3GPP TSG-WG1 Meeting #110-bis-e		   	R1-2208700	
e-Meeting, October 10th-19th, 2022

Agenda item:	9.13.3
Title:	L1 signal design and procedure for low power WUS
Source:	Nokia, Nokia Shanghai Bell
Document for:	Discussion and Decision


1.      Introduction
At the RAN#94-e meeting, it was agreed to study Wake Up Signal and Receivers designs.  These designs are to be primarily targeted at delay and power-sensitive, small form-factor devices, such as industrial sensors, controllers and wearables.  Unlike previous power saving study items, the objectives (see [1]) for this study encompasses new signals and new receiver architectures.

	The study item includes the following objectives:
· 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, the coverage availability, as well as latency impact of low-power WUR/WUS. 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 this contribution, we provide our thoughts relating to the third and fourth objectives regarding the wake-up signal design and procedure and protocol changes, specifically the:

· Wake Up signal design considerations
· L1 Procedures for low power WUS
· UE Measurements in idle/inactive mode (with and without mobility)
· UE Measurements in connected mode
· Other Procedures for low power WUS



2.       Discussion
   Wake Up Signal Design Considerations                                 

The wake-up signal design should consider different aspects to ensure the feasibility of LP-WUS use. The primary driver of LP-WUS design is to enable use of power efficient wake-up receiver (WUR)architectures. The overall power consumption/saving is affected by multiple factors (such as mobility as discussed in Section 2.2), but the WUR contribution is an important factor to consider. Also, to ensure feasible deployment of the wake-up signal, the design should be such that it can be easily introduced in the existing NR deployments, e.g. without needing hardware changes in network deployments. 

In following we consider different aspects related to the wake-up signal design.


To achieve low power consumption of the WUR, different modulation schemes with low spectrum efficiency may be considered for the WUS signal, e.g. OOK (or MC-OOK).  The WUS overhead in terms of radio resources shall be investigated, e.g., considering:

· The signal bandwidth.
· Higher bandwidth will allow higher signal power, but also more noise power, so the SNR may remain unchanged and the (OOK) receiver may not benefit from this.
· Higher bandwidth per (OOK) symbol will result in lower spectrum efficiency, fewer multiplexing opportunities and make coexistence with pre-existing signals more problematic.
· Note that RedCap devices are restricted to a RF/BB bandwidth of 20MHz, having a LP-WUS with a BW that is a neat fraction of this, is recommended so as to support efficient multiplexing of multiple LP-WUS or support contained power boosting.    
· Higher bandwidth (more sub-carriers) gives more flexibility for the gNB when creating the WUS signal, which may e.g. allow to reduce PAPR (averaging the signal power across the symbols, rather than having steep peaks) and/or allow a sequence with good cross correlation properties to be applied to increase sensitivity. 
· Increased bandwidth will increase robustness against narrowband interference and fading.
· Increased bandwidth also increases the tolerance to frequency offset in the WUR.
· This can help simplify the design of the WUR (e.g. simpler/no LO) and thereby also reduce power consumption.
· The bandwidth may scale with the SCS, i.e. a fixed number of subcarriers are used independent of the SCS. 

· The payload size of the WUS signal.
· The payload may contain:
· Purpose/type of wakeup signal, e.g. a wakeup signal could be configured as a 802.11ba style cell beacon
· Cell ID
· UE or Group ID
· Information to accelerate the paging access procedure, e.g. access type
· Besides the payload itself, a preamble/sync field like that defined for the 802.11ba WUS, could also be incorporated. This may help to improve the detectability and reliability of the WUS detection in the case the WUR receiver is continuously listening for an on-demand wakeup. In addition, such a preamble/sync field may be useful for tuning the comparator threshold in case of a (MC-)OOK based WUR. 

· The modulation scheme and coding.
· OOK seems to be the preferred modulation scheme for prior art wakeup receivers [2]. The main benefit is that it does not require an ADC. In addition, the multi-carrier OOK (MC-OOK) modulation as also used in 802.11ba, can coexist with the legacy OFDM modulation, allowing reuse of existing gNB hardware.
· OOK with Manchester encoding is often applied in the prior art solutions. The advantages of this type of signal include:
· The signal incorporates a self-clocking characteristic
· After the envelope detector, the Manchester encoded signal has a fixed DC offset when averaged.  This can be used to derive the comparator threshold e.g. by LP filtering the signal.
· A relatively simple and low power comparator based WUR architecture can be used for decoding. 
· A disadvantage of the Manchester encoding is that it may increase the symbol duration and thereby reduce the throughput/channel capacity.
· To increase coverage, the WUR receiver may support an ADC enabling it to sample the received signal during poor signal conditions. This will allow the receiver to switch between two modes, i.e. the most power optimum mode where the signal is received as an OOK signal (ADC switched OFF) and a mode with better sensitivity where the WUS signal is sampled (ADC switched ON) and digital processed by e.g. a correlator.
· Requires that the UE knows the transmitted sequence.

· The likelihood/frequency of WUS transmissions.
· The more often a WUS transmission is triggered the higher the overhead. Different type of devices will have different wakeup likelihoods. 


Observation 1:     The LP-WUS modulation scheme selected should be resource efficient accounting need for possible guard bands, device BW restrictions and efficient multiplexing with other LP-WUS and other legacy signals.

Observation 2:     The LP-WUS modulation scheme selected should provide robust performance (sensitivity and selectivity) using low power receiver architectures.

Observation 3:     A LP-WUS designed to support a flexibly sized payload would allow the LP-WUS to be easily developed for alternative uses in future releases.

Observation 4:     A LP-WUS designed to support a preamble, could improve the detectability and reliability of  LP-WUS detection for always-on WUR receivers configured for on-demand wakeup use cases.

Observation 5:     The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture.

Evaluations are recommended to determine if the benefits of a LP-WUS based beacon signal, that allows devices to determine if they are within WUS/cell coverage and also to maintain timing alignment with the gNB, outweigh the disadvantage of added inter-cell interference and RE overhead usage.   Note, that such a beacon signal, could also help relax how often the main radio needs to wake up to make cell quality measurements, thereby further reducing the power consumption of the device.  

Observation 6:      A LP-WUS based beacon signal, could be broadcast to enable devices to detect when they are out of a particular cell’s LP-WUS coverage, thereby also potentially relaxing how often the main radio needs to perform cell quality measurements.

Observation 7:   	A LP-WUS based beacon signal, could be broadcast to assist devices in maintaining timing alignment with the gNB, thereby relaxing how often the main radio needs to perform full resynchronisation.

Proposal 1: 	The SI evaluates the possibility of LP-WUS design to facilitate the coverage estimation and LP-WUR time tracking.


State of the art wakeup receivers tend to trade sensitivity for lower power consumption, e.g. by avoiding a power consuming LNA. To achieve a wide cell coverage of the WUS signal, we believe that some of these components may still be required, and therefore alternative means may be needed to achieve the low power consumption. Supporting DRX for the wakeup receiver should lower the overall average power consumption, but the amount of power saving will be highly dependent on the clock accuracy/drift.

Observation 8: 	To achieve a good trade-off between sensitivity and power consumption, it may be necessary to introduce DRX on the wakeup receiver (as opposed to an always on receiver).

Proposal 2: 	The SI evaluates the potential benefits and drawbacks of supporting fixed wakeup occasions allowing the wakeup receiver to enter a lower power DRX mode in between such occasions.

LP-WUS signals can introduce intercell interference. Also the LP-WUS reception may suffer from inter-cell interference or overlap with other NR signals (when multiplexed). Techniques, e.g. some form of cell-specific pseudo randomisation, to improve the selectivity of the LP-WUS, should be studied.

Observation 9: 	The LP-WUS signal reception can suffer from intercell interference and other serving cell signals, which may degrade the false detection performance thereby reducing the power consumption savings from the introduction of the LP-WUS.

Proposal 3: 	The SI considers techniques to improve the robustness of the LP-WUS to inter-cell and intra-cell interference.


[bookmark: _Ref114045226]   Procedures for low power WUS                               

In this section we consider different procedures related to the LP-WUS operation. In section 2.2.1 and 2.2.2 we look at existing the mobility related procedures, through the measurements that are needed to be performed and the related evaluations. For cellular network operation maintaining a good mobility performance is a key element to ensure high quality connectivity and thereby good user experience. The measurements and related procedures assume that the UE is able to read the system information in the case of reselection, to perform measurements such as RSRP (SSB/CSI-RS), and provide CSI reports. In addition, we discuss different options for paging procedure with LP-WUS in Section 2.2.3.


   UE Measurements in idle/inactive mode 
In IDLE and Inactive mode, after PLMN search and successful registration to network, the UE continues to carry out measurements of identified/detected cells and continues searches to detect new candidate cells to ensure that the UE is camped on the best ranked cell and highest priority cell, as described in TS38.304.

For the serving cell (in which UE is camping), the UE evaluates the suitability criterion (S-criterion) at least once every M1*N1*DRX cycle[footnoteRef:2] when the UE is not configured with eDRX. This evaluation is assumed to be done based on at least two measurements, which are separated at least by half a DRX cycle. The serving cell evaluations are assumed to be carried out continuously and no relaxation is applied to these. Thus, the UE can be assumed to do serving cell measurement at least once per DRX cycle. If the UE is configured with eDRX, the UE shall evaluate the suitability over two eDRX cycles (for FR1, N1*eDRX cycle for FR2 where N1 depends on eDRX cycle)  [2:  Where M1=2 if SMTC period > 20ms and DRX cycle ≤0.64 seconds, M1=1 otherwise, and N1 is frequency band spesific scaling factor (i.e. =1 for FR1).] 

 
For intra-frequency, UE performs a cell ranking based on RSRP and/or RSRQ measurements. The neighbouring cell measurements (and search) are performed at least by a minimum period dependent on the DRX cycle length and on frequency band, and correspondingly, the evaluation (of reselection criteria) is performed during this DRX-cycle  dependent duration.  Unlike the serving cell evaluation, the intra-frequency neighbouring cell evaluation can be stopped or further relaxed, depending on the serving cell quality. If the serving cell is deemed to be better than threshold set by network, (SIntraSearch{P/Q}), UE can choose not to do intra-frequency measurements on the neighbour. In Rel-16 an additional option to allow relaxation of these measurements etc. by a factor, was added for cell edge and low mobility conditions when normal DRX cycle is configured. For RedCap devices when eDRX is configured, TS38.133 defines also (relaxed) cell measurement, identification and evaluation periods (dependent on the eDRX cycle).

Correspondingly UE is assumed to carry out measurement (and identification) of inter-frequency cells (and RATs) based on the configuration provided. Also, for the inter-frequency cell reselection evaluations, the minimum measurement (detection/evaluation) period is determined by the applied DRX period.  These requirements can be further relaxed for cell-edge and low mobility conditions and if serving cell quality exceeds the threshold configured by network (SnonIntraSearch{P/Q}) UE can also choose not to perform any measurements for lower or equal priority layers.

In relation to serving cell, it is also determined that if UE is not configured with eDRX and the serving cell has not fulfilled the suitability (in FR1) for M1*N1*4 DRX cycles the UE shall fall back to measure all neighbouring cells (followed by cell selection phase). Hence, prolonged interruptions in serving cell evaluation are possible and should be avoided. If eDRX is configured the time before UE needs to fallback to evaluation is max(10s, N1*eDRX cycle)[footnoteRef:3]. Hence, prolonged interruptions in serving cell evaluation should be avoided to ensure that UE is camped to suitable cell and can be reached e.g. by paging. [3:  Where N1=for FR1, and FR2 with eDRX cycle longer than 20.48s, N1=3 otherwise.] 


As can be seen from the afore discussion, serving cell evaluations form the basis of IDLE/Inactive state mobility measurement activity  to ensure that UE is constantly in the coverage area of a suitable cell. For the case when eDRX is not configured the measurement activity due to the serving evaluation is likely to limit the attainable gains from LP-WUS, unless relaxed operation is considered for the serving cell evaluation in normal DRX. Thus, when LP-WUS procedures are considered for IDLE/Inactive state operation, care should be taken that UE can be maintained in normal service. If the measurement activity (of e.g. serving cell) is to be based on assumption that eDRX is configured, it would need to be understood whether the use cases are restricted to semi-static devices or whether they can tolerate long interruptions/latency in service. If devices are assumed to move more freely, the delayed serving cell evaluations could result prolonged interruption in service due to delay re-selections.  Thus, when LP-WUS procedures are considered for IDLE/Inactive state operation, care should be taken that the assumptions related to mobility are aligned with other assumptions, such as service latency.

Observation 10: 	If eDRX based evaluation rate is assumed, the mobility of the devices should be assumed to be restricted to semi-stationary to avoid service interruptions due to delayed mobility evaluations. Alternatively, if higher mobility (than semi-stationary) is assumed, the service should be able to tolerate longer latency. 
Proposal 4: 	Clarify the mobility assumption for the purpose of LP-WUS evaluations and design and ensure that assumptions are aligned with other assumptions.

   UE Measurements in connected mode            
In Connected mode, the UE typically carries out measurements for different purposes; mobility measurements, monitoring and measurements for beam management (e.g. BFD and link recovery), radio link monitoring and CSI measurements (e.g. L1-RSRP).  Furthermore, the mobility measurements maybe intra-frequency or inter-frequency.

For mobility related measurements, measurement activity (or applicability) for intra-frequency and inter-frequency mobility measurements are determined by a measurement configuration provided by network (e.g. SMTC periodicity, measurement gaps etc.).  As discussed in case of IDLE/Inactive mode measurements, also in the CONNECTED mode UE maybe provided a threshold (s-MeasureConfig), which the UE can choose to stop the non-serving cell measurements if serving cell quality exceeds the threshold. Also, the applied C-DRX cycle allows UE to apply relaxed measurement activity for (new) neighbour cell identification/measurements. 

The RLM, beam failure detection and CSI measurement periodicity are also dependent on the network configuration via the periodicity of associated RS resources. These can be also relaxed using the C-DRX cycle to limit the required activity. The CSI measurements based on CSI-RS are only carried during the active time or when drx-onDurationTimer is running (if configured so by ps-TransmitOtherPeriodicCSI or ps-TransmitPeriodicL1-RSRP). In Rel-17, there is the option to allow further relaxed RLM and BFD evaluations when C-DRX cycle ≤ 80ms. 

For the LP-WUS related evaluations in Connected mode, it is important 
to ensure that the risk of losing service is minimized so that beam management related measurements, such as L1-RSRP and BFD, are not significantly delayed. Limiting or reducing these measurements related to link quality extensively, is likely to result in service interruptions. Also delayed/older CSI measurement occasions can degrade the system capacity and/or user throughput. Thus, the assumptions for power saving should also consider the impact of necessary measurements for serving cell quality tracking in Connected mode. 

Observation 11: 	Reducing the measurement activity in CONNECTED mode can have negative impact to service quality.
Proposal 5: 	If CONNECTED mode operation with LP-WUS is considered, the link quality measurements and reporting need to be accounted for in evaluations. 


   Other Procedures for low power WUS
In IDLE/Inactive mode UE can use Discontinuous Reception (DRX), to reduce power consumption. The UE is expected to monitor one paging occasion (PO) per DRX cycle or set of POs in PTW per eDRX cycle. A UE can also be configured with the option to monitor the Paging Early indication (PEI) (except for the UEs expecting multicast session activation notification) to determine whether it should read the actual paging message in PO.

Given these alternative uses of the LP-WUS, it should be discussed as a part of the LP-WUS/WUR study, the procedures and different configurations supported by LP-WUS. For example, whether or not the LP-WUS triggers UE to monitor PEI and/or PO, or whether the LP-WUS indicates to UEs to go directly to connection establishment and transmit RACH (in RACH occasion). The key difference of the afore options is in required LP-WUS payload (e.g. sequence ID space) and probability of false (paging) wake-ups of main radio. 

If LP-WUS is for example, considered to be PO specific, the LP-WUS could be cell specific e.g. payload would cover cell ID and possible PO specific ID. This would require low payload, but would increase the likelihood of unnecessary wake-ups depending on the number of POs and paging load (and UE paging probability). With a slightly larger payload, a similar approach as applied for Rel-17 PEI could be considered, where the LP-WUS payload would in addition to cell ID (and PO ID) carry a sub-grouping indication so as to reduce the false alarm paging probability. With these approaches, the UE would be required to monitor PO ( PEI) to confirm that the paging message is intended to sub-group the UE belongs to in question before initiating establishing connection and moving to Connected mode. With a larger payload, the LP-WUS could be considered also to have UE-specific information that could be used to directly indicate to the UE to start RACH procedure and initiate the connection establishment. This solution could offer improved latency and power saving opportunities by eliminating PO/PEI monitoring, but would come at the cost of a more complex LP-WUS and LP-WUR design.

The feasibility of these alternative options should also be considered from the system perspective. For example, with UE-specific LP-WUS, if the indications can only be multiplexed in time and/or frequency domain, the resource reservation of LP-WUS will increase directly as a function of paging load, increasing the cost of deploying LP-WUS. 

Observation 12: 	LP-WUS can be sent as an indication of Paging and can enable UE to start RRC state transition to RRC-Connected in different ways depending on the payload –
1. LP-WUS as indication of paging for legacy paging group will trigger main radio to monitor paging PDCCH or early paging indication. 
2. Sub grouping of UE will reduce the unnecessary paging monitoring but increases LP-WUS payload 
3. LP-WUS with full UE ID may enable skipping paging information monitoring, and minimize power consumption due to false alarm paging monitoring but will increase LP-WUS payload.


Proposal 6:   Consider different alternatives for LP-WUS payloads to support/replace Paging PDCCH monitoring.  



3.      Conclusion
In this contribution we discussed different aspects related to the LP-WUS signal design and procedures. In section 2.1 we considered the signal characteristics such as bandwidth, payload size, modulation and coding and make following observations and proposals:-
Observation 1:     The LP-WUS modulation scheme selected should be resource efficient accounting need for possible guard bands, device BW restrictions and efficient multiplexing with other LP-WUS and other legacy signals.

Observation 2:     The LP-WUS modulation scheme selected should provide robust performance (sensitivity and selectivity) using low power receiver architectures.

Observation 3:     A LP-WUS designed to support a flexibly sized payload would allow the LP-WUS to be easily developed for alternative uses in future releases.

Observation 4:     A LP-WUS designed to support a preamble, could improve the detectability and reliability of  LP-WUS detection for always-on WUR receivers configured for on-demand wakeup use cases.

Observation 5:     The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture.

Observation 6:      A LP-WUS based beacon signal, could be broadcast to enable devices to detect when they are out of a particular cell’s LP-WUS coverage, thereby also potentially relaxing how often the main radio needs to perform cell quality measurements.

Observation 7:   	A LP-WUS based beacon signal, could be broadcast to assist devices in maintaining timing alignment with the gNB, thereby relaxing how often the main radio needs to perform full resynchronisation.

Proposal 1: 	The SI evaluates the possibility of LP-WUS design to facilitate the coverage estimation and LP-WUR time tracking.

Observation 8: 	To achieve a good trade-off between sensitivity and power consumption, it may be necessary to introduce DRX on the wakeup receiver (as opposed to an always on receiver).

Proposal 2: 	The SI evaluates the potential benefits and drawbacks of supporting fixed wakeup occasions allowing the wakeup receiver to enter a lower power DRX mode in between such occasions.

Observation 9: 	The LP-WUS signal reception can suffer from intercell interference and other serving cell signals, which may degrade the false detection performance thereby reducing the power consumption savings from the introduction of the LP-WUS.
Proposal 3: 	The SI considers techniques to improve the robustness of the LP-WUS to inter-cell and intra-cell interference.

In section 2.2 we consider some procedures that would be good to consider as a part of the LP-WUS study:- 
Observation 10: 	If eDRX based evaluation rate is assumed, the mobility of the devices should be assumed to be restricted to semi-stationary to avoid service interruptions due to delayed mobility evaluations. Alternatively, if higher mobility (than semi-stationary) is assumed, the service should be able to tolerate longer latency. 
Proposal 4: 	Clarify the mobility assumption for the purpose of LP-WUS evaluations and design and ensure that assumptions are aligned with other assumptions.

Observation 11: 	Reducing the measurement activity in CONNECTED mode can have negative impact to service quality.
Proposal 5: 	If CONNECTED mode operation with LP-WUS is considered, the link quality measurements and reporting need to be accounted for in evaluations. 

Observation 12: 	LP-WUS can be sent as an indication of Paging and can enable UE to start RRC state transition to RRC-Connected in different ways depending on the payload –
1. LP-WUS as indication of paging for legacy paging group will trigger main radio to monitor paging PDCCH or early paging indication. 
2. Sub grouping of UE will reduce the unnecessary paging monitoring but increases LP-WUS payload 
3. LP-WUS with full UE ID may enable skipping paging information monitoring, and minimize power consumption due to false alarm paging monitoring but will increase LP-WUS payload.

Proposal 6:	Consider different alternatives for LP-WUS payloads to support/replace Paging PDCCH monitoring.  
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