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Introduction
It was agreed in RAN#83 [1], the objectives of the UE power saving includes the following:
	1) Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 
a) Specify the power saving techniques with power saving signal/channel 
i) Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
ii) Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
iii) 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  
i) Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure
2) Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
a) Note: Switching on/off the RF is part of the evaluation
Note: 
· These objectives are RAN1/RAN4 focus and do not consider RAN2 impact. 
·  The objectives are subject to further update in RAN#84.  The update will be based on recommendations from the completion of RAN2 study and remaining RAN1 recommendations based on the conclusion of RAN1 study.


From above, the procedure of cross-slot scheduling power saving techniques need to be further specified. During the power saving study item, it was clarified that the power saving schemes with cross-slot scheduling showed up to 2%-28% power saving gains. In this contribution, we further discuss the procedure of cross-slot scheduling power saving techniques.

[bookmark: _Ref494215420]General view on cross-slot scheduling procedure
It was agreed in RAN1#96 [2] that the minimum K0>0 should be known by UE in semi-static manner through RRC signaling. UE could go to micro sleep after reception of last PDCCH symbol. The procedure of cross-slot scheduling is shown as follows:
	[bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK102][bookmark: OLE_LINK103]Agreements: 
· Cross-slot scheduling    
·  Minimum K0 > 0 and aperiodic CSI-RS triggering offset is not within the duration - UE could switch to micro sleep after PDCCH reception – no addition PDSCH and CSI-RS signals reception within the given duration (e.g. the same slot)
· It is known to the UE at PDCCH decoding
· Extended micro sleep time and reduce the PDCCH processing in reducing UE power consumption 
· Minimum K2 > 0 is essential to avoid the requirements of fast PDCCH processing
· UE assistance information can be considered
· [bookmark: OLE_LINK92][bookmark: OLE_LINK93]The general procedure for the study of the power saving scheme when cross-slot scheduling is used 
·  gNB semi-statically configures TDRA to the UE, subject to UE capability (if any) 
· All schedulable TDRA values have K0 > = x and K2 >= x where x > 0
· Determination of value x is FFS (which may also be done in the WI phase), e.g., may also be impacted by BWP switching triggered by DCI (jointly with cross-slot scheduling, if supported), etc.
· All aperiodic CSI-RS triggering offsets are not smaller than the value x
· UE decodes PDCCH and retrieves the index of schedulable TDRA value
· UE could go to micro sleep after reception of last PDCCH symbol 
· UE processes PDSCH at the indicated starting time from TDRA value
· Note: DRX cycle assumed in the evaluation results summarized in the table below is not necessilary long DRX cycle; detailed DRX cycle assumption can be found in each reference


The general procedure of cross-slot scheduling was agreed in the last meeting, gNB semi-statically configures TDRA table to the UE, and all the schedulable TDRA values have K0 > = x where x > 0. In our understanding, x means the minimum K0, and the value of x is FFS. 

Discussion on cross-slot scheduling procedure
Power saving gain for cross-slot scheduling for R15 UE
It has been identified that even for R15 UE cross-slot scheduling (i.e. K0>0) has power saving gain over same-slot scheduling (i.e. K0=0). 
As an example below, the configured PDCCH monitoring period is 4 slots, K0 is equal to 0 or 1, and there is only one PDSCH to receive during 5 slots. It can be shown in the figure below.


Figure 1: Power consumption for same-slot scheduling and cross-slot scheduling (K0=0/1, and configured PDCCH monitoring period is 4 slots) for R15 UE behavior
[bookmark: OLE_LINK44][bookmark: OLE_LINK45]According to the power modeling defined from TR [3], the power consumptions of the above two cases are evaluated as follows:
P R15_UE_K0=0 = 300 + 45*3 + 100 = 535 (units),
PR15_UE_K0=1 = 70*2 + 280 + 45*2 = 510 (units).
The power consumption of PDCCH without PDSCH buffer is assumed as 70, since the power of cross-slot scheduling is 0.7x same-slot scheduling. It can be observed that there is only (535-510)/535=4.7% power saving gain of cross-slot scheduling over same-slot scheduling. Therefore, the further enhancement of cross-slot scheduling could be discussed. In the remaining contribution, we will discuss the possible enhancement. 
PDCCH monitoring period and K0
The relationship between PDCCH monitoring period and K0 should be assumed for ease of discussion.  From perspective of latency, both PDCCH monitoring period and K0 are main factors impacting latency. In some cases, with unchanged PDCCH monitoring period, just reduction of K0 may not efficiently improve latency. From perspective of power saving gain, if K0 is less than PDCCH monitoring period, power consumption cannot be reduced as K0 is reduced. Therefore, in our view, it could be better that K0 is no less than PDCCH monitoring period.
As an example below, the configured PDCCH monitoring period is 4 slots, K0 equals to 4, and there is only one PDSCH to receive during 5 slots. It can be shown in the following figure.

 Figure 2: Power consumption for cross-slot scheduling (K0=4, and configured PDCCH monitoring period is 4 slots) for R15 UE behavior
The power consumption of the above case can be evaluated as follows:
P R15_UE_K0=4 = 70 + 45*3 + 300 = 505 (units).
It can be observed that the power consumption of the above case is similar to the case when K0=1 with 510 units power consumption.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Observation1: When K0 is reduced less than PDCCH monitoring period, power consumption cannot be reduced.
[bookmark: _GoBack]In the remaining contribution, we assume that K0 is no less than PDCCH monitoring period. The case that K0 is less than PDCCH monitoring period can be discussed further in the future.

The minimum K0 for cross-slot scheduling
The minimum K0 may need to be identified for ease of discussion. 
Different from the assumption in above examples, we assume the configured PDCCH monitoring period is 1 slot, K0 is equal to 1 or 4, and there is only one PDSCH to receive during 5 slots. It can be shown in the figure below.

 Figure 3: Power consumption for cross-slot scheduling (K0=1/4, and configured PDCCH monitoring period is 1 slot) for R15 UE behavior
In the above figure, UE receives PDSCH in slot n+1 or slot n+4 when K0 is 1 or 4 respectively, and then receives PDCCH only in the rest slots. The power consumptions of the above two cases are evaluated as follows:
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]PR15_UE_K0=1 = 70*4 +300= 580 (units),
P R15_UE_K0=4 = 70*4+ 300 = 580 (units).
It can be observed that the power consumption of different K0 for R15 UE are the same. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK17][bookmark: OLE_LINK18]Observation 2: When K0 is no less than PDCCH monitoring period, power saving gain is independent of K0 under assumption of the R15 UE behaviour
On the other hand, UE can open a narrow bandwidth for CORESET before the first PDCCH scheduling, and then switch to a wide bandwidth of active BWP. It may bring more power saving gain, because UE may working on a narrow bandwidth if there is no scheduling. However, the minimum K0 may have relationship with the bandwidth switch delay. From RAN4 aspect, the minimum transition time of different bandwidth is 1ms [4].
For instance, when the SCS is 30 KHz, the bandwidth switch delay is about 2 slots. If the minimum K0 is less than bandwidth transition time, UE may not receive PDSCH successfully. So, in this case, the minimum K0 should be 2. Instead, when the SCS of BWP is 15 KHz, the minimum K0 equal to 1 could be enough. Therefore, it can be observe that the minimum K0 should associate with the bandwidth switching delay and SCS of BWP. 

 
Figure 4: Cross-slot scheduling with UE bandwidth switching
In the above figure, the 30kHz SCS is taken as an example, UE works in a narrow bandwidth to detect PDCCH, after receiving the first scheduling PDCCH at slot n+2, UE switches to a wide bandwidth to receive PDSCH in slot n+4.
Observation 3: The minimum K0 may have a relationship with the bandwidth switch delay at UE.
As a summary for the minimum K0, enlarging the minimum K0 may not be beneficial for UE power saving, but the minimum K0 can be configured large enough to cope with the bandwidth switch delay at UE.
Proposal 1: The minimum K0 can be standard transparent and configured by gNB considering the possible bandwidth switch delay at UE side.

Possible enhancement of cross-slot scheduling
No PDCCH monitoring within scheduling gap
In our view, power consumption for cross-slot scheduling can be further reduced.
As an example, we assume the configured PDCCH monitoring period is 1 slot, K0=4. If UE does not monitor PDCCH in slot n+1, slot n+2 and slot n+3, the power saving gain will increase. It can be called as “no PDCCH monitoring within scheduling gap”. The following figure shows the example of “no PDCCH monitoring within scheduling gap”.

 Figure 5: Power consumption for “no PDCCH monitoring within scheduling gap” for cross-slot scheduling (K0=4, and the configured PDCCH monitoring period is 1 slot)
The power consumption of “no PDCCH monitoring scheduling gap” is evaluated as follows.
PNo_PDCCH_ monitoring = 70 + 45*3 + 300 = 505 (units).
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]There could be nearly 13% power saving gain compared with R15 UE in the example. 
Observation 4: Power saving gain of “no PDCCH monitoring within scheduling gap” over R15 UE can be achieved.

Partial PDCCH monitoring within scheduling gap 
For “no PDCCH monitoring within scheduling gap”, however, latency may increase to 4 times over R15 UE. So PDCCH monitoring may be optimized.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]For example, if UE does not monitor PDCCH in slot n+1 and n+3, the power saving gain over R15 UE can be achieved with acceptable latency. It can be called “partial PDCCH monitoring within scheduling gap”. The following figure shows the example of “partial PDCCH monitoring within scheduling gap”.

Figure 5: Power consumption for “partial PDCCH monitoring within scheduling gap” for cross-slot scheduling (K0=4, and the configured PDCCH monitoring period is 1 slot)
The power consumption of “partial PDCCH monitoring within scheduling gap” UE can be evaluated as follows.
Ppartial_PDCCH_ monitoring = 70*2 + 45*2 + 300 = 530 (units).
There could be nearly 8.6% power saving gain compared with R15 UE in this example. Comparing to “no PDCCH monitoring within scheduling gap”, there is only 4% reduction of power saving gain, but latency can be reduced compared with “no PDCCH monitoring within scheduling gap”.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Observation 5: Power saving gain of “partial PDCCH monitoring within scheduling gap” is slightly reduced with latency decreasing, compared with “no PDCCH monitoring within scheduling gap”.

Summary  
As discussed above, in order to further achieve power saving gain of cross-slot scheduling, new UE behavior for PDCCH monitoring within scheduling gap should be studied.
Therefore, we have the following proposal.
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 2: New behaviour for cross-slot scheduling could be studied.

Conclusion
As conclusions, we have the following proposals.
Proposal 1: The minimum K0 can be standard transparent and configured by gNB considering the possible bandwidth switch delay at UE side.
Proposal 2: New behaviour for cross-slot scheduling could be studied.
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