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1 Introduction

The following agreements were reached in RAN1 95 [1] in regards to the UE adaptation to the traffic and UE power consumption characteristics:
Agreements:

· RAN1 to study further following:

· UE switching to micro sleep after PDCCH reception 

· Cross-slot scheduling    

·  Minimum K0 > 0 and aperiodic CSI-RS triggering offset is not within the duration - UE could switch to micro sleep right away after PDCCH reception – no addition PDSCH and CSI-RS signals reception within the given duration (e.g. the same slot)

· It is known to the UE at PDCCH decoding

· Extended micro sleep time and reduce the PDCCH processing in reducing UE power consumption 

· FFS: whether minimum K2 > 0 is essential to avoid the requirements of fast PDCCH processing 

· Same slot scheduling 
· Adaptation of TDRA configurations to achieve UE power saving – ensure the gap between PDCCH reception and PDSCH transmission known to the UE

· Adjustment of TDRA configuration

· Selection of TDRA entry in the TDRA table (e.g. K0 > 0)

· Note: cross-slot scheduling could be incorporated in the TDRA configuration

· FFS: Power model for TDRA power saving scheme

· Multi-slot scheduling – PDCCH decoding in one slot (e.g., one DCI, multiple DCI) supports scheduled PDSCH/PUSCH transmission over multiple slots.     

· Achieving UE power consumption reduction by potentially skipping PDCCH monitoring at subsequent slots of PDSCH/PUSCH transmission.     

· Other approach(es) not precluded
Companies are encourged to perform more analysis/evaluations for the above schemes

Agreements:

For power saving scheme with UE adaptation to the DRX operation for further study
·  UE adaptation of its behavior to the DRX operation for UE power consumption reduction

· Power saving signal as the signal for the indication whether to wakeup or not before or at the beginning of DRX ON duration

· At least for the indication of PDCCH monitoring
· Preparation period in advance of DRX ON, e.g., to perform channel tracking, CSI measurements, beam tracking, in preparation for the PDCCH decoding 

· Go-to-sleep signaling as the indication allowing UE going back to sleep state

· Constraints on scheduling DCI during DRX_ON

· Dynamic DRX configuration – parameters could be dynamic adapted to the traffic arrival

· Dynamic selection of DRX configuration from multiple DRX configurations to adapt to the traffic arrival

· Adaptive parameters setting of one DRX configuration 

Other power saving schemes with UE adaptation to the DRX operation are not precluded.

Note: UE background processing, e.g., periodic RRM/CSI measurements, beam management, RLM, time/frequency tracking, needs to be studied in accordance to UE adaptation to DRX operation.

Agreements:

The UE power saving schemes for the UE adaptation in frequency domain for further study are as follows, 

· BWP -  UE adaptation to different BWP

· RS to assist UE channel tracking and measurements to assist BWP switching  

· Enhancement of L1 signaling, e.g., power saving signal or DCI for power saving, in triggering the BWP switching

· Association of BWP and DRX configuration

· CA/DC – 

· Quick activation/de-activation (e.g.,L1 signaling, MAC CE enhancement) 

· Adaptation of PDCCH monitoring/search space on activated SCell 

· Power adaptation based on the operation in a group of cell in power efficient way

· CSI/RRM measurements and beam management at non-active SCell

Other power saving schemes with UE adaptation in frequency domain are not precluded.

Agreements:

RAN1 to further study the following, 

· The power saving schemes of indicated processing time of K0, K1, K2 and aperiodic CSI-RS offset in advance allows the UE in staying low power consumption state for the UE power saving.  

· Other schemes are not precluded

Agreements:

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 monintoring

· 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 CORSET/search space configuration – DCI/timer/HARQ-ACK based indication 

· Dynamic/semi-persistent CORSET/search space ON/OFF

· Adaptation between DRX ONduration 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 

Other power saving schemes for the reduction of PDCCH monitoring and blind decoding are not precluded.

Agreements:

The UE assistance information for the power saving schemes for further studies are as follows,

·  UE assistance information/feedback to assist network in configurations for UE adaptation

· UE preferred processing timeline parameters, e.g., K0, K1, K2 values

· UE preferred BWP information/configuration

· UE preferred antenna configuration, including MIMO layers, antenna panel awareness information

· UE assistance/feedback on the DRX configurations/parameters

· UE preferred BWP provided to assist network in BWP switching

· UE request on SCell/SCG activation/de-activation/configuration

· UE preferred PDCCH monitoring parameters/search space configuration/maximum number of blind decoding
Other UE assistance information for the power saving schemes is not precluded.

In this contribution, we present our views on UE adaptation to the traffic and power consumption characteristics in view of the recent agreements. In particular, we shed some light on necessity of UE adaptation in various domains for power saving and also corroborate the observation with some selected results. 
2 Discussion on UE adaptation for power saving
NR UE may support a wide range of applications and diverse services. So far the focus of the study item has been eMBB application. Due to the ever increasing need for higher data rates and faster operation in modern mobile broadband applications, it is important to minimize UE power consumption meeting the QoS requirements. Important factors that contribute to NR UE power consumption are
· Operating BW part (BWP) size or frequency band

· PDCCH monitoring

· MIMO layers, number of Tx/Rx antennas at UE side

· Number of active carriers

· Transmit power

· Data rate

· HARQ timeline etc.

Below, we discuss UE adaptation possibilities in different domains.
2.1 Adaptation in time domain

Cross-slot scheduling
NR supports data scheduling to be a later slot than where control was received. This is different from LTE. This allows the UE to enjoy a micro-sleep after control is received in a slot and before data delivery begins at a later slot to save power. Control and data can be received over a same or different BWPs. With cross-slot scheduling, UE may only monitor control based on configured CORESET size in frequency domain and may not actively monitor over full RF BW.

However, in order to conserve power, UE needs to know in advance whether the DCI is transmitted for cross-slot scheduling or not. 

Multi-slot scheduling
One PDCCH may schedule one or more TBs in one or more PDSCH(s) spanning multiple slots.  In order to conserve power, UE may skip monitoring PDCCH during PDSCH reception. The PDCCH may contain an indication to trigger the UE not to monitor PDCCH during the span of PDSCH reception. Alternatively, some search space or CORESET can be associated with the DCI so that if the DCI is detected in the given search space or CORESET, UE skips monitoring for PDCCH during PDSCH. It needs further study whether UE also skips monitoring UL grant or not. 
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Figure 1:  PDSCH (one or multiple) spanning multiple slots scheduled by a PDCCH and the PDCCH indicates UCI resource where HARQ feedback of the PDSCHs are concatenated. 

Moreover, DCI design for multi-slot scheduling also need to take into account resource assignment for multiple TBs in a PDSCH or multiple PDSCHs. 

Proposal 1: DCI scheduling PDSCH over multiple slot may include an indication for the UE to skip PDCCH monitoring.
· FFS: whether UE keeps monitoring for UL grant
2.2 Adaptation to DRX operation

C-DRX allows the UE to be in sleep state every DRX cycle in connected mode. UE wakes up for the configured ON duration. If a packet is received, inactivity timer starts, otherwise UE goes to sleep after the end of ON duration timer. As NR UE may support mix of different applications, a given DRX configuration may not adapt well to dynamically changing traffic pattern. Semi-static DRX configuration may not suffice. For example, DRX cycle utilization can be quite low when a UE has low traffic density, and UE may unnecessarily wake up in many DRX cycles with no packet scheduled. When the utilization is low, i.e., network could configure the UE to receive a separate wake-up signal to wake up only when PDCCH transmission is imminent. This can be achieved without changing the DRX configuration. For example, a long DRX cycle can be used and UE can sleep for longer duration, thanks to a separate wake-up signal configured. In following section, we discuss benefits of wake up signal further based on some evaluations. Alternatively, one or more of the DRX configuration parameters can be adapted. As discussed above, one set of DRX configuration may not match well to the varying traffic arrival pattern from UE power consumption perspective. As NR UE may support wide range of applications with diverse traffic arrival characteristics, dynamic adaptation of DRX configuration may be necessary to further improve power savings. Below, we discuss different aspects related to adaptation of DRX operation in further details:
Wake-up Signal (WUS)
Wake-up signal can be configured along with DRX configuration. UE may receive WUS before or at the beginning of the DRX ON duration. Upon receiving the WUS, UE performs PDCCH monitoring in the Onduration., cf. in Fig. 2.  If received before Onduration, a separate WUS- duration may be configured before the Onduration for PDCCH monitoring starts. During WUS-duration, UE monitors WUS which has periodic configured occasions however only transmitted if UE needs to wake up, otherwise gNB does not transmit, i.e., DTX. Introducing WUS effectively increases sleep duration of UE, because many of the cycles may be empty and do not have any packet scheduled. As illustrated in Figure 2, WUS is transmitted when there is PDCCH imminent for a UE, otherwise WUS is not transmitted. Solid and dotted area refer to active ON duration and skipped ON duration, respectively
Go-to-sleep (GTS) Signal
GTS signal can be received by the UE when UE is actively monitoring PDCCH. GTS transmitted in a DCI triggers the UE to not monitor PDCCH or any other DL transmission for a given/indicated duration. Unlike MAC CE signalling, which can be used to put the UE to sleep for the remaining DRX cycle, GTS signalling can be used in a flexible manner to trigger sleep state for a configurable duration. As shown in Figure 2, GTS signalling can indicate sleep durations to induce micro-sleep within configured ON duration of DRX cycle.
       
[image: image2]
                              Figure 2: Illustration of WUS and GTS signalling in DRX cycle.

Based on the agreed traffic models, we observe the following traffic arrival pattern in Table 1 and the detailed DRX configuration for each traffic model can be found in our companion contribution [2]. As can be seen, of the DRX cycles where at least one packet is scheduled, significant number of cycles have observed multiple packet arrivals after first PDSCH, which implies putting the UE to sleep after first PDSCH by MAC CE would have increased the latency of many packet transmission and may cause UPT loss. By employing GTS signalling, a flexible sleep duration can be employed and UE can wake up again during inactivity timer so that more packets can be scheduled in the current DRX cycle.
Table1: Probability of packet arrival during active period after the first PDSCH for different traffic models
	Traffic model
	Probability of packet arrival during active period after the first PDSCH, %

	FTP
	41.76

	Instant messaging 
	4.65

	VoIP
	67.69

	Gaming
	9.09

	Web browsing
	15.88

	Video streaming
	68.44


In our companion paper [2], system level evaluations are presented for wake-up and go-to-sleep signals where significant power saving gains are shown to be achieved when WUS and/or GTS are introduced for a variety of traffic models. 
Multiple DRX Configuration

In NR, a UE may support diverse traffic types and in some occasions, data can be quite bursty, and delivered over a short duration. One set of pre-configured RRC parameters of DRX operation may not adapt well to diverse traffic pattern and dynamic bursty nature of traffic. Based on nature of active traffic flow to/from a UE, one DRX configuration form set of supported DRX configurations can be active at a given time. One DRX configuration comprises values for a set of DRX parameters such as drx-onDurationTimer, drx-InactivityTimer, drx-LongCycle , bandwidth part ID etc. A first DRX configuration is different from a second DRX configuration if at least one parameter is different. Table 2 shows an example that K configurations can be supported for a UE, of which an index referring to one of the configuration can be indicated, either by higher layer signalling, MAC CE or in DCI.

                                                     Table 2: Multiple configurations

	DRX-Config Index
	Configuration content 

	0
	Parameter 1, Parameter 2, etc. 

	1
	…..

	…
	…..

	K
	……


Observation 1: One set of DRX configuration may not adapt well to varying traffic arrival pattern.  
Proposal 2: NR supports a power saving signal to trigger PDCCH monitoring
Proposal 3: NR supports a power saving signal to skip PDCCH monitoring 
Proposal 4: NR supports multiple DRX configuration for a UE.
2.3 Adaptation in frequency domain

BWP adaptation:  NR supports operating over a quite larger BW, such as 100MHz which is much larger than LTE where it is assumed that each device can support 20MHz. Hence, it is obvious that in NR, operating BW is one of the most important factors that may increase UE power consumption significantly. BWP adaptation by DCI and timer is supported in NR. UE can be configured with four DL and four UL BWPs, at least for FDD. Of the configured BWPs, UE may have small and larger BWPs. When traffic load is low, UE may be indicated to operate within a smaller BWP. For example, UE may monitor control information over a small BWP and data can be delivered over a larger BWP to achieve high throughput. 

BWP switching can be associated with DRX operation as well. In particular, UE may opportunistically switch to a larger BWP during ON duration, if needed such as for larger PDSCH, following a trigger from network. This may allow for further power consumption reduction. To this end, power saving signal triggering PDCCH monitoring may also indicate BW part.
Observation 2: Associating BWP adaptation framework with DRX operation can be leveraged for further power saving.

Observation 3: Power saving signal triggering PDCCH monitoring may also indicate BW part
· This can be useful for the UE to remain in small BW part and when loading increase/traffic activity expected, UE may wake up and monitor PDCCH in a larger BW part.

CA aspects: NR UE configured with CA operation may not have frequent scheduling grant received for SCell. Hence, continuously monitoring for grant in SCell may increase power consumption. NR supports MAC CE based activation/deactivation. It needs further study how dynamic activation/deactivation by DCI bring forth power saving gain over MAC CE signalling. 
2.4 PDCCH Monitoring aspects

Rel 15 allows for PDCCH monitoring to be configurable per UE. However, PDCCH monitoring accounts for major portion of UE power consumption and unwanted PDCCH monitoring should be minimized whenever possible. In particular for PDCCH blind decoding attempts, UE need to perform channel estimation and channel decoding, which can be quite costly. Dynamic update of BD/CCE limits and monitoring behaviour can potentially reduce unnecessary PDCCH monitoring. In particular, skipping some PDCCH monitoring occasions can provide increased opportunities of micro-sleep which may not increase latency much. For example, during ON duration of DRX cycle, UE may be triggered to go to micro-sleep for a given duration and wake up. In following section, we show that such micro-sleeps have the potential of significant power saving. 

Below, in Figure 3, we show an example of CDF of number of slots that UE is actively monitoring but does not received PDCCH assuming DRX is not configured for this UE. As can be seen, if traffic arrival pattern changes and intensity drops, a large number of consecutive slots without PDCCH transmission exists. Furthermore, the number of consecutive slots may be further increased taking into account multiple users packet scheduling at the gNB side. Similar observations can be made for C-DRX mode operation, when UE may not receive PDCCH for a significant number of consecutive slots within the effective ON duration (such as ON duration, inactivity timer etc.) as part of the DRX cycle.

Observation 5: Dynamic reduction in PDCCH monitoring activity in a DRX cycle may offer significant UE power savings.
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           Figure 3: CDF of number of consecutive slots UE does not receive PDCCH in active state. Lambda is in packet/s.
Observation 5: Number of DRX cycles not resulting in any PDCCH may unnecessarily increase UE power consumption. 

To improve power saving, PDCCH monitoring activity can be decreased whenever possible. During OnDuration timer, UE may monitor PDCCH in a relaxed manner, e.g., with longer monitoring periodicity. Once a PDCCH is detected, UE may monitor for PDCCHs in all the configured search spaces. Hence, during inactivity timer, UE may perform regular PDCCH monitoring, as shown in Figure 3. On the other hand, even during inactivity timer, there may be many slots without any PDSCH assigned. Hence, one approach can be to trigger regular PDCCH monitoring over all search spaces for a timer after first PDCCH is received. Once the timer expires, UE goes back to relaxed PDCCH monitoring state. 
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Figure 3: PDCCH monitoring activity during active period of a DRX cycle can be dynamically controlled.
Observation 6: Relaxed PDCCH monitoring at the beginning of active period followed by regular full PDCCH monitoring once a PDCCH is detected can reduce unwanted PDCCH monitoring for a UE

Proposal 5: RAN1 studies adaptation of PDCCH monitoring activity during active period of a DRX cycle
2.5 Adaptation in space/antenna domain

Moreover, as indicated above in the list of factors, number of antennas and MIMO layers also play a role in UE power consumption. Power consumption optimization may be beneficial in antenna domain for SU-MIMO transmission, when UE on some carrier maybe capable of supporting large number of MIMO layers (e.g. up to 4). However, PDSCH reception based on maximum MIMO layers may not always be needed. Adaptation of receive chains at UE and MIMO layers based on traffic load may offer further power savings.

Observation 7: Receiver signal processing always according to the maximum number of MIMO layers for reception of the PDSCH may not be always desirable from power consumption perspective. 

3 Conclusions
In this contribution, we have the following observations and proposals.

Observation 1: One set of DRX configuration may not adapt well to varying traffic arrival pattern.  
Observation 2: Associating BWP adaptation framework with DRX operation can be leveraged for further power saving.

Observation 3: Power saving signal triggering PDCCH monitoring may also indicate BW part

· This can be useful for the UE to remain in small BW part and when loading increase/traffic activity expected, UE may wake up and monitor PDCCH in a larger BW part.

Observation 4: Dynamic reduction in PDCCH monitoring activity in a DRX cycle may offer significant UE power savings.

Observation 5: Number of DRX cycles not resulting in any PDCCH may unnecessarily increase UE power consumption. 

Observation 6: Relaxed PDCCH monitoring at the beginning of active period followed by regular full PDCCH monitoring once a PDCCH is detected can reduce unwanted PDCCH monitoring for a UE

Observation 7: Receiver signal processing always according to the maximum number of MIMO layers for reception of the PDSCH may not be always desirable from power consumption perspective. 

Proposal 1: DCI scheduling PDSCH over multiple slot may include an indication for the UE to skip PDCCH monitoring.
· FFS: whether UE keeps monitoring for UL grant
Proposal 2: NR supports a power saving signal to trigger PDCCH monitoring

Proposal 3: NR supports a power saving signal to skip PDCCH monitoring 
Proposal 4: NR supports multiple DRX configuration for a UE.
Proposal 5: RAN1 studies adaptation of PDCCH monitoring activity during active period of a DRX cycle
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