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[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Introduction
In RAN1#94bis meeting, the following was agreed for triggering adaptation of UE power consumption[1]. 
Agreements:
· Study further the following for Triggering adaptation of UE power consumption characteristics  
· Existing signal/channel based approach
· Signals based on PDCCH channel
· Signals based on RS
· MAC signalling
· RRC signalling
· New power saving signal/channel
· Performance metrics based on the agreements in the evalution methodology
Agreements:
Study further:
Triggering for UE time domain processing adaptation
Trigger UE adaptation to DRX operation
UE DRX PDCCH monitoring and efficient UE wakeup 
Constraint on scheduling DCI during DRX ON
Performing CSI measurement/feedbacks and RRM measurements
Reducing power consumption during DRX ON
e.g., go-to-sleep signalling to assist UE to the sleep state 
Triggering dynamic adaptation among multiple DRX configurations
Trigger UE adaptation in reducing PDCCH monitoring 
Indication to change PDCCH monitoring behaviour, e.g., to monitor, to skip, to adapt to different PDCCH parameters
Triggering for UE frequency domain processing adaptation
Trigger for the adaptation of BWP
State transition during BWP switching
Pre-processing information, e.g., CSI measurement/feedback, before switching/activation for gNB to use after switching to the new BWP 
UE assistance approach for network configuration 
UE initiates the request to the network
Network trigger UE feedback for the adaptation
Trigger for the carrier adaptation in CA/DC 
State transition in CA/DC activation/deactivation
Pre-processing information, e.g., CSI measurement/feedback, before switching/activation for gNB to use after carrier activation
Adaptation among different cells with different power consumption charateristics
Bundle adaptation among different cells
UE assistance approach for network configuration 
UE initiates the request to the network
Network trigger UE feedback for the adaptation
Triggering UE processing adaptation
Trigger for adaptation in number of Tx/Rx antenna and/or maximum number of MIMO layers and/or number of antenna panels
UE assistance approach for network configuration 
UE initiates the request to the network
Network trigger UE feedback for the adaptation
Network instructed
Trigger for adaptation in UE processing time
UE assistance information, e.g., k0, k1, k2 value
Network instructed
Trigger for adaptation of UE processing e.g., in maximum modulation orders, TB sizes, HARQ operation
Triggering in reducing PDCCH blind decoding

In this contribution, we discuss power saving schemes with power saving signal/channel/procedure for NR power saving.
Discussion 
2.1   Triggering adaptation of UE power consumption
The UE power saving in time domain currently relies on the periodic configuration of DRX in both CONNECTED and IDLE/INACTIVE states to allow UE to sleep during the DRX OFF period.  For RRC-connected state in NR, UE will wake up from sleep mode before DRX On duration configured by the gNB and perform PDCCH and PDSCH decoding if PDSCH is scheduled. If no data is scheduled to transmit by the gNB, UE will monitor and decode PDCCH during the whole on-duration period of DRX cycle. On the other hand, when data transmission is finished, UE will continue monitor PDCCH for the remaining DRX ON period. Similarly, the UE operates with longer DRX configuration in RRC-IDLE/RRC_IACTIVE mode to allow UE getting to deep sleep to minimize the power consumption.  UE in IDLE/IACTIVE state would wake up during the DRX ON period to decode the paging message and read the system information. UE will consume power on paging PDCCH monitor in the paging occasion.    
Power saving signal is used to trigger UE whether to wake up in DRX cycle.  Power saving signal is also used to indicate if UE would have DL data to receive at the upcoming DRX ON period. UE will monitor the power saving signal before the DRX ON period. If the UE does not receive the positive acknowledgement from the power saving signal before the DRX cycle, UE would assume that there is no data for him and will stay in the sleep without waking up. This would reduce the UE power consumption by not waking up and decoding the PDCCH during the whole DRX ON period.  The wakeup signal defined in LTE eMTC and NB-IoT had been used as the indication whether UE should wake up at the upcoming DRX ON period for narrow band UE  power saving.  
The Power saving signal could also apply to the triggering mechanism for the PDCCH monitoring.  PDCCH decoding has high power consumption. In LTE network deployment, more than 90% of the PDCCH decoding has the results of no DL grant for the UE due to robust data arrival. The PDCCH decoding without positive DL grant represents unnecessary UE power consumption. The power consumption of PDCCH decoding takes great portion of total UE power consumption in LTE.  It is expected to have similar behavior in NR with great portion of unnecessary power consumption on PDCCH decoding with the results of no DL grant. Therefore, the Power saving signal could be used as the indication to trigger the PDCCH decoding only when there is DL data scheduled on PDSCH. UE would get the positive acknowledgement from the power saving signal before performs the PDCCH decoding. UE would skip the upcoming PDCCH decoding if there is no positive acknowledge from the power saving signal.   
In addition to triggering for UE time domain processing adaptation, power saving signal could be used for other power saving schemes triggering, such as antenna adaptation, UE processing transition, BWP switching and so on. Power saving signal can have multiple forms, each corresponding to one specific scenario and details will be discussed later.
Observation1: Power saving signal can be used for power saving schemes triggering: DRX, PDCCH monitoring reduction, BWP switching, antenna adaptation, UE processing transition and so on.
Proposal 1: The power saving signal should be supported in RRC_CONNECTED and RRC_IDLE modes.

2.2   Power saving signal/channel
· Design principles on power saving signal/channel
Detection energy should be considered for power saving signal design. Power consumption of detection power saving signal has a direct effect on UE power saving scheme. From receiver perspective, there are two kinds of power saving signals; they are power saving signals with baseband receiver and RF receiver. Power saving signals with base band receiver can provide good detection performace and support large coverage at cost of higher power consumption with the activation of  base band receiver. The low complexity RF receiver could sufficiently detect the power saving signal with limited capability of interference resistance, but very small power consumption at the level down to several nW [2]. The  low power RF receiver would allow UE the ability of continous reception of powe saving signal.  
Flexibility of power saving signal/channel should be considered for supporting energy efficiency. To wake up UEs from sleep state, two approaches can be considered: UE specific or cell specific wake up mechanism. Cell specific power saving signal can wake up all the UEs in the cell regardless of whether UEs are scheduled in the network access state or DRX ON duration. UE needs to consume power to perform all the procedures and go to sleep after the configured timer expired. This would not help UE too much on the power saving. Therefore, the UE specific power saving signal provides more flexibility over cell specific wake up mechanism. The power saving channel would be configured periodically for UE to detect. If the UE detects its configured UE-specific power saving signals, UE would trigger to wake up for PDCCH decoding and subsequent signal processing. If the UE does not have positive acknowledgement from its power saving signal detection, the UE would continue to sleep.  
Overhead of power saving channel should be considered for acquiring high frequency efficiency. Introduction of power saving signal will bring some system overhead. For NB IoT WUS design, overhead of WUS is very low as cell specific WUS is adopted. However, to achieve effective power saving gain, UE specific power saving signal is preferable for NR in RRC_CONNECTED mode. As up to 216 UE is supported for NR RRC_CONNECTED mode, improper power saving signal design will result in huge system overhead or low power saving gain. Therefore, overhead and performance of power saving channel should also be carefully balanced. 
Proposal 2: The following should be considered for the power saving signal design: 
· Receiver complexity and sensitivity for the energy detection, 
· Flexibility and system overhead, 
· Power consumption of the power saving signal detection 
· Power saving signal candidates
As agreed in RAN1#94bis, existing signal/channel based approach and new power saving signal could be considered for NR power saving signal design.  Comparison of different power saving signal candidates from detection energy, flexibility, overhead, specification efforts aspects is given in Table 1. 
                                Table 1: Comparison of different power saving signal candidates
	Power saving signal candidates
	Detection energy
	Flexibility
	Overhead
	Specification work

	Signals based on PDCCH channel
	High
	High
	High
	Middle

	Signals based on RS
	Low
	Low/Middle
	High
	Low

	MAC/RRC signalling
	High
	High
	
	Low

	New power saving signal
	Low: base band receiver
Very low: RF based receiver 
	High
	Low
	Middle/high



Power saving signal in Table 1 can be classified into two types: sequence based (signal based on RS /new power saving signal) and signal based (PDCCH /MAC/ RRC signaling) power saving signal. 
The signal based power saving signal requires a lot of power consumption and overhead. For PDCCH based power saving signal, distributed CRC Polar codes with complex list decoding is adopted. To ensure good missing detection performance of power saving signal, low coding rate is usually adopted for information bits including DCI and 24bits CRC, which will results in high energy consumption with large mother code size.  Even with short mother code size of Polar code , the whole Polar decoder module might be activated and high energy consumption is still required. As CDM cannot be supported, PDCCH based power saving signal would require sufficient resource sharing among UEs. When multiple users are needed to wake up simultaneously, the signaling based power saving signals would have potential blocking of resource access due to the configured resources.  For PDCCH based power saving signal, in addition to strict synchronization and channel tracking and compensation needed for PDCCH decoding, new DCI formant and corresponding CORESET, search space, AL should be redesigned or optimized, then significant specification efforts are required. The main advantage of PDCCH based power saving signal is that DCI can convey more information than that of sequence based power saving signal.
Signal based power saving signal can be used for triggering the receiver sleep. Sequence and signaling based power saving signal can also be considered for triggering UE going to sleep from awake state. Considering the receiver has been in awake state before going to sleep, signal based power saving signal, e.g. MAC CE can be used for triggering receiver sleeping. For this case, signal based power saving signal has less overhead and higher accuracy of detetion than that of sequence based power saving signal. 
For sequence based power saving signal, e.g., PN sequence, ZC sequence, orthogonal sequence can be considered with the capability of multiplexing of multiple power saving signals on one power saving channel to trigger more than one UE at a time. RS based power saving signal such as CSI-RS is based on a length-31 gold sequences covered by time/frequency OCC to support waking up 2/4/8 UEs within single CSI-RS resource. Obviously the CSI-RS has limited capability in multiplexing multi-user information for triggering. Thus, the overhead of using CSI-RS as the power saving signal is very large especially for hot spots. CSI-RS is not designed as the UE-specific power saving signal. When CSI-RS power saving signal is used to trigger one UE, up to 7 UEs configured with same CSI-RS resource will be awaken incorrectly, which results in additional power consumption. For UE in RRC_CONNECTED mode with  frequent wakeup, the amount of the power saving using existing CSI-RS power saving signal as the triggering mechanism for UE wake up and PDCCH monitoring is very limited.  
Therefore, new UE specific power saving signal or enhanced existing signal with low system overhead and detection energy is preferable for triggering NR power saving.   
Observation 2: The signal based power saving signal does not reduce the UE  power consumption and requires large system overhead.
Observation 3: CSI-RS is not the UE-specific power saving signal which results in power inefficiency and additional overhead. 
Proposal 3： Signal based power saving signal coul be supported for triggering the receiver from wakeup to sleep.
Proposal 4：New UE specific power saving signal or enhanced existing UE specific signal with low system overhead /detection energy is preferable for triggering adaptation to the traffic and UE power consumption characteristics for the UE power saving.

2.3   Power saving procedure 
· Triggering adaption on DRX
With periodical DRX configuration, UE needs to wake up in advance before the DRX ON period to perform ramping up/down, synchronization, and time-frequency tracking, AGC in preparation for the CSI/RRM measurement and PDCCH decoding during the DRX ON period. If there is no data arrival at the DRX ON period, all the power consumptions for UE to wake up in advance before the DRX ON in preparation for network access and the RRM measurements and PDCCH decoding during the DRX ON are completely unnecessary and wasteful.  
To reduce the energy consumption, the power saving single can be used to indicate whether UE needs to wake up at the DRX ON period or not. If the power saving signal is not detected \, UE will not wake up at   the DRX ON cycle; otherwise, UE will wake up and perform PDCCH monitoring and PDSCH decoding of DL data or paging information as shown in Figure 1.  
Power saving single also could be used to trigger the on-demand RS transmission to assist UE in performing  channel tracking and CSI measurements. Time-frequency tracking and compensation is essential for PDCCH monitoring and effective scheduling of gNB is heavily dependent on timely CSI measurements. In Figure 1, UE could be configured with several consecutive slots of high density on-demand RS between power saving signal and DRX ON period for the channel tracking and CSI measurements to facilitate energy saving and spectral efficiency improvement.



Figure 1: Wake up procedure with power saving signal
The periodical DRX configuration is used for the UE power saving in NR. However, data arrival is usually very robust and aperiodic. The Power saving signal used for triggering PDCCH monitoring would allow the UE transition to micro/light sleep after completion the data reception. UE would continue in micro/light sleep and not to perform PDCCH decoding if no positive acknowledgement of the power saving signal is detected. The UE would wake up from micro sleep after it detects the positive acknowledgement from the power saving signal and start PDCH/PDSCH decoding. The micro sleep with the power saving signal triggering PDCCH decoding is considered as an aperiodic DRX configuration as shown in Figure 3. The UE would have the benefit of power saving by not monitoring the PDCCH during the micro sleep.   




Figure 2: Aperiodic DRX with Power saving signal triggering PDCCH monitoring
When the DL data reception is completed, additional go-to-sleep control signaling would trigger the UE transition to the micro sleep state as shown in Figure 4. The go-to-sleep control signaling could be the physical signal similar to power saving signal, physical control information (e.g., DCI) or control signaling at the MAC protocol.   


Figure 3: Go to sleep procedure with power saving signal

· Triggering reduction on PDCCH monitoring 
Power saving signal not only can be used to trigger DRX adaptation but also can be used for triggering PDCCH monitoring reduction for no configuration of DRX scenario. When DRX is not configured for UE, power saving signal based on low power RF based receiver or passive device is detected with much shorter periodicity than DRX cycle, as shown in Figure 4. As finer granularity of power saving signal detection is allowed, PDCCH detection can be triggered by power saving signal in original DRX on period.   PDCCH monitoring is further reduced compared to periodical DRX configuration. Furthermore, if go to sleep signal is adopted, the power saving signal detection in DRX OFF period can be cancelled. When DL data arrives in ahead of DRX on period, gNB can transmit power saving signal and DL data as soon as possible which is beneficial for latency reduction. 



Figure 4: Triggering reduction of PDCCH monitoring with low power WUS
Another example of trigging significant PDCCH reduction with low power WUS and no DRX configuration is shown in Figure 5. For non-continuous traffic, e.g. game data, UE is difficult to go to sleep on DRX cycle due to intermittent data arrival. In such case, PDCCH monitoring will be reduced significantly as low power WUS can provide micro/light sleep occasions within original DRX cycle. 


Figure 5: Triggering reduction of PDCCH monitoring for game data 

· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Triggering BWP adaptation 
The power saving signal used as the triggering mechanism for UE time domain processing adaptation, also could be used for triggering adaptation to BWP. In Rel-15, dynamic BWP switching was supported to allow UE staying in small BWP with no data or small data and switching to larger BWP when large data arrives.  Continuous PDCCH monitoring is still performed at the small BWP for DRX on period which leads to power inefficiency. For fast BWP switching, at least fine time and frequency synchronization and CSI measurement operations are required for achieving effective data scheduling and link adaptation gain in large BWP. Power saving signal can be used for trigger BWP switching to support PDCCH monitoring reduction and activation of CSI measurement.
As shown in Figure 6, power saving signal transmitted in small BWP could be used to indicate the transmission of the configured on-demand RS a few slots in advance before DCI triggering the BWP adaptation.  UE would do CSI measurement based on the on-demand RS at the new wideband BWP, which is triggered by detection of WUS. After finishing CSI measurements, UE is triggered to switch from narrow band BWP to wideband BWP. 



[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Figure 6: Triggering BWP adaptation using power saving signal
Observation 4: When the power saving signal is used for aperiodic DRX configuration, UE will only wake up to decode PDCCH and PDSCH when the UE has data to receive.
Observation5: Power saving signal could be used to trigger on-demand RS transmission for assisting UE in performing channel tracking and CSI measurements.
Observation 6: Power saving signal can be used for triggering PDCCH monitoring reduction with DRX or without DRX configuration.
Observation 7: Power saving signal can be used as the assistance of  BWP switching triggering by DCI to support PDCCH monitoring reduction and activation of CSI measurement.

2.4   Evaluation on power saving gain
In this section,  the initial evaluation results of power saving scheme on adaption to DRX, PDCCH monitoring reduction, and BWP adaptation. The simulation assumptions are listed in Table 2. Others are aligned with the evaluation results agreed s in RAN1#94bis, e.g., power consumption model.
· [bookmark: OLE_LINK9][bookmark: OLE_LINK10]Case1: Evaluation of power saving signal triggered UE adaption to the DRX configuration.
· Baseline: legacy DRX scheme in NR-R15. As assumption, UE could terminate inactivity timer in advance when MAC-CE is received. CSI-RS for channel tracking and channel measurement are assumed.
· Power saving scheme on adaption to DRX: power saving signal is used to trigger PDCCH monitoring. When there is no data arriving before DRX-on, PDCCH monitoring is not performed. Power saving reference signal for channel tracking and channel measurement are assumed.
· [bookmark: OLE_LINK11][bookmark: OLE_LINK12]Case2: Evaluation of power saving signal triggered PDCCH monitoring reduction.
· Baseline: UE is configured with DRX pattern and wakes up to monitor PDCCH at the start of DRX ON.  Power saving scheme with PDCCH monitoring reduction: power saving signal triggers DRX ON when data arrives. 
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK7]Case3: evaluation on BWP adaptation.
· Baseline wideband: both PDCCH and PDSCH reception are performed in wide bandwidth, e.g., 100MHz.
· Narrow band scheme: UE monitor PDCCH in narrow bandwidth; UE computes CSI every 5 ms in dormant wideband to get CSI.
· [bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29]Power saving scheme1 for BWP adaptation: UE monitors PDCCH in narrow bandwidth. UE switches to wideband and waits for multi-slots to perform channel tracking and CSI before scheduling.
· Power saving scheme 2 for BWP adaptation: Power saving signal is used to trigger PDCCH monitoring. Channel tracking and CSI is performed by means of power saving reference signal, and UE switches wideband when data arrives.
                                Table 2: Simulation assumptions on different power saving schemes
	Simulation case
	Assumptions

	Case1:evaluation on adaption to DRX 
	DRX cycle
	320ms,160ms,40ms　

	
	On-duration-timer
	10ms,8ms,4ms

	
	Inactivity timer
	80ms,40ms,10ms

	
	MAC-CE function
	enable

	
	CSI-RS period
	5ms

	
	Channel tracking time 
	[bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25]10ms based on CRS-RS;
2slot based on power saving reference signal

	
	TDD configuration
	DSUUD

	
	Traffic model
	[bookmark: OLE_LINK16]FTP3 with 0.5Mbps, 
traffic load: low, middle, high

	Case2: evaluation on PDCCH monitoring reduction
	DRX cycle
	320ms,160ms,40ms　

	
	On-duration-timer
	10ms,8ms,4ms

	
	Inactivity timer
	80ms,40ms,10ms

	
	Traffic model
	FTP3 with 0.5Mbps, 
traffic load: low, middle, high

	
	MAC-CE function
	enable

	Case3:evlaution on BWP adaptation
	BWP configuration
	Wideband BWP:100MHz
Narrow BWP: 10MHz

	
	CSI-RS period
	5ms

	
	Channel tracking time 
	10ms based on CRS-RS;
2slot based on power saving reference signal

	
	Traffic model
	FTP3 with 0.5Mbps, 
traffic load: low, middle, high



Based on assumptions above, the preliminary simulation results are shown as following Figures.
[image: ]
[bookmark: OLE_LINK21]Figure 7:  Case1 evaluation on adaptation to DRX
[bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32]Based on initial evaluation results, it can be observed that:
· Adaptation to DRX can provide power saving gain.
· Significant power saving gain up to 56% can be achieved for low/middle/high traffic load and middle/long DRX cycle cases.
· Power saving gain is from power saving signal triggering to reduce power monitoring and power saving reference signal to reduce channel tracking and CSI power consumption.

[image: ]
Figure 8:  Case2 evaluation on PDCCH monitoring reduction
Based on initial evaluation results, it can be observed that:
· PDCCH monitoring reduction can provide power saving gain.
· [bookmark: OLE_LINK35]Significant power saving gain up to 35% can be achieved for low/middle/high traffic load and middle/long DRX cycle cases.
· [bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK38]Further analysis, power saving gain is from power saving signal to trigger PDCCH monitoring and PDSCH reception when data arrives. Furthermore, it could reduce PDCCH monitoring and invalid power saving signal reception. 
[image: ]
Figure 9:  Case3 evaluation on BWP adaptation
· BWP adaptation can provide power saving gain.
· Significant power saving gain can be achieved for Low/middle/high traffic load and middle/long DRX cycle cases up to 60% for power saving scheme1 and 70% for power saving scheme2.
· Further analysis, power saving gain is from narrow bandwidth PDCCH monitoring for power saving scheme1 and scheme2. Furthermore, additional performance gain is from fast channel tracking and CSI can by means of power saving reference signal for power saving scheme2.
Observation 8: Significant power saving gain can be achieved by power saving signal triggering power saving schemes adaption to DRX, PDCCH monitoring reduction, and BWP adaptation using power saving signal.

Conclusion
In this contribution, we discussed the power saving signal/channel/procedure for NR power saving.  The above discussion is summarized with following observations and proposals:
Observation1: Power saving signal can be used for power saving schemes triggering: DRX, PDCCH monitoring reduction, BWP switching, antenna adaptation, UE processing transition and so on.
Observation 2: The signal based power saving signal does not reduce the UE  power consumption and requires large system overhead.
Observation 3: CSI-RS is not the UE-specific power saving signal which results in power inefficiency and additional overhead. 
Observation 4: When the power saving signal is used for aperiodic DRX configuration, UE will only wake up to decode PDCCH and PDSCH when the UE has data to receive.
Observation5: Power saving signal could be used to trigger on-demand RS transmission for assisting UE in performing channel tracking and CSI measurements.
Observation 6: Power saving signal can be used for triggering PDCCH monitoring reduction with DRX or without DRX configuration.
Observation 7: Power saving signal can be used as the assistance of  BWP switching triggering by DCI to support PDCCH monitoring reduction and activation of CSI measurement.
Observation 8: Significant power saving gain can be achieved by power saving signal triggering power saving schemes adaption to DRX, PDCCH monitoring reduction, and BWP adaptation using power saving signal.

[bookmark: _GoBack]Proposal 1: The power saving signal should be supported in RRC_CONNECTED and RRC_IDLE modes.
Proposal 2: The following should be considered for the power saving signal design: 
· Receiver complexity and sensitivity for the energy detection, 
· Flexibility and system overhead, 
· Power consumption of the power saving signal detection 
Proposal 3： Signal based power saving signal coul be supported for triggering the receiver from wakeup to sleep.
Proposal 4：New UE specific power saving signal or enhanced existing UE specific signal with low system overhead /detection energy is preferable for triggering adaptation to the traffic and UE power consumption characteristics for the UE power saving.
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