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Introduction
It was agreed in RAN#83 [1], the objectives of 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.


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]Potential Rel-16 Enhancements for Cross-Slot Scheduling
Dynamic adaptation on cross-slot/same-slot scheduling within a BWP
In RAN1#96b, dynamic adaptation on cross-slot/same-slot scheduling within a BWP was discussed, and the following agreements was reached [2]:
	Agreements:
· For an active DL and an active UL BWP, a UE can be indicated via signalling(s) from gNB to adapt the minimum applicable value(s) of K0, K2 and/or aperiodic CSI-RS triggering offset (with/without QCL_typeD configured) where the signalling type is to be down-selected from:
· Alt 1: MAC-CE based
· Alt 2: L1 based
· FFS: How to determine the minimum applicable value if explicit value is not provided.
Agreements:
Possible candidate indication methods to adapt the minimum applicable value of K0 (or K2) for an active DL (or UL) BWP, where the indication method is to be selected from:
· Alt 1: Indication of a subset of TDRA entries, e.g., bit-map based indication
· Alt 2: Indication of one active table from multiple configured TDRA tables
· Alt 3: Indication of the minimum applicable value
· Note: Other option is not precluded
Note: PDCCH monitoring case 1-1 is prioritized for the design. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]FFS: Whether and how the minimum applicable K0 (or K2) value of the active DL (or UL) BWP is also applied to cross-BWP scheduling 


From above, the indication method needs to be selected from those highlight parts. In this section, we discuss the necessity of dynamic adaptation on cross-slot/same-slot scheduling, then we share views on possible candidate indication methods. All the discussion in this contribution is based on PDCCH monitoring case 1-1.

Necessity of dynamic adaptation on cross-slot/same-slot scheduling
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]It has been identified that cross-slot scheduling (i.e. minimum K0>0) has power saving gain over same-slot scheduling (i.e. minimum K0=0) for Rel-15 UE. 
As an example below, the configured PDCCH monitoring period is 1 slot, K0 is equal to 0 or 1, and there is only one PDSCH within 5 slots (low traffic load scenario).


Figure 1: Power consumption of same-slot scheduling and cross-slot scheduling (low traffic load)
According to the power modeling defined in TR [3], the power consumptions of the above two cases are evaluated as follows:
P Rel-15_UE_K0=0 = 300 + 100*4 = 700 (units),
PRel-15_UE_K0=1 = 70*4 + 300 = 580 (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 could be nearly (700-580)/700=17% power saving gain of cross-slot scheduling over same-slot scheduling.
However, when UE receives a traffic burst, the power saving gain may not be as large as the above scenario. As an example below, the configured PDCCH monitoring period is 1 slot, K0 is equal to 0 or 1, and there are four PDSCHs within 5 slots (high traffic load scenario). 


Figure 2: Power consumption of same-slot scheduling and cross-slot scheduling (high traffic load)
The power consumptions of the above two cases are evaluated as follows:
P Rel-15_UE_K0=0 = 100*1 + 300*4 = 1300 (units),
PRel-15_UE_K0=1 = 70*1 + 300*4 = 1270 (units).
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]In above situation, only (1300-1270)/1300=2.3% power saving gain can be achieved. Since cross-slot scheduling does not provide considerable power saving gain when UE receives a traffic burst, and the data transmission delay will increase due to minimum K0>0, UE should turn cross-slot scheduling back to same-slot scheduling when the traffic load is high. Therefore, in order to seek a balance between power saving and performance, dynamic adaptation on cross-slot/same-slot scheduling should be discussed.

Methods for dynamic adaptation on cross-slot/same-slot scheduling
From the last meeting, there are three typical dynamic adaptation methods:
· Alt 1: Indication of a subset of TDRA entries, e.g., bit-map based indication
· Alt 2: Indication of one active table from multiple configured TDRA tables
· Alt 3: Indication of the minimum applicable value
For Alt-1, bit-map based indication is a flexible approach which allow gNB to select a sub set of TDRA entries, gNB can determine which values (K0) are available based on traffic characters. But when the configured TDRA entries number is 16, up to 16 bits is required, this overhead may not be acceptable for DCI-based indication. Since MAC-CE is not precluded for indication signaling type, the overhead should not much matter for MAC-CE, but the indication latency of MAC-CE cannot be ignored. Besides, for most scenarios, UE only needs to know the available minimum K0, i.e. switching between cross-slot scheduling and same-slot scheduling, so bit-map based indication may not be needed.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK19][bookmark: OLE_LINK20]For Alt-2, higher signaling overhead is noticeable. First of all, two or more TDRA tables are needed in RRC layer, then additional information (e.g., TDRA table index) is required. gNB indicates the UE which TDRA table to be used in the subsequent scheduling by TDRA table index which carried in L1-signaling or MAC CE, so, L1-signaling or MAC-CE is also needed. When TDRA table index is carried in L1-signaling (e.g. scheduling DCI), the miss detection is an inevitable issue. For example, if UE is operation with TDRA table 1, and missed the TDRA table index indication which indicates TDRA table 2 to be used, UE may not be able to receive the PDSCH due to different TDRA table has different index meaning, and UE cannot realize the miss-detection event.
For Alt-3, indication of the minimum applicable value is a direct way, especially when there are only two minimum applicable values. For this situation, the overhead can be very small, 1 bit should be enough, e.g. 0 means the first minimum K0 (such as 0) and 1 means the second minimum K0 (such as 1 or 2, etc., depends on TDRA table). Switching between cross-slot scheduling and same-slot scheduling can be achieved by this 1 bit filed. When the minimum applicable value is transmitted by L1-signal, such as DCI, the miss detection is not an inevitable issue. For example, a configured TDRA table contains K0=0 and K0=1, their indexes are 0 and 1, respectively. At the beginning (e.g., the beginning of DRX ON duration), UE supposes the minimum K0=1, which means UE is not supposed to receive a DCI which indicates K0=0 before receiving a switching indication. when UE receives a DCI which indicates K0=0 before receiving a switching indication, UE realizes that the switching indication has been missed, so UE needs to switch to same-slot scheduling and begins PDSCH buffering automatically.
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]For other options, Rel-15 BWP framework and RRC reconfiguration could be considered. However, for BWP based approach, considering that there are only 4 BWPs allowed in Rel-15, duplicating one BWP configuration due to different applicable K0 values for power saving purpose is actually a waste of resource and reduces the flexibility of network operation without increasing the number of BWP configurations. While for RRC reconfiguration, latency may not be acceptable. 
Thus, direct indication of minimum K0 is preferred.
Proposal 1: For dynamic adaptation on cross-slot/same-slot scheduling, indication of the minimum applicable value is preferred.
Minimum applicable K0 value for cross-BWP scheduling
As shown in figure 3, UE can stay in a narrow BWP (BWP 1) with a small packet transmission and switch to a wide BWP (BWP 2) when a large packet arrives. From RAN4’s perspective, the minimum switching delay of different BWP is 1ms [4]. When initiating cross-BWP scheduling, gNB should indicate a K0 (scheduling delay) which is larger than the BWP switching delay, otherwise, UE cannot receive the PDSCH successfully in the target BWP.


Figure 3: Cross-slot scheduling associate with cross-BWP scheduling
However, the indicated K0 associated with cross-BWP scheduling can be larger than the minimum K0, this depends on gNB implementation. For example, the minimum K0 in the configured TDRA table is 0, gNB can select a K0 value which is larger than the minimum K0 to meet the BWP switching delay requirements. Thus, the configuration of the minimum K0 value in TDRA table is irrelevant to the BWP switching delay. 
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Proposal 2: The configuration of the minimum K0 value in TDRA table is irrelevant to the BWP switching delay.
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]The impact of the minimum K0 to UE power consumption has been discussed in appendix. Power saving gain is independent of K0 under the Rel-15 UE behavior, enlarging the minimum K0 cannot be beneficial to UE power saving. Thus, the minimum K0 can be standard transparent and configured by gNB.

Possible enhancement of cross-slot scheduling
No PDCCH monitoring within a scheduling gap
In our view, power consumption of cross-slot scheduling can be further reduced in some cases. 
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 a scheduling gap”. The following figure shows the example of “no PDCCH monitoring within a scheduling gap”.

 Figure 4: Power consumption of “no PDCCH monitoring within a scheduling gap” for cross-slot scheduling 
[bookmark: _GoBack]The power consumption of “no PDCCH monitoring within a scheduling gap” is evaluated as follows.
PNo_PDCCH_ monitoring = 70 + 45*3 + 300 = 505 (units).
While Rel-15 UE needs to monitor the PDCCH within a scheduling gap, so the power consumption of Rel-15 UE is evaluated as follows.
PRel-15 = 70*4 + 300 = 580 (units).
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]There could be nearly (580-505)/580=13% power saving gain compared with Rel-15 UE in the above example. 
Observation 1: Power saving gain of “no PDCCH monitoring within a scheduling gap” over Rel-15 UE can be achieved.

Partial PDCCH monitoring within a scheduling gap 
For “no PDCCH monitoring within a scheduling gap”, however, the latency may increase 4 times over Rel-15 UE. So PDCCH monitoring may be optimized.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]For example, We assume the configured PDCCH monitoring period is 1 slot, and K0=4, if UE does not monitor PDCCH in slot n+1 and n+3, the power saving gain over Rel-15 UE can be achieved with an acceptable latency. It can be called “partial PDCCH monitoring within a scheduling gap”. The following figure shows the example of “partial PDCCH monitoring within a scheduling gap”. 

 Figure 5: Power consumption of “partial PDCCH monitoring within a scheduling gap” for cross-slot scheduling
The power consumption of “partial PDCCH monitoring within a 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 Rel-15 UE in this example. Comparing to “no PDCCH monitoring within a scheduling gap”, there is only 4% reduction of power saving gain, but the latency can be reduced compared with “no PDCCH monitoring within a scheduling gap”.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Observation 2: Power saving gain of “partial PDCCH monitoring within a scheduling gap” is slightly reduced with the latency decreases, compared with “no PDCCH monitoring within a scheduling gap”.
As discussed above, in order to further achieve power saving gain of cross-slot scheduling, new UE behavior for PDCCH monitoring within a scheduling gap can be considered.
Therefore, we have the following proposal.
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 3: New UE behaviour for cross-slot scheduling should be considered.

Conclusion
As conclusions, we have the following observations and proposals.
Observation 1: Power saving gain of “no PDCCH monitoring within a scheduling gap” over Rel-15 UE can be achieved.
Observation 2: Power saving gain of “partial PDCCH monitoring within a scheduling gap” is slightly reduced with the latency decreases, compared with “no PDCCH monitoring within a scheduling gap”.
Proposal 1: For dynamic adaptation on cross-slot/same-slot scheduling, indication of the minimum applicable value is preferred.
Proposa2: The configuration of the minimum K0 value in TDRA table is irrelevant to the BWP switching delay.
Proposal 3: New UE behaviour for cross-slot scheduling should be considered.
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Appendix
A.1 [bookmark: OLE_LINK31][bookmark: OLE_LINK32]Impact of the minimum K0 to UE power consumption
A 1.1 Small PDCCH monitoring period
As an example below, we assume the configured PDCCH monitoring period is 1 slot, K0 is equal to 1 or 4 (i.e. K0 is no less than the configured PDCCH monitoring period), there is only one PDSCH within 5 slots, and the UE behavior is based on Rel-15. 

[bookmark: OLE_LINK29][bookmark: OLE_LINK30] Figure A.1: Power consumption for cross-slot scheduling (K0=1/4, and configured PDCCH monitoring period is 1 slot)
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:
PRel-15_UE_K0=1 = 70*4 +300= 580 (units),
P Rel-15_UE_K0=4 = 70*4+ 300 = 580 (units).
It can be observed that the power consumptions of different K0 for Rel-15 UE are the same. 
Observation A1: When K0 is no less than the configured PDCCH monitoring period, power saving gain is independent of K0 under the Rel-15 UE behaviour.

A 1.2 [bookmark: OLE_LINK21][bookmark: OLE_LINK22]Large PDCCH monitoring period
As an example below, we assume the configured PDCCH monitoring period is 4 slots, K0 is equal to 1 or 4 (i.e. K0 is no more than the configured PDCCH monitoring period), there is only one PDSCH within 5 slots, and the UE behavior is based on Rel-15. 


Figure A.2: Power consumption of cross-slot scheduling (K0=1/4, and configured PDCCH monitoring period is 4 slots)
The power consumptions of the above two cases are evaluated as follows:
P Rel-15_UE_K0=1 = 70*2 + 280 + 45*2 = 510 (units),
PRel-15_UE_K0=4 = 70 + 45*3 + 300 = 505 (units).
It can be observed that the power consumptions of different K0 for Rel-15 UE are almost the same.
Observation A2: When K0 is no more than the configured PDCCH monitoring period, power saving gain is independent of K0 under the Rel-15 UE behaviour.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]As a summary of K0, Power saving gain is independent of K0 under the Rel-15 UE behavior, enlarging the minimum K0 cannot be beneficial to UE power saving. Considering the delay, the minimum K0 can be configured as a smaller one (e.g., the minimum K0=1).
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