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Introduction
In RAN#80, the NR Rel-16 UE power saving SID [1] was agreed with the objectives in the following and the target completion date in RAN1 by RAN#83 (March 2019).   In RAN1#AH 1901, the general procedure performance results of the power saving schemes with UE adaptation are shown and agreed. The agreed procedures and the performance results of the power saving schemes with UE adaptation in time domain, frequency domain, antenna domain, DRX operation, and reducing PDCCH monitoring would be captured in the TR38.840.  The description of the additional RS was also agreed and captured in the TR38.840.   
For the design of power saving signal/channel, the performance target for the evaluation of the power saving signal/channel and the aspects of the power saving signal/channel design were agreed as follows,

 Agreements
· DL power saving signal and/or channel is beneficial at least in some use cases and is thus supported for UE power consumption savings
· Detailed FFS, e.g., detailed mechanisms (including reusing existing signal/channel, or a new one), purpose(s) (wake-up and/or go-to-sleep, etc.), etc.
Agreements:
The performance evaluation of the power saving signal/channel should target the miss detection at X% and the false alarm rate at Y% with the following aspects identified for the proposed power saving signal/channel
· The target of miss detection X% and the false alarm rate at Y% as baseline for evaluation
· For power saving signal/channel for wake-up purpose, X=[0.1] and Y=[1]
· For power saving signal/channel for go-to-sleep purpose, X=[1] and Y=[0.1]
· Additional X and Y values are not precluded for the proposed power saving signal/channel based on the use cases and scenarios
· For any other purpose(s) of power saving signal/channel, companies to report X & Y values
· The target of miss detection would be different depending on the behaviour of miss detection of power saving signal/channel.
· If miss detection behaviour is defined as no subsequnt PDCCH reception, low miss detection rate is required in order to avoid increased latency of missed chance of the scheduling.
· If miss detection behaviour is defined as subsequent PDCCH reception, low miss detection rate is not required. 
· The miss detection performance when multiple power saving signal/channel are multiplexed on the same resource, when applicable
· The performance of the power saving signal/channel should assume realistic implementation limitations, e.g., by using realistic channel estimation and time/frequency offset estimation, etc.

Agreements
· Companies are encouraged to consider the following aspects for the purpose of the power saving signal/channel design,
· The multiplexing capability
· Include total number of UEs supported
· The resource overhead in achieving the power saving
· The behaviour when miss detection/false alarm happens
· Multiplexing with other signals/channels
· Number of information bits
· Complexity
· Power consumption

This contribution describes the detail and the procedures of the UE power schemes with UE adaptation to the time domain, BWP switching, DRX operation and reduce PDCCH monitoring as well as the design and the performance results of the power saving signal/channel.          

Power Saving Schemes with Adaptation 
The field measurements for LTE network deployment shows that most of subframes are with no data or small data.  The power saving scheme for the dynamic adaptation to the different data arrival should be studied in detail to minimize the power consumption during the network access.  Dynamic adaptation to traffic in different dimensions, such as carrier, antenna, beamforming, bandwidth, resource allocation in time, DRX configuration, and UE processing time should be taken into consideration in the UE power saving study.   

UE Adaptation in Frequency Domain
The UE power consumption would be in proportion to the operation BW (in terms of either RBs or carriers) in both RF and baseband processing. In Rel-15, fast and dynamic BWP switching was supported to allow the UE adapted to system BW of to the amount of the traffic arrival for the power saving purpose.  The dynamic BWP switching is for UE staying in small BWP with no data or small data and switching to larger BWP when large data arrives. The dynamic BWP switching was achieved by RRC configured up to 4 BWPs for dynamic switching indicated by DCI. Similarly, quick carrier activation/deactivation for carrier aggregation /dual connectivity would allow the UE to have lower consumption for no data or low data rate by staying at single carrier and multi-carrier operation (CA/DC) for high data rate.   
UE needs not only to achieve power saving by dynamic bandwidth adaption to the data rate of data arrival but also to achieve the link adaptation gain with similar system performance, such as throughput and latency. To achieve similar system performance, the system performance gain through link adaptation and multi-antenna processing, such as beamforming and spatial multiplexing, need to be incorporated in dynamic switching of BWP or dynamic activation of carriers in CA/DC.  The key criteria of link adaptation gain and multi-antenna processing gain is to quick acquisition of channel state information of new BWP or carriers after dynamic switching. In RAN1#95, additional RS, e.g., on-demand RS, was discussed as the candidate to assist UE channel tracking and measurements with the target of reducing UE power consumption.
The power saving signal used as the triggering mechanism for UE time domain processing adaptation, also could be used for triggering adaptation to BWP.   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.  The power saving signal triggering BWP switching could further increase the UE power saving gain by having the pre-processing, such as CSI measurements with configured on-demand RX, before BWP switching or SCell activation .  In Figure 1, 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 configured on-demand RS at the new wideband BWP, which is triggered by detection of power saving signals. After finishing CSI measurements, UE is triggered to switch from narrow band BWP to wideband BWP and feedback the CSI of the new BWP.   



[bookmark: _Ref528962402]Figure 1: Power saving signal trigger CSI measurements on the on-demand RS
The procedure of the power saving schemes with power saving signal triggered UE adaptation to the BWP switching is as follows,
· UE is configured with BWP operations based on Rel-15 DCI triggered BWP switching
· A narrow band BWP is configured for the power saving purpose. UE performs PDCCH monitoring on the narrow band BWP
· One or more wideband BWPs are configured for the data reception with different data size
· UE reports its capability of supporting low power consumption power saving signals
· gNB configure the UE with the power saving signal triggered power saving schemes for BWP switching
· The on-demand RS is configured for each wideband BWP associated with the power saving signal configuration
· UE performs PDCCH monitoring on narrow band BWP
· When UE detects the power saving signals
· UE continues monitoring the PDCCH on the narrow band BWP
· UE performs channel tracking and CSI measurements on the target wideband BWP
· When UE decodes the BWP from the DCI with aperiodic CSI trigger on the wideband BWP
· UE switches to the wideband BWP 
· UE reports CSI of wideband BWP
· UE is scheduled to receive data from wideband BWP with link adaptation gain
· After complete reception of data from wideband BWP, UE is triggered by DCI to switch to narrow band BWP.

The cases for the evaluation of the power saving schemes with UE adaptation in frequency domain are summarized in Table 1.   

[bookmark: _Ref534963148]Table 1:  Evaluation cases of power saving schemes for UE adaptation in time domain
	Cases
	Item
	Note

	Case1-1
	Wideband BWP
	The power consumption of Wideband BWP1 as the benchmark 
1) UE perform PDCCH monitoring, CSI-RS reception, PDSCH reception in wideband BWP1.
2) CSI-RS with 5ms periodicity and total 3times to finish channel tracking, and CSI measurements/feedback

	Case1-2
	R15 narrow band BWP switching
	1) UE perform PDCCH monitoring in narrow BWP2;
2) CSI-RS reception in wideband BWP1 after BWP switching ;
3) PDSCH reception in wideband BWP1;
4) CSI-RS with 5ms periodicity and total 3times to finish channel tracking, and CSI measurements/feedback

	Case1-3
	Power saving reference signal
	1) UE perform PDCCH monitoring in narrow BWP2;
2) Power saving RS (PS-RS) is configured  in wideband BWP1 after BWP switching;
3) PDSCH reception in wideband BWP1;
4) PS-RS with total 3slot for channel tracking, and CSI measurements/feedbacks.



The list of UE power saving gains is shown in Table 2.

[bookmark: _Ref534929779]Table 2: The power saving gain of the power saving signal triggered UE adaptation to BWP switching
	Traffic type
	FTP3
	IM

	
	Case1-1
	Case1-2
	Case1-3
	Case1-1
	Case1-2
	Case1-3

	Slot-averaged  power consumption(unit/slot)
	17.2 
	15.8 
	12.9 
	6.9 
	5.1 
	3.1 

	Power saving gain
	0.0%
	8.5%
	25.2%
	0.0%
	26.0%
	55.0%



The system throughput performance of BWP switching is shown Table 3.  The system performance results is based on the FTP3 traffic model with different system load. Case1-2 with NR-R15 BWP switching scheme is assumed as baseline. Performance gain of Case1-2 and Case 1-3 with power saving reference signal (PS-RS) over the baseline is shown in Table 3. From Table 3, we can see the user perceived throughput at  5% /50%/95% and average UPT. Where, UPT calculation method is aligned with 36.814.
[bookmark: _Ref534930157]Table 3: System performance with different BWP switching for BB model
	UPT(Mbps)
	[bookmark: OLE_LINK4]FTP3 with λ=3.2

	
	case1-3
	Case1-2
	Gain case1-3 over case1-2

	5% UPT
	5.1 
	4.3 
	19.6%

	50% UPT
	12.6 
	10.8 
	16.0%

	95% UPT
	27.8 
	23.7 
	17.4%

	Avg. UPT
	14.0 
	12.0 
	17.1%



Based on simulation results, it is observed that the additional RS, such as power saving reference signal (PS-RS) could provide significant system performance gain with the fast CSI processing, which up to 17% for average UPT.
 On the other hand, about system overhead, case1-3 with the addition of the power saving signal is smaller than the overhead of periodic CSI-RS configured in the dormant state. The overhead of the periodic CSI-RS is about 0.36%, 0.089% and 0.045% with the assumption of occupying 2OFDMs with period of 40ms, 160ms, 320ms.  
The summary of the power saving signal triggering BWP adaptation with the additional RS is shown in Table 4.

[bookmark: _Ref1022858]Table 4:  Summary of power saving signal trigger BWP adapation with additional RS
	[bookmark: OLE_LINK112][bookmark: OLE_LINK113]Company
	Power saving scheme
	Power saving gain
	Power saving gaing for each configuration
	UPT/Latency

	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	CATT
	Power saving signal trigger BWP adaption with the additional RS (PS- RS).
	[8.5%-55.0%
	ftp3 with 160ms DRX-cycle: 25.2%
IM with 320ms DRX-cycle:55.0%
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Avg. UPT 17.1%(FTP3 λ=3.2)

	7.14%, 14.29%, 21.4%.
.
	SLS with 10UE per TRP for DU scenario to get transmission rate, and observed one single UE for power consumption.
Baseline: PDCCH monitoring, CSI and PDSCH reception on wider BW, FTP3 with 0.5Mbytes and 200ms inter-arrival time, IM with 0.1Mbytes and 2s inter-arrival time
	



Based on simulation results shown in above Table 2, it is observed that: 
· Rel-15 BWP switching evaluated as the Case 1-2 can provide power saving gain about 8.5%~25.2% comparing with the benchmark of wideband BWP operation. Furthermore, the power saving signal triggered pre-processing with additional assistance from the power saving reference signal (PS-RS) before DCI triggered BWP switching could provide 25%~55% performance gain over the  baseline case, which is introduced by the fast channel tracking from the configured power saving RS (PS-RS).

[bookmark: OLE_LINK32][bookmark: OLE_LINK33]Proposal 1:  The power saving scheme based on the power saving signal trigger UE adaptation to the BWP switching provides up to 55% power saving gain and up to 17% of user perceived throughput improvement.

UE Adaptation in Time Domain

The power saving schemes with UE adaptation in time domain includes the cross-slot scheduling, same slot scheduling and multi-slot scheduling. The UE power saving scheme with adaptation in time domain is for UE  to go to micro-sleep after PDCCH reception if the time interval between PDCCH and PDSCH reception is known to the UE in advance for same-slot or cross-slot. For multi-slot, UE could skip PDCCH monitoring at subsequent slots of PDSCH/PUSCH transmission. 
For cross-slot/same slot scheduling, dynamic TDRA configuration /re-configuration could be supported.  The dynamic control information could be carried by MAC-CE, DCI, even power saving signal. When UE get TDRA configuration in advance before PDCCH decoding, UE could go to micro sleep. A typical procedure for the cross-slot scheduling is as follows
·  gNB semi-statically configures TDRA to the UE.  TDRA include all entries with K0 > 0 and K2 > 0
· UE decodes PDCCH and  retrieve the index of TDRA entry
· UE goes to micro sleep after PDCCH decoding.
· UE decodes PDSCH at the indicated starting time from TDRA entry

The evaluation cases of the power saving schemes with UE adaptation in time domain are summarized Table 5 and the special assumptions are listed  in Annex of [3].
[bookmark: _Ref534928040]Table 5: Cases for evaluation of power saving scheme with UE adaptation in time domain
	Cases 
	Item
	Note 

	Case2-1
	Scheduling without micro-sleep
	[bookmark: OLE_LINK132][bookmark: OLE_LINK133]Case 2-1 is baseline

	Case2-2
	Cross-slot scheduling with micro-sleep
	


[bookmark: OLE_LINK139][bookmark: OLE_LINK140]
[bookmark: _Ref534995877][bookmark: _Ref534928201]The simulation parameters and the detailed results based on the evaluation cases are captured in [3].  The evaluation results are listed in below table.
Table 6: Evaluation results of power saving scheme with UE adaptation in time domain 
	Traffic type
	FTP3
	IM　

	
	Case2-1
	Case2-2
	Case2-1
	Case2-2

	[bookmark: _Hlk536688182][bookmark: OLE_LINK64]Slot-averaged power consumption(unit/slot)
	20.5 
	18.2 
	5.6 
	5.6 

	Power saving gain
	0.0%
	11.3%
	0.0%
	1.1%



Based on simulation results, it is observed that cross-slot scheduling with known K0 to the UE in advance provide power saving gain up to 11.3%.  Considering system overhead for power saving scheme with cross-slot scheduling, it is dependent on cross-slot scheduling design detail.  0% overhead is assumed as RRC configuration

Table 7: Summary of power saving scheme with UE adaptation in time domain
	[bookmark: OLE_LINK57]Company
	Power saving scheme
	Power saving gain
	Power saving gaing for each configuration
	UPT/Latency

	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	CATT
	Cross-slot scheduling with K0 > 0 indicated to the UE in advance
	[0.7%-13.3%]
	ftp3 with 320ms DRX-cycle: 13.3%
IM with 160ms DRX-cycle:0.7%
	--
	0%
	SLS with 10UE per TRP to get transmission rate, and observed one single UE for power consumption.
Baseline:
Cross-slot scheduling wo. micro-sleep, FTP3 with 0.5Mbytes and 200ms inter-arrival time, IM with 0.1Mbytes and 2s inter-arrival time
	



Proposal 2:  The power saving schemes with cross-slot scheduling with known K0 to the UE in advance provides power saving gain up to 11.3%.

Adaptation to the Number of Antenna

The UE power consumption would be in linearly proportional to the number of Rx and Tx antenna used for reception/transmission.  The performance requirements for UE received antenna in NR is based on 4 Rx antenna in most bands.   4 Rx antenna would provide more spatial diversity gain comparing to that of 1 or 2 Rx antenna.   However, the spatial diversity gain would be observed in system when system load is high with high data rate.  The spatial diversity gain would be reduced when the data packet is small and system load is low.     
For multi-antenna transmission at the UE, the gain for 4 transmit antenna at the UE would not be significant comparing to that of  1 or 2 Tx antenna.  The only gain could be observed by 4 transmit antennas is 4-layer spatial multiplexing with high order modulation when channel is extremely good.     
The power saving scheme by adaptation of number of Tx/Rx antenna to the traffic types is to set the number of the receive/transmit antenna at 2 Rx/1 Tx at the UE as the normal processing for the UE power saving.  The number of the Rx antenna will be adapted to 4 Rx for large packet size and high system load.  The number of Tx antenna would be adapted to 2 or 4 Tx antenna when the channel condition is good or extremely good when high rank SU-MIMO with high order modulation could be achieved.   The power saving scheme with antenna adaptation needs to be dynamic and robust.  Thus, dynamic signaling, such as DCI, to indicate the number of Tx/Rx antenna should be studied for the power saving scheme with antenna adaptation. 
Proposal 3:  Dynamic signaling, such as DCI, to indicate the number of Tx/Rx antenna should be studied for the power saving scheme with antenna adaptation

Adaptation to the DRX configuration

DRX configuration allows UE to get into deep/light sleep state during the DRX OFF period.   UE would autonomous wake up before DRX ON cycle in preparation for the signal processing, such as PDCCH/PDSCH decoding and RRM measurement, during DRX cycle.  UE will continue the signal processing to check if there is any data or paging information for the UE to receive.  Most of time, UE wakes up at the DRX ON period and gets no grant from PDCCH and no data from PDSCH.  UE wastes powers in the signal processing to wake up on the DRX ON period if there is no data to receive.  
 To reduce the energy consumption, the power saving signals is used to indicate whether UE needs to wake up at the DRX ON or not.  If the power saving signal is not detected, UE will not wake up at the DRX ON; otherwise, UE will wake up and perform PDCCH monitoring and PDSCH decoding.  The power saving signal also could be used to trigger the additional RS, which is on-demand power saving RS (PS-RS), transmission to assist UE in performing channel tracking and CSI/RRM measurements before DRX ON as shown in Figure 2. Time-frequency tracking and compensation is essential for PDCCH monitoring and effective scheduling of gNB is heavily dependent on timely CSI measurements. 


[bookmark: _Ref528963522]Figure 2: Power saving signal triggers UE adaptation to DRX operation

The power saving schemes with UE adaptation to the DRX operation is achieved by the power saving signal triggering UE adaptation to DRX operation.  The detailed procedure of the power saving schemes with UE adaptation to the DRX operation is as follows,
· UE reports its UE capability in support of power saving signal, which is either low power consumption or normal power saving signal
· For RRC_CONNECTED UE, UE is configured with DRX configuration and power saving mode
· Power saving signal is configured associated with the DRX configuration for adaptation in DRX operation
· The power saving RS (PS-RS) is also configured before DRX ON to assist UE in performing channel tracking and CSI/RRM measurements
· UE enters DRX operation mode with inactivity timer ON
· UE continues monitoring the configured power saving signals
· UE will wake up if the associated power saving signal is detected
· UE will use the SSB or CSI-RS and the additional configured PS-RS for channel tracking and CSI/RRM measurements
· UE will perform the PDCCH and PDSCH decoding with the frequency and time offset compensation from the channel tracking output
· UE will continue sleeping until next DRX cycle if the associated power saving signal is NOT detected

The evaluation of the performance results of power saving gain with CSI feedback during DRX ON are evaluated with the assumption summarized in Table 8.

[bookmark: _Ref534931737]Table 8: simulation cases for UE adaption to the DRX operation 
	Cases 
	Item
	Note 

	Case3-1
	Legacy DRX scheme in NR-R15
	As baseline, UE could terminate inactivity timer in advance when MAC-CE is received. CSI-RS are assumed to be used for channel tracking and CSI  measurement 15 ms before the DRX ON .

	Case3-2
	Power saving scheme on adaption to DRX
	1) Power saving signal is used to trigger PDCCH monitoring. When there is no data arriving before DRX-ON, PDCCH monitoring is not performed. UE stays in sleeping mode until next DRX cycle.  Power saving signal is based on sequence and low power consumption receiver.
2) Power saving reference signal (PS-RS) are configured after power saving signal waking up UE before DRX ON duration for channel tracking and CSI measurement. 



It could be got simulation results based on above cases as following table.

[bookmark: _Ref534997453]Table 9: Power saving gain with different UE adaptation to DRX operation
	Traffic type
	FTP3
	IM

	
	Case3-1
	Case3-2
	Case3-1
	Case3-2

	Slot-averaged  power consumption(unit/slot)
	20.2 
	9.3 
	6.1 
	1.4 

	Power saving gain
	0.0%
	54.0%
	0.0%
	76.4%



From the simulation results in Table 9, it is observed that the power saving signal triggers the UE adaptation to the DRX operation provides significant power saving gain as follows,
· Significant power saving gain up to 76.4% can be achieved for IM and middle/long DRX cycle cases.
· Power saving gain is from the power saving signal trigger the UE adaptation to reduce the unnecessary UE wakeup at the DRX ON.  The power saving reference signal (PS-RS) is configured to help UE performing the channel tracking and CSI measurements in shorter period to achieve the power consumption reduction.

Table 10: Summary of power saving signal triggering UE adaptation to DRX operation
	Company
	Power saving scheme
	Power saving gain
	Power saving gaing for each configuration
	UPT/Latency

	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	CATT
	Power saving signal trigger DRX adaptation and power saving reference signal for channel tracking, CSI measurement.
	54.0%-76.4%
	ftp3 with 160ms DRX-cycle: 54.0%
IM with 320ms DRX-cycle:76.4%
	--
	The overhead for additional is similar to CSI-RS.
	SLS with 10UE per TRP to get transmission rate, and observed one single UE for power consumption.
Baseline: R15DRX scheme, considering procedure of channel tracking , CSI measurement . FTP3 with 0.5Mbytes and 200ms inter-arrival time, IM with 0.1Mbytes and 2s inter-arrival time
	



Proposal 4:  Significant power saving gain up to 76.4% can be achieved by the power saving signal triggered UE adaptation to the DRX operation.   The power saving signal as the triggering indication for the adaptation of UE wakeup at each DRX ON cycle should be supported. 

Adaptation in Achieving PDCCH Monitoring Reduction

The most UE power consumption is the UE continuous monitoring PDCCH and performing PDCCH decoding regardless if UE has data or not to receive.  In addition to PDCCH decoding, UE needs to continue performing signal processing, such channel tracking and channel estimation in order to decode PDCCH correctly.  From the statistic of PDCCH decoding in LTE field deployment [2], more than 90% of PDCCH decoding have the results of CRC fails (no grant for the UE).   With robust data arrival and high speed data service by the NR network, it is expected that UE will be served in short period of time when data arrives and wait for unexpected time for next data arrival in NR (large variation in data inter-arrival).   UE will waste more energy in PDCCH decoding even NR supports periodic PDCCH monitoring configured by gNB.  Similar to UE adaptation to the DRX configuration, the UE can save power if a low power detection mechanism could be used to trigger the UE PDCCH decoding.  The low power detection mechanism could be similar to the Power saving signal for adaptation of UE wakeup at each DRX ON cycle.    UE will monitor the Power saving signal as the indication to determine if UE needs to perform PDCCH decoding.   gNB would send the Power saving signal to UE before send the DL grant on PDCCH.  UE would decode PDCCH and receive the DL grant after detect the UE power signal as the indication.   If the power consumption of the Power saving signal detection is much lower than that of PDCCH decoding.  UE will get tremendous amount of the power saving.   
When UE does not decode PDCCH periodically, UE does not need to perform the background signal processing, such as channel tracking and channel estimation as the front processing of the PDCCH decoding.   This would provide additional UE power saving.  However, UE might not have correct frequency and timing offset information of the radio channel if the channel tracking is not performed periodically.  If the Power saving signal is used to trigger UE PDCCH decoding, UE might not have up-to-date frequency and timing offset information for the channel compensation of PDCCH decoding.  The PS-RS could be configured before PDCCH monitoring for UE to acquire up-to-date channel information for the channel compensation of PDCCH decoding when the power saving signal is used for triggering PDCCH decoding.  
The detailed procedure of the power saving signal triggering PDCCH monitoring reduction is as follows,
· UE reports its UE capability in support of low power consumption power saving signals
· UE is configured with DRX operation
· UE is configured with the power saving signal triggered PDCCH monitoring
· UE-specific power saving signal is configured to the UE with a configured of OFDM symbols before the PDCCH
· Additional on-demand power saving RS (PS-RS) is configured between the power saving signal and the CORESET.  
· Timer for no PDCCH decoding is turned ON.  The threshold of the time not performing PDCCH decoding is configured to the UE.   
· If the timer is longer the configured threshold, the on-demand PS-RS will be present in assisting UE in performing channel tracking
· Otherwise, the PS-RS is not present 
· UE monitors and decodes the power saving signals at DRX ON
· If the power saving signal is detected, UE will perform PDCCH decoding and subsequent PDSCH decoding.  
· UE will turn ON the inactivity timer
· If the MAC-CE indicate the stop of inactivity timer, UE will stop PDCCH monitoring
· UE will not perform PDCCH decoding  if the power saving signal is not detected. 

The power saving scheme with the power saving signal triggering UE performing PDCCH monitoring is evaluated with the assumption of a given DRX configuration. The cases for the evaluation of power saving signal triggering PDCCH monitoring  are summarized in Table 11.  

[bookmark: _Ref534932850]Table 11: Cases for power saving signal triggering PDCCH monitoring 
	Cases
	Item
	Note 

	Case4-1
	Legacy PDCCH monitoring in NR-R15
	As the baseline, UE monitors PDCCH every slot at PDCCH ON period. 

	Case4-2
	DCI-based power saving signal triggers UE PDCCH monitoring 
	1) Power saving signal is used to trigger PDCCH monitoring. , PDCCH monitoring is not performed if UE does not detect the power saving signals.  Power saving signal is DCI-based.
2) TRS and CSI-RS is configured for channel tracking and channel measurement


	Case4-3
	Sequence-based  power saving signal triggers UE PDCCH monitoring 
	1) Power saving signal is used to trigger PDCCH monitoring. , PDCCH monitoring is not performed if UE does not detect the power saving signals.  Power saving signal with sequence and normal power consumption.
2) Power saving reference signal (PS-RS) is configured along with power saving signal for channel tracking and channel measurement.

	Case4-4
	Sequence-based with low power consumption power saving signal triggers UE PDCCH monitoring 
	1) Power saving signal is used to trigger PDCCH monitoring. , PDCCH monitoring is not performed if UE does not detect the power saving signals.  Power saving signal with sequence and low power consumption.
2) Power saving reference signal (PS-RS) is configured along with power saving signal for channel tracking and channel measurement.



The simulation results are listed in Table 12.  

[bookmark: _Ref534999234]Table 12: Simulation results for power saving signal triggered PDCCH monitoring
	Traffic type
	FTP3
	IM

	
	Case4-1
	Case4-2
	Case4-3
	Case4-4
	Case4-1
	Case4-2
	Case4-3
	Case4-4

	Slot-averaged  power consumption(unit/slot)
	20.2 
	17.6 
	10.0 
	9.3 
	6.1 
	3.7 
	2.1 
	1.4 

	Power saving gain
	0.0%
	13.0%
	50.3%
	54.0%
	0.0%
	39.3%
	65.9%
	76.4%



Based on evaluation results shown in Table 12, it is observed that the power saving signal triggering PDCCH monitoring could achieve the reduction of PDCCH monitoring and thus the power saving gain.   
· Sequence-based power saving signal could provide significant power saving gain up to 76.4% can be achieved for IM traffic load.
· 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. 
· DCI-based power saving signal could provide power saving gain which is lower than sequence-based power saving signal due to channel tracking and CSI measurement power consumption. 

Table 13: Summary of power saving signal triggering PDCCH monitoring reduction
	Company
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT/Latency

	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	CATT
	Power saving signal trigger PDCCH reduction and power saving reference signal for channel tracking, CSI measurement.
	Sequence-based: 
Normal power consumption: 50.3%-65.9%
Low power consumption: 54.0%~76.4

DCI-based: 13.0%-39.3%
	Normal power consumption: ftp3 with 320ms DRX-cycle:50.3%
IM with 160ms DRX-cycle:65.9%
Low power consumption: ftp3 with 320ms DRX-cycle:54.0%
IM with 160ms DRX-cycle:76.4%
DCI based: Ftp3 with 320ms DRX-cycle:13.0%
IM with 160ms DRX-cycle:39.3%




	--
	Power saving signal is smaller PDCCH overhead.
	SLS with 10UE per TRP to get transmission rate, and observed one single UE for power consumption.
Baseline: R15DRX scheme, considering procedure of channel tracking, CSI measurement. FTP3 with 0.5Mbytes and 200ms inter-arrival time, IM with 0.1Mbytes and 2s inter-arrival time
	



Proposal 5:  The power saving signal as the indication of the PDCCH decoding would reduce PDCCH monitoring occasion and thus UE power consumption reduction.  
Proposal 6: The on-demand PS-RS could be configured before PDCCH monitoring for UE to acquire up-to-date channel information for the channel compensation of PDCCH decoding when the power saving signal is used for triggering PDCCH decoding.  
[bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK39]Proposal 7: Significant power saving gain up to 65.9% and 76.4% with sequence-based power saving signal can be achieved by the power saving signal triggering PDCCH monitoring with DRX configuration.

The other exhaustive UE power consumption is the PDCCH blind decoding.   UE would perform maximum number of blind decoding (44) at each slot most of time.   UE needs to search through the CORESET and complete the maximum number of blind decoding because no DL grant is for the specific UE most of time.  If there is a grant for the UE, UE would stop blind decoding after it gets a positive CRC check at one aggregation level.   If the power saving signal is used as the indication of DL data arrival and the trigger of UE PDCCH decoding, UE would not need to go through all 44 blind decoding since there is DL grant for the UE at this slot.  The number reduction in PDCCH blind decoding would substantially reduce the UE power consumption.  In the mean time, UE could further reduce power consumption if UE could search the aggregation level at the level which gNB allocates the DL grant.    The algorithm to align the gNB’s AL assignment of DL grant and UE starting AL of blind decoding would minimize the number of blind decoding and thus reduce the UE power consumption.  

Proposal 8:  Minimizing the number of blind decoding should be studied based on the mechanism of Power saving signal as the indication of DL data arrival and the trigger of PDCCH decoding.  

Power Saving Signal/Channel 

Power Saving Signal/Channel Triggering UE Adaptation

The power saving signal/channel can be used to trigger UE adaptation to DRX operation, BWP switching, fast SCell activation, reducing PDCCH monitoring, and transmission of additional RS in assisting UE in performing channel/beam tracking and CSI/RRM measurements to achieve UE power consumption reduction.  Examples of power saving signal/channel triggering UE adaptation are as follows, 
· Indicate whether UE needs to wake up 
With periodical DRX configuration, UE needs to wake up in advance before the DRX ON period to perform ramping up/down, coarse 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 unnecessary and wasteful.  
To reduce the energy consumption, the power saving signal/channel 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.  

· Trigger the on-demand RS transmission 
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 decoding and effective scheduling of gNB is heavily dependent on timely CSI measurements.  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.

· Trigger aperiodic DRX 
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 3: Aperiodic DRX with Power saving signal triggering PDCCH monitoring 

· Indication of the configuration of DRX for upcoming DRX ON  
For RRC-connected mode, power saving signal (e.g., MAC CE) transmitted in current DRX ON can be used for indication of UEs power consumption reduction of upcoming DRX ON cycles. For example, power saving signal can be utilized for indication of DRX configuration of upcoming DRX cycle when multiple DRX configurations are configured. For the special DRX configuration, if the gNB could know in advance that no PDCCH/PDSCH are scheduled in the following N DRX ON cycles, wake up signal detection before corresponding DRX ON periods can be skipped and UE will continue go to sleep in the next N DRX ON cycles for power consumption reduction purpose, as shown in Figure 4.


Figure 4: Power saving signal triggering UE skipping N DRX cycles
· Trigger UE skipping PDCCH monitoring in DRX ON period 
When the DL data reception is completed, additional go-to-sleep control signaling would trigger the UE stopping monitoring PDCCH in remaining DRX ON period and transition to the micro sleep state. 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. Taking PDCCH as an example, additional physical signal in DCI can indicate UE PDCCH monitoring status of skipping N PDCCH monitoring occasions, continuing monitoring PDCCH at next configured occasion and stopping PDCCH monitoring and go to sleep, as shown in Figure 5.


Figure 5:  Power saving signal triggering UE go to sleep

· Trigging PDCCH reduction with low power saving signal
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. 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 [3]. The front-end receiver based power signal can support continous detection with  very low power consumption.  
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 6. 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 6: 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 7. 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 7: Power saving signal triggering UE PDCCH monitoring for gaming

· Trigging fast BWP switching 
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 1, 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. 

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. E.g., 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 9: 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
 From RAN1#95, 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 14. 

[bookmark: _Ref1036678]Table 14: 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



Candidates of power saving signal/channel in Table 14 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 miss 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 control channel 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. Then, if DCI based power signal could be supported, it should be transmitted in DRX ON period.
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/TRS is based on a length-31 gold sequences to support waking up multiple UEs with identical sequence ID within single CSI-RS/TRS resource. Obviously, CSI-RS is not designed as the UE-specific power saving signal. Very large number of UEs within coverage of one beam might be configured with the same CSI-RS resource. When CSI-RS/TRS power saving signal is used to trigger one UE, other 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/TRS power saving signal as the triggering mechanism for UE wake up and PDCCH monitoring is very limited. CSI-RS has limited capability in multiplexing multiple sequences within single CSI-RS/TRS resource. Thus, the overhead of using CSI-RS/TRS as the power saving signal is very large especially for hot spots. 

 New sequence based power saving signal
Existing signal/channel based power saving signal/channel can not satisfy the desired  power saving gain.  New UE specific power saving signal or enhanced existing signal with low system overhead and detection energy could be designed for triggering the UE power saving scheme. Two kinds of sequence based power saving signals are considered; they are  NR baseband receiver and front end receiver.  
· NR baseband receiver for power saving sequence detection 
Group specific WUS sequence is adopted by LTE NB-IoT for UE wakeup in IDLE mode. The WUS sequence is based on one base sequence covered by length-31 partial gold sequences and Cell ID is carried by cover code to reduce inter-cell interference. If only one UE needs to decode NPDCCHs, the WUS indicates at most 16 UEs associated the same PO (Paging Occasion) to monitor NPDCCHs, which will lead to unnecessary power consumption. To support UE specific WUS for RRC connected mode, two alternatives can be considered. 

Alt.1: Enhanced NB-IoT WUS sequence 
In NB-IoT WUS sequence, single ZC base sequence is adopted for waking up one group of UEs associated the same PO. To address the problem of unnecessary power consumption caused by group specific WUS, a direct solution is that multiple base sequences can be used as a group for indicating different UEs in one group. Enhanced NB-IoT WUS sequence is generated as shown in Figure 8 .  Base sequences can be used to wake up multiple users simultaneously and cover sequences can used to differentiate different cells.


[bookmark: _Ref1037108]Figure 8: Enhanced NB-IoT WUS sequence structure

The miss detection performance is degraded significantly for multiplexing of large number of sequences. To improve miss detection performance of NB-IoT WUS like sequence, the orthogonal sequence (e.g., Hadamard sequence or cyclic shift of ZC sequence) can be considered as base sequences.  For example, Hadamard sequence with length N=256 bits can support 256 wake up IDs (UEs ID/UE groups ID) with miss detection performance shown in Figure 9. In the simulation, length-31 TRS gold sequence is adopted as the baseline. We can see that orthogonal sequence based enhanced NB-IoT WUS sequence outperforms TRS gold sequence based enhanced NB-IoT WUS sequence in miss detection performance for different sequence multiplexing capacity.  With the increase of multiplexing capacity, the performance gain of the orthogonal sequence over the gold sequences will get much larger. In contrast to NB-IoT, more frequency resource can be used for transmitting WUS in NR and the miss detection performance can be improved further.
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Figure 9: Miss-detection performance comparison between orthogonal sequence and TRS gold sequence

For UE specific DRX on configuration, sequence orthogonality will not be ensured with overlapping of WUS caused by different DRX ON starting points. How to preserve good orthogonality of enhanced NB-IoT WUS sequence for UE specific DRX configuration should be studied further.

Alt.2 Multi-stage sequences
To carry more information bits, the enhanced NB IoT WUS in Alt.1 can be extended to the  multi-stage sequences based power saving signal as shown in Figure 10. To avoide ambiguity of different stages sequences caused by overlaping of WUS,  the stage indication information should be transmitted along with the base sequence, e.g., as the cover code. 
The pros of multi-stage sequences are disussed as follows. 
· Multi-stage sequences can increase power saving signal sequence capacity significatly with low detection complexity. For example, if each one stage sequence is based on length-256 Hadamard sequence, two stages sequences have 256*256=216 sequences combinations and can carry more information bits than that of the same lengh one stage sequence, as shown in Figure 11. If each one stage sequence is based on NR SSS sequence, 1008*1008 sequences combinations can be achieved to transmit near 20 information bis. 
· As multi-stage sequences provide compareble ability of carrying multiple information bits with DCI, UEID， Cell ID, BWP index，WUS transmissin resources information, etc., can be indicted using sequence based WUS. 
· For multi-stage sequences, if previous stage sequence is not found, UE will not perform detection on next stage sequence, which is beneficail of UE energy saving. Multi-stage sequences are not sensitive to time/frequency offset and proper design of sequence patterns can provide comprable channel tracking ability with NR TRS. Contrast to PDCCH reception, sequence used for fine syncronization is not needed for multi-stage seuqnces.
· 
Multi-stage sequences have very good false alarm performance which directly corresponds to a better power saving gain. Assuming that there are N UEs need to wake up in the same wake-up occasion and false wake-up probability is defined as Pw= unnecessary wake up UE number /N. The performance comparison between multi-stage sequence and TRS on false wake-up probability is shown in Figure 12 and Table 15, where N= [2:2:16], wake-up rate for one user is, multi-stage sequences capacity=16 bits (256*256 sequences combinations). Compared with TRS, much better false wake-up probability performance is achieved by multi-stage sequences based power saving signal. The reason is summarized as follows: i) When very small number of UEs from a group cosisting of N members need to wakes up, TRS based WUS will wake up all the UEs in the group which lead to high false wake-up probability, but for multi-stage sequences based WUS, false waking-up UEs number is very small, e.g., when only one UE in the group needs to wake up, no others UE will be waken up incorrectly, which greatly improves false wake-up probability performance of multi-stage sequences based WUS. ii) When gNB needs to wake up the majority of UEs within the group, the probability of false wake-up is significantly reduced because most UE has been awakened at this time. On the other hand, when the number of multi-stage sequences is large, the false wake-up users number within the same wake-up occasion is very small. Unnecessary wake up will lead to additional power consumption for other UEs due to unnecessary monitoring PDCCH. Therefore, multi-stage sequences based WUS can provide significant power saving gain than that of TRS.
· Compared to single-stage sequences of the same length, the miss detection performance of multi-stage sequences doe not degrade when detection is performed with multiple single stage sequences combination. As two orthogonal sequences with equal length can form a new orthogonal sequence of double sizes.




Figure 10: Multi-stage sequence structure



Figure 11: Multi-stage sequences capacity
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Figure 12: Comparison of false alarm probability of UE wakeup between  multi-stage sequences and TRS

Table 15: False alarm probability of UE waekup (wakeup rate=0.2)
	N
PS signal
	2
	4
	6
	8
	10
	12
	14
	16

	CSI-RS/TRS
	0.16
	0.39
	0.54
	0.63
	0.69
	0.73
	0.76 
	0.77

	multi-stage sequences
	0
	2.93e-6
	9.77e-6
	2.05e-5
	3.52e-05
	5.37e-05
	7.62e-05
	1.03e-04



· RF receiver based PS signal
RF receiver based power saving signal is a front end receiver and independent to the NR receiver for  data reception. If RF receiver based power saving signal is detected, data processing receiver will be turned on.  The RF receiver based power saving signal is dependent on receiver structure design. For low power consumption receiver, the detailed structure could be implemented as Figure 13, which is shown a typical receiver structure for low power consumption，details can be found in [5].


[bookmark: OLE_LINK76][bookmark: OLE_LINK77]Figure 13: Receiver structure for low power consumption power saving signal
As reference, there are some low power consumption receiver on document [4][5][6][7][8], which are summarized Table 16 with parameters and receiver performance. It could be observed that receiver power consumption is from tens of W to nW, details are listed as follows. 
[bookmark: _Ref1038051][bookmark: OLE_LINK134][bookmark: OLE_LINK135]Table 16: Configurations for different power consumption receiver
	Ref.
	Data rate (kbps)
	Sensitivity(dBm)
	Power (unit )
	Voltage (V)
	Modulation type
	Operation frequency (GHz)
	BER
	Base-Band
	Wakeup latency (ms) 

	[4]
	0.3
	-69
	0.00001
	0.4
	OOK
	0.113
	
	[bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104]Sequence detection 32 bits
	50

	[5]
	10 /50
	-97 /-92
	0.2
	0.5
	OOK
	2.4 
	
	integrator
	/

	[6]
	1.024
	-80
	0.014
	2.5
	OOK
	2.4 
	/
	Sequence detection 32 bits
	30

	[7]
	100
	-72
	0.1
	0.5
	/
	2 
	
	/
	/

	[8]
	100
	-64 /-75
	0.1
	/
	OOK
	2.4 /0.915 
	/
	integrator
	/







In Table 16, low power consumption power saving signal is based on simple OOK signal detected with RF receiver. RF based power saving signal sequence is generated as follows. Time domain binary sequences   will conduct overlap operation, ; OOK signal sequence time domain waveform can be expressed as , where . As multilevel OOK signal is transmitted, multi-level detection in BB module of RF receiver shown in Figure 12 is needed.

To reduce inter/intra-cell sequences interference, carrying cell ID and wake up ID informantion in binary OOK sequence is prefrable. Then two schemes are provided to support RF receiver based power signal sequence, i.e., binary OOK sequence can be generated by the simple gold sequence or orthogonal sequence. 
Considering that energy consumption of detecting OOK signals is similar to or better than that of deep sleep, the RF receiver based power saving signal has ability of  supporting continuous reception or reception at very short periodicity. Then, the number of users who need to wake up simultaneously in the same WUS occasion is usually relative low. In such case, classical gold sequences can be used for constructing OOK sequences. For example, OOK signal sequence can be generated directly using the NR length-31 gold sequences, and the Cell ID and wake up ID information are carried in the initial phase of the M sequence. Considering that the number of multiplexed gold sequence is less, or even only one sequence is applied, gold sequence based low power saving signal has very low multi-level detection complexity.  Figure 14 shows miss detection performance of gold sequence based OOK power saving signal with multiplexing sequence number 1 and we can see the miss detection performance is good for short coverage scenario. 

[image: ]
Figure 14: Detection performance for low power consumption power saving signal

 If the low power saving signal needs to support the large detection periodicity, there might be multiple users needed to wake up in the same WUS occasion. Then, it is preferable to generate OOK sequences with a binary orthogonal sequence, e.g., Hadamard sequence. For example, length-256 Hadamard sequences removing single all-zero sequence can be divided into G Groups with each group corresponding to a Cell ID and each sequence in the group corresponding one wake up ID. With proper cell planning, the power saving signals of each cell can be different from that of G-1 neighbor cells, which can avoid incorrect enable UEs among different cells effectively. Orthogonal sequences based low power signal can provide larger capacity of sequence multiplexing than gold sequence, but it also improves the complexity of multi-level detection of receiver.
Proposal 10：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.

Evaluation of power saving signal/channel
The miss-detection of power saving signals/channels is evaluated with target 0.1% under 1% false alarm rate for UE wakeup purpose.  More specifically, PDCCH with AL=4,8,16, bundle size=6, 2 symbols CORSET，CSI-RS/TRS and new sequences based  power saving signals/channels are evaluated. In simulation, the system overhead of PDCCH with different ALs is regard as the baseline, and new sequence based WUS uses the repetition strategy to match the comparable PDCCH transmission resources and 50 PRBs with density 3 OFDM symbols are applied to CSI-RS. For PDCCH based power saving signal, SCL decoding with list size 8 is adopted. For sequences based power saving signals, simple correlation detection is performed in one shot. Detailed simulation assumptions are given in the appendix.  The performance results and comparison with different power saving signal/channel from [9][10][11][12] are shown in Table 17. As shown in Figure 15, new sequence has very large performance gain of miss-detection over existing PDCCH/CSI based power saving signal/channel. UE specific new sequence with good miss-detection/false alarm performance providing better power saving gain than existing signal/channel should be considered for NR power saving.
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Figure 15: Miss detection of power saving signals/channels

[bookmark: _Ref1040113]Table 17: Performance comparison of power saving signal/channel
	Company
	Power saving signal/channel
	Required SNR at miss detection= 0.1%
	False
alarm
rate
	Multiplexing capacity
	Trans.
inform. bits
	Evaluation methodology/baseline assumption
	Note


	vivo [9]
	PDCCH based
	About [3, -0.8] dB for AL=[4, 8]
	
	1
	12
	TDL-C Low 100ns 10Hz;
1TX/ 2RX; 
SCS=30KHz;
CSI-RS:51RB
SSS: 12 RB
	

	
	CSI-RS
	About [-2.4, 2.3] dB  for density [3, 1]
	1%
	1
	
	
	

	
	SSS
	About 0.3dB
	1%
	1
	
	
	

	MTK[10]
	PDCCH based
	About [3, -0.5, -4, -7,-8] dB for AL=[1, 2, 4, 8, 16]
	
	1
	
	TDL-C RS 30ns;
2TX/2RX;
TRS: 312 REs
	

	
	TRS
	About -6 dB
	10%
	1
	
	
	

	
	SSS
	About -1 dB
	10%
	1
	
	
	

	QC [11]
	PDCCH based
	3dB for AL=8 and up to 160ms C-DRX cycle.
	
	
	48 bits
	Simulation parameters specified in Table A1.5-1 in TR38.802
3 or more beams
	

	
	CSI-RS-WUS
	3dB
	1% or 10%
	1
	
	
	

	Nokia, NSB [12]
	PDCCH based
	About [-2.8 -1] dB for AL=[8, 16]
	
	1
	
	TDLA-30ns;
15KHz SCS;
1TX/2RX ;
TRS:288 REs
SSS:127 REs
	

	
	TRS
	2dB
	
	1
	
	
	

	
	SSS
	3dB
	
	1
	
	
	

	CATT
	PDCCH based
	About [-9.15, -12.5, -15.2]dB for AL=[4，8, 16]
	
	1
	12
	AWGN; 
2TX/ 1RX; 
SCS=15KHz;
CSI-RS: 150REs
	

	
	CSI-RS
	-13.3dB
	1%
	1
	
	
	

	
	Multi-stage sequences
	About [-15.1, -18, -20.97] dB for [256, 512, 1024] REs
	1%
	M, e.g., 16
	Log2(N2), N=256,512,1024
	
	

	
	Single stage sequence
	About [-15.1, -18, -20.97] dB for [256, 512, 1024] REs
	1%
	M, e.g., 16
	Log2(N), N=256,512,1024
	
	




Additional RS design
The main functions of the on-demand RS are assisting UE to performing channel tracking and CSI measurement before UE wake up in active BWP, or pre-processing for BWP switching or assisting RRM measurement[10]. In order to fulfill above functions, the design of on-demand RS should consider the features as follows:
· Time/frequency tracking
· CSI measurement
· RRM measurement
For time-frequency synchronization, it assumes that the coarse synchronization has been finished based on the SSB when UE camps up the serving cell. The on-demand RS only is used for fine time-frequency synchronization. 
Pattern of Additional RS
For the design of additional RS pattern for the on-demand purpose, the main aspects to be considered include the RS position in time domain, frequency domain and spatial domain. For time tracking functionality, time domain tap resolution is reflected in the RS span in frequency. Time domain pull-in range can be expressed by the RS density in frequency. If the RS density in time domain is not too sparse, it can maintain certain procession gain. For frequency tracking functionality, the RS density in time is required at least two observations. The time-gap between the two observations should not be too small. Otherwise, it is hard to differentiate noise with frequency offset.  The time-gap between consecutive observations in time should not be too large. , Otherwise it leads to frequency offset ambiguity or equivalently small frequency pull-in range.
For RRM measurement functionality, at least 2 measurements are needed for filtering the results based on RAN4 requirements and 5 measurement samples are adopted.  In order to average the noise affect, the on-demand RS density in time is required at least two observations.
According to analysis above, the configuration of on-demand RS could consist of these items:
· RS_symbol_position：The symbol position of on-demand RS in a 14-symbol slot.
· RS_density：The subcarrier density of on-demand RS in a RB, i.e. the number of RS in a RS. 
· RS_cycle：The  period of  on-demand RS, if the periodic on-demand RS is needed.
· RS_num：The  number of continuous slots for On-demand RS in an on-demand period or one on-demand RS transmission.
· RS_offset：the start position of an on-demand RS period after UE received the power saving signal.
Performance of the additional RS
In this section, we simulate the frequency estimation error performance of several on-demand RS patterns, which are shown in Figure 16. The performance curves in different colors denote different on-demand RS pattern, the explanation of legend is list in Table 18. Note that the case of ‘2slot-2symbol-48’ is the one of TRS pattern.

[bookmark: _Ref1038837]Table 18: List of RS configuraiton for additional RS
	Name of legend
	RS_symbol_position
	RS_density
	RS_cycle
	RS_num

	1slot-4symbol-36912
	{3,6,9,12}
	3
	320ms
	1

	1slot-2symbol-29
	{2,9}
	3
	320ms
	1

	1slot-2symbol-48
	{4,8}
	3
	320ms
	1

	2slot-4symbol-36912
	{3,6,9,12}
	3
	320ms
	2

	2slot-2symbol-29
	{2,9}
	3
	320ms
	2

	2slot-2symbol-48
	{4,8}
	3
	320ms
	2

	5slot-2symbol-48-160ms
	{4,8}
	3
	160ms
	5

	5slot-2symbol-48-320ms
	{4,8}
	3
	320ms
	5

	5slot-2symbol-48-640ms
	{4,8}
	3
	640ms
	5
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[bookmark: _Ref1038779]Figure 16: The frequency estimation error performance of the additional RS

According to the simulation results, when the RS_num is more than 2, the on-demand RS can obtain the better frequency synchronization gain than TRS. When the symbol density of on-demand RS in a slot is denser than TRS, the tracking performance is better than that of TRS. Based on the simulation results, the on-demand RS can perform the frequency synchronization functionality. 

Figure 17 shows the RSRP performances of SSB-based RRM measurement and on-demand RS based RRM measurement. The on-demand RS pattern is the case of ‘5slot-2symbol-48-320ms’.  According to the simulation results, the performance of RRM measurement based on the On-demand RS can be closed to that based on SSB. The RRM measurement functionality of on-demand RS can be realized.
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[bookmark: _Ref1038877]Figure 17:  The RSRP performances of SSB-based RRM measurement with the additional RS based RRM measurement
Conclusion: 
In this contribution, UE adaptation to the traffic and UE power consumption characteristics in multi-dimension, such  as frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving are discussed and analyzed.  We have the following proposals, 
· Proposal 1:  The power saving scheme based on the power saving signal trigger UE adaptation to the BWP switching provides up to 55% power saving gain and up to 17% of average user perceived throughput improvement.
· Proposal 2:  The power saving schemes with cross-slot scheduling with known K0 to the UE in advance provides power saving gain up to 11.3%.
· Proposal 3:  Dynamic signaling, such as DCI, to indicate the number of Tx/Rx antenna should be studied for the power saving scheme with antenna adaptation.
· Proposal 4:  Significant power saving gain up to 79% can be achieved by the power saving signal triggered UE adaptation to the DRX operation.   The power saving signal as the triggering indication for the adaptation of UE wakeup at each DRX ON cycle should be supported. 
· Proposal 5:  The power saving signal as the indication of the PDCCH decoding would reduce PDCCH monitoring occasion and thus UE power consumption reduction 
· Proposal 6: The on-demand PS-RS could be configured before PDCCH monitoring for UE to acquire up-to-date channel information for the channel compensation of PDCCH decoding when the power saving signal is used for triggering PDCCH decoding.  
· Proposal 7: Significant power saving gain up to 65.9% and 76.4% with sequence-based power saving signal can be achieved by the power saving signal triggering PDCCH monitoring with DRX configuration.
· Proposal 8:  Minimizing the number of blind decoding should be studied based on the mechanism of Power saving signal as the indication of DL data arrival and the trigger of PDCCH decoding.  
· Proposal 9: 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 10：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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Appendix
Table 19: Simulation assumption for power saving signal/channel
	Assumption
	PDCCH
	CSI-RS
	New sequence

	Channel model
	AWGN

	SCS
	15KHz

	TX antenna number
	2

	RX antenna number
	1

	REs number 
	AL 4: 288 REs
	
50RB*3=150REs 
	256 REs

	
	AL 8: 576 REs
	
	512 REs

	
	AL16: 1152 REs
	
	1024 REs
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