDSCH resources.
Observation 5: When the MAC entity on UE is “waken up”, it is beneficial to support the indication on UE to monitor PDCCH on some cells and not to monitor PDCCH on other cells.

Proposal 1: Do not introduce new physical layer signal/channel for the power saving purpose.
Proposal 2: The maximum CORESET number in a BWP is not increased due to the introduction of PDCCH based WUS, which can be configured to reuse the CORESET(s) that are already configured for the active DL BWP. 
Proposal 3: Do not specify a dedicated BWP which is only used by power saving PDCCH. 
Proposal 4: The maximum number of search space sets per BWP is not increased due to the introduction of power saving PDCCH.
Proposal 5: UE BD/non-overlapping CCE limit are not increased due to the introduction of power saving PDCCH.
Proposal 6: UE can be configured to further monitor the search space sets for power saving PDCCH inside Active Time.
Proposal 7: The WUS offset is defined from the start of WUS occasion to the start of the ON duration of the associated C-DRX cycle.
Proposal 8: The WUS offset is configurable and zero offset is supported for the WUS occasion.
Proposal 9: The UE can report its desired value(s) of the WUS offset as UE assistance information.
Proposal 10: Multiple monitoring occasions in the same slot are supported for power saving channel outside Active Time.
Proposal 11: When UE is outside the DRX Active Time, the number of detected DCI format size(s) should not be larger than 2. 
Proposal 12: Payload size of the group DCI based WUS is aligned with the size of DCI formats scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI.
Proposal 13: The new DCI that carries WUS can be configured to indicate the default minimum K0/K2/CSI-RS triggering offset in the ON duration associated with the WUS DCI.
Proposal 14: BWP ID indication in the new DCI format carrying WUS needs to be justified with solid reason/benefit considering the realistic UE implementation. 
Proposal 15: The new DCI format that carries WUS can be configured to contain a short messages field to indicate SI change and PWS notification.
Proposal 16: To reduce the resource overhead reduction and the standardization efforts, the new DCI format for waking up UE outside the active Time can be configured to be monitored for triggering adaptation of power saving within the Active Time.
Proposal 17: Consider more efficient indication for WUS to minimize the resource usage of WUS rather than one-to-one mapping bitmap.
Proposal 18: As design principle for PDCCH-based WUS, minimize the power consumption due to PDCCH-based power saving signal/channel detection.
[bookmark: _GoBack]Proposal 19: Adopt WUS-specific PDCCH DMRS initialization to differentiate from legacy PDCCH DMRS.
Proposal 20: The scrambling sequence of PDCCH-based WUS is initialized with:
[image: ],
where  is equal to PS-RNTI regardless of  the used search space set and CORESET, and is equal to the value used for the initiation of DMRS scrambling.
Proposal 21: The WUS is supported not only for long DRX cycle, but also for short DRX cycle.
Proposal 22: Support the PDCCH based power saving signal/channel on a serving cell to indicate the same or different behavior(s) regarding physical layer PDCCH monitoring on different serving cells. 
· The UE PDCCH monitoring behaviour is indicated per CC group, where the grouping information can be reported to the gNB.
Proposal 23: For the case of group WUS, the UE shall by default monitor the scheduling PDCCHs in the associated C-DRX ON duration in case that miss-detection happens.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]References
[bookmark: _Ref4158564][bookmark: _Ref4836271][bookmark: _Ref7337180][bookmark: _Ref527624302][bookmark: _Ref4162324]RP-191607, updated WID: UE Power Saving in NR, CATT.
[bookmark: _Ref4162419][bookmark: _Ref7337163][bookmark: _Ref7431722][bookmark: _Ref16534466]R1-1909309, On UE assistance information, Huawei, HiSilicon.
[bookmark: _Ref16534611]TS 38.331, Radio Resource Control (RRC) protocol specification.
[bookmark: _Ref16534727]R1-1908071, UE dynamic adaptation to the maximum number of MIMO layer, Huawei, HiSilicon.
[bookmark: _Ref16534920]R1-1903988, PDCCH-based power saving signal/channel, Huawei, HiSilicon
[bookmark: _Ref16534987]R1-1908070, Procedure of cross-slot scheduling for UE power saving, Huawei, HiSilicon


Appendix-A: link level simulation assumption
Simulation assumptions
	SCS
	30k

	UE speed
	3km/h,120km/h

	Channel model
	‘CDL-C’ (assumption in the agreement)

	Delay spread
	100ns

	Carrier frequency
	4GHz

	Frequenc offset
	+/-0.1 ppm

	Time offset
	1 CP

	Antenna
	gNB & UE: (1,1,2) with omni-directional antenna element


Assumptions for DCI based power saving signal
	CORESET Bandwidth
	48RB

	DCI length
	[??]

	CRC length
	24bit

	Aggregation level
	1,2,4,8,16

	DMRS channel estimation
	‘real’

	Corset symbol
	2

	Mapping type
	‘Interleaved’

	REG bundle size
	2
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