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Introduction
UE power saving study item was successfully finished[1] and corresponding WID has been approved during March RAN Plenary #83 meeting [2]. We captured the WID scope below.

	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.



The WI scope is determined with focus on RAN1 and RAN4 work due to on-going RAN2 SI, which is supposed to be completed by June 2019. In RAN1 scope, power saving techniques with focus on RRC_CONNECTED mode will be specified. According to the WID scope, the cross slot scheduling technique will be further specified for UE power saving. 

The further enhancement of cross slot techniques should be limited since the R15 NR already have tools to support cross slot scheduling techniques. Various K0 values could be configured in TDRA table to support various distance between PDCCH and PDSCH. The additional enhancement needed in R16 should be built on top of existing R15 feature.

In this contribution, we discuss R15 cross slot scheduling mechanism and provide the enhancements on cross-slot scheduling techniques in R16.
Release 15 Cross Slot Scheduling
Time Domain Resource Allocation Table
In NR, 38.331 defines very flexible PDCCH/PDSCH time-domain resource allocation (TDRA) pattern. In particular, RRC can configure one table per BWP, which includes a list of possible (up-to 16) TDRA patterns. Each entry of the TDRA table includes three fields, namely, K0, PDSCH mapping type, and StartSymbolAndLength. K0 defines the distance between PDCCH and PDSCH in slots (i.e., K0=0 indicates same-slot scheduling, whereas K0>0 indicates cross-slot scheduling); mapping type indicates whether the scheduling is PDSCH-mapping-type-A(a.k.a slot based) or PDSCH-mapping-type-B (a.k.a mini-slot based); and startSymbolAndLength defines the location and span of PDSCH symbol allocation within a slot. At PHY layer, PDCCH DCI decoding provides an entry index of the table, indicating which entry of the TDRA table should be used for corresponding PDSCH. In theory, gNB can change TDRA from slot to slot using DCI.

Observation 1
· In R15 NR, TDRA table could be RRC configured and gNB indicates K0 dynamically using DCI for schedule PDSCH.

[bookmark: _Ref4804205]Cross Slot Scheduling based on TDRA Table Configuration
In R15, cross slot scheduling could be supported simply by configuring TDRA table by RRC signaling. For example, if gNB wants to do cross slot scheduling only, then gNB could configure TDRA table such that the minimum K0 value be larger than or equal to 1. Then, UE knows that there will be no same slot scheduling. So, it can avoid unnecessary PDSCH buffing until PDCCH decoding finishes.

Observation 2
· To support cross slot scheduling with R15, gNB could configure TDRA table such that minimum K0 value greater than or equal to 1 to give enough gap between PDCCH and corresponding PDSCH.

Alternative solution in R15 is to use BWP framework. For example, among all BWPs configured, one BWP could be configured to have TDRA entries with K0>0. This BWP will ensure that there is always enough gap for UE to finish PDCCH decoding before actual PDSCH starts. Then, by changing BWP, gNB can make sure UE receives cross-slot scheduling only in the BWP.

Observation 3
· In R15, BWP framework could be configured to support cross-slot scheduling only.

[bookmark: _Ref4812162]Gap between PDCCH and PDSCH
If PDCCH decoding does not finish before potential PDSCH starts, UE should buffer OFDM symbols for potential PDSCH starting before PDCCH decoding finishes (orange colored region in Figure 1(a)).

The enough gap between last symbol of PDCCH and the first symbol of PDSCH provides UE modem to finish PDCCH decoding before PDSCH reception starts. Then, UE can decide if there is corresponding PDSCH or not and whether to buffer or not. It allow UE modem to avoid unnecessary PDSCH buffing as shown in Figure 1(b).
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[bookmark: _Ref534802367]Figure 1 (a) Unnecessary PDSCH buffering is required when there could be PDSCH transmission before PDCCH decoding finishes. (b) UE always knows that the potential PDSCH could be transmitted after PDCCH decoding finishes.
Observation 4
· Providing enough gap between PDCCH and corresponding potential PDSCH for UE to finish the PDCCH decoding before the PDSCH starts allows UE avoid unnecessary buffering.

Observation 5
· The required gap between the last symbol of PDCCH and the first symbol of PDSCH is PDCCH decoding time. As long as the gap is larger than the UE PDCCH decoding time, UE can avoid unnecessary buffering.


PDCCH Decoding Delay
The PDCCH decoding time is different for different SCS. But for FR2 case, higher layer parameter timeDurationForQCL could be used to determine the gap size. timeDurationForQCL is a time offset between DCI and corresponding PDSCH for determining which QCL assumption to make on PDSCH. If the gap is less than timeDurationForQCL, then UE may assume that PDSCH DMRS are QCLed with RS in TCI w.r.t QCL parameter for PDCCH QCL indication of the lowest CORESET-ID in the latest slot.
In determining the parameter timeDurationForQCL, two important contributions were counted ; first one is PDCCH decoding delay and the second one is receive beam switching delay. But since receive beam switching delay is typically just a few micro seconds, most of the contribution is coming of PDCCH decoding delay. Parameter timeDurationForQCL is determined by UE capability timeDurationForQCL[3].

Observation 6
· The PDCCH decoding delay could be inferred from timeDurationForQCL.

The candidate value of timeDurationForQCL is {7,14,28} symbols for SCS=60kHz and {14,28} symbols for SCS=120kHz. This is captured in UE feature 2-2 PDSCH beam switching.

[image: ]

K0 in FR1 and FR2
For FR2, this means that the gap should be larger than timeDurationForQCL for UE power saving. It is clear from the possible values of timeDurationForQCL that setting K0>=1 may not be enough condition for avoiding unnecessary PDSCH buffering in some cases. For example, K0>=2 may be required when timeDurationForQCL is 28.

For FR1, with SCS=15kHz/30kHz, K0>=1 should work in most of implementations.

Observation 7
· Minimum K0 required for cross slot scheduling in FR1 and FR2 could be different.
A-CSI RS Scheduling
In R15, when aperiodic CSI-RS is used with aperiodic reporting, a CSI-RS offset configured by higher layer parameter aperiodicTriggeringOffset is used to provide time offset between DCI triggering the A CSI-RS and the CSI-RS. The offset is required to provide enough time offset for UE to switch receive beam. The offset could be configured from 0, 1, 2,3,4,16,24 slots. However, in case UE does not have to change its receive beam in monitoring aperiodic CSI-RS (no QCL-D type in potential trigger states), there is no need to have long offset. In this case, both DCI and aperiodic CSI-RS could be transmitted through the same slot. This is captured in 38.214 as follows.
“If all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states, the CSI-RS triggering offset is fixed to zero.”

It has been noted that this restriction could be a problematic for power saving since until UE finishes decoding DCI, UE has no idea whether aperiodic CSI-RS is transmitted or not ; this means UE has to buffer potential aperiodic CSI-RS signal. This could be quickly fixed by simply removing the current provision. Then, the offset is configurable and could be configured to positive numbers when cross slot scheduling is enabled for power saving.

Proposal 1
· Remove “If all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states, the CSI-RS triggering offset is fixed to zero.” from section 5.2.1.5.1 of 38.214.
Release 16 Cross Slot Scheduling Technique
Dynamic Control of Minimum K0
As discussed in Section 2.2, R15 solutions are either based on RRC signaling or BWP. In case there is need for dynamic or semi-dynamic control of minimum K0 for UE power saving, R15 BWP framework could be considered. However, considering that there is only 4 BWPs allowed in R15, duplicating one BWP with only different K0 value for power saving purpose is actually waste of configuration resource reducing flexibility of network/UE operation. Thus, direct control of minimum K0 is preferred.

We consider following options for controlling minimum K0 value (K0_min).
· Option 1 : gNB can signal K0_min value to UE using MACCE. Then, only tbe TDRA entries with K0>=K0_min could be indicated by scheduling DCI thereafter.
· Option 2 : gNB can send a bitmap to indicate a subset of TDRA entries to be used thereafter. The indicated subset may have K0 values larger than 0 for UE power saving.
· Option 3 : gNB indicate K_offset value to UE. K_offset value is added to K0 values in all the TDRA entries.

Figure 2 shows the three TDRA tables for each options.
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[bookmark: _Ref4807945]Figure 2 (a) TDRA table for option 1: indicated K0_min divides current TDRA table into two parts – active(yellow) entries and inactive(gray) entries (b) TDRA table for option 2 : bitmap is signaled to indicate (c) TDRA table for option 3 : offset is added to all entries
Option 1 is most straightforward approach. K_min may need up to 4 bits considering maximum length of TDRA table is 16. Option 2 is most general approach which allow gNB to select arbitrary set of TDRA entries, but up to 16 bits could be required. Option 3 allows TDRA entries to be reused by offsetting K0 values. But, some entry with large K0 value with offset could be larger than 32 which is the max of K0 value, which make it invalidate such entries.

If the size of required bits for K_min is not a big concern, then option 2 is good approach since it has highest flexibility. If the size of required bits for K_min is concern, then either option 1 or 3 could be used. However, since MACCE is considered for signaling, the size should not much matter in this case.

Figure 3 shows an example of TDRA table modification after UE receives K0_min=1 with MACCE. K0_min=1 from gNB effectively disable entries with K0<K0_min. Other options also have similar operations.
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[bookmark: _Ref4809540]Figure 3 An example of TDRA table modification after K0_min signaling 
Based on above discussion, we make following proposal.

Proposal 2
· NR supports a MAC CE which can indicates a bitmap for indicating a subset of TDRA entries of the configured TDRA table. 
· If gNB sends MACCE to indicate a subset of TDRA entries, a scheduling DCI thereafter can indicate one of the subsets of entries.

To better reflect UE’s preference on K0 value, UE should be able to indicate its preferred TDRA entries or K0_min value.

Proposal 3
· NR supports that UE reports its preferred TDRA entries back to gNB among the entries in the RRC-configured TDRA table.
· NR supports UE preferred K0_min value indication.

Cross BWP Scheduling
In release 15 NR, when cross BWP scheduling is performed, gNB need to take into account BWP switching time at UE side. The BWP switching is determined taking into account DCI decoding time, RF/baseband reconfiguration time, RF/baseband parameter applying time and potentially AGC settling time [4]. Depending on the UE capability, two types of capability signal (Type 1 or Type 2) is reported to network[3]. Depending on subcarrier spacing and UE capability, total 8 different switching times are defined, as shown Table 1.

[bookmark: _Ref5014628]Table 1 BWP switch delay [4]
[image: ]

Then, gNB, when initiating the cross BWP scheduling, should indicate large enough K0 value which is larger than the switching delay. Otherwise, UE cannot receive the PDSCH in target BWP. This is true even when the target BWP includes TDRA entry with K0=0. The UE cannot be prepared to be cross BWP scheduled with K0=0 case due to non-zero BWP switching delay. This is captured in [5].

“A UE does not expect to detect a DCI format 1_1 or a DCI format 0_1 indicating respectively an active DL BWP or an active UL BWP change with the corresponding time domain resource assignment field providing a slot offset value for a PDSCH reception or PUSCH transmission that is smaller than a dalye required by the UE for an active DL BWP change or UL BWP change [TS 38.133].”

Observation 8
· According to R15, UE is not expected to receive cross BWP scheduling DCI including K0 value which is smaller than required BWP switching delay.

This implies that it is safe that UE does not take into account of TDRA entries with K0 values less than BWP switching delay in non active BWP. That is, K0 values in TDRA table less than BWP switching delay for non active BWP will not hurt power saving chance in UE’s operation active BWP. 

Observation 9
· K0 values in TDRA tables for non active BWPs which are less than BWP switching delay will not limit power saving opportunity in active BWP.

Note above observation is should hold for BWPs with difference numerologies.

Cross Carrier Scheduling
Same Numerology
We first consider the cross carrier scheduling among component carrier (CC) with the same numerology. In this case, scheduling cell and scheduled cell have the same numerology and their slot boundaries are perfectly aligned. Thus, the problem of unnecessary PDSCH buffering could happen when K0=0 as same carrier scheduling case. The Figure 4(a) shows the case where a PDSCH is scheduled in CC2 by PDCCH transmitted in CC1. In this case, search space for CC1 and CC2 are both configured in CC1 and both TDRA tables in CC1 and CC2 have K0=0 in at least one entry. Due to potential PDSCH scheduling in CC1, UE needs to buffer symbols until PDCCH decoding finishes. . The Figure 4(b) shows the case where no PDSCH is scheduled. Due to the same reason, UE needs to buffer symbols in CC2 as well. This problem could be solved by configuring minimum K0 in each CC be larger than PDCCH decoding time.
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[bookmark: _Ref5038547]Figure 4 Cross carrier scheduling with the same numerology : (a) when PDSCH is scheduled in CC2 (b) when no PDSCH is scheduled

Observation 10
· Cross slot scheduling technique for UE power saving in cross carrier scheduling with the same numerology case could be same as that in the same carrier scheduling.

Different Numerology
The issue of cross carrier and cross slot scheduling is related to the discussion of cross carrier scheduling with different numerology in MRDC WI in RAN1. The main issues is in the case when the SCS of scheduling CC is smaller than that of scheduled CC. Buffering requirement of PDSCH in scheduled cell is important factor in discussion.

Figure 5(a)~(c) shows the different numerology case where CC1 is fixed to 15kHz and CC2 SCS is 30kHZ, 60kHz, and 120kHz respectively. It was assumed that the PDCCH decoding finishes 7th symbol in 15kHz. The difference between (a), (b), and (c) is the number of symbols in CC2 which need to be buffered to receive potential PDSCH. They are 8, 16, and 32 symbols respectively. Since the CC using larger subcarrier spacing usually have larger channel bandwidth, the increased number of symbols to buffer increases the amount of buffering requirement accordingly. For example, the amount of buffering required for SCS=120kHz is 32 symbols, which corresponds to 2 slots and 4 symbols in 120kHz. Depending on the PDCCH decoding time for 120kHz, this could be larger than buffering required for same carrier scheduling.

[image: ]
[bookmark: _Ref5060084]Figure 5 Cross carrier scheduling with different numerologies. The buffering requirement could be reduced by increasing K0 values.
To avoid or limit the amount of buffering, it is necessary to have the gap between the last symbol of PDCCH and the first symbol of PDSCH. For this reason, following agreement was made during RAN1#96.

Agreements:
· At least for the case of lower SCS PDCCH scheduling a higher SCS PDSCH the earliest possible starting point for the PDSCH is defined by the end of the PDCCH + 
· >0. Detailed value(s) FFS
· FFS other factor(s) impacting 

The value of  is FFS but it is clear from the discussion that  should be determined based on PDCCH decoding delay in scheduling CC and slot length of scheduled CC. The  would determine the minimum K0 value which could be configured by RRC in scheduled CC.

Proposal 4
· Allow gNB configure K0_min per BWP per component carrier.
Conclusions
In this contribution, we have discussed cross slot scheduling techniques in R15 and R16. Most of mechanisms for cross slot scheduling is already supported by TDRA table configuration in R15. The enhancement in R16 should be limited to removing restriction of aperiodic CSI-RS tx offset and dynamic K0_min indication.

Based on discussion, we make following observations/proposals.

Observation 1
· In R15 NR, TDRA table could be RRC configured and gNB indicates K0 dynamically using DCI for schedule PDSCH.
Observation 2
· To support cross slot scheduling with R15, gNB could configure TDRA table such that minimum K0 value greater than or equal to 1 to give enough gap between PDCCH and corresponding PDSCH.
Observation 3
· In R15, BWP framework could be configured to support cross-slot scheduling only.
Observation 4
· Providing enough gap between PDCCH and corresponding potential PDSCH for UE to finish the PDCCH decoding before the PDSCH starts allows UE avoid unnecessary buffering.
Observation 5
· The required gap between the last symbol of PDCCH and the first symbol of PDSCH is PDCCH decoding time. As long as the gap is larger than the UE PDCCH decoding time, UE can avoid unnecessary buffering.
Observation 6
· The PDCCH decoding delay could be inferred from timeDurationForQCL.
Observation 7
· Minimum K0 required for cross slot scheduling in FR1 and FR2 could be different.
Proposal 1
· Remove “If all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states, the CSI-RS triggering offset is fixed to zero.” from section 5.2.1.5.1 of 38.214.
Proposal 2
· NR supports a MAC CE which can indicates a bitmap for indicating a subset of TDRA entries of the configured TDRA table. 
· If gNB sends MACCE to indicate a subset of TDRA entries, a scheduling DCI thereafter can indicate one of the subsets of entries.
Proposal 3
· NR supports that UE reports its preferred TDRA entries back to gNB among the entries in the RRC-configured TDRA table.
· NR supports UE preferred K0_min value indication.
Observation 8
· According to R15, UE is not expected to receive cross BWP scheduling DCI including K0 value which is smaller than required BWP switching delay.
Observation 9
· K0 values in TDRA tables for non active BWPs which are less than BWP switching delay will not limit power saving opportunity in active BWP.
Observation 10
· Cross slot scheduling technique for UE power saving in cross carrier scheduling with the same numerology case could be same as that in the same carrier scheduling.
Proposal 4
· Allow gNB configure K0_min per BWP per component carrier.
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