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1	Introduction
In this paper, we discuss the following adaptation mechanisms for UE power savings.
· Time 
· DRX configurations 
· Frequency 
· MIMO layers 
· UE assistance information 
2	Adaptation to variation in time
The following aspects are discussed: cross-slot, same slot with restricted SLIVs, and multi-slot scheduling. 
2.1 Cross-slot scheduling
In NR, UE can be configured such that it can be scheduled using same-slot scheduling (e.g. minimum K0 =0) or cross-slot scheduling (e.g. K0 >0). With same slot scheduling, the UE must decode PDCCH and determine whether there is associated PDSCH for it in the same slot, implying reduced opportunity for microsleep as shown in Figure 1. On the other hand, if the UE knows that PDCCH can only assign PDSCH with a delay of one slot or more (cross-slot scheduling), then it can have increased opportunity for microsleep as shown in Figure 1. 
[image: ]
Figure 1. Illustration of power consumption with same-slot scheduling vs. cross-slot scheduling.

At the same time, cross-slot scheduling increases scheduling delay for data implying increase in latency. Currently, RRC signaling is used to indicate the time domain resource allocation patterns, from which UE determines the minimum scheduling offset values that yield information about whether the UE expects same or cross-slot scheduling. Furthermore, currently the adaptation between the two cases through RRC is quite slow. Therefore, faster adaptation between cross-slot scheduling and same-slot scheduling is beneficial. 
For example, enabling cross-slot scheduling can be used to reduce power consumption during On durations, especially for DRX cycles where there is no data scheduling for the UE. Note of course, this can also be solved by using wake-up signal that precedes On duration. 
When there is data for the UE, then it should be possible to quickly switch to same-slot scheduling for the UE. The NW can configure the UE to expect cross-slot scheduling before the first scheduling PDCCH, and after the last PDSCH/PUSCH/PUCCH. UE can begin monitoring PDCCH assuming the PDCCH can schedule PDSCH with a scheduling delay greater than a slot, but when the UE find a PDCCH with a PDSCH assignment, it can then assume that subsequent PDCCHs can schedule PDSCH with smaller scheduling delay i.e. same slot. Then UE can switch back again based on explicit NW indication or based on a timer. An example is shown in below Figure. 
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Figure 2. Illustration of switching between cross-slot and same slot scheduling. 

An explicit indication can also be provided in the scheduling DCI to indicate the change in scheduling delays. 
Currently, the scheduling delays are indicated via RRC as part of time domain resource allocation pattern, along with SLIV values. Given this, to achieve cross- and same- slots scheduling, one possibility is to simply enable and disable some of the time domain resource allocation values based on the indication.
An example illustration of PS gains using the calibration example and comparing same and cross-slot scheduling is shown in Annex A which shows that cross-slot scheduling can reduce power consumption for cases with long Inactivity timer. It does not consider other schemes such as MAC command-based or L1 based GTS which can be used to stop the Inactivity timer and send the UE to DRX. However cross-slot scheduling still allows the possibility of reduced UE power consumption with setting of longer Inactivity timer values that can also help reduce latency especially if packet arrival rate is not matched well with the Inactivity timer settings. 
Based on the above discussion, we propose the following: 
1. [bookmark: _Toc534988066][bookmark: _Toc534988145][bookmark: _Toc534988475][bookmark: _Toc534989075][bookmark: _Toc534989150][bookmark: _Toc534989384][bookmark: _Toc534989632][bookmark: _Toc534988067][bookmark: _Toc534988146][bookmark: _Toc534988476][bookmark: _Toc534989076][bookmark: _Toc534989151][bookmark: _Toc534989385][bookmark: _Toc534989633][bookmark: _Toc534988068][bookmark: _Toc534988147][bookmark: _Toc534988477][bookmark: _Toc534989077][bookmark: _Toc534989152][bookmark: _Toc534989386][bookmark: _Toc534989634][bookmark: _Toc534988069][bookmark: _Toc534988148][bookmark: _Toc534988478][bookmark: _Toc534989078][bookmark: _Toc534989153][bookmark: _Toc534989387][bookmark: _Toc534989635][bookmark: _Toc534988149][bookmark: _Toc534988479][bookmark: _Toc534989079][bookmark: _Toc534989154][bookmark: _Toc534989388][bookmark: _Toc534989636][bookmark: _Toc535000888][bookmark: _Hlk534921089]Layer-1 based adaptation between cross and same-slot scheduling should be supported. 

[bookmark: _Hlk534914120]In the last meeting, it was mentioned if knowledge of K2>0 is necessary for the UE to use power savings mode for cross-slot scheduling.
K2 determines the offset number of slots between a scheduling PDCCH and a PUSCH and can take values from 0 upwards. Therefore, it is possible for the NW to schedule a UE with K2=0. One might ask until the UE has not decoded the DCI related to UL, it may not know it has to send over PUSCH, and thus a minimum processing time is needed. 
While this seems reasonable, however, TDRA configurations allows for the NW to schedule the UE in PUSCH with some symbol offset from PDCCH, and thus the NW can schedule the UE in the same slot if it wishes so with some symbol offset to make sure the UE has enough time to decode the related UL DCI. Therefore, it is necessary for the UE to be aware that K2>0 if it wishes to use power saving mode for cross-slot scheduling.
Nevertheless, for K1, such a knowledge seems to be unnecessary. K1 defines the offset between a PDCCH and HARQ ACK/NACK. One would not expect K1 to be less than K0, and thus if K0>0, it implicitly means K1 is also more than zero. While longer K1 value can be used to relax UE processing timeline, it is unclear at this point what, if any, are the power savings due to this. 
In below observations, we summarize the above discussion. 
1. [bookmark: _Toc534892227][bookmark: _Toc535000884]For the UE to be able to use the power savings advantages of cross-slot scheduling in uplink, knowledge of minimum K2 value greater than 0 can be beneficial.
2.2 Same slot scheduling with restricted SLIVs 
It is suggested that some explicit indication about the TDRA configuration employed by the NW or exclusion of some TDRA configuration can help the UE to achieve power savings. E.g., the first PDSCH symbol can start after several symbols from PDCCH reception to allow micro sleep or the PDCCH and assigned PDSCH are clustered together in time with predictable gaps in between during which UE can take advantage of microsleep. 
An example is shown below, where both cross-slot and same-slot with restricted SLIVs are allowed. As the figure shows, same slot scheduling with narrow-in time PDSCH (FDM or adjacent to PDCCH) could potentially be scheduled with an opportunity for microsleep.  
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Figure 3. Illustration of power consumption with cross-slot scheduling and reduced TDRA configuration in same slot.
The case for cross-slot scheduling is rather clear and discussed above.  However, for same-slot with restricted TDRA, the amount of power savings gains depends on the SLIV value and the duration of opportunity which is reduced further due to extra time UE spends for PDSCH processing.  This can become a bit complicated for scheduler to handle especially considering different UEs indicating different preferences. Since most power savings gains can be achieved from cross-slot scheduling case, the gains by precluding a set of TDRA configurations or SLIVs is not clear. 
1. [bookmark: _Toc535000885]TDRA adaptation with restricted SLIVs can provide power savings gain. However, it increases scheduler restrictions compared to cross-slot scheduling.
2.3 Multi-slot scheduling 
Multi-slot scheduling can be considered as a power savings technique if the NW schedules the UE for several slots at once and do not schedule anything else in between. While this can reduce PDCCH monitoring in some slots, it is not clear if there are any UE power savings gains if the UE is anyway awake and receiving PDSCH in those slots, which according to the agreed power consumption model consumes ~300 units compared to deep sleep state of 1 unit (note : PDCCH-only w/o PDSCH in the same-slot consumes 100 units). It is of course well -acknowledged that multi-slot scheduling can useful in some scenarios due to reduced PDCCH overhead and blocking performance, but at least for the purpose of this study, the power consumption benefits are not very clear. 
1. [bookmark: _Toc535000886]Power savings gains due to multi-slot scheduling are unclear since power savings in slots where UE skips PDCCH monitoring are more than offset by the power consumed for PDSCH reception in those slots.
3	Adaptation to DRX operation
C-DRX saves UE power by allowing the UE to sleep at the regular intervals, and potential enhancements could be considered for enhancing power savings. Different DRX configurations may  suit different scenarios depending on e.g. different traffic types, loads and latency tolerances. 
Typically, NW can adapt DRX configuration via RRC, but we discuss below some aspects of fast adaptation of DRX configurations.
An example of current DRX operation allowed in Rel-15 is shown in the below figure. The figure shows the start of the Inactivity timer (IAT) based on detected PDCCH, and upon its expiration the UE can go to sleep or to DRX. Additionally, Rel-15 also supports the case where a MAC command can be used to send the UE to sleep as shown in the figure. Thus, there are existing tools in current NR tool box to address the case of UE power consumption increase due to mismatched large value setting for IAT.  
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Figure 4 Illustration of DRX including DRX MAC command CE to send UE to DRX.

DRX adaptation, especially to address power consumption due to large Inactivity timer or during On durations can be addressed via several techniques such as existing Rel-15 DRX MAC CE command, enhanced cross slot scheduling, and a wakeup signal/GTS design (See companion paper [3]). DRX configuration is adapted through RRC signaling currently. Thus, DRX adaptation based on layer-1 or MAC-based can be considered if the switching due to RRC is not considered sufficiently fast. 
MAC-based adaptation between different DRX configurations can potentially be beneficial, but perhaps RAN2 can address this on their own given their expertise and foresight (e.g. DRX MAC command CE to send UE to DRX) in also addressing UE power savings in Rel-15 through MAC Command CE based control of IAT. 
1. [bookmark: _Toc535000889]MAC-based adaptation between different DRX configurations should be discussed by RAN2. 
Configuring a UE with multiple DRX configurations and adapting through Layer-1 DCI based schemes could be considered if MAC-based adaptation is either considered to be slow or somehow not supported. However, such Layer-1 based scheme ensure robustness, e.g. considering PDCCH miss rate, overhead, etc. The scheme should avoid scenario that can lead to mismatch in NW and UE’’s understating of the DRX configuration at any given time. 
1. [bookmark: _Toc535000890]Layer-1 based switching among multiple configured C-DRX configurations can be considered. However, robustness relating missed PDCCH, and PDCCH overhead needs further study. 
Another option is to progressively or adaptively increase the DRX cycle length in case UE does not receive scheduling PDCCH in an On duration of given Cycle for a number of cycles (e.g. monitor DRX in alternate On durations with same Cycle). Once the UE starts receiving PDCCH (or starts transmitting on the uplink), it can reset its DRX cycle length and start monitoring PDCCH again accordingly. Thus, this allows increase in UE power savings though it comes at the cost of potentially increased delay due to increase in DRX cycle length. Again, mismatch between NW and UE should be avoided in such case also.
1. [bookmark: _Toc535000891][bookmark: _Toc528959216]Adaptive modification of C-DRX configuration (based on NW-configured characteristics) can be considered. 
[bookmark: _Ref178064866]4	Adaptation to the variation in frequency
Association of BWP with DRX operation can potentially lead to power savings. For example, the UE can monitor PDCCH during ON duration with a specific BWP, and during the inactivity timer with another BWP. In the case of the latter, the corresponding BWP can be smaller which consumes less power as a result. Furthermore, in case, cross-slot scheduling is used, the UE can expect to monitor PDCCH in a smaller BWP compared to what is used for PDSCH. Nevertheless, these ideas can be covered by adaptive CORESET/SS configuration or sparse PDCCH monitoring mechanisms, where the UE is configured with several CORESET/SS and BWPs and switching between them is enabled based on operational mode.  
For CA, activation/deactivation is already supported in NR for reducing UE power consumption. Fast activation/deactivation via L1 can further reduce UE power savings. If gNB has a lot of data to send to the UE, fast activation/deactivation would allow gNB to efficiently use of UE’s CA capabilities, and quickly deactivate components carriers to reduce power consumption. However, reduced latency Scell management (including fast activation/deactivation) and related issues (including, but not only power consumption) can be discussed in the current ongoing WI on MR-DC enhancement. 
5	Power saving techniques for MIMO adaptation
Reducing the number of antenna elements in a multiple antenna system could potentially lead to lower energy consumption. However, this is mostly the case if the link robustness and throughput can remain intact, otherwise, if a higher throughput can be achieved, thereby the communication time and active time can be reduced, which would reduce energy consumption. Techniques facilitating the UE to reduce the number of antennas can be considered if there is no negative impact on performance metrics including network performance, data rate, reliability and latency.
In last RAN1 meeting, based on RAN2 input, RAN1 decided to introduce RRC signalling of maximum number of MIMO layers for both uplink and downlink for Rel-15 UEs that can indicate support for such signalling. There was a long discussion on whether the signalling should be defined per-BWP or per-cell, and the latter was finally agreed for Rel-15. Given this signalling is already introduced for NW to adapt the maximum number of MIMO layers through RRC signalling, it is preferable to avoid yet-another set of long discussions on identifying additional layer-1/MAC-based mechanisms for adapting the number of MIMO layers. 
6	UE Assistance information
In general, UE assistance information can help the NW to choose the right parameters for power savings in the UE. NW can also ask UE for assistance information that might be useful in scheduling and these could be in the form of capability, assistance or feedback. It is important that NW explicitly controls triggering adaptation of UE power consumption characteristics mainly so that unpredictable and untestable UE behavior is avoided. It should be also noted that frequent and unnecessary uplink transmissions from UE in form of assistance can increase overhead and may in fact cause increased UE power consumption. 
1. [bookmark: _Toc535000892]UE assistance information should be infrequent, and preferably through higher layer signaling and at the same time as UE capability report. In other cases, such assistance information should be provided only when triggered by the NW.
Conclusion
In sections above, the following observations and proposals were made: 
Observation 1	For the UE to be able to use the power savings advantages of cross-slot scheduling in uplink, knowledge of minimum K2 value greater than 0 can be beneficial.
Observation 2	TDRA adaptation with restricted SLIVs can provide power savings gain. However, it increases scheduler restrictions compared to cross-slot scheduling.
Observation 3	Power savings gains due to multi-slot scheduling are unclear since power savings in slots where UE skips PDCCH monitoring are more than offset by the power consumed for PDSCH reception in those slots.

Proposal 1	Layer-1 based adaptation between cross and same-slot scheduling should be supported.
Proposal 2	MAC-based adaptation between different DRX configurations should be discussed by RAN2.
Proposal 3	Layer-1 based switching among multiple configured C-DRX configurations can be considered. However, robustness relating missed PDCCH, and PDCCH overhead needs further study.
Proposal 4	Adaptive modification of C-DRX configuration (based on NW-configured characteristics) can be considered.
Proposal 5	UE assistance information should be infrequent, and preferably through higher layer signaling and at the same time as UE capability report. In other cases, such assistance information should be provided only when triggered by the NW.
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Annex A (PS gains with Cross-slot scheduling)
Simulation assumptions for cross-slot scheduling can be seen in Table 1. The calibration example is assumed for these results. Further evaluations will be provided in an update later.
Table 1. Simulation assumption
	PARAMETERS

	
	Traffic Types

	
	FTP
	Instant Messaging

	Mean inter-arrival time
	200ms
	2000ms

	C-DRX Inactivity timer
	100ms; 10ms 
	80

	C-DRX cycle
	160ms
	320

	C-DRX On-duration timer
	8ms
	10ms



We also assume 60s of traffic monitoring, the UE goes to deep sleep inside the DRX cycle and no uplink power consumption is counted. Each packet transmission is on one slot of PDSCH and a PDSCH slot that occurs during the sleep duration is shifted to the next On duration without bundling with any subsequent PDSCH transmission (which is transmitted in the next slot after the first PDSCH). Same slot scheduling (k0=0) consumes 100 units of power for PDCCH monitoring while in the cross-slot scheduling (k0>0), PDCCH monitoring consumes 70 units of power.
FTP traffic
In the below table, the power consumption for the case of 100ms of C-DRX inactivity timer is shown.

Table 2. Time and power distribution for FTP traffic; Inactivity timer: 100ms
	States
	Time distribution (%)
	Energy distribution (%)
	Normalized power (unit)

	
	K0=0
	K0=1
	K0=4
	
	K0=0
	K0=1
	K0=4
	
	K0=0
	K0=1
	K0=4
	

	Deep sleep
	64.55
	64.39
	64.02
	
	1.66
	2.26
	2.23
	
	38.94
	28.48
	28.75
	

	Light sleep
	0.12
	0.17
	0.15
	
	0.06
	0.12
	0.10
	
	
	
	
	

	Micro sleep
	0.01
	0.01
	0.01
	
	0.01
	0.02
	0.01
	
	
	
	
	

	PDCCH only
	35.11
	35.23
	35.61
	
	90.17
	86.57
	86.72
	
	
	
	
	

	PDCCH + PDSCH
	0.21
	0.21
	0.21
	
	1.62
	2.22
	2.20
	
	
	
	
	

	Deep sleep tran.
	
	
	
	
	6.45
	8.78
	8.70
	
	
	
	
	

	Light sleep tran.
	
	
	
	
	0.02
	0.04
	0.04
	
	
	
	
	



Cross-slot scheduling could reduce the average power consumption, mainly due to the lower power in the PDCCH monitoring slots during inactivity timer. However, increasing k0 (e.g. from 1 to 4) can increase power consumption as it can virtually increase the inactivity timer period. 
In Table 3, the power consumption when using 10ms of inactivity timer is shown, which also shows some reduction in power consumption with cross-slot scheduling.
Table 3. Time and power distribution for FTP traffic; Inactivity timer: 10ms
	States
	Time distribution (%)
	Energy distribution (%)
	Normalized power (unit)

	
	K0=0
	K0=1
	K0=4
	
	K0=0
	K0=1
	K0=4
	
	K0=0
	K0=1
	K0=4
	

	Deep sleep
	94.23
	94.05
	93.55
	
	9.50
	11.24
	10.74
	
	9.92
	8.37
	8.71
	

	Light sleep
	0.00
	0.00
	0.00
	
	0.00
	0.00
	0.00
	
	
	
	
	

	Micro sleep
	0.00
	0.00
	0.00
	
	0.00
	0.00
	0.00
	
	
	
	
	

	PDCCH only
	5.58
	5.75
	6.26
	
	56.25
	48.15
	50.29
	
	
	
	
	

	PDCCH + PDSCH
	0.19
	0.19
	0.19
	
	5.89
	6.98
	6.70
	
	
	
	
	

	Deep sleep tran.
	
	
	
	
	28.36
	33.62
	32.28
	
	
	
	
	

	Light sleep tran.
	
	
	
	
	0.00
	0.00
	0.00
	
	
	
	
	


Instant messaging traffic
In the below table, the power saving gain for the case of instant messaging traffic is shown. Similar with that of FTP traffic, cross-slot scheduling can reduce power consumption. 
Table 4. Time and power distribution for instant messaging traffic
	States
	Time distribution (%)
	Energy distribution (%)
	Normalized power (unit)

	
	K0=0
	K0=1
	K0=4
	
	K0=0
	K0=1
	K0=4
	
	K0=0
	K0=1
	K0=4
	

	Deep sleep
	93.90
	93.87
	93.81
	
	11.06
	14.05
	13.95
	
	8.49
	6.68
	6.73
	

	Light sleep
	0.00
	0.00
	0.00
	
	0.00
	0.00
	0.00
	
	
	
	
	

	Micro sleep
	0.00
	0.00
	0.00
	
	0.00
	0.00
	0.00
	
	
	
	
	

	PDCCH only
	6.08
	6.10
	6.17
	
	71.64
	63.95
	64.19
	
	
	
	
	

	PDCCH + PDSCH
	0.02
	0.02
	0.02
	
	0.75
	0.96
	0.95
	
	
	
	
	

	Deep sleep tran.
	
	
	
	
	16.56
	21.05
	20.91
	
	
	
	
	

	Light sleep tran.
	
	
	
	
	0.00
	0.00
	0.00
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