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[bookmark: _Ref129681862][bookmark: _Ref124589705]Introduction
In RAN#102, a new Rel-19 WID “Low-power wake-up signal and receiver for NR (LP-WUS/WUR)” has been approved with the following objective as one of the objectives [1]:
	[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


In this contribution, we provide input for the above objective. The following aspects of LPWUS design will be discussed: waveform generation, overlaid OFDM sequences, content and bandwidth.
1. Discussion
0. LP-WUS design
Waveform 
Waveform generation
For the waveform, RAN1# 116-bis meetings have made the following agreements [2].
	Agreement
For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· FFS whether value of M depends on SCS
· FFS M=1 for OOK-4


Supporting M=4 for OOK-4 can provide a more flexible spectrum efficiency range for fixed LP-WUS resources. In addition, from the simulation results below, there is no obvious performance degradation when M=4. Therefore, it is recommended to support M=4 for OOK-4.
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Figure 1. Detection performance of OOK-4 without time-frequency errors
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Figure 2. Detection performance of OOK-4 with time error of 0.5us
Proposal 1：Confirm the working assumption that for OOK-4, M=4 is supported.
From the following simulation results, we can see that the simulation performance of OOK-1 is better than that of M=1 for OOK-4. In addition, from section 2.1.1.2, we can see that OOK-1 is obviously simpler to implement than OOK-4. Based on the above analysis, it is recommended not to support M=1 for OOK-4.
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Figure 3. Comparison of detection performance of OOK-1 and OOK-4 for M=1
Proposal 2: Do not support M=1 for OOK-4.
Different subcarrier spacings will affect the OOK symbol length, thus having a certain impact on the performance. However, considering that M has only two cases, 2 and 4, and the simplification of implementation, it is recommended to decouple the value of M from the subcarrier spacing.
Proposal 3: The value of M is independent of SCS.
Specifying OOK-1 and OOK-4
RAN1# 116 meetings have made the following agreements [3].
	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.


Currently, there are only two generation methods of LP-WUS waveforms: OOK-1 and OOK-4. As described in [4]:
-	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)
[image: ]

· 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
[image: ]
The primary design target of LP-WUS is to simplify the implementation and reduce the power consumption of the receiver. Therefore, when considering the specific design of OOK-1 and OOK-4, it is necessary to simplify the reception of the UE as much as possible. Therefore, only necessary steps need to be retained, and other performance improvements are left to the base station side and transparent to the receiving side.
Proposal 4：Specify only the necessary steps for the design of OOK-1 and OOK-4.
According to the above principles, for OOK-1, only the modulated overlaid sequence needs to be specified. For OOK-4, only the sequence mapping and DFT steps are required. The purpose of sequence mapping is to map the time domain information to the overlaid sequence, and then convert the time domain signal to the frequency domain through DFT for OFDM modulation.
Proposal 5: Specifies only the overlaid sequence for OOK-1.
Proposal 6: Specifies the two steps of sequence mapping and DFT for OOK-4.
Since both OOK-1 and OOK-4 are supported, the UE side needs to know in advance the specific OOK waveform generation scheme used by the network side. Therefore, it is necessary to discuss how the UE obtains the OOK waveform generation scheme adopted by the network side.
Proposal 7: Further discuss how the UE obtains the OOK waveform generation scheme.
Overlaid OFDM sequences
Sequence type
RAN1# 116-bis meetings have made the following agreements [2].
	Agreement
For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s), including:
· Sequence(s) generation and how sequence(s) map in time or frequency domain (including any details with multiplexing and IFFT).
· Number of candidate overlaid OFDM sequences used for information conveying
· Including details on whether the number of candidate overlaid sequences is per OFDM symbol or per OOK symbol
· How the proposed sequence design is processed by OFDM-based LP-WUR, e.g., in time domain or in frequency domain or in both time and frequency domain.
Agreement
For the purpose of further study and evaluation in RAN1, the following candidate sequences for the overlaid OFDM sequence are considered:
· Gold sequence
· M-sequence
· ZC sequence
· Chirp sequence
· Walsh sequence
· Golay sequence
· Kasami sequence
· Low density sequence
· DFT/FFT sequence
· QAM symbol-based sequence
· Combinations and optimizations of above are not precluded
Companies are encouraged to provide an assessment on performance, required complexity, and power consumption to support their preferred sequence. Companies are encouraged to provide details on their preferred sequence (e.g. references).


According to the evaluation results of R18 LP-WUS SI, OOK-1 and OOK-4 can improve detection performance by using overlaid OFDM sequences. On the one hand, the OFDM sequence can make the spectrum of the OOK waveform more uniform in the frequency domain. On the other hand, the receiving side can use known sequence information to improve detection performance. It can be seen from the existing evaluation results that the receiver using sequences for correlation is simpler and has lower power consumption than the OFDM receiver with the I/Q branches.
Observation 1: Using the correlation of sequences, the implementation complexity and power consumption of the receiver can be reduced.
When designing the NR PSS, the performance of the M sequence and the ZC sequence was evaluated, and the M sequence was finally selected based on the performance advantage of anti-frequency offset. In Figure 4, we also simulated the performance without frequency errors, and the performance of M sequence is slightly better than that of ZC sequence. Furthermore, some terminals still use PSS/SSS for synchronization for LP-WUS detection. Therefore, it can be considered to use the same sequence for LP-WUS and PSS/SSS to reduce the complexity of the receiver. In addition, it is best to use the same sequence type for the design of LP-SS, which not only ensures performance but also enables unified design.
Observation 2: The M sequence not only has better anti-frequency offset performance but also can reduce the complexity of the receiving side.
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Figure 4. Comparison of detection performance of M, Gold and ZC sequences
Proposal 8: Prioritize M sequence for overlaid sequence.
Methods of carrying information
	Agreement
Regarding the overlaid OFDM sequence(s) of LP-WUS, consider the following options:
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the OOK ON/OFF pattern.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
· [bookmark: _Hlk165973890]Option 3: One sequence is selected from multiple candidates overlaid OFDM sequences on one or more OOK ‘ON’ symbols, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). 
· Option 4: Use of modulated overlay sequence with constellation point: overlay sequence acting as a spreading sequence and constellation point carrying information for OFDM-based LP-WUR. 
Other options are not precluded.


Option 1 has the simplest implementation complexity for the receiving side, and only requires correlation of a single sequence. However, since each OOK ‘ON’ symbol needs to be detected and the OOK information bit transmission time is long, the power consumption is also high. Option 1-2 is similar to option 1, except that the number of sequences is greater. More sequences can be used for coordination between multiple cells, but also increase the complexity.
In Option 2, different bits of information are matched through sequences, which can reduce the number of overlaid sequence detections compared to Option 1. Since the sequence carries less bit information, it is also necessary to obtain all the information bits through the combination of sequence position information. This increases the complexity of the receiver implementation.
Option 3 completely uses sequences to correspond to different bit information. Compared with option 2, it does not need to combine position information, but the number of sequences during sequence detection increases significantly. However, Option 3 can obtain information in a shorter time by only detecting the overlaid sequence. It is recommended to give priority to Option 3.
Proposal 9：Support option 3 for the overlaid OFDM sequence(s) of LP-WUS.
Content
	Agreement
Regarding the LP-WUS information for idle/inactive UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] subgroups
· Option 2: A codepoint value corresponding to one or more subgroup(s)
· Option 3: Multiple codepoint values with each corresponding to one or more subgroup(s)
· Combination of above options are not precluded
· FFS how to carry LP-WUS information, e.g., by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences.
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· Other options are not precluded
Agreement
Regarding the LP-WUS information to trigger PDCCH monitoring of RRC connected UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] UEs
· Option 2: A codepoint value corresponding to one or part of UE identity, e.g., C-RNTI
· Option 3: A codepoint value corresponding to [one or more] UEs
· Option 4: Multiple codepoint values with each corresponding to [one or more] UE(s)
· Option 5: Multiple bit blocks with each corresponding to [one or more] UE(s)
· Combination of above options are not precluded.
· FFS how to carry LP-WUS information, e.g, by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences. 
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· FFS details of LP-WUS information to trigger PDCCH monitoring (e.g. whether above is applicable to one or more serving cells)



For idle/inactive UEs, since the network does not know the location of the UE in advance, beam sweeping is required. In order to reduce the overhead of beam sweeping, as much information as possible should be carried in one transmission. Option 1 can obviously carry more information than option 2. Although option 3 can also carry more information, its overhead is much greater than option 1. Therefore, we recommend supporting option 1.
Proposal 10: Support option 1 for idle/inactive UEs.
For RRC connected UEs, since the network side has obtained the user's location and other information, the indication of the WUS information is only related to the number of users. When the number of users is large, the number of users awakened at the same time may be large, and more information needs to be carried. Conversely, less information can be sent. Therefore, we recommend supporting both option 1 and option 3, so that the network side can flexibly indicate which solution to use.
Proposal 11: Support both option 1 and option 3, and the network side can flexibly indicate the specific solution.
Bandwidth
	Agreement
From RAN1 perspective, support X PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz.
· X to be down-selected between 11 and 12 PRBs 
· FFS the number of PRBs for 15kHz
· FFS if other number of PRBs needed, for LP-SS and LP-WUS with a channel bandwidth equal or less than 5MHz
FFS: Whether the above is applicable to FR2.


From the simulation results below, we can see that the performance difference between 11RB and 12RB is small. Therefore, from the perspective of saving resources, 11RB is recommended. In addition, for 15kHz, the performance of 11RB is better than that of 30khz. Therefore, for LP-WUS, it is recommended to use the same 11RB for different subcarrier spacings.
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Figure 5. Detection performance of 30Khz subcarrier spacing with different RB numbers
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Figure 6. Detection performance of 15KHz subcarrier spacing with different RB numbers
Proposal 12: Support 11 PRBs for LP-WUS and LP-SS with SCS 30kHz or 15kHz.
0. Coverage evaluations
	Agreement
For timing error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of RTC/oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction/clock calibration by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.
Agreement
For frequency error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.
Conclusion: 
For calibration purposes, companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3, at least with the following assumptions: 
· Carrier frequency: 2.6 GHz
· The number of Tx chains: 1
· MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for non-redcap UE
· Transmit antenna gain correction factors for WUS: up to company report
· Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to be reported, SNR for different assumptions on NF are determined separately


According to the above agreements, companies are encouraged to report the SNR required to achieve PUSCH coverage of Message 3. Our results are as follows.
[bookmark: _Ref163207698]Table 1. SNR table for coverage evaluations.
	
	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

	HONOR
	4.32MHz 
	15dB
	0dBi 
	1

	150.38 dB 
	-4 dB


0. LP-SS design
Waveform 
Waveform generation
For the waveform, RAN1# 116-bis meetings have made the following agreements.
	Working assumption
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4, FFS:1,8,16
· FFS whether value of M depends on SCS
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
FFS how OOK-1 and OOK-4 are specified 


In order to simplify the implementation complexity, it is recommended that the LP-SS and LP-WUS signals use the same waveform generation method. In addition, although M=8 and 16 can improve synchronization accuracy, the tolerance to time errors is poor and the performance cannot be guaranteed. Therefore, it is not recommended to support. Regarding the relationship between the value of M and SCS, referring to the analysis in LP-WUS, it is recommended to decouple the two.
Proposal 13: Confirm the following working assumption:
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
Overlaid OFDM sequences
RAN1# 116 meetings have made the following agreements.
	  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.


Option1 is the simplest to implement, but according to the research results of R18 SI, there will be a decrease in performance without the overlaid sequence. Since LP-SS is used for synchronization and RRM measurement purposes, it has higher performance requirements. Therefore, Option 1 is not recommended.
Option3 is optimal in terms of performance. However, since the overlaid sequence needs to be used for synchronization and RRM measurement, the complexity of the transmitting side and the receiving side is increased at the same time. Considering that some LP-WURs have poor capabilities and do not support PSS/SSS detection, LP-SS is introduced. The complexity of using overlaid sequences for synchronization and RRM measurement purposes is not much different from directly measuring PSS/SSS. Therefore, option3 is not recommended.
Option2 will increase the implementation complexity on the transmitting side. However, since the overlaid sequence is not used for synchronization and RRM measurement, it is transparent to the receiving side. Therefore, the complexity of the receiving side is not affected, and the receiving performance of LP-SS can be improved. Therefore, option 2 is a compromise between performance and complexity, and it is recommended to adopt Option 2.
Proposal 14: Adopt option 2 for the overlaid sequence of LP-SS.
1. [bookmark: _Ref129681832]Conclusions
In this contribution, we provide our views on waveform, detection scheme, and information carrying. The following observations and proposals are given:
Observation 1: Using the correlation of sequences, the implementation complexity and power consumption of the receiver can be reduced.
Observation 2: The M sequence not only has better anti-frequency offset performance but also can reduce the complexity of the receiving side.

Proposal 1：Confirm the working assumption that for OOK-4, M=4 is supported.
Proposal 2: Do not support M=1 for OOK-4.
Proposal 3: The value of M is independent of SCS.
Proposal 4：Specify only the necessary steps for the design of OOK-1 and OOK-4.
Proposal 5: Specifies only the overlaid sequence for OOK-1.
Proposal 6: Specifies the two steps of sequence mapping and DFT for OOK-4.
Proposal 7: Further discuss how the UE obtains the OOK waveform generation scheme.
Proposal 8: Prioritize M sequence for overlaid sequence.
Proposal 9：Support option 3 for the overlaid OFDM sequence(s) of LP-WUS.
Proposal 10: Support option 1 for idle/inactive UEs.
Proposal 11: Support both option 1 and option 3, and the network side can flexibly indicate the specific solution.
Proposal 12: Support 11 PRBs for LP-WUS and LP-SS with SCS 30kHz or 15kHz.
Proposal 13: Confirm the following working assumption:
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
Proposal 14: Adopt option 2 for the overlaid sequence of LP-SS.
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