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Introduction
In RAN#103 [1], work item on low-power wake-up signal and receiver for NR (LP-WUS/WUR) was updated, where the objectives identified for the work item are as follows:
	[bookmark: _Hlk153295984]The objectives of the work item are the following:
· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported
· For IDLE/INACTIVE modes
· Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.
· Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)
· For CONNECTED mode, specify procedures to allow UE MR PDCCH monitoring triggered by LP-WUS including activation and deactivation procedure of LP-WUS monitoring (RAN2, RAN1)
· Check in RAN#105 for potential TU adjustment in RAN2
· Note: In CONNECTED mode, UE MR ultra-deep sleep is not considered, and UE RRM/RLM/BFD/CSI measurements are performed by MR
· Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
· Note: The optimization of LP-WUS signal design for idle/inactive mode is prioritized over the optimization for connected mode.
· Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
· [bookmark: OLE_LINK1]Specify UE low-power wake-up receiver requirements, at least REFSENS, ACS and ASCS requirements with consideration of possible new methodology to assess the low-power wake-up receiver performance
· Define guard RBs for ACS and ASCS cases
· Study testability of above requirements
· Consider impacts of different architecture and impairments, and set requirements that enable all types of reasonable implementation 
· Study and if necessary specify or support by declaration, the corresponding BS requirements, e.g., dynamic range for LP-WUS/LP-SS. 
· Current NR BS requirements is baseline
· Specify necessary RRM requirements. 



In RAN1 #116 [4], following agreements were made:
	Agreement:
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.
Agreement:
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS
Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
· For RRM measurement performed by LP-WUR based on LP-SS, UE can satisfy measurement accuracy based on X LP-SS samples within a period which is comparable to Y=the length of I-DRX cycle that is larger or equal to 1.28s.
· FFS: X
· Note: Y is chosen for evaluating LP-SS design.
· Network overhead and network power consumption are to be considered.
Agreement
The ‘ON-OFF’ pattern for OOK symbols of LP-SS is based on binary sequence(s)
· FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length.
· FFS overlaid OFDM sequences, if supported.
Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
Agreement
For RAN1 evaluation purpose, the SNR to achieve the coverage of PUSCH for message3 is determined for OOK-based LP-WUR and OFDM-based LP-WUR, respectively. 
· Companies are encouraged to report the SNR, together with the associated assumptions as listed in the table below.
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception
	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3
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In this contribution, we discuss LP-WUS and LP-SS design framework.
Discussions
LP-SS design framework 
The time and frequency synchronization procedure needs enhancements for operation with low-power-wake up receivers (LP-WUR). In systems based on low-power wake-up signalling, the LP-WUR is configured with monitoring windows to monitor and detect potential LP-WUSs. The LP-WUR could be configured with duty cycle for the monitoring occasions, where the duty cycle and monitoring windows should be selected to match with LP-WUS transmission time from NW. In NR, the time and frequency synchronization are based on receiving SSBs and using PSS/SSS for synchronization. 
In systems based on low-power wake-up signalling, the UE could receive the SSBs during main receiver’s (MR) “ON mode”, where the UE could use the received SSB for synchronization. However, in cases where the MR is configured with long “OFF mode” or sleeping periods, the clock frequency could drift at the UE. The clock frequency drift or frequency error could result in inaccuracy in LP-WUR’s duty cycle. The difference in NW’s clock and LP-WUR’s clock frequency could result in time mismatch between the LP-WUS transmission time from NW and LP-WUR’s monitoring window. The time mismatch could lead to failed detection of LP-WUS.
To avoid the time mismatch between the LP-WUS transmission time from NW and LP-WURs monitoring window, the UE could be configured to detect and receive periodic low power synchronization signals (LP-SS) to achieve accurate synchronization at the LP-WUR. Based on the discussions in study item phase on LP-SS, as captured in TR38.869 [2], and the objectives of the work item, the LP-SS could be based on OOK-1 and/or OOK-4 waveforms, where the LP-SS could be with or without overlaid OFDM sequences. 
LP-SS Waveform Selection
In RAN1 #116, LP-SS waveform properties were discussed. It was discussed that it is desired for LP-SS to have similar modulation formats as LP-WUS, to achieve unified design for both channels. The following agreement was made:
	Agreement:
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS



In the agreement, two options are provided, where Option 1 considers OOK-1 for LP-SS waveform design and Option 2 considers OOK-4 for LP-SS waveform design. In Option 2, the modulation order for OOK-4 is considered to be similar to LP-WUS design, that is M = 1, 2, 4, and potentially 8. The OOK-4 with modulation orders M > 1 could be an efficient choice for LP-WUS design, due to higher capacity, lower latency, and etc. However, the modulation order for LP-SS design with OOK-4 should be selected with more attention to LP-SS use cases.
As mentioned above, LP-SS is the periodic signaling that is used by LP-WURs to obtain and maintain the synchronicity in time and frequency. Also, the LP-WURs could use LP-SS for RRM measurements to determine the potential coverage and detectability for further LP-WUS reception and detections. As such, the LP-SS waveform design should consider the coverage as one main criteria. Especially, as LP-SS is not a UE specific signal, but a common signal for low SNR LP-WURs as well as high SNR LP-WURs, the LP-WUS waveform design should be carefully decided. Figure 1 shows evaluation results of timing offset estimation based on LP-SS with ZC based overlaid OFDM over OOK-1/4 in 700 MHz. 
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(a) 15 kHz SCS						(b) 30 kHz SCS
Figure 1 Estimated timing offset via LP-SS
In RAN1#116, there was a discussion on LP-SS design. One of the main arguments supporting LP-SS with OOK-4 is that LP-SS with OOK-4 requires less overheads while shows comparable synchronization performance with LP-SS with OOK-1 as a sequence correlation procedure shows different performance characteristics with data transmission. However, as shown in Figure 1, LP-SS carried by OOK-1 (solid curves) generally shows better timing offset estimation performance compared to OOK-4 (dashed curves). The difference between OOK-1 and OOK-4 becomes larger as timing offset of the received signal gets larger. 
Observation 1. Synchronization by using LP-SS based on OOK-4 achieves significantly lower synchronization performance with larger timing offsets compared to synchronization performance by using LP-SS based on OOK-1.
Figure 2 shows BLER performance of ZC based overlaid OFDM sequence over OOK-1/4 with different timing offsets. 
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(a) OOK based receiver with 15kHz SCS in 700MHz (b) OFDM based receiver with 15 kHz SCS in 700MHz
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(c) OOK based receiver with 30kHz SCS in 4GHz (d) OFDM based receiver with 30kHz SCS in 4GHz
Figure 2 BLER performance of OOK-1/4 with different timing offsets

As shown in Figure 2, for OOK-1, while OOK based LP-WUR does not show significant performance degradation due to timing offsets, OFDM based LP-WUR experiences significant performance degradation due to timing offsets. Compared to OOK-1, in OOK-4, both OOK and OFDM based LP-WUR experiences significant performance degradation as timing offset becomes larger. In summary, for OOK based LP-WUR, OOK-4 shows more susceptible characteristics while OOK-1 shows similar performance regardless of timing offsets. However, for OFDM based LP-WUR, both OOK-1 and OOK-4 shows significant performance degradation as timing offset becomes larger.
Observation 2. For OOK based LP-WUR, OOK-4 shows more susceptible characteristics while OOK-1 shows similar performance regardless of timing offsets.
Observation 3. For OFDM based LP-WUR, both OOK-1 and OOK-4 shows significant performance degradation as timing offset becomes larger.
Performance degradation due to lack of synchronization performance leads to significant issues of LP-WUS. Firstly, coverage LP-WURs using OOK-1 especially with OFDM based receivers will be significantly reduced and even less than OOK based receivers. Secondly, Available SNR range of OOK-4 will be significantly reduced due to high residual timing offsets from OOK-4 based LP-SS. This will lead to overall system capacity reduction for LP-WUS. Lastly, in case LP-SS is considered with different values of M for OOK-4 and OOK-1, this diversity may cause undesired complexity at LP-WURs, as LP-WURs should be capable to detect LP-SS with different hypothesis based on different OOK modulations and values of M. 
Observation 4. In LP-SS based on OOK-4 with M>1 the LP-WURs experience coverage loss, system capacity reduction, and increased implementation complexity due to degraded synchronization performance and UE implementation for the different versions of LP-SS.
Proposal 1. OOK-1 based LP-SS is supported (Option 1).
· OOK-4 based LP-SS with M>1 is not supported.

Discussion on LP-SS with Overlaid OFDM Sequences
In RAN1 #116, LP-SS with overlaid OFDM sequences were discussed. It was discussed if the overlaid OFDM sequences(s) could be used for RRM measurement. The following agreement was made:
	Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.



In this agreement, three options are provided. Option 2 is based on using overlaid OFDM sequences in LP-SS only for the purpose of generating the OOK waveform. That is, the overlaid OFDM sequence(s) could not be used for synchronization or RRM measurement purposes. Option 3 is based on the scenarios where the overlaid OFDM sequences in LP-SS is generated, so that the OFDM-based LP-WURs could use the overlaid sequences for synchronization and RRM measurements. 
With regards to RRM measurement, it is beneficial to enable capable UEs to measure RRM based on detected LP-SS. It is discussed that OFDM-capable LP-WURs can measure RRM based on NR-SS; however, there are some major issues in that method. The main issue in measuring RRM based on NR-SS is the required RF switching between LP-SS and NR frequencies for each RRM measurement. Such RF switching not only affects the complexity of RRM measurement, but also results in undesired power consumption. Moreover, RRM measurements based on NR-SS and in bands other than LP-WUR carrier may not be applicable to determining the quality of LP-WUS.
Observation 5. RRM measurements based on NR-SS may lead to RF switching at LP-WUR resulting in increased power consumption for OFDM based LP-WUR.
Proposal 2. For LP-SS, support overlaid OFDM sequence(s) targeting for OOK waveform generation, sync and RRM measurement for OFDM based LP-WUR using the overlaid sequence (Option 3).

LP-WUS design framework 
Discussion on LP-WUS design
In RAN1#113 [3], 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.




As depicted in the above agreement, various coverage enhancement techniques were taken into consideration as potential candidate schemes during the study item. For coverage enhancement techniques of 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 are the most practical coverage enhancement schemes considering their implementation simplicity, low power consumption and achievable coverage. 
Observation 6. Time domain repetition and Manchester coding are the most practical coverage enhancement schemes considering their implementation simplicity low power consumption and achievable coverage.
Proposal 3. For LP-WUS signal structure, time domain repetition and Manchester coding are supported.

Evaluation results
In this section, we provide link level evaluation results for the performance of LP-WUS based on overlaid OFDM with ZC sequences over OOK symbols. Different types of receivers (i.e., energy detection for OOK receivers and time domain correlation for OFDM receivers) and different number of repetitions with Manchester coding were considered for OOK-1 and OOK-4 compared to PUSCH for Msg 3. Figure 1 and 2 show evaluation results of OOK schemes compared to PUSCH for Msg3 in 700 MHz (15 kHz SCS) and 4 GHz (30 kHz SCS), respectively. 
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(a) OOK-1						(b) OOK-4
Figure 1 Evaluation results for OOK-1/4 in 700 MHz and 15 kHz SCS
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(a) OOK-1						(b) OOK-4
Figure 3 Evaluation results for OOK-1/4 in 4 GHz and 30 kHz SCS

[bookmark: _Hlk158987147]It can be observed from Figures 1­2 that, OFDM receivers with time domain correlation detector provide better performance than OOK receivers with energy detection in OOK-1 with overlaid OFDM. For example, in 700 MHz with 15 kHz SCS, OFDM receivers achieve better performance than PUSCH for Msg 3 even without repetition, on the other hand, OOK receivers require 2 and 5 repetitions to achieve comparable performance with PUSCH for Msg 3 without repetition and 4 repetitions, respectively. In 4 GHz with 30 kHz SCS, both OFDM and OOK receivers require more number of repetitions (i.e., 10 repetitions for OOK and 5 repetitions for OFDM) to achieve comparable performance with PUSCH for Msg 3. For OOK-4, obviously, both OFDM and OOK receivers require more repetitions than OOK-1 as OOK-4 multiplexes 4 bits in one OFDM symbol. However, for OOK-4 with overlaid OFDM, OFDM receivers tend to experience more performance degradation compared to OOK receivers due to reduced correlation window and sequence. For example, OFDM receivers with 10 repetitions even show worse performance than OOK receivers without repetition. In general, for OOK-4 with up to 10 repetitions, both OFDM and OOK receivers do not achieve comparable performance with PUSCH for Msg 3, but this can be acceptable as OOK-4 will be used only in limited high SINR cases. 
Observation 7. For OOK-1, OFDM receivers with time domain correlation provide better performance than OOK receivers with energy detection.
· To achieve comparable performance with PUSCH for Msg 3, OOK receivers require 10 repetitions while OFDM receivers require 5 repetitions. 
Observation 8. For OOK-4, OFDM receivers experience more performance degradation compared OOK receivers due to reduced correlation window and sequence.
· In general, for OOK-4 with up to 10 repetitions, both OFDM and OOK receivers do not achieve comparable performance with PUSCH for Msg 3, but this can be acceptable as OOK-4 will be used only in limited high SINR cases.
Proposal 4. Support up to 10 repetitions of LP-WUS with Manchester coding to achieve comparable performance with PUSCH for Msg 3.
SNR to achieve the coverage of PUSCH for Msg3
In RAN1#116 [4], a need for collecting companies’ views on the SNR to achieve the coverage of PUSCH for Msg3 for LP-WUR. Based on our evaluation results, SNR and the corresponding associated assumption in the following table is proposed. 
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (Db)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception
	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz
	The SNR (dB) to achieve the coverage of PUSCH for message3

	InterDigital
	5
	12
	0
	2
	135.46
	-13



Proposal 5. For the SNR to achieve coverage of PUSCH for Msg3, SNR with the following associated assumptions is used. 
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (Db)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception
	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz
	The SNR (dB) to achieve the coverage of PUSCH for message3

	InterDigital
	5
	12
	0
	2
	135.46
	-13



Conclusion
In this contribution, we discussed LP-WUS and LP-SS design frameworks. From the discussions, we made following observations and proposals:
Observation 1. Synchronization by using LP-SS based on OOK-4 achieves significantly lower synchronization performance with larger timing offsets compared to synchronization performance by using LP-SS based on OOK-1.
Observation 2. For OOK based LP-WUR, OOK-4 shows more susceptible characteristics while OOK-1 shows similar performance regardless of timing offsets.
Observation 3. For OFDM based LP-WUR, both OOK-1 and OOK-4 shows significant performance degradation as timing offset becomes larger.
Observation 4. In LP-SS based on OOK-4 with M>1 the LP-WURs experience coverage loss, system capacity reduction and increased implementation complexity due to degraded synchronization performance and UE implementation for the different versions of LP-SS.
Observation 5. RRM measurements based on NR-SS may lead to RF switching at LP-WUR resulting in increased power consumption.
Observation 6. Time domain repetition and Manchester coding are the most practical coverage enhancement schemes considering their implementation simplicity low power consumption and achievable coverage.
Observation 7. For OOK-1, OFDM receivers with time domain correlation provide better performance than OOK receivers with energy detection.
· To achieve comparable performance with PUSCH for Msg 3, OOK receivers require 10 repetitions while OFDM receivers require 5 repetitions. 
Observation 8. For OOK-4, OFDM receivers experience more performance degradation compared OOK receivers due to reduced correlation window and sequence.
· In general, for OOK-4 with up to 10 repetitions, both OFDM and OOK receivers do not achieve comparable performance with PUSCH for Msg 3, but this can be acceptable as OOK-4 will be used only in limited high SINR cases.

Proposal 1. OOK-1 based LP-SS is supported (Option 1).
· OOK-4 based LP-SS with M>1 is not supported.
Proposal 2. For LP-SS, support overlaid OFDM sequence(s) targeting for OOK waveform generation, sync and RRM measurement for OFDM based LP-WUR using the overlaid sequence (Option 3).
Proposal 3. For LP-WUS signal structure, time domain repetition and Manchester coding are supported.
Proposal 4. Support up to 10 repetitions of LP-WUS with Manchester coding to achieve comparable performance with PUSCH for Msg 3.
Proposal 5. For the SNR to achieve coverage of PUSCH for Msg3, SNR with the following associated assumptions is used. 
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception
	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz
	The SNR (dB) to achieve the coverage of PUSCH for message3

	InterDigital
	5
	12
	0
	2
	135.46
	-13
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Appendix – Simulation 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 for OOK-1, 2 OFDM symbols for OOK-4

	No. of bits
	4 bits

	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)


Evaluation assumptions of PUSCH for Msg 3
	Parameter
	Value

	UE antenna configuration
	2 TXs for 700MHz, 2.6GHz, and 4GHz

	SCS
	16

	Occupied RB
	2

	MCS, MCS Table
	0, 2

	DMRS overhead
	2 DMRS OFDM symbols

	Number of repetitions
	Practical

	Frequency hopping
	Inter-slot hopping

	Channel estimation
	Practical

	Receiver type
	MMSE
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