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Introduction
In RAN1#102 e-meeting [1], the following were agreed:
Agreements:
· Reusing power model in TR38.840 for evaluation of DCI-based power saving adaptation schemes.
· Note: company reporting additional power model for missing state or update is not precluded.
Agreements:
· Company should report assumptions used for periodic measurement activities for the Rel-17 DCI-based power saving adaptation evaluation.
· The periodic activities defined in TR38.840 can be reused.
· Measurement for RLM/BFD every C-DRX cycle can be optionally modelled
Agreements:
· The performance metrics described in TR38.840 section 8.2 is reused for power saving evaluation of Rel-17 DCI-based power saving adaptation during Active Time.
· The following Rel-15 / 16 features is recommended of the power consumption as reference for baseline. Company can report the feature(s) being used in the baseline.
· DRX
· C-DRX cycle 40msec for VoIP
· 10ms IAT, 8ms On-duration
· Assume max two packets bundled
· C-DRX cycle 160msec for FTP
· Alt 1: 20 msec IAT, 8ms On-duration
· Alt 2: short DRX
· 20 ms [or 40ms as optional] IAT, 8ms On-duration
· 20 ms for short DRX cycle, 4 cycles
· Note: 100 msec IAT, 8ms On-duration can also be used with sufficient justifications that available Rel-15/16 Techniques being used to reduce UE power saving
· DCP for DRX adaptation,
· DCP offset to DRX ON = 2 ms, other values are not precluded
· Cross-slot scheduling adaptation
· Minimum K0 can be adapted from 0 to 1 for FR1, 0 to [4] for FR2
· BWP switching, including
· MIMO layer adaptation,
· Max # of MIMO layer can be adapted from 4 layer to 2 layer for FR1, 2 layer to 1 layer for FR2
· PDCCH monitoring period adaptation
· PDCCH monitoring period can be adapted from per slot monitoring to X slot monitoring
· X = [2] for FR1 and [8] for FR2
· Bandwidth adaptation
· Bandwidth can be adapted from 100MHz to 20MHz for FR1,FFS for FR2
· Note: 
· BWP transition time type 2 is assumed, BWP transition duration is
· 5 slot @ 30kHz SCS for FR1, 
· 18 slot@120kHz SCS for FR2
· the slot-average power level for BWP transition duration is according to TR38.840
· BWP transition time type 1 can be optional modelled
· BWP switching is Y (ms) after last packet/data burst. 
· Y = [8], other values are not precluded
· Whether BWP switching is modeled depends on the assumed UE capability and evaluated schemes.
· Scell dormancy assumption for CA capable UEs
· FR1 & FR2: SCell dormancy with [160 ms] periodic CSI measurement and reporting
· Other settings
· CA assumption if configured for CA capable UEs
· For FR1, FFS
· For FR2, 4*100MHz can be considered.
· Assumptions for scheduler
· For FR1, no restriction on the beam assumptions being used in each slot
· For FR2, up to each company, e.g., gNB equally schedule the slots for UEs targeting to different beams. 
· Note: the assumptions does not necessary mean to restrict or precluded any implementation. Other assumptions are not precluded and can be reported by companies.
· Company to report the used assumption for the interruption and also power savings impact due to presence/absence of interruptions.
Agreements:
Legacy traffic models in TR38.840 can be considered for Rel-17 DCI-based power saving adaptation evaluation, other traffic models can be optionally modelled and company report which traffic model(s) is used.

In this contribution, we discuss the enhancements on DCI-based power saving techniques for connected-mode UE during DRX Active Time.
Enhancements on DCI-based power saving techniques for connected mode within DRX Active Time
During RAN1#102-e meeting, following power saving techniques were proposed from the companies as below:
· Adaptation of PDCCH monitoring behaviours  
· Search space set group switching 
· PDCCH skipping which indicate to change PDCCH monitoring behaviour, e.g., 
· to monitor PDCCH or to skip monitoring PDCCH, 
· to skip PDCCH monitoring for a certain duration,
· to adapt to different PDCCH parameters
· search space set level activation/deactivation
· Dynamic adaptation to the maximum number of MIMO layers within the active BWP
· Decoupling non-fallback DCI for DL and UL scheduling, i.e., configure different SS for each, adaptively monitoring non-fallback UL DCI by SR
· Extend RB sets adaptation for PDCCH monitoring in frequency domain to licensed band
· [Relaxing PDSCH processing time]
· Multi-PDSCH/multi-PUSCH scheduling
· WUS for short DRX
We discusses each of power saving technique in following sections.
Dynamic adaptation of PDCCH monitoring
Rel-16 PDCCH monitoring indication is only applicable outside DRX Active Time. That is, the UE may or may not skip the whole DRX cycle depending on the wake-up indication from DCI format 2_6. It results in larger latency loss especially for heavy traffic since the UE needs to wait until the next DRX cycle to receive a data packet if DCI format 2_6 indicates not to wake-up. Therefore, it is well motivated to introduce power saving signal for the dynamic PDCCH monitoring indication during DRX Active Time as well. Figure 1 shows an example of dynamic PDCCH adaptation based on SS set switching. If there is a traffic SS#1 configured with shorter monitoring periodicity can be activated, while, if there is no or less traffic SS#2 configured with longer monitoring periodicity can be activated. By doing this, power saving gain can be achieved even during the DRX Active Time. Evaluation results are provided in Section 3.3. 
In Rel-16 NR-U, SS set group switching using group-common DCI has been specified. This feature can be enhanced in Rel-17 to extend its usability to more generalized scenarios. Thanks to the high flexibility in SS set group switching feature, there is no motivation to introduce other power saving techniques related to PDCCH monitoring adaptation among the techniques listed up in the summary such as PDCCH skipping indication, adapting different PDCCH parameters, search space set level activation/deactivation, and RB sets adaptation for PDCCH monitoring. All these features have duplicated functionalities with SS set group switching. 

Observation 1: Search space set group switching is the most generalized solution for achieving dynamic adaptation of PDCCH monitoring behaviour. 



Figure 1. Search space set group switching

SS set group switching requires explicit L1 signaling for indication of dynamic PDCCH monitoring adaptation. Therefore, it is necessary to monitor PDCCH for DCI format indicating SS set group switching by the UE. To minimize UE power consumption as much as possible, an implicit mechanism to skip unnecessary PDCCH monitoring occasions can be further considered. Motivated by this, we propose PDCCH skipping based on indicated minimum scheduling offset.
In Rel-16, cross-slot scheduling based power saving technique has been specified. By adapting minimum scheduling offset value, a UE can achieve power saving gain by means of 1) no PDSCH buffering, 2) micro-sleep after receiving PDCCH, 3) relaxing PDCCH processing timeline, etc. However, if the PDCCH monitoring periodicity is less than the minimum scheduling offset, UE cannot fully achieve the power saving gain. This is because of that (1) a UE has to start buffering PDSCH samples due to the accumulated PDCCH monitoring occasions over time as illustrated in Figure 2 and  (2) the micro-sleep duration after receiving PDCCH is limited by the next PDCCH monitoring occasions other than the minimum scheduling offset. Therefore, joint adaptation on PDCCH skipping should be considered to relax the PDCCH processing timeline for power saving purpose. This implicit mechanism does not require additional L1 signaling overhead.


Figure 2. Example of cross-slot scheduling based power saving technique in Rel-16
Observation 2: For Rel-16 cross-slot scheduling based power saving technique, when PDCCH monitoring periodicity is less than the minimum scheduling offset, the power saving gain is limited due to the accumulated PDSCH buffering for multiple slots and limited micro-sleep duration.

Proposal 1: Support adaptation of PDCCH monitoring behaviour during DRX active time based on
- Search space set group switching
- PDCCH skipping for a duration indicated by minimum scheduling offset

Processing time relaxation
NR Rel-16 supports adaptation on minimum scheduling offset K0/K2 based on an indication carried in a DCI format 1_1 or 0_1. Therefore, UE can reduce power consumption by relaxing PDCCH processing, avoid buffering PDSCH reception, and operates in micro sleep mode during the active time in RRC_CONNECTED state. However, in order to achieve power saving from relaxed processing, it’s essential to consider relaxation on both PDCCH processing timeline and PDSCH reception and ACK/NACK feedback timeline, so that UE can lower the clock rate for all DL processing modules.  For example, a minimum PDSCH processing time,  , can be defined as minimum time offset between a first symbol of a PDSCH reception providing one or more transport blocks and a first symbol of a PUCCH transmission with HARQ-ACK information in response to the reception of the transport blocks.
To reduce system overhead on signaling processing, the minimum applicable scheduling offset indicator can be reused to provide joint indication of  and , as illustrated in Figure 3.



Figure 3: Joint adaptation on PDSCH processing time and minimum scheduling offset

Proposal 2: Support PDSCH processing time relaxation based on minimum scheduling offset.

Enhancements of maximum number of MIMO layers adaptation
In Rel-16, the maximum number of DL MIMO layers can be configured per DL BWP and adaptation of it is based on the BWP switching. As a result, since the BWP switching operation is always required for UE antenna adaptation, the UE will consume additional power for the active BWP change. Therefore, it would be beneficial to support antenna adaptation method which does not require BWP switching for further power saving. As a possible approach, dynamic indication of the maximum number MIMO layers within an active BWP can be considered in Rel-17.



Figure 4. Example of dynamic antenna adaptation

Proposal 3: Support maximum MIMO layer adaptation without BWP switching.
Evaluation methodologies and results
Additional traffic model 
In Rel-16, the power saving techniques are targeted for relatively low loaded traffic types such as FTP traffic with 0.5MB packet size and 200ms inter-arrival time and instant message with 0.1MB packet size and 2s inter-arrival time. It is desirable that Rel-17 targets heavier data traffic such as video streaming or gamming that would be the main use-scenarios of NR. To this end, we assume a data-intensive traffic model for the evaluation purpose. For simplicity, we re-use the FTP Model 3 with larger packet size and shorter inter-arrival time, e.g., 1MB packet size with relatively smaller inter-arrival time, e.g.,  from 50 ms to 100 ms.
Additional power model
It was agreed to reuse power model in TR38.840 [2] for evaluation of DCI-based power saving technique in RAN1#102-e. But company can report additional power model for missing state or update. 
When UE is indicated with  and  larger than 1 slot. UE can relax processing of both PDCCH and PDSCH for power saving. The power should be scaled with respect to X, such that P(X) = Ps + (Pt − Ps)/X, where Pt is the power without relaxation, and Ps is the power for micro-sleep. For example, if X = 2, the power for PDSCH only is scaled from 280 to 45 + (280-45)/2 = 162.5. For PDCCH only with cross-slot scheduling, the power is scaled from 70 to 45 + (70-45)/2 = 57.5.

Proposal 4: Support power scaling model of processing time relaxation over X slots such that P(X) = Ps + (Pt - Ps)/X, where Pt is the power without relaxation, and Ps is the power for micro-sleep. 
Power saving gain for search space set switching
For the power saving gain evaluation, we consider baseline with the following configuration:
· connected mode DRX: DRX cycle = 160ms, onDuration = 8ms, in-activityTimer = 100ms.
· WUS outside DRX on duration
· Same-slot scheduling with min K0/K2 = 0
· PDCCH monitoring periodicity = 0.5ms

With power saving scheme of search space set switching, we assume UE is provided with two SS set group corresponding to different PDCCH monitoring periodicity, such that
· SS set group 1 (default): w/ PDCCH monitoring periodicity T1 = 2ms
· SS set group 2: w/ PDCCH monitoring periodicity T2 = 0.5ms
In addition, UE is provided with an timer of T3 = 2ms associated with SS set group 2. UE operates in SS set group 1 by default without receiving any L1 signaling. UE will be triggered to SS set group 2 by scheduling DCI if there is traffic. UE starts the timer of T3 once switches to SS set group 2. UE switches back to SS set group 1 once the inactivity timer of T3 expires. 

Table 1. Power saving gain and latency loss for search space group switching
	Inter-arrival time
	50
	60
	70
	80
	90
	100

	[bookmark: _GoBack]Power saving gain [%]
	32.62
	32.26
	31.85
	31.60
	31.35
	30.94

	Latency loss [%]
	5.17
	1.28
	-0.21
	-2.36
	-2.13
	-3.37



Observation 3: With search space set group switching, power saving gain from 30%-32% is achieved for data-intensive traffic.

There is no latency loss compared with baseline, as WUS outside ON duration is not considered. Also, power saving by switching to search space set with large PDCCH monitoring periodicity is triggered when there is no traffic.  

Power saving gain for PDCCH skipping
For the power saving gain evaluation, we consider baseline with the following configuration:
· connected mode DRX: DRX cycle = 160ms, onDuration = 8ms, in-activityTimer = 100ms.
· WUS outside DRX on duration
· Same-slot scheduling with min K0/K2 = 0
· PDCCH monitoring periodicity = 0.5ms

With power saving scheme of PDCCH skipping, we assume UE will be indicated with min K0/K2 to be 0 and no PDCCH skipping when there is traffic. UE is provided with a timer of T = 2ms associated with same-slot scheduling. UE starts the timer when receives the indication of minK0/K2 = 0. Once the timer expires, UE switches to cross-slot scheduling with minK0/K2 = 2 slot, and PDCCH skipping of 2 slots between two consecutive PDCCH monitoring occasions. 

Table 2. Power saving gain and latency loss for PDCCH skipping based on minimum scheduling offset
	Inter-arrival time
	50
	60
	70
	80
	90
	100

	Power saving gain [%]
	17.95
	17.45
	16.75
	16.60
	16.28
	15.76

	Latency loss [%]
	3.0
	-0.17
	-1.95
	-3.44
	-3.13
	-4.48



Observation 4: With dynamic adaptation on PDCCH skipping, power saving gain from 15%-18% is achieved for data-intensive traffic.

There is no latency loss compared with baseline, as WUS outside ON duration is not considered. Also, power saving by skipping PDCCH monitoring is triggered when there is no traffic.  

Power saving gain for relaxed processing timeline
For the power saving gain evaluation, we consider baseline with the following configuration:
· connected mode DRX: DRX cycle = 160ms, onDuration = 8ms, in-activityTimer = 100ms.
· WUS outside DRX on duration
· Same-slot scheduling with min K0/K2 = 0
· PDCCH monitoring periodicity = 0.5ms

With power saving scheme of relaxed processing time, we assume UE will be indicated with min K0/K2 to be 0 and no relaxed processing when there is traffic. UE is provided with a timer of T = 2ms associated with same-slot scheduling. UE starts the timer when receives the indication of minK0/K2 = 0 and  = 0. Once the timer expires, UE switches to cross-slot scheduling with minK0/K2 = 2 slot, and relaxed PDSCH processing,  = 2 slot. 

Table 3. Power saving gain and latency loss for processing time relaxation based on minimum scheduling offset
	Inter-arrival time
	50
	60
	70
	80
	90
	100

	Power saving gain [%]
	28.00
	27.43
	26.95
	26.67
	26.33
	25.96

	Latency loss [%]
	-1.53
	-4.10
	-4.43
	-5.87
	-5.77
	-6.84



Observation 5: With dynamic adaptation for relaxed processing timeline, power saving gain from 25%-28% is achieved for data-intensive traffic.

There is no latency loss compared with baseline, as WUS outside ON duration is not considered. Also, power saving by relaxing processing timeline is triggered when there is no traffic.  
Conclusion
This contribution discussed potential enhancements for DCI-based power saving techniques during DRX Active Time and following observations and proposals were made:
Observation 1: Search space set group switching is the most generalized solution for achieving dynamic adaptation of PDCCH monitoring behaviour. 
Observation 2: For Rel-16 cross-slot scheduling based power saving technique, when PDCCH monitoring periodicity is less than the minimum scheduling offset, the power saving gain is limited due to the accumulated PDSCH buffering for multiple slots and limited micro-sleep duration.
Observation 3: With search space set group switching, power saving gain from 30%-32% is achieved for data-intensive traffic.
Observation 4: With dynamic adaptation on PDCCH skipping, power saving gain from 15%-18% is achieved for data-intensive traffic.
Observation 5: With dynamic adaptation for relaxed processing timeline, power saving gain from 25%-28% is achieved for data-intensive traffic.
Proposal 1: Support adaptation of PDCCH monitoring behaviour during DRX active time based on
- Search space set group switching
- PDCCH skipping for a duration indicated by minimum scheduling offset
Proposal 2: Support PDSCH processing time relaxation based on minimum scheduling offset.
Proposal 3: Support maximum MIMO layer adaptation without BWP switching.
Proposal 4: Support power scaling model of processing time relaxation over X slots such that P(X) = Ps + (Pt - Ps)/X, where Pt is the power without relaxation, and Ps is the power for micro-sleep. 
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