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Introduction
During previous meetings it has been agreed that NR supports at least same-slot and cross-slot scheduling for both DL and UL [1]. Some further agreements have been reached on the extent to which UEs will support this feature.
Agreements: RAN86bis
· NR supports at least same-slot and cross-slot scheduling for DL.
· Note: it is already agreed that NR supports same-slot and cross-slot scheduling for UL.
· For slot-based scheduling, NR specification should support the following
· DL data reception in slot N and corresponding acknowledgment in slot N+K1
· All UEs should support K1≥1 with exact values for K1 FFS
· Some UEs may support K1=0 (FFS conditions)
· UL assignment in slot N and corresponding uplink data transmission in slot N+K2
· All UEs should support K2≥1 with exact values for K2 FFS
· Some UEs may support K2=0 (FFS conditions)
Agreements: RAN89
· All Rel. 15 UE supports minimum value of K0 equal to 0, i.e., DL assignment and the scheduled DL data are in the same slot. 
This contribution discusses cross-slot scheduling in DL NR.
Discussion
Cross-slot Scheduling and Power Consumption 
For UL responses to DL control/data, there is agreement that cross-slot timing will be the UE default mode of operation, with further study required for optional same slot timing, but currently for DL data scheduling the converse is true.

Cross-slot scheduling in the downlink with nonzero K0 presents significant opportunities for power saving in the UE. Control channel monitoring represents a large proportion of UE power consumption in many use cases [2], and can account for over half of daily battery drain [3], even when a majority of slots being monitored contain no data that is relevant for the monitoring UE.

A large component of this power consumption arises because in each slot, downlink data must be captured assuming the maximum throughput configuration for the entire duration of PDCCH decoding, in case some of the captured data is represented in a downlink allocation which may or may not be present.

In general less energy is required to capture and decode PDCCH than to decode PDSCH, because typically a smaller set of resource blocks is involved, lower order modulation is used and there can be a significant reduction in the bandwidth of interest. This can mean that fewer modem resources are needed for a PDCCH-only decode, leading to reductions in UE power consumption during the decoding process. Consequently, if a UE can know in advance that it need not decode PDSCH in the current slot, it only needs to enable sufficient DL resources to receive and decode PDCCH, and can disable the receiving resources as soon as the PDCCH symbols have been captured.

It is further the case that if the target of a data assignment DCI can be decoded at the earliest opportunity, ideally using only the information transmitted in the first symbol of the slot, early termination of further PDCCH capture and decode can lead to additional power savings.
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Figure 1 - Power improvement from cross-slot scheduling
Figure 1 illustrates an example of the potential saving that results from this mode of operation. Two of the three TTIs shown contain no data for the UE. When K0=0 this is not known in advance, so the UE must receive at full bandwidth from the start of the TTI until DCI decoding is complete, in case there is further data to process. In the K0=1 case receive is only required to be active for the control period, and if the control channel can be received over a narrower bandwidth the UE can operate at a lower power level. In addition, the Rx resources can be switched off at the end of the last control period symbol, giving a further power reduction. The data and no-data cases both terminate when DCI processing has completed and enter microsleep. In the data periods the power saving is smaller, is the same in both cases until the final DCI decode, but there is a smaller power saving for the final DCI decode. In most use cases the slots with no data form the majority, and the power saving can be substantial.
The actual savings obtained will depend on data traffic patterns and UE implementation, but a simple numerical example will illustrate the principle. Table 1 below gives an example calculation assuming that DCI processing time is 4.5 symbols in duration.
	
	
	
	K0=0
	K0=1

	
	Power state
	Relative power
	Symbols
duration
	Power
contribution
	Symbols
duration
	Power
contribution

	No data for UE
	High BW Rx
	100%
	5.5/14
	39.0%
	0
	

	
	Low BW Rx
	50%
	0
	
	1/14
	3.6%

	
	DCI processing
	33%
	0
	
	4.5/14
	10.61%

	
	Microsleep
	5%
	8.5/14
	3.0%
	8.5/14
	3.0%

	
	TOTAL
	
	14/14
	43.0%
	
	17.2%

	Data for UE
	High BW Rx
	100%
	14/14
	100%
	14/14
	103.6% **

	
	Low BW Rx
	50%
	0
	
	0
	

	
	DCI processing
	33%
	0
	
	0
	

	
	Microsleep
	5%
	0
	
	0
	

	
	TOTAL
	
	14/14
	100%
	
	103.6%


** This contribution is for an isolated TTI carrying data, and exceeds 100% because PDCCH in
the following TTI is received at high bandwidth. This increases the Rx power for the following
PDCCH-only symbol from 50% to 100%. If two or more consecutive TTIs contain data the
[bookmark: _GoBack]proportionate increase becomes smaller, reaching zero when all slots carry data for the UE

[bookmark: _Ref485396075]Table 1 – Average power breakdown for data and non-data slots

Thus a PDCCH-only TTI requires 43.0% of the power of a slot which carries data for the UE if K0=0, but only 17.2% if K0=1. In a typical use case where 80% of TTIs are PDCCH-only, and only 20% carry data for the monitoring UE, the total power is calculated in Table 2 below as:	
	
	
	K0=0
	K0=1

	TTI type
	Frequency
	Relative Power 
	Power contribution
	Relative Power 
	Power contribution

	PDCCH-only
	80%
	43.0%
	34.4%
	17.2%
	13.8%

	PDCCH+PDSCH
	20%
	100%
	20%
	103.6%
	20.7%

	TOTAL
	
	
	54.4%
	
	34.6%


[bookmark: _Ref485396493]Table 2 - Average power comparison for 80% PDCCH-only slots with different K0 values
Thus, the example UE configured for K0=0 would consume 54.4% of the maximum throughput power in this scenario, but the same UE configured for K0=1 would consume only 34.6% of maximum throughput power. This would extend its battery life in the use case described by 57%. Proportionately greater savings might be expected in DRX use cases, because the significant savings for PDCCH-only slots would also apply to the expiry of the inactivity timer at the end of each DRX period.
When compared with same-slot DL scheduling this approach can increase data buffering requirements in the gNB, but the resulting extension of UE battery life will reduce recharging downtime for individual users, leading to net gains in network traffic, operator revenues and user satisfaction.
Observation 1: Cross-slot scheduling with K0 ≥ 1 reduces UE power consumption significantly
Cross-slot Scheduling and Latency
A particular concern for cross-slot scheduling is the extra delay added by allowing a pre-launch of the control channel. K0 and K1 both contribute to the overall delay, and while the latency concern maybe true for low values of K1=0, 1, the impact on latency for larger value of K1, K1 ≥2 and a K0 of 1 slot is proportionally less significant.
Observation 2: Latency impact of cross-slot scheduling is limited for K1 ≥2
Furthermore many applications and use cases will be less sensitive to increased latency. This is particularly true for smartphone usage where latency is less of a concern but battery life is a particular differentiator. We therefore propose that cross-slot scheduling should be supported by NR UEs
Proposal 1: All Rel15 UEs additionally support K0 =1 (FFS K0>1)
Conclusion
In this contribution, we discussed the use of cross scheduling in DL NR and its impact on power consumption and latency. The following observations and proposals are given for consideration:
Observation 1: Cross-slot scheduling with K0 ≥ 1 reduces UE power consumption significantly
Observation 2: Latency impact of cross-slot scheduling is limited for K1 ≥2
Proposal 1: All Rel15 UEs additionally support K0 =1 (FFS K0>1)
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