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Introduction

In RAN#83 meeting the work item on UE Power Saving in NR was agreed [1]. 

The objective of the 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.





In this contribution, we will further discuss design options and directions we think RAN1 should consider for UE power saving in NR.
Firstly, based on the agreed TR38.840, this Tdoc identifies those schemes that are within the scope of “PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED”. The document then discusses some schemes within this scope.
Schemes using a PDCCH-based power saving signal/channel triggering UE adaptation
Many schemes were considered in TR38.840 where a power saving signal / channel triggers UE adaptation, including the following classes of scheme:
	TR section
	TR section title
	Outline of scheme from TR38.840

	5.1.1
	Adaptation to the variation in frequency
	The UE power saving schemes for the UE adaptation in frequency domain  in the study are as follows, 

•	BWP -  UE adaptation to different BWP
	RS to assist UE channel tracking and measurements to assist BWP switching  
•	The assistance may also include CSI measurements (UE supports and processes one BWP at a time)
	Enhancement of L1 signaling, e.g., power saving signal or DCI for power saving, in triggering the BWP switching
	Association of BWP and DRX
	UE assistance information could be considered

	5.1.4
	Adaptation to DRX operation
	The power saving scheme of power saving signal/channel triggering UE adaptation to DRX operation is to configure the power saving signal/channel before or at the beginning of the DRX ON duration to trigger UE waking up only when there is DL data arrival.   UE is not required to wake up at the DRX ON at least for PDCCH monitoring, if the power saving signal is not detected.   The go-to-sleep signaling is used as the indication allowing UE going back to sleep state after completion of PDSCH reception during the DRX ON period to further reduce the UE power consumption.

	5.1.5
	Adaptation to achieve reducing PDCCH monitoring / decoding
	The UE power consumption can be reduced when the number of UE PDCCH monitoring occasions and/or the number of PDCCH blind decoding is reduced.  

The power saving schemes to reduce PDCCH monitoring and blind decoding for further studies are as follows,
•	Triggering of PDCCH monitoring – dynamic trigger through L1 signal/signaling
	Power saving signal triggering PDCCH monitoring
	Go-to-sleep signaling to skip PDCCH monitoring
•	PDCCH skipping - 
	DCI based indication  for PDCCH skipping (e.g., indication in DCI content, new SFI state).
	L1 signal/signaling (other than DCI) based triggering  -
•	Multiple CORESET/search space configurations 
	Configuration of different PDCCH periodicities with dynamic signaling
	Adaptation of CORESET/search space configuration – DCI/timer/HARQ-ACK based indication 
	Dynamic/semi-persistent CORESET/search space ON/OFF
	Adaptation between DRX ON duration timer and inactivity timer
	Separated PDCCH monitoring of DL and UL
•	L1 signaling triggering to assist  UE in reducing the number of PDCCH blind decoding 
•	Reduced PDCCH monitoring on SCell (including cross carrier scheduling)
•	Network assistance –  RS is dynamically transmitted based on the need to assist UE performing synchronization, channel tracking, measurements and  channel estimations before PDCCH decoding



To summarise, the following schemes are within the scope of the current work item, provided they are triggered by a PDCCH-based power saving channel:
· Adaptation to variation in frequency
· Adaptation to variation in DRX operation
· Adaptation to achieve reduced PDCCH monitoring / decoding
The following sections provide further details on schemes where a PDCCH-based channel triggers adaptation of DRX operation and where a PDCCH-based channel triggers reduced PDCCH monitoring / decoding.
PDCCH-based channel triggering adaptation of DRX
The following subsections consider PDCCH-based schemes that trigger adaptation of the DRX cycle. The following schemes are considered:
· Dynamic DRX Indication
· Dynamic DRX Configuration (based on section 4 of R1-1902186)

Dynamic DRX Indication
The dynamic DRX indication scheme was previously considered in the study item phase [ref: R1-1902186], where it was shown to provide a power saving gain of [7-9% for the FTP traffic model with 0.5Mbyte packet size and 200ms mean inter-arrival time].
For the dynamic DRX indication scheme, a DCI (carried by a PDCCH channel) indicates whether the UE should monitor the subsequent part of the DRX_ON period. Hence the DRX_ON duration of the DRX cycle is adapted, where this adaptation is triggered by a dynamic DRX Indicator transmitted within a DCI/PDCCH. The dynamic DRX Indicator (DDI) can be transmitted in a search space at the start of a DRX_ON period, with the following functionality:
· if the DDI is not observed by the UE, the UE can go back to sleep.
· if the DDI is observed by the UE, the UE monitors the second portion of the DRX_ON period
· if the UE receives PDCCH in the second part of the DRX_ON period, the UE starts its inactivity timer
· of no PDCCH is received in the second part of the DRX_ON period, the UE can go back to sleep
Operation with a dynamic DRX indication is illustrated in Figure 1. The figure shows that if there is an explicit dynamic DRX indication in the first section of the DRX_ON period, the UE continues to monitor the second section of the DRX_ON period. If there is no explicit dynamic DRX indication, the UE can enter a sleep state during the second section of the DRX_ON period. 
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[bookmark: _Ref534625395]Figure 1 – DRX operation with dynamic DRX indicator
The dynamic DRX indication scheme can be compared to the PDCCH-based WUS scheme, where a wake-up signal precedes the DRX_ON period and causes the UE to wake-up and monitor the DRX_ON period if the PDCCH-WUS channel is present. The two schemes are illustrated side by side in Figure 2. The functional differences between the schemes are:
· PDCCH-based WUS: DRX_ON period is turned “off” from outside the DRX_ON period itself.
· Dynamic DRX Indication: Remainder of DRX_ON period is turned “off” from inside the DRX_ON period.
From Figure 2 it is evident that the power consumption of the “power saving portion” of the schemes depends on the durations of:
· The “first section of the DRX duration” for dynamic DRX_ON indication. This duration relates to the number of slots over which the UE monitors PDCCH for a DCI that would indicate that the UE can sleep for the remainder of the DRX_ON duration.
· The PDCCH-based WUS. In some proposals, the PDCCH-based WUS only occupies a single slot (there is no search space in time or number of slots over which the PDCCH-based search space is monitored for).   
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[bookmark: _Ref5114808]Figure 2 – Dynamic DRX Indication compared to PDCCH-based WUS
The mean latency increase of the dynamic DRX indication scheme is lower than for the PDCCH-based WUS scheme. This mean latency reduction is related to the portion of the DRX cycle where incoming traffic is delayed to the next DRX_ON period. It is clear from Figure 3 that for the dynamic DRX indication scheme, there is a smaller time window over which incoming traffic is delayed to the next DRX_ON period.
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[bookmark: _Ref5117116]Figure 3 – Additional latency from use of dynamic DRX_ON indication or PDCCH-based WUS

The power saving gains and latency impacts of the dynamic DRX indication and PDCCH-based WUS schemes are shown in Table 1 (the dynamic DRX indication results are included in TR38.840 [2], the PDCCH-based WUS results are provided here for the first time). As per the discussion above, it is evident that the power-saving gain of dynamic DRX indication and PDCCH-based WUS are similar and that the latency of the PDCCH-based WUS is slightly greater. 
Simulations have also been performed for the IM traffic model (FTP3 with 0.1Mbyte packet size and 2 second mean interarrival time). A power saving gain of 18% was observed for the {320,200,10} C-DRX cycle configuration and a gain of 28% was observed for the {320,80,10} C-DRX cycle configuration. 
[bookmark: _Ref5117190]Table 1 – Power saving gains and latency impact for dynamic DRX indication and PDCCH-based WUS
	Sony[4]
	Dynamic DRX indication DDI).
PDCCH triggering signal during DRX_ON duration indicates whether UE can go to sleep for remainder of DRX_ON
	7~9%
	Baseline{IT=100,slots=16}: 41.0 units
{IT=100,slots=2}: 38.2 units = 7% saving
Baseline{IT=40,slots=16}: 23.4 units
{IT=40,slots=2}: 20.9 units = 9% saving
	Baseline{IT=100,slots=16}: 47ms
{IT=100,slots=2}: 50.9ms = 8.3% increase
Baseline{IT=40,slots=16}: 59.5ms
{IT=40,slots=2}: 63.2ms = 6.3% increase
	None (spare resource used)
	Numerical simulation. FTP3 0.5Mbyte
Mean inter-arrival = 0.2sec

C-DRX config: (160,100,8), (160,40,8)

FR1, UL not modelled

High SNR
	
‘slots’ is the number of slots after which the UE can go to sleep during the DRX_ON duration. Note that without ‘DDI’, UE goes to sleep 8ms = 16 slots after start of DRX_ON


	Sony [4]
	PDCCH-based WUS triggering wakeup for DRX 
	8-11% for PDCCH-based WUS

	Baseline IT=100: 41 units
Baseline IT=40: 23.4 units
{IT=100, PDCCH_WUS}: 37.9 units = 8% saving
{IT=40, PDCCH_WUS}: 20.8 units = 11% saving

	Baseline IT=100: 47 ms
Baseline IT=40: 59.5 ms
{IT=100, PDCCH_WUS}: 52.1ms units = 11% increase
{IT=40, PDCCH_WUS}: 64.5 ms = 8% increase

	Extra resource required for WUS signal
	Numerical simulation. 
FTP3 0.5Mbyte. Mean inter-arrival = 0.2sec
C-DRX config: (160,100,8), (160,40,8)

FR1, UL not modelled
	Numerical simulation. 
FTP3 0.5Mbyte. Mean inter-arrival = 0.2sec
C-DRX config: (160,100,8), (160,40,8)

FR1, UL not modelled



Observation 1: The power saving gains of dynamic DRX indication and PDCCH-based WUS are similar.
Observation 2: The latency of dynamic DRX indication and PDCCH-based WUS are similar.
Given that the power saving gains and latency impacts of dynamic DRX indication and a PDCCH-based WUS are similar and given that the dynamic DRX indication can be signalled with a normal PDCCH within the DRX_ON duration, hence minimising specification impact and easing UE implementation, dynamic DRX indication is supported.
Proposal 1: The remainder of the DRX_ON period of the DRX cycle can be dynamically turned off with a DCI that is located within the DRX_ON period itself.
Dynamic DRX Configuration
In connected mode, the UE needs to monitor the control channel prior to uplink or downlink data transmissions. This operation may comprise configuring connected mode DRX (C-DRX) parameters, including DRX cycles and inactivity timer values. In NR rel.15, these parameters are configured at RRC level, which compared to the quick scheduling opportunities within NR layer 1 signaling (in the order of milliseconds), are much slower. In our companion contribution [3], we have shown that a subset of C-DRX parameters are beneficial to be dynamically changed when the traffic pattern or network condition changes, when enhancement of DRX configuration is the objective. The benefit/power saving gain on dynamic DRX is also shown in [2]. Assuming RAN2 supports the dynamic DRX configuration, we propose the following:

Proposal 2: Support PDCCH based power saving signal to adapt C-DRX configuration in response to traffic.

Proposal 3: The PDCCH based power saving signal can represent a subset of C-DRX configuration parameters.

PDCCH-based channel triggering reducing PDCCH monitoring / decoding
PDCCH blind decoding reduction
As from the TR38.840 on UE power saving for NR [2], the UE power consumption can be reduced when the number of UE PDCCH monitoring occasions and/or the number of PDCCH blind decoding is reduced.  
The power saving schemes from the TR 38.840 described with the purpose to reduce PDCCH monitoring and blind decoding for further studies are as follows,
-	Triggering of PDCCH monitoring – dynamic trigger through L1 signal/signaling
-	Power saving signal triggering PDCCH monitoring
-	Go-to-sleep signaling to skip PDCCH monitoring
-	PDCCH skipping - 
-	DCI based indication for PDCCH skipping (e.g., indication in DCI content, new SFI state).
-	L1 signal/signaling (other than DCI) based triggering  -
-	Multiple CORESET/search space configurations 
-	Configuration of different PDCCH periodicities with dynamic signaling
-	Adaptation of CORESET/search space configuration – DCI/timer/HARQ-ACK based indication 
-	Dynamic/semi-persistent CORESET/search space ON/OFF
-	Adaptation between DRX ON duration timer and inactivitytimer
-	Separated PDCCH monitoring of DL and UL
-	L1 signaling triggering to assist UE in reducing the number of PDCCH blind decoding 
-	Reduced PDCCH monitoring on SCell (including cross carrier scheduling)
-	Network assistance –  RS is dynamically transmitted based on the need to assist UE performing synchronization, channel tracking, measurements and  channel estimations before PDCCH decoding

Specifically, for the aspects described in the overall power saving schemes it was also noted in the TR that the aspect of assisting the UE in reducing the number of PDCCH blind decoding could be beneficial. The TR states:

Observation:
PDCCH blind decoding reduction can also be used to potentially reduce the UE power consumption. Power saving gain of 1.4%-11% is shown when the number of blind decoding candidates is reduced by half, with system level impact in terms of higher DL control blocking probability (e.g. assuming that 1/4 of the UEs are to be scheduled in a CORESET with such reduced blind decoding limit, the average blocking probability would increase by 50%).  One source shows power saving gain of 29% with single blind decoding candidate without showing the results of latency and expected high blocking probability.
It can be noted in the observation above that there is a potential system level impact related to such power saving scheme. 


Observation 3: A potential UE power saving gain has been concluded for PDCCH blind decoding reduction, at the potential system level impact of higher DL control blocking probability.
In order to mitigate the potential system level impact we propose that the PDCCH blind decoding reduction scheme can be improved by a specific DCI based indication for PDCCH monitoring. The proposal is to add a mechanism for a UE to simplify the decoding of PDCCH, where a specific DCI can indicate the set of used PDCCH decoding parameters. Thus, the UE would still need to decode the subsequent PDCCH but with less effort (i.e. no blind decoding) as the PDCCH parameters are known. For example: If the previous PDCCH is with AL=4, PDCCH candidate location 4, and DCI format 1, then the subsequent PDCCH would also use AL4, candidate 4 and DCI format 1. Then, the specific DCI indication signal is actually representing that information and the UE decodes the subsequent PDCCH with that information (no blind decoding). With this scheme there is no system level impact on DL control blocking.
Proposal 4: RAN1 to consider PDCCH blind decoding reduction with DCI based format indication.


PDCCH decoding reduction by PDCCH reuse

As a further additional saving compared to the previous section, one may consider avoiding PDCCH decoding. While avoiding PDCCH blind decoding can reduce the UE power consumption, avoiding PDCCH decoding will reduce UE power consumption even more. Hence, as one option we consider that the network may repeatedly schedule a UE with very similar scheduling assignments. In such a case one method could be to skip subsequent PDCCH monitoring by the UE in case the previous scheduling assignment is reused. 
Hence, the system can reduce the downlink signaling load and at the same time the UE can reduce the need for energy consuming PDCCH monitoring. Such indication could be included in a specific DCI indication. Contrary to other solutions such as SPS, this would allow significantly more flexible scheduling, since this DCI could be applied at any time and there is no need to determine fixed inter-scheduling intervals. If the UE detects the specific DCI indication, then the UE can skip the PDCCH and assume to reuse the configuration as in the previous PDCCH. Thereby even larger savings than the ones mentioned in the section above can be achieved. 
[bookmark: _GoBack]Proposal 5: RAN1 to consider PDCCH decoding reduction by reusing DCI based indication.

Conclusions
In this contribution, based on the above discussion we have the following observations and proposals:
Observation 1: The power saving gains of dynamic DRX indication and PDCCH-based WUS are similar.
Observation 2: The latency of dynamic DRX indication and PDCCH-based WUS are similar.
Proposal 1: The remainder of the DRX_ON period of the DRX cycle can be dynamically turned off with a DCI that is located within the DRX_ON period itself.
Proposal 2: Support PDCCH based power saving signal to adapt C-DRX configuration in response to traffic.
Proposal 3: The PDCCH based power saving signal can represent a subset of C-DRX configuration parameters.
Proposal 4: RAN1 to consider PDCCH blind decoding reduction with DCI based format indication.
Proposal 5: RAN1 to consider PDCCH decoding reduction by reusing DCI based indication.
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