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Introduction
[bookmark: _Hlk101956567]In RAN#94-e [1], the study item for low-power wake-up signal and receiver has been approved for NR Air Interface. The study will focus on the following use cases.
	The study should 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, e.g. XR/smart glasses, smart phones. 



In this contribution, we discuss key design issues of LP-WUS and associated procedures to support low power wake-up signal in NR air interface. 
Discussions
LP-WUS design
In this section, we provide our view on LP-WUS design based on the following agreements on waveform generation made in RAN1#112 [5].
	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
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· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
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· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
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· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K
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· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.

Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 



· Bits per OFDM symbol
As depicted in the above, various options have been proposed for both single bit and multi-bit per OFDM symbol. As per the discussions on LP-WUS receiver architectures, reduced power consumption is generally associated with compromised performance such as relaxed accuracy, stability, and interference suppression. For instance, lower power consumption can be achieved by relaxing accuracy and stability of local oscillator. Furthermore, high-Q matching network and/or bandpass filters can be utilized to suppress interferences, but the additional performance comes at the cost of additional power consumption. In that regard, supporting a lower bit rate is significant feature as the lower bit rate achieves enhanced reliability. On the other hand, it should be noted that supporting only the lower bit rate may lead to reduced system capacity of LP-WUS. In case of LP-WURs which do not have coverage issues, multi-bit per OFDM symbol should be supported as well as single bit per OFDM symbol for enhanced system capacity.

· Modulation scheme	
LP-WUS design should support simple receiver architecture with low power consumption. In technical literatures, two types of modulation schemes, OOK and FSK are the most used modulation schemes in low power receivers. Both OOK and FSK support non-coherent energy detection based simple receiver with low power consumption. Although FSK provides more reliable performance, FSK generally requires more complex implementation and more bandwidth than ASK as described in FSK-1 and FSK-2. Considering limited UE implementation complexity scenario such as IoT use cases for LP-WUR, it is preferred to prioritize OOK than FSK.
In addition to OOK and FSK, utilization of OFDMA with existing signal/channel structure was proposed for LP-WUS. The benefits from supporting OFDMA for LP-WUS is easier multiplexing with legacy NR channels and reuse of gNB implementation. However, power reduction gain is doubted if the existing UE OFDMA receiver architecture is reused for LP-WUR. On the other hand, if a separate OFDMA receiver architecture is used with potential power reduction components such as low performance amplifier, oscillator, ADC and reduced baseband processing, performance gain compared to other receiver architectures should be carefully evaluated.
For comparison of modulation schemes, the following guidance for evaluation was made in RAN1#113 [7].
	For companies to consider for providing evaluation results
· Cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details
· For evaluation of LP-SS accuracy, assume SNR at [-3dB] and LP-WUR noise figure should be reported



Based on the guidance, evaluations results for comparing OOK schemes are presented in Section 2.4. 
For OOK, two options (OOK-1 and OOK-3) have been proposed for single bit per OFDM symbol and other two options (OOK-2 and OOK-4) have been proposed for multi-bit per OFDM symbol. In Section 2.4, evaluation results for modulation schemes of OOK options are provided. As depicted in Section 2.4, while OOK-1 and OOK-4 show comparable performance, OOK-3 shows the worst performance. While OOK-2 shows comparable performance with OOK-1 and OOK-4 without Rx impairment, BLER performance of OOK-2 significantly degrades with Rx impairment due to interference between segments. 
· Whether SCS can be different 
Utilization of larger SCS compared to SCS of MR was proposed for LP-WUS transmission. As discussed in OOK-4, the motivation is supporting multi-bit per OFDM symbol of MR by introducing multiple OFDM symbols with larger SCS. However, there are potential issues such as multiplexing with other NR transmissions and impacts on other NR UEs. In that regard, benefits of introducing larger SCS should be carefully evaluated. 

Observation 1: Single bit per OFDM symbol can provide better reliability which is compromised for reduced power consumption. 
Observation 2: Multi-bit per OFDM symbol can provide better system capacity when there’s no coverage issues. 
Proposal 1: Consider both single bit and multi-bit per OFDM symbol for LP-WUS design. 
Observation 3: Although FSK provides more reliable performance, FSK generally requires more complex implementation and more bandwidth than ASK as described in FSK-1 and FSK-2.
Proposal 2: Considering limited UE implementation complexity scenarios such as IoT use cases for LP-WUR, it is preferred to prioritize OOK than FSK.
Observation 4: If OFDMA with existing signals/channels is utilized with existing UE receiver architecture, power reduction gain is doubted.
Observation 5: If OFDMA with existing signals/channels is utilized with a separate UE receiver architecture including components for power reduction, performance gain compared to OOK and FSK is doubted.
Proposal 3: Carefully evaluate performance and power reduction gain by utilizing OFDMA based receiver with existing signals/channels.
Proposal 4: For single bit per OFDM symbol, OOK-1 is prioritized.
Proposal 5: For multi-bit per OFDM symbol, OOK-4 with DFT precoding is prioritized.

In addition, the following key design parameters and aspects of LP-WUS in the below should be additionally considered:
· Multiplexing and location of LP-WUS
In RAN1#112bis-e [6], the following agreement was made on the location of LP-WUS:
	Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)



Although supporting LP-WUS and MR in a same carrier can be beneficial considering RF switching for synchronization, the coexistence requires additional restriction of MR. In addition, performance of LP-WUS and MR can be degraded due to the interference between MR channels and LP-WUS. Considering such aspects. LP-WUS in different carriers from MR signals/channels should be supported.
Proposal 6: Support LP-WUS in different carriers from the carrier used by MR channels/signals.

For the location of LP-WUS, the following three options were discussed:
	· Option 1: placement within carrier/BWP is flexible. 
· Option 2: placement within carrier BWP is restricted to the middle of carrier
· Option 3: placement within carrier BWP is restricted to at the edge(s) of a carrier



While Option 2 can provide less interference to adjacent carriers, Option 2 limits resources for MR in the middle of the carrier due to LP-WUS signals and reduces flexibility of the carrier due to the reserved resources in the middle. On the other hand, Option 3 may provide better resource utilization for MR as fixed resources are allocated in the edge. Considering Pros and Cons of Option 2 and 3, it is preferred to support Option 1 which enables flexible implementation considering potential implementation scenarios. 
Proposal 7: Support flexible location of LP-WUS within carrier/BWP.

· Bandwidth
In RAN1#112bis-e [6], the following agreement was made on the bandwidth size of LP-WUS:
	Agreement
At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
· Other BW sizes are not precluded
· if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
· LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs



While narrow bandwidth allows easier deployment and coexistence with other signals, narrow bandwidth can reduce LP-WUS performance and robustness on frequency fading. On the other hand, while wide bandwidth limits potential deployment scenarios and coexistence with other signals, wide bandwidth may provide better performance (e.g., due to potential power boosting and relatively lower PAPR) and robustness due to potential frequency domain diversity. Considering the aspects, supporting flexible bandwidth size for LP-WUS is preferred to support various implementation scenarios. The potential candidates of bandwidth size can be 5 MHz, 10 MHz and 20 MHz based on the previous agreement. 
Proposal 8: Support flexible bandwidth size of LP-WUS with candidate bandwidths 5 MHz, 10 MHz and 20 MHz.

· Coverage 
In RAN1#113 [7], the following agreement was made on the coverage of LP-WUS:
	Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code     
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.




[bookmark: _Hlk142348745]As depicted in the above agreement, various coverage enhancement techniques were taken into consideration as potential candidate schemes. When evaluating coverage enhancement techniques for LP-WUS, it is important to consider both implementation complexity and power consumption in addition to achievable coverage. In this context, time domain repetition and Manchester coding due to their implementation simplicity and corresponding low power consumption. While other simple techniques such as spreading code in time domain, frequency domain repetition, frequency hopping and transmit diversity can be additionally considered, but benefits of those schemes should be carefully investigated.
Observation 6: For coverage enhancement techniques of LP-WUS, implementation complexity and power consumption should be considered as well as achievable coverage.
Proposal 9: For coverage enhancement techniques of LP-WUS, Time domain repetition and Manchester coding should be considered.
Proposal 10: While other simple techniques such as spreading code in time domain, frequency domain repetition, frequency hopping and transmit diversity can be additionally considered, but benefits of those schemes should be carefully investigated.

· LP-WUS monitoring activation/deactivation
In RAN1#113 [7], the following agreement was made on the LP-WUS monitoring activation/deactivation for Idle/Inactive modes and Connected mode. 
	Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.


Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.



While coverage enhancement techniques are being implemented for LP-WUS, it’s expected that the resultant coverage of LP-WUS might fall short of covering the whole coverage area of MR as many of the receiver sensitivity levels are worse than the sensitivity level of main radio [2]. In addition, required SNR to achieve 1% BLER for both PUSCH Msg3 and PDCCH paging is much lower than SNR required to achieve 1% BLER for LP-WUS based on the OOK options [8]. Given the situation, UE side activation and deactivation is one of the methods to resolve the coverage discrepancy issue between NR and MR. For example, UE activates LP-WUS monitoring to reduce power consumption when LP-WUS coverage is sufficient while UE deactivates LP-WUS monitoring and activates MR when LP-WUS coverage is insufficient. However, such LP-WUS monitoring behavior should be predictable. For example, if the UE activation/deactivation is done by its own implementation, handling different UE implementations at gNB side will be a serious issue. In addition, additional signaling to indicate LP-WUS monitoring should be considered for common understanding between UE and gNB. 
Observation 7: UE side activation and deactivation is one of the methods to resolve the coverage discrepancy issue between NR and MR.
Observation 8: UE LP-WUS monitoring behavior should be predictable and should not depend solely on UE implementation. 
Proposal 11: Consider Alt 1b and Alt 2 for activation and deactivation of LP-WUS monitoring. 

Mobility procedure for LP-WUR
In RAN1#112 [5], the following agreements have been made for mobility procedure of LP-WUR.
	Agreement
Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2

Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements



In NR Rel-17, when UE is in RRC idle or inactive state, the UE needs to perform RRM measurement to support idle/inactive state mobility. To be specific, the UE’s main radio performs measurements such as SS-RSRP and SS-RSRQ of a serving cell and intra-/inter-frequency cells and evaluates the cell selection criterion according to the periodicity/interval defined in [3]. 
When LP-WUR is used to reduce power consumption of the UE during idle/inactive state, LP-WUR can provide additional benefits by further offloading the main radio’s RRM measurement for mobility without activating the main radio. In addition, amount of power consumption reduction can be enhanced by reducing activation of the main radio. In RAN1#113 [7], agreements on RRM metrics and offloading RRM measurements of serving cell were captured as depicted in the below.
	Agreement
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence, LP-SS
· Note: The definition of metrics could be further refined based on future study 

Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR



As depicted in the above, PSS/SSS/PBCH DMRS, LP-WUS waveform sequence and LP-SS are provided as examples. As LP-WUS waveform sequence is an essential feature to be supported, RRM measurement based on LP-WUS waveform sequence should be prioritized. If RRM measurement solely based on LP-WUS waveform sequence does not satisfy corresponding requirements, LP-SS can be additionally considered.  However, introduction of additional signal should be minimized and carefully evaluated. For measurement me
For measurement metrics, various examples including LP-RSRP, LP-RSSI, LP-SINR and etc. are captured. Since LP-RSRP is the simplest metric among the candidates and already commonly used for RRM measurements in existing NR operation, LP-RSRP should be supported. Other metrics can be additionally considered if enough performance benefits are verified. 

Observation 9: Additional power consumption reduction can be achieved by offloading main radio’s RRM measurement for mobility without activating MR.
Observation 10: As LP-WUS waveform sequence is an essential feature to be supported, RRM measurement based on LP-WUS sequence can provide RRM measurement without additional signaling.
Proposal 12: Prioritize LP-WUS waveform sequence is for RRM measurement.
· LP-SS can be additionally considered if RRM measurement solely based on LP-WUS waveform sequence does not satisfy corresponding requirements.
Proposal 13: Introduction of additional signaling for RRM measurement of LP-WUR should be minimized. 
Proposal 14: Since LP-RSRP is the simplest metric among the candidates and already commonly used for RRM measurements in existing NR operation, LP-RSRP should be supported. 
· Other metrics can be additionally considered if enough performance benefits are verified.

Information delivery and required information for LP-WUS
In RAN1#112bis-e [6], the following agreement has been made for content of LP-WUS and LP-WUS design. 
	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.

Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  
· FFS sequence type
· Alt 2: by encoded bits 
· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).



For a method for carrying LP-WUS information, sequence detection/selection and encoded bits were proposed. While sequence detection/selection can be used for synchronization and RRM measurements, the sequence detection/selection can deliver only limited information. On the other hand, encoded bits are generally optimized to provide more information while it does not provide other functionality. In that regard, support of both Alt 1 and Alt 2 can be a reasonable choice to satisfy both synchronization and RRM measurements. For example, a sequence of LP-WUS can be used for achieving synchronization and delivering limited information on which user(s) is/are targeted by the LP-WUS while encoded bits can provide additional information other than the information carried by the sequence. 
For LP-WUS information, the following information should be considered. 
· Acquisition of system information
· As payload size of LP-WUS is limited, delivering system information via LP-WUS may not be possible. However, indicating system information change via LP-WUS can be a reasonable option to trigger a procedure for updating system information after wake up. 
· Identification of cell/tracking area
· For cell identification, a simplest way can be providing cell ID in LP-WUS. For example, cell ID of transmitting gNB can be included as a part of information in LP-WUS implicitly or explicitly. How to support cell ID can be further discussed together with design of LP-WUS.
· Information on neighboring cells
· Neighboring cells should be considered for LP-WUR mobility. For example, when if received quality of LP-WUS is not qualified, UE may try to update a new cell which is capable of LP-WUS transmission. 
· Paging related information
· LP- WUR can be used to offload the main radio from monitoring Pos during idle/inactive state. The main radio will be turned on only if the LP-WUR receives a LP-WUS indicating that the UE or UE group should listen to the upcoming PO. In this way, the usage of LP-WUS/WUR prevents the UE’s main radio from waking up at Pos where the UE is not paged. With that, power consumption at the UE can be reduced during idle/inactive state. 

Observation 11: While sequence detection/selection can be used for synchronization and RRM measurements, the sequence detection/selection can deliver only limited information.
Observation 12: Encoded bits are generally optimized to provide more information while it does not provide other functionality.
Proposal 15: Consider both Alt 1 (sequence detection/selection) and Alt 2 (encoded bits) for LP-WUS information.
· The sequence of LP-WUS can be used for synchronization and delivery of limited information on which user(s) is/are targeted by the LP-WUS.
· The encoded bits can be used to provide additional information.
Observation 13: Indication of SI change via LP-WUS can achieve additional power consumption reduction to minimize MR activation.
Observation 14: For RRM measurement of LP-WUR, target cell ID/tracking area and information on neighboring cells are essential.
Observation 15: LP-WUS assisted paging during idle/inactive state may provide power saving benefits.
Proposal 16: For LP-WUS information, SI change indication, target cell ID/tracking area, information for neighboring cells and paging related information should be supported. 

[bookmark: _Hlk134772839]Link-Level performance of LP-WUS receiver
[bookmark: _Hlk134772618][bookmark: _Hlk134772631]In this section, we provide some link level simulation results to evaluate the performance of LP-WUS receivers for which the transmitted signals are generated according to the agreement stated in the previous section. Receiver performance is evaluated for signal generated based on the four options discussed. The receiver architecture considered is dependent on the option used for generating the LP-WUS (i.e., OOK-1, OOK-2, OOK-3, and OOK-4). The simulation assumptions corresponding to the performance results presented are provided in Appendix.
[bookmark: _Hlk134772653]In the evaluation results provided, Rx impairment due to ADC quantization error and frequency errors are considered. Ideal performance results are also provided where Rx impairment is assumed to be nonexistent. We consider an ADC with 1-bit resolution and frequency error of 10ppm. Moreover, the raw information bits in the OOKs LP-WUSs with M=1 are set to be 4-bits and 8-bits for M=2. For the time/frequency resources, twice the amount of information bits carried when using M=1 can be transmitted when M is set to 2. Additionally, MC-coding scheme is considered for all the four OOK LP-WUSs designs such that for M=1 with 4 information bits is carried over 8 OFDM symbols while for M=2, 8-information bits are carried in 8 OFDM symbols.
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Figure 1. MDR/BLER and throughput performance of LP-WUS receiver for the four OOK options in 700MHz carrier frequency
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  Figure 2. MDR/BLER and throughput performance of LP-WUS receiver for the four OOK options in 4GHz carrier frequency
It can be observed from Figures 1, for 700MHz carrier frequency with 15KHz SCS and 20MHz channel bandwidth, OOK-1 provides the best performance with and without RX impairments resulting in -3 dB SNR at 1% MDR/BLER. For 4GHz carrier frequency with 30KHz SCS, Figure 2 also shows that OOK-1 provides the best performance requiring up to -2dB SNR to achieve 1% MDR/BLER. It can also be seen from Figure 1 and Figures 2 that OOK-1, OOK-3 and OOK-4 are resilient to Rx impairments while OOK-2 suffers severe degradation when Rx impairment is considered. 
Observation 16: OOK-1 and OOK-4 provide comparable performance with and without Rx impairments. 
Observation 17: Compared to OOK-1, OOK-3 and OOK-4, OOK-2 suffers significant degradation from Rx impairments due to the band pass filter applied to separate M segments. 
In Figure 3, we further show that there is between 5dB to 6dB degradation in performance at 1% MDR/BLER when lowring the resource allocation per symbol from 12PRBs to 4PRBs for OOK-1, OOK-2 and OOK-4. While the performance of OOK-3 remains almost unchanged.  
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Figure 3. MDR/BLER performance comparison between 4.32MHz (12PRB) and 1.44MHz (4PRBs) in 4GHz carrier freq.
Additional comparison between the OOK-1, OOK-2 and OOK-4 is provided such that the code rate of OOK-1 is increased by not using MC coding while OOK-2 and OOK-4 still use MC coding. Figure 4 subsequently show that MDR performance degrades significantly when increasing code rate (not using MC coding) by up to 6dB.
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Figure 4. MDR/BLER performance comparison between OOK-1, OOK-2 and OOK-4 with and without MC.
In, yet additional, comparison between OOK-1 and OOK-4, we show how the MDR/BLER performance between the two OOKs vary when the number of segments, M, is changed from 2 to 1 for OOK-4. Reducing the number of segments from 2 to 1 implies that the amount of information carried per OFDM symbol is halved while the frequency resource remains the same.
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Figure 5. MDR/BLER performance comparison between OOK-1 and OOK-4 with M=1 and M=2.
It can be seen in Figure 5 that using M=1 segment per OFDM, as opposed to M=2, improves the MDR/BLER performance of OOK-4 by up to 4dB at 1% MDR/BLER. Moreover, OOK-4 outperforms OOK-1 by 2dB at 1% MDP/BLER when using M=1. 
Observation 18: Reducing the PRB allocation from 12 to 4 PRB degrades the MDR/BLER performance for OOK-1, OOK-2 and OOK-4 while OOK-3 remains unchanged. 
Observation 19: MDR/BLER performance degrades significantly when increasing code rate (not using MC coding) by up to 6dB. 
Observation 20: Reducing the number segments per OFDM symbol improves MDR/BLER performance.
Summary
In this contribution, we discussed key design issues of LP-WUS and associated procedures to support low power wake-up signal in NR air interface. From the discussions, we made the following observations and proposals: 
Observation 1: Single bit per OFDM symbol can provide better reliability which is compromised for reduced power consumption. 
Observation 2: Multi-bit per OFDM symbol can provide better system capacity when there’s no coverage issues. 
Observation 3: Although FSK provides more reliable performance, FSK generally requires more complex implementation and more bandwidth than ASK as described in FSK-1 and FSK-2.
Observation 4: If OFDMA with existing signals/channels is utilized with existing UE receiver architecture, power reduction gain is doubted.
Observation 5: If OFDMA with existing signals/channels is utilized with a separate UE receiver architecture including components for power reduction, performance gain compared to OOK and FSK is doubted.
Observation 6: For coverage enhancement techniques of LP-WUS, implementation complexity and power consumption should be considered as well as achievable coverage.
Observation 7: UE side activation and deactivation is one of the methods to resolve the coverage discrepancy issue between NR and MR.
Observation 8: UE LP-WUS monitoring behavior should be predictable and should not depend solely on UE implementation. 
Observation 9: Additional power consumption reduction can be achieved by offloading main radio’s RRM measurement for mobility without activating MR.
Observation 10: As LP-WUS waveform sequence is an essential feature to be supported, RRM measurement based on LP-WUS sequence can provide RRM measurement without additional signaling.
Observation 11: While sequence detection/selection can be used for synchronization and RRM measurements, the sequence detection/selection can deliver only limited information.
Observation 12: Encoded bits are generally optimized to provide more information while it does not provide other functionality.
Observation 13: Indication of SI change via LP-WUS can achieve additional power consumption reduction to minimize MR activation.
Observation 14: For RRM measurement of LP-WUR, target cell ID/tracking area and information on neighboring cells are essential.
Observation 15: LP-WUS assisted paging during idle/inactive state may provide power saving benefits.
Observation 16: OOK-1 and OOK-4 provide comparable performance with and without Rx impairments. 
Observation 17: Compared to OOK-1, OOK-3 and OOK-4, OOK-2 suffers significant degradation from Rx impairments due to the band pass filter applied to separate M segments. 
Observation 18: Reducing the PRB allocation from 12 to 4 PRB degrades the MDR/BLER performance for OOK-1, OOK-2 and OOK-4 while OOK-3 remains unchanged. 
Observation 19: MDR/BLER performance degrades significantly when increasing code rate (not using MC coding) by up to 6dB. 
Observation 20: Reducing the number segments per OFDM symbol improves MDR/BLER performance.

Proposal 1: Consider both single bit and multi-bit per OFDM symbol for LP-WUS design. 
Proposal 2: Considering limited UE implementation complexity scenarios such as IoT use cases for LP-WUR, it is preferred to prioritize OOK than FSK.
Proposal 3: Carefully evaluate performance and power reduction gain by utilizing OFDMA based receiver with existing signals/channels.
Proposal 4: For single bit per OFDM symbol, OOK-1 is prioritized.
Proposal 5: For multi-bit per OFDM symbol, OOK-4 with DFT precoding is prioritized.
Proposal 6: Support LP-WUS in different carriers from the carrier used by MR channels/signals.
Proposal 7: Support flexible location of LP-WUS within carrier/BWP.
Proposal 8: Support flexible bandwidth size of LP-WUS with candidate bandwidths 5 MHz, 10 MHz and 20 MHz.
Proposal 9: For coverage enhancement techniques of LP-WUS, Time domain repetition and Manchester coding should be considered.
Proposal 10: While other simple techniques such as spreading code in time domain, frequency domain repetition, frequency hopping and transmit diversity can be additionally considered, but benefits of those schemes should be carefully investigated.
Proposal 11: Consider Alt 1b and Alt 2 for activation and deactivation of LP-WUS monitoring. 
Proposal 12: Prioritize LP-WUS waveform sequence is for RRM measurement.
· LP-SS can be additionally considered if RRM measurement solely based on LP-WUS waveform sequence does not satisfy corresponding requirements.
Proposal 13: Introduction of additional signaling for RRM measurement of LP-WUR should be minimized. 
Proposal 14: Since LP-RSRP is the simplest metric among the candidates and already commonly used for RRM measurements in existing NR operation, LP-RSRP should be supported. 
· Other metrics can be additionally considered if enough performance benefits are verified.
Proposal 15: Consider both Alt 1 (sequence detection/selection) and Alt 2 (encoded bits) for LP-WUS information.
· The sequence of LP-WUS can be used for synchronization and delivery of limited information on which user(s) is/are targeted by the LP-WUS.
· The encoded bits can be used to provide additional information.
Appendix – Link level evaluation assumptions
Common evaluation assumptions
	Parameter
	Value

	System bandwidth
	20 MHz for 700MHz / 100 MHz for 2.6GHz and 4GHz 

	Scenario and frequency
	Rural: 700 MHz (FDD)
UMa: 2.6 GHz and 4 GHz (TDD)

	BS Antenna Configuration
	(M,N,P,Mg,Ng) = (4,2,2,1,1) for 700MHz
(M,N,P,Mg,Ng) = (12,8,2,1,1) for 2.6GHz and 4GHz 

	Channel model for link-level simulation
	CDL-C

	Delay spread
	300ns

	UE velocity
	3 km/h



Evaluation assumptions of LP-WUS
	Parameter
	Value

	UE antenna configuration
	1 RXs for 700MHz, 2.6GHz, and 4GHz

	SCS
	15kHz for 700MHz, 30kHz for 2.6 GHz and 4GHz

	LP-WUS duration
	8 OFDM symbols

	LP-WUS BW
	25 PRBs at 15 kHz SCS and 12 PRBs, 4 PRBs at 30 kHz SCS

	LP-WUS Coding scheme
	Manchester coding (code rate: ½)

	Impairment modelling
	1-Bit ADC: Quantization error, Ideal ADC
Sampling jitter – Resulting in timing error (10ppm)


References
[1] RP-213645, “Study on Low-power Wake-up Signal and Receiver for NR”,
[2] David D. Wentzloff. “Low Power Radio Survey,” www.eecs.umich.edu/wics/low_power_radio_survey.html,
[3] 3GPP TS38.133, V17.6.0, “Requirements for support of Radio Resource Management”,
[4] “Final Report of 3GPP TSG RAN WG1 #111”, 3GPP RAN1 Meeting #111, November 14th – 18th, 2022,
[5] “Final Report of 3GPP TSG RAN WG1 #112”, 3GPP RAN1 Meeting #112, February 27th – March 3rd, 2023,
[6] “Final Report of 3GPP TSG RAN WG1 #112bis-e”, 3GPP RAN1 Meeting #112bis-e, April 17th – April 26th, 2023,
[7] “Final Report of 3GPP TSG RAN WG1 #113”, 3GPP RAN1 Meeting #113, May 22nd – May 26th, 2023,
[8] R1-2306691, “Discussion on evaluation on LP-WUS”, InterDigital, Inc..

image1.emf
iFFT

+CP 

SC#0

SC#1

SC#K-1

Legacy NR 

signal

LP

-

WUS

0..(N

-

1)

1 OFDM 

symbol


image2.emf
iFFT

+CP 

SC#0

SC#1

SC# K-1

Legacy NR 

signal

1 OFDM 

symbol

m

=1

n=N/2...N

-

1

m=0

n=0...N/2

-

1


image3.emf
iFFT

+CP 

SC#0

SC#1

SC# K-1

Legacy NR 

signal

1 OFDM 

symbol

l=1

n=N/2...N

-

1

t0:00010000t1:00000000

l=0

n=0...N/2

-

1

t0:01000000t1;00000000


image4.emf
M=4 bits

e.g. 1001

iFFT

+CP 

SC#0

SC#1

SC#K-1

Legacy NR 

signal

LP-WUS time

0..(N'-1)

1 OFDM 

symbol 

including

CP

LP

-

WUS

0..(N

-

1)

DFT/

Least 

Square

Signal 

generation 

and 

modificatio

n

Truncation

N'->N

and  

modification


image5.png
MDR/BLER

—O—LP Wus:
—O—LPWus:
~—E—LPWUS:
—O—LPWus:
~—+—LPWus:
—+—LPWus:
= LP WUS:!
~—+—LPWus:

0OOK-1, M=1, with Rx impairment
0O0K-2, M=2, with Rx impairment
0OOK-3, M=1, with Rx impairment
0O0K-4, M=2, with Rx impairment

: O0K-2, M=2, without Rx impairment
: OOK-3, M=1, without Rx impairment
: OOK-4, M=2, without Rx impairment

-5 0 5 10 15 20 25 30
SNR (dB)




image6.png
THROUGHPUT (Mbps)

—e— LP WUS: OOK-1, M=1, with Rx impairment
—©— LP WUS: 00K-2, M=2, Rx impairment -
)~ LP WUS: OOK-3, M=1, Rx impairment
—©— LP WUS: 00K-4, M=2, Rx impairment
——4— LP WUS: OOK-1, M=1, without Rx impairment
—+— LP WUS: 0OK-2, M=2, without Rx impairment| |
== LP WUS: 00K-3, M=1, out Rx impairment
=4 LP WUS: 00K-4, M=2, without Rx impairment
I I I I I
-15 -10 -5 5 10 15 20 25

SNR (dB)

30




image7.png
MDR/BLER

107

102

103

12 PRBs, 8 OFDM sym
T T

—O—LP wus:
—O—LP wus:
~—E-LPWUS:
—O©—LP wus:
~—+—LPWus:
—+—LP WUS:
- LPWUS:
—+—LP WuUS:

0OOK-1, M=1, with Rx impairment
0O0K-2, M=2, with Rx impairment
0OOK-3, M=1, with Rx impairment
0O0K-4, M=2, with Rx impairment
0OOK-1, M=1, without Rx impairment
0O0K-2, M=2, without Rx impairment
0OOK-3, M=1, without Rx impairment
0O0K-4, M=2, without Rx impairment

-15

-10 -5 0

5
SNR (dB)

10 15 20 25 30




image8.png
THROUGHPUT (Mbps)

—E— LP WUS:
—©—LP wWus:
- LP WUS:
—O—LP wus:
~——+—LP WUS:
—+—LP WUS:
= LP WUS:!
—+—LPwus:

0OOK-1, M=1, with Rx impairment
0O0K-2, M=2, with Rx impairment
0OOK-3, M=1, with Rx impairment
0O0K-4, M=2, with Rx impairment

0OOK-1, M=1, without Rx impairment
0O0K-2, M=2, without Rx impairment
: OOK-3, M=1, without Rx impairment
0O0K-4, M=2, without Rx impairment

15 20 25





image9.png
MDR/BLER

: 0OK-1, M=1, 12PRBs
: 00K-2, M=2, 12PRBs
: 0OK-3, M=1, 12PRBs
: 00K-4, M=2, 12PRBs
: OOK-1, M=1, 4PRBs
: 00K-2, M=2, 4PRBs
: OOK-3, M=1, 4PRBs
: OOK-4, M=2, 4PRBs

-10 -5

SNR (dB)

10

15





image10.png
MDR/BLER

10°

10°

103

SCS=30kHz,CF = 4GHz, CDL-C, 300ns, 12 PRBs, 8 OFDM sym
T T T T T T T

—— LP WUS: 00K-1, M=1, with MC
—+— LP WUS: 00K-2, M=2, with MC
—+— LP WUS: 00K-4, M=2, with MC
— 9~ LP WUS: 00K-1, M=1, without MC

SNR (dB)

10

15

20

25

30




image11.png
MDR/BLER

10

10°

10"

10"

0

SCS=30kHz,CF = 4GHz, CDL-C, 300ns, 12 PRBs, 8 OFDM sym
T T T T T T

=} LP WUS: 0O0K-1, M:
=4 LP WUS: 00K-4, M:
—{- LPWUS: 00K-4, M

1
2
1

SNR (dB)

25

30




