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Introduction
A new study item on low power wake-up-signal (LP-WUS), was agreed in RAN plenary meeting #97-e which targets further reduction of power consumption with limited impact on latency [1]. Specifically, the following objectives are RAN1 related. 

	· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms and their coverage availability, as well as latency impact. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


In the contribution, we present our views on 3rd and 4th bullets of objectives, i.e., wake-up signal design and procedure for LP-WUS.  
Wake-up signal design 
2.1 Modulation and Coding for LP-WUS   
To enable low power wake-up receiver (LP-WUR) with power consumption no larger than milliwatt (mW), PSK can be excluded first, because PSK requires RF PLL with superior phase noise which is typically infeasible with power consumption lower than 1mW. On the contrary, OOK or FSK can achieve reasonable sensitivity range with power consumption no larger than 1mW, which can be considered as potential candidates for LP-WUS. Down-selection between OOK and FSK should take target power consumption/complexity of LP-WUR and sensitivity/coverage into account, with consideration of robustness against co-channel and adjacent-channel interference, and against larger time/frequency error. For example, if the target power consumption of LP-WUR can be around 1mW, LC Oscillator can provide sufficient frequency accuracy for FSK, which is expected to achieve better detection performance than OOK. On the other hand, if the target power of LP-WUR is around 100uW, large frequency error by Ring Oscillator leads to frequency ambiguity for FSK while OOK may still work properly, thus OOK is preferred. 
Proposal 1: Study OOK and FSK as modulation scheme for LP-WUS, taking target power consumption/complexity of LP-WUR and sensitivity/coverage into account, with consideration of robustness against co-channel/adjacent-channel interference, and against larger time/frequency error.
To improve detection performance, channel coding can be applied, but decoding complexity should be limited to a reasonable range. Simple coding scheme such as Manchester code adopted by 802.11ba LP-WUS or repetition code can be considered. 
Proposal 2: Study coding scheme for LP-WUS, taking Manchester code and repetition code as starting point. 
2.2 Waveform for LP-WUS   
Though LP-WUR is a separate receiver from main radio at UE side, LP-WUS and other NR DL signals/channels at gNB side generated by single transmitter is desirable. Thus, to reuse existing NR OFDM generator, OFDM-based LP-WUS should be the baseline. 
For OFDM-based LP-WUS, single or multiple OOK/FSK symbol can be mapped to single or multiple sub-carriers with same or different SCS from other NR DL signals/channels. For example, in case of single OOK/FSK symbol per OFDM symbol, larger SCS can be considered to achieve comparable data rate with multiple OOK/FSK symbol per OFDM symbol. The use of multiple subcarriers enables frequency diversity gain and also alleviates the requirement of a sharp Rx filter which often consumes more power. Correspondingly, the OOK or FSK symbol can be denoted as MC-OOK or MC-FSK symbol. The similar bandwidth as PSS/SSS can be studied as starting point, which is also comparable to the bandwidth of LP-WUS in 802.11ba. RAN1 should study reasonable bandwidth and duration of LP-WUS signal based on consideration of LP-WUS overhead, target data rate for LP-WUS, Rx filter with reasonable complexity and power consumption, achievable lock accuracy, co-existence with other NR DL signals/channels and impact of time and frequency fading channel. 
Proposal 3: Study single and multi-carrier OOK/FSK for OFDM-based LP WUS. 
· Proper bandwidth and duration of LP-WUS signal is to be determined based on LP-WUS overhead, target data rate for LP-WUS, Rx filter with reasonable complexity and power consumption, achievable lock accuracy, co-existence with other NR DL signals/channels, and impact of time and frequency fading channel. 
· Same SCS as NR SS/PBCH or larger SCS can be considered. 
· Bandwidth similar to NR SS/PBCH can be considered as starting point. 

2.3 Channel structure in time domain   
LP-WUS signal may consist of 2 parts in time domain for different purposes: 1st part is to at least achieve AGC and frequency/time synchronization and identify LP-WUS presence, and 2nd part is to carry wake-up message. 
For 1st part, a known sequence is to be defined, which can enable LP-WUS presence detection and also achieve required frequency/time synchronization accuracy for wake-up message decoding in 2nd part. The sequence can be common to all cells, or cell-specific, or UE-group specific. For example, sequence for all UEs served by the same serving cell is the same while different for UEs served by different serving cell. Sequence design should consider detection performance (e.g., auto-correlation ), overhead, power consumption and complexity. 


Figure 1 LP-WUS structure in time domain
For 2nd part, information bits are to be transmitted, indicating at least LP-WUS target ID. The target ID is for UE identification (e.g., UE ID), or UE sub-group identification (similar to sub-group index carried by PEI) or UE group identification (similar to UE group per paging occasion). Furthermore, depending on the functionality to be supported by LP-WUS as discussed in section 3.1, 2nd part of LP-WUS may also include information which indicates the intended UE behavior upon reception of LP-WUS, e.g., short message information. 
To keep LP-WUR design simple, same modulation (OOK or FSK) for both part 1 and part 2 is desirable. 
Proposal 4: Study LP-WUS structure based on two parts, 
· 1st part is at least for LP-WUS presence detection and frequency/time synchronization. 
· 1st part is a known-sequence. 
· The sequence can be common to all cells, or cell-specific or UE-group specific. 
· 2nd part is for wake-up message. 
· 2nd part consists of a string of information bits. 
· The information bits include at least LP-WUS target ID, which can be used for UE/UE sub-group/UE group identification. 
· The information bits can also include indication of intended UE behavior after LP-WUS. 
A LP-WUS may occupy one or multiple consecutive OFDM symbols within a slot or over multiple slots. The total duration of the LP-WUS may vary depending on the payload size of 2nd part of LP-WUS. To monitor LP-WUS, at least the start of LP-WUS for every monitoring occasion of LP-WUS should be known by UE. gNB may configure periodicity and offset for LP-WUS occasions.



Figure 2 LP-WUS occasion with different possible durations
Proposal 5: Study LP-WUS monitoring occasions 
· The periodicity and offset for LP-WUS occasions can be configured by gNB. 
· The candidate durations can be configured by gNB, and actual duration of a LP-WUS occasion varies with the payload size of 2nd part of LP-WUS. 
· The duration of a LP-WUS occasion can be one or multiple consecutive OFDM symbols within a slot or over multiple slots. 

2.4 Channel structure in frequency domain   
LP-WUS located in the same band with other NR channels/signals, aka in-band LP-WUS, should be studied as baseline. Within a NR carrier, LP-WUS can be multiplexed with other NR channels/signal in different PRBs with reasonable guard band to reduce adjacent channel interference/blocking. The frequency location for LP-WUS within a NR carrier can be limited in initial DL BWP or in separately configured frequency region within the carrier, which can avoid potential congestion in initial DL BWP. LP-WUS for different cells, or LP-WUS for different UE sub-group/group can be located in different frequency region to help differentiate cell/UE group as well as inter-cell interference randomization. 
	

	


	Figure 3-1 LP-WUS in initial DL BWP
	Figure 3-2 LP-WUS out of initial DL BWP


Proposal 6: Study in-band LP-WUS which can be multiplexed with NR channels/signals in different PRBs within a carrier. 
· Study frequency location determination/configuration for LP-WUS. 
Procedures for wake-up signals 
3.1 Procedure for Inactive/Idle mode  
For a UE in RRC idle or inactive mode, the main radio is powered off /deeper sleep until UE receives its own wake-up information as shown in Figure 4.  To acquire wake-up information, two approaches can be considered. 
Approach 1: Monitoring occasion for LP-WUS is non-contiguous in time domain which is also known as duty-cycle based operation.  Similar to existing DRX operation, UE can turn on LP-WUR for a short duration per duty-cycle to check any wake-up signal in the monitoring occasion while go to sleep for the rest of duty-cycle. LP-WUR occasion (LP-WUR-O) can be derived by existing PEI-O/PO or configured by gNB which may be independent of existing PEI-O/PO.  
Approach 2: Monitoring occasion for LP-WUS is almost contiguous in time domain (e.g., with much shorter duty cycle compared to paging cycle). In contrast with approach 1, shorter latency is expected at cost of larger power consumption while the power consumption would be still much lower than legacy DRX-based scheme for most cases. In an example, the LP-WUS may be monitored in each slot. Based on more frequent LP-WUS occasion than exiting paging cycle, aperiodic PO can be considered based on detection of LP-WUS. 



Figure 4 Interaction between main radio and LP-WUR for RRC idle/inactive state
Proposal 7: Study LP-WUS monitoring based on duty-cycle and almost continuous monitoring. 
After LP-WUR detects the wake-up signal for the UE, UE procedure for main radio can be different, depending on the content carried by LP-WUS and the measurement functionality supported by LP-WUS. In general, 3 possible procedures can be considered as provided below. 
Option 1: LP-WUS can help to identify whether to monitor PEI. LP-WUS may indicate that the group of UEs of a PO is paged, and/or TRS availability indication as defined for DCI format 2_7. But since LP-WUS only indicates the group to be paged, UE needs to turn on main radio and monitor PEI PDCCH to know the paged sub-group of the PO if PEI and paging sub-grouping is configured. Before reception of PEI, UE may need to monitor reference signals by main radio, e.g., monitor SSB and/or TRS for RRM measurement and time/frequency synchronization which is required for the reception of PDCCH/PDSCH. Apparently, such measurement by main radio before reception of PEI increases latency and power consumption, e.g., more than 40ms latency caused by measurement for 3 SSB shown in Figure 5 case (A). 


Figure 5 Different cases for UE procedure option 1
Option 2: LP-WUS can replace PEI, e.g., the early indication of the sub-groups of paging occasions and/or the TRS availability indication as defined for DCI format 2_7 can be indicated by the LP-WUS. Then, if UE is indicated to monitor paging occasion, UE turns on main radio for PO reception. Similar to option 1, before reception of control/data, UE may need to perform at least some of measurements by main radio. 


Figure 6 Different cases for UE procedure option 2
Option 3: LP-WUS can replace paging PDCCH at least for some cases. Early indication of the ID of a UE to be paged, TRS availability as well as intended operation for the paged UE can be indicated by the LP-WUS. For example, short message indication with or without short message can be indicated by LP-WUS.  Consequently, if a UE identifies that it is paged by the LP-WUS and only short message would be transmitted by paging PDCCH, the UE can turn on main radio and directly attempts to receive other control/data, e.g., monitor system information update without monitoring PO as shown in Figure 7. Similar to option 1, prior to reception of control/data, UE may need to perform at least some of measurements by main radio. 


Figure 7 Different cases for UE procedure option 3
To reduce latency and power consumption caused by measurement in the above 3 options, relaxed measurement requirement can be considered, but the impact of mobility should be carefully investigated. Alternatively, it can be studied whether some of the measurement can be achieved by LP-WUS. For example, RRM measurement functionality by SSB can be replaced by LP-WUS, the latency can be reduced as shown in Figure 5 case (B). Moreover, supporting some measurement functionality by LP-WUS can also avoid turning on main radio every DRX cycle, which means longer duration for off state of main radio.
Proposal 8: Study at least following 3 possible UE procedures based on LP-WUS reception for RRC idle/inactive mode
· Option 1: Main radio is off until UE identifies its LP-WUS. UE may still need to monitor PEI after turning on the main radio, assuming UE can obtain group information of PO but without sub-group information by LP-WUS.
· Option 2: Main radio is off until UE identifies its LP-WUS. UE may directly decode Paging PDCCH/PDSCH without PEI after turning on the main radio, assuming UE can obtain at least sub-group information of PO by LP-WUS.
· Option 3: Main radio is off until UE identifies its LP-WUS. UE may skip PO after turning on the main radio and UE may directly receive control/data or perform RACH, assuming UE can obtain UE ID to be paged and intended operation for the paged UE by LP-WUS.
· For all options, UE may need to perform legacy measurement by main radio before receiving PDCCH/PDSCH. 
Proposal 9: Study relaxed RRM measurement for cell selection/re-selection with careful evaluation of the impact on mobility
· Study measurement functionality to be supported by LP-WUS. 

3.2 Procedure for RRC connected mode  
For a UE in RRC connected mode, the main radio is on (possibly in deep/light/micro sleep) while PDCCH monitoring depends on the detection of LP-WUS, e.g., UE does not perform PDCCH monitoring in USS before UE receives its own LP-WUS. LP-WUS may replace the functionality of DCI format 2_6 to indicate whether to enter DRX on state. LP-WUS can also be used in on-duration to indicate start of PDCCH monitoring. A common design on LP-WUS is preferred inside or outside DRX on-duration. 
Different from RRC idle/inactive mode, non-contiguous monitoring of LP-WUS based on large duty cycle may not be proper for RRC connected mode, considering more stringent latency requirement for RRC connected mode, especially for XR scenario. Another aspect different from RRC idle/inactive mode, UE may not rely on LP-WUS for synchronization or measurement, especially if LP-WUS is only used in DRX on-duration. Furthermore, the payload for LP-WUS can be different from that in RRC idle/inactive mode. Therefore, whether unified design or separate design for LP-WUS for RRC connected and idle/inactive mode should be considered. 
Proposal 10: Study UE procedure based on LP-WUS reception for RRC connected mode
· Main radio is on (deep/light/micro sleep) while PDCCH monitoring depends on the detection of LP-WUS
· UE may be configured to monitor LP-WUS in DRX off state. UE enters DRX on state based on LP-WUS. 
· UE may be configured to monitor LP-WUS in DRX on state. UE starts to monitor specific USS based on LP-WUS. 
Proposal 11: Study unified or separate design for LP-WUS for RRC connected and idle/inactive state. 
Conclusion
[bookmark: _Ref524868549][bookmark: _Ref28076734][bookmark: _Ref505694604][bookmark: _Ref471775016]In summary, we have the following list of proposals for LP-WUS signal design and procedure. 
Proposal 1: Study OOK and FSK as modulation scheme for LP-WUS, taking target power consumption/complexity of LP-WUR and sensitivity/coverage into account, with consideration of robustness against co-channel/adjacent-channel interference, and against larger time/frequency error.
Proposal 2: Study coding scheme for LP-WUS, taking Manchester code and repetition code as starting point. 
Proposal 3: Study single and multi-carrier OOK/FSK for OFDM-based LP WUS. 
· Proper bandwidth and duration of LP-WUS signal is to be determined based on LP-WUS overhead, target data rate for LP-WUS, Rx filter with reasonable complexity and power consumption, achievable lock accuracy, co-existence with other NR DL signals/channels, and impact of time and frequency fading channel. 
· Same SCS as NR SS/PBCH or larger SCS can be considered. 
· Bandwidth similar to NR SS/PBCH can be considered as starting point. 

Proposal 4: Study LP-WUS structure based on two parts, 
· 1st part is at least for LP-WUS presence detection and frequency/time synchronization. 
· 1st part is a known-sequence. 
· The sequence can be common to all cells, or cell-specific or UE-group specific. 
· 2nd part is for wake-up message. 
· 2nd part consists of a string of information bits. 
· The information bits include at least LP-WUS target ID, which can be used for UE/UE sub-group/UE group identification. 
· The information bits can also include indication of intended UE behavior after LP-WUS. 
Proposal 5: Study LP-WUS monitoring occasions 
· The periodicity and offset for LP-WUS occasions can be configured by gNB. 
· The candidate durations can be configured by gNB, and actual duration of a LP-WUS occasion varies with the payload size of 2nd part of LP-WUS. 
· The duration of a LP-WUS occasion can be one or multiple consecutive OFDM symbols within a slot or over multiple slots. 
Proposal 6: Study in-band LP-WUS which can be multiplexed with NR channels/signals in different PRBs within a carrier. 
· Study frequency location determination/configuration for LP-WUS. 

Proposal 7: Study LP-WUS monitoring based on duty-cycle and almost continuous monitoring. 
Proposal 8: Study at least following 3 possible UE procedures based on LP-WUS reception for RRC idle/inactive mode
· Option 1: Main radio is off until UE identifies its LP-WUS. UE may still need to monitor PEI after turning on the main radio, assuming UE can obtain group information of PO but without sub-group information by LP-WUS.
· Option 2: Main radio is off until UE identifies its LP-WUS. UE may directly decode Paging PDCCH/PDSCH without PEI after turning on the main radio, assuming UE can obtain at least sub-group information of PO by LP-WUS.
· Option 3: Main radio is off until UE identifies its LP-WUS. UE may skip PO after turning on the main radio and UE may directly receive control/data or perform RACH, assuming UE can obtain UE ID to be paged and intended operation for the paged UE by LP-WUS.
· For all options, UE may need to perform legacy measurement by main radio before receiving PDCCH/PDSCH. 
Proposal 9: Study relaxed RRM measurement for cell selection/re-selection with careful evaluation of the impact on mobility
· Study measurement functionality to be supported by LP-WUS. 
Proposal 10: Study UE procedure based on LP-WUS reception for RRC connected mode
· Main radio is on (deep/light/micro sleep) while PDCCH monitoring depends on the detection of LP-WUS
· UE may be configured to monitor LP-WUS in DRX off state. UE enters DRX on state based on LP-WUS. 
· UE may be configured to monitor LP-WUS in DRX on state. UE starts to monitor specific USS based on LP-WUS. 
Proposal 11: Study unified or separate design for LP-WUS for RRC connected and idle/inactive state. 
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