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In RAN1#95 meeting, the following was agreed for triggering adaptation of UE power consumption [1]. 

Agreements:
The power saving signal/channel for UE adaptation includes the following signals/channels for further study
· Existing signal/channel based power saving signal/channel
·  PDCCH channel
· TRS, CSI-RS type  RS, SSS-like and DMRS
· PDSCH channel carried MAC CE and/or RRC signaling
· New power saving signal/channel – sequence based 

The aspects of the power saving signal/channel used for the UE adaptation to the traffic used for further evaluation of power saving signal design in addition to its triggering to the power saving gain.  
· Network resource overhead  
· Resource and/or periodicity of power saving signal/channel
· Multiplexing capability
· Usage of resource
· Coexistence/multiplexing with existed signal/channel of Rel-15
· UE-specific, group-specific, cell-specific power saving signal/channel
· Detection performance
· Complexity
· Power consumption of the power saving signal/channel

Agreements:
· The power saving signal/channel in trigger UE adaptation to DRX operation for further study is that the power saving signal/channel can be configured along the DRX configuration as the indication for UE to wake up from the sleep state.  RS resources can be considered to assist UE in performing RRM/CSI measurement and channel time/frequency and/or beam tracking.
· Other schemes are not precluded

Agreements:
· The power saving signal/channel candidate in triggering UE to achieve reducing PDCCH monitoring for further study is that the power saving signal/channel can be used to trigger UE to skip the PDCCH monitoring and/or to go to sleep for a period of time.
· Other schemes are not precluded

Agreements:
· The power saving signal/channel in trigger UE frequency domain processing adaptation for further study is the power saving signal/channel can be used to trigger the indication of RS configuration for channel tracking, CSI measurents, and beam management for the additional assistance of dynamic switching of BWP or activation of SCell in achieving the power saving gain.  The power saving signal/channel can be used for BWP switching, activation/deactivation of SCell or adaptation of PDCCH monitoring and/or CORESET/search space of PCell/SCell.
· Other schemes are not precluded

Agreements:
For further study, the power saving signal/channel in triggering adaption to the UE processing, such as MIMO configuration/layers, antenna configuration, UE processing time, and background processing can be used as the indication for UE adaptation.  The power saving signal/channel in triggering UE adaptation to the processing is to allow UE in reducing the power consumption by indication of the processing time, such as PDCCH/PDSCH/PUSCH/PUCCH processing or the essential background processing, such as periodic CSI and RRM measurements.  
· Other schemes are not precluded

In this contribution, we discuss power saving schemes with power saving signal/channel/procedure for NR power saving.
Discussion 
2.1   Introduction
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 Schemes 
2.2.1 Power Saving Signal/Channel triggering UE Adaption to DRX Operation
· 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 completely 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.  


Figure 1: Wake up procedure with power saving signal
· 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. 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.

· 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 2. 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

· 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 3.


Figure 3: Skip N DRX cycles with power saving signal indication
Observation 2: 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.
Proposal 2: Power saving signal should be used to trigger on-demand RS transmission for assisting UE in performing channel tracking and CSI measurements.
Proposal 3: Power saving signal transmitted in current DRX ON can be used for indication of UEs power consumption reduction of upcoming DRX ON cycles.

2.2.2 Power Saving Signal triggering reduction of PDCCH monitoring 
· 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 4.


Figure 4: Go to sleep procedure with power saving signal

· 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 [2]. 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 5. 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 5: 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 6. 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 6: Triggering reduction of PDCCH monitoring for game data 
Observation 3: Power saving signal can be used for triggering PDCCH monitoring reduction with DRX or without DRX configuration.
Proposal 4: Power saving signal could be used for triggering UE skipping PDCCH monitoring on DRX ON period. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]2.2.3 Power Saving Signal 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 7: Triggering BWP adaptation using power saving signal
The preliminary evaluation results of dynamic BWP switching triggered with power saving signal can be found in section 2.5.  

Observation 4: 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.

2.3   Power saving signal/channel
2.3.1 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 5: 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 
2.3.2 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 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



Candidates of power saving signal/channel 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 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 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. 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. 
Observation 5: The signal based power saving signal does not reduce the UE power consumption and requires large system overhead.
Observation 6: CSI-RS is not the UE-specific power saving signal which results in power inefficiency and additional overhead. 
Proposal 6： Signal based power saving signal coul be supported for triggering the receiver from wakeup to sleep.
Proposal 7: If DCI based power signal could be supported, it should be transmitted in DRX ON period.

2.3.3 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.


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.
[image: ]
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-stages sequences
To carry more information bits, the enhanced NB IoT WUS in Alt.1 can be extended to the  multi-stages sequences based power saving signal as shown in Figure 10. To avoide ambiguity of different stages sequence caused by overlaping of WUS,  the stage indication information should be transmitted along with the base sequence, e.g., as the cover code. Furthermore, the orthognality of base sequencess is  not essential for multistage sequences if sequence mulptiplexing capacity is not required to be very large at a time.
The pros of multi-stage sequences are disussed as follows. 
· Multi-stages sequence can increase power saving signal sequence capacity significatly with low detection complexity. For example, if each one stage sequence is based on length-512 Hadamard sequence, two stages sequences have 512*512=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 sequence 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-stages sequence, if previous stage sequence is not found, UE will not perform detection on next stage sequence, which is beneficail of UE energy saving. 
·  For the same sequence multiplexing capacity, multi-stage sequence have better performance for the case of waking up large number of UEs simultaneously. For example, to support 16 UEs, two stage sequences need 4 sequences overlap on each stage sequence, but 16 sequences overlap is needed for one stage sequence. Oboviously, the former has much better perofmance than later as fewer sequence multiplxing means higher received SNR and the evaluation result is given in Figure 12. 
·  Multi-stage sequence 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 seuqnce.


Figure 10: Multi-stage sequence structure


Figure 11: Multi-stage sequences capacity
[image: ]
Figure 12: Performance of multistage sequences with multiplexing capacity=16
· 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 [4].


[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 [2][5][6][7][8], which is summarized as following table for main parameter and receiver performance. It could be observed that receiver power consumption is from tens of W to nW, details are listed as follows. 
[bookmark: OLE_LINK134][bookmark: OLE_LINK135]Table 2 Parameter 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) 

	[2]
	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
	/







As shown in Table 2, 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 few. 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 8：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.
Proposal 9：Enhanced NB-IoT WUS sequence and Multi-stages sequences should be considered for NR baseband receiver power saving signal.
Proposal 10：Binary OOK signal based power saving signal should be considered for NR power saving.

2.4   On demand 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[9]. 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. 
Section 2.4.1 will discuss the effect of these features to the pattern of the on-demand RS, and some initial performance of on-demand RS are provided in section 2.4.2.
2.4.1 Pattern of on-demand RS
For the design of on-demand RS pattern, 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.
2.4.2 Performance of On-demand RS
In this section, we simulate the frequency estimation error performance of several on-demand RS patterns, which are shown in Figure15. The curves in different color denote different on-demand RS pattern, the explanation of legend is list in Table 3. Note that the case of ‘2slot-2symbol-48’ is the one of TRS pattern.

Table 3: The explanation of legend in Figure15.
	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



[image: ]
Figure15: The frequency estimation error performance of on-demand 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 16 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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Figure16: The RSRP performances of SSB-based RRM measurement and on-demand RS based RRM measurement
Observation 7: When the RS_num is more than 2, the on-demand RS can obtain the better frequency synchronization gain than TRS.
Observation 8: The performance of RRM measurement based on the On-demand RS can be closed to that based on SSB.
Proposal 11: The pattern of on-demand RS, the main aspects including the RS position in time domain, frequency domain and spatial domain should be considered.
2.5   Evaluation on power saving gain
In this section, the initial evaluation result of power saving schemes with UE adaption to the DRX operation, PDCCH monitoring reduction, and BWP switching. The simulation assumptions are based on the evaluation methodologies and simulation parameter agreed in RAN1#94bis and RAN1#95meeting, e.g., power consumption model. The special simulation assumptions are shown in companion contribution [4]
1) DRX adaptation
                                      Table 4: Simulation cases for DRX adaptation
	Cases 
	Item
	Note 

	Case1-1
	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 25 ms before the DRX ON.

	Case1-2
	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. 
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The simulation results are listed in Table 5.
Table 5: Power saving gain with different DRX adaptation
	DRX cycle(ms)
	Traffic load(arrival rate)

	
	0.3
	0.8
	3.2

	320
	70.2%
	64.2%
	47.2%

	160
	79.4%
	73.8%
	53.8%


2) BWP switching

Table 6: Simulation cases for BWP switching 
	Cases 
	Item
	Note 

	Case2-1
	Wideband BWP
	As baseline,
1) UE perform PDCCH monitoring, CSI-RS reception, PDSCH reception in wideband BWP1.
2) CSI-RS with 5ms periodicity and total 25ms for channel tracking, and CSI measurements/feedbacks

	Case2-2
	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 25ms for channel tracking, and CSI measurements/feedbacks.

	Case2-3
	Power saving reference signal
	1) UE perform PDCCH monitoring in narrow BWP2;
2) PS-RS reception in wideband BWP1 after BWP switching;
3) PDSCH reception in wideband BWP1;
4) PS-RS with total 5ms for channel tracking, and CSI measurements/feedbacks.

	Case2-4
	Power saving single with Power saving reference signal 
	1) UE perform PDCCH monitoring in narrow BWP2 when power saving signal indicated;
2) PS-RS reception in wideband BWP1 after power saving signal indication before BWP switching;
3) PDSCH reception in wideband BWP1;
4) PS-RS with total 5ms for channel tracking, and CSI measurements/feedbacks.



The simulation results value are shown in Table 7.
Table 7: Frequency domain adaption performance gain
	DRX cycle(ms)
	Baseline 
	Traffic load(arrival rate)

	
	
	0.1
	0.8
	3.2

	
	Case2-1
	Case2-2
	Case2-3
	Case2-4
	Case2-2
	Case2-3
	Case2-4
	Case2-2
	Case2-3
	Case2-4

	320
	0.00%
	8.38%
	16.58%
	18.58%
	7.33%
	14.87%
	16.63%
	4.67%
	10.13%
	11.27%

	160
	0.00%
	11.75%
	26.09%
	29.05%
	10.86%
	24.41%
	27.15%
	8.26%
	19.27%
	21.41%

	40
	0.00%
	18.53%
	32.97%
	43.78%
	17.88%
	32.03%
	42.50%
	15.74%
	28.85%
	38.20%


Table 8: System performance with different BWP switching for BB model
	UPT(Mbps)
	Traffic load

	
	3.2
	0.8

	5% UPT
	19.60%
	10.50%

	50% UPT
	16.00%
	11.80%

	95% UPT
	17.40%
	17.70%

	Avg. UPT
	17.10%
	16.10%



3) PDCCH monitoring reduction
Table 9: Simulation cases for time domain adaption 
	Cases 
	Item
	Note 

	Case4-1
	Legacy DRX scheme in NR-R15
	As baseline, UE could terminate inactivity timer in advance when MAC-CE is received. CSI-RS for channel tracking and channel measurement are assumed.

	Case4-2
	Power saving signal trigger DRX ON
	1) 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 signal is assumed to be sequence based and normal power consumption.
2) Power saving reference signal (PS-RS) are configured for channel tracking and channel measurement are assumed. 
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The simulation results are listed in Table 10.
Table 10: Simulation cases for time domain adaption 
	DRX cycle(ms)
	Traffic load

	
	low
	medium
	high

	320
	3.3%
	13.3%
	14.3%

	160
	4.5%
	17.4%
	23.6%

	40
	12.0%
	24.8%
	35.3%


Based on the results aforementioned, it is observed that the power saving scheme for UE adaptation to the DRX operation, BWP switching, and PDCCH monitoring reduction could provide significant power saving performance gain. 
Observation 9: 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: 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.
Observation 3: Power saving signal can be used for triggering PDCCH monitoring reduction with DRX or without DRX configuration.
Observation 4: 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 5: The signal based power saving signal does not reduce the UE power consumption and requires large system overhead.
Observation 6: CSI-RS is not the UE-specific power saving signal which results in power inefficiency and additional overhead. 
Observation 7: When the RS_num is more than 2, the on-demand RS can obtain the better frequency synchronization gain than TRS.
Observation 8: The performance of RRM measurement based on the On-demand RS can be closed to that based on SSB.
Observation 9: 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.

Proposal 1: The power saving signal should be supported in RRC_CONNECTED and RRC_IDLE modes.
Proposal 2: Power saving signal should be used to trigger on-demand RS transmission for assisting UE in performing channel tracking and CSI measurements.
Proposal 3: Power saving signal transmitted in current DRX ON can be used for indication of UEs power consumption reduction of upcoming DRX ON cycles.
Proposal 4: Power saving signal could be used for triggering UE skipping PDCCH monitoring on DRX ON period. 
Proposal 5: 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 6： Signal based power saving signal coul be supported for triggering the receiver from wakeup to sleep.
Proposal 7: If DCI based power signal could be supported, it should be transmitted in DRX ON period.
Proposal 8：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.
Proposal 9：Enhanced NB-IoT WUS sequence and Multi-stages sequences should be considered for NR baseband receiver power saving signal.
Proposal 10：Binary OOK signal based power saving signal should be considered for NR power saving.
Proposal 11: The pattern of on-demand RS, the main aspects including the RS position in time domain, frequency domain and spatial domain should be considered.
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