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Introduction
In RAN #116 meeting, the agreements listed the appendix were achieved for LP-WUS and LP-SS design [1].
In this contribution, we further share our views on the waveform design of the LP-WUS and LP-SS (low-power synchronization signal).
Discussion
Waveform design
On LP-WUS design
In the previous meeting, below agreement was achieved for LP-WUS design.
	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.


In our view, OOK-1 and OOK-4 should be specified under a same framework. When the number of the chips/segments within an OFDM symbol, M, is 1, it is OOK-1 and when M >1, it is OOK-4.
Proposal 1: OOK-1 and OOK-4 are specified under a same framework, which support at least M = 1.
For OOK-4, the supported value of M is related to the designed symbol rate of OOK and the SCS. As shown in the Table.1, for different LP-WUS symbol rate and SCS assumptions, M can also be different.
Table.1 Candidate values of M and SCS for OOK-1/4 of LP-WUS
	Candidate M and SCS for LP-WUS

	LP-WUS symbol rate = 15 kHz
	M
	1
	
	

	
	SCS
	15 kHz
	
	

	LP-WUS symbol rate = 30 kHz
	M
	1
	2
	

	
	SCS
	30 kHz
	15 kHz
	

	LP-WUS symbol rate = 60 kHz
	M
	1
	2
	4

	
	SCS
	60 kHz
	30 kHz
	15kHz

	LP-WUS symbol rate = 120 kHz
	M
	1
	2
	4

	
	SCS
	120 kHz
	60 kHz
	30 kHz


Supported symbol rate(s) of LP-WUS should be determined first regardless of NR side SCS as it determines required filter and processing capability of LP-WUR. Multiple symbol rates are not desirable in order to avoid multiple RF filter of LP-WUR. Then LP-WUS SCS could be decided. 30 kHz symbol rate of LP-WUS should be supported, which means OOK-4, M=2 in 15 kHz SCS and OOK-1 in 30 kHz SCS. It is good balanced value with processing complexity and required clock accuracy.
Proposal 2: Symbol rate of LP-WUS should be determined first and then SCS. 30 kHz symbol rate of LP-WUS with OOK-4, M=2 in 15 kHz SCS and OOK-1 in 30 kHz SCS should be supported.

On LP-SS design
In previous meeting, below agreements were achieved for LP-SS design.
	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


Firstly, we support that the SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation as gNB may utilize only one SCS except PRACH and SSB. Although LP-SS and LP-WUS can be TDMed, to use different SCSs increases gNB complexity. In addition, we also propose to use the same symbol rate between LP-SS and LP-WUS for envelop detection. For example, when LP-WUS is OOK-1 with 30 kHz symbol rate, it should be allowed to use LP-SS of OOK-1 with 30kHz symbol rate, which is beneficial to lower down the LP-WUR complexity.
Proposal 3: The supported symbol rate(s) and SCS value(s) of LP-SS should be allowed to be aligned with that of LP-WUS.

	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


In our view, the binary sequence design for LP-SS should consider:
· The distinction among different PCIDs is needed. As cell identification and SFN can be acquired from MR previously, sequence can be generated from PCID and SFN. As cell identification is not performed using LP-SS, full PCID info is not required to be sent for each LP-SS.
· The ON/OFF ratio should be equal for accurate measurement. This can be achieved with or without using Manchester code.
· Then the number of the required OFDM sequence for each LP-SS is determined by the performance requirement of measurement assuming measurement accuracy is more demanding than symbol level synchronization in terms of the required amount of resource, with the condition that SFN level synchronization has been acquired by MR.
Proposal 4: The binary sequence design for LP-SS should consider the distinction of different PCIDs and SFN. ON/OFF ratio should be equal. The number of the required OFDM sequence is determined by the performance requirement of measurement, assuming SFN level synchronization has been acquired by MR.


	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.


Regarding the overlaid sequence, if assuming 5.04 MHz (14 PRBs for 30 kHz SCS) for LP-SS, where 2 PRBs are used for guard band, 12 PRBs offers 144 sub-carriers to use. Then depending on the value of M, maximumly 144 or shorter length sequence should be assumed for discussion.
· For Option 2, the overlaid sequence can be designed for better properties, e.g., with lower PAPR. On the other hand, the merit may be diminished because LP-WUS with overlaid sequence decides the required PAPR.
· For Option 3, the overlaid sequence needs to consider intra-cell and/or inter-cell multiplexing, which needs to be associated with UE and/or cell ID for better correlation. If OFDM-based LP-WUS is mandated, it mandates specific implementation to reuse MR part.
· Therefore, similar principle with LP-WUS should be taken, i.e., overlaid OFDM sequence(s) should be used only for the reduction of wake-up time than to mandating the performance.
Proposal 5: For LP-SS, overlaid OFDM sequence(s) is considered only if wake-up time can be reduced, rather than mandating the OFDM-based LP-WUR performance. Otherwise, Option 1 should be taken. 


Evaluations
In this section, we provide LLS evaluation results to check the performance differences of envelope detection (OOK-based receiver) and correlation detection (OFDM-based receiver) in OOK-4 waveform in below aspects:
· Impact of timing error
· Impact of carrier frequency error
· Impact of different number of information bits carried by LP-WUS

Simulation assumptions
The general evaluation assumptions are shown in Table.2 and some specific assumptions are listed as follows:
· OOK-4 based signal with overlaid OFDM sequence over OOK symbol are assumed.
· At transmitter side, the information bits are encoded by Manchester code with coding rate of 1/2, and ZC (Zadoff-Chu) sequence is overlaid when coded bit is ‘1’ (= ON). And then, OOK-4 waveform is generated by DFT-spreading for transformation in time domain. For ZC sequence, the number of sequences is assumed to be M, which is randomly selected, and overlaid to each segment. The same set of the sequences is used in all symbols. When M=1, the number of the sequence is same as the number of OFDM symbols and the same set used in all slots. Also, cyclic shift is not used.
· For configuration of LP-WUS signal, M is assumed to be {1,2,4} with 30 kHz SCS. We regard the performance of OOK-4 with M=1 as that of OOK-1 with same SCS.
· At receiver side, received bits are detected from Manchester coded signal by either envelope detection (OOK-based receiver is assumed) or correlation detection (OFDM-based receiver is assumed). Envelope detection is performed in segment-level in the time domain (for the case with M=1, equal to in symbol-level). In the process, blind boundary estimation is not performed in either time domain or frequency domain. Similarly, correlation detection is directly performed in segment-level in time domain, and the correlation is calculated by using the same sequence as overlaid at transmitter side, as known sequence.
· For the evaluation on impact of timing error and carrier frequency error shown in Section 2.2.2 and 2.2.3, number of OFDM symbols for one block is 8. For the evaluation with different number of information bits shown in Section 2.2.4, the numbers of information bits are assumed to be {4, 8, 12, 16} bit for all M. So, the number of the symbols is calculated by (2*information bit length / M). In the case with more than 14 symbols, multiple slots are used for the transmission of block.
· To model interference from in-band emission, PDSCH is mapped on the whole system bandwidth other than resource used by LP-WUS and GB. PDSCH power is modelled as constant.
· Sampling rate at Tx and channel are modelled by 30.72 MHz sampling rate, and at Rx, operation after BPF performs 7.68 MHz sampling rate. Further lower rate is not used at Rx to focus on the investigation of only time / frequency impairments or difference on number of information bits without any impact from down sampling, such as loss of energy and aliasing.

Table. 2 Simulation Assumptions 
	Carrier Frequency
	2.6 GHz

	Channel structure
	Sequence-based
- The number of information bits: 4, 8, 12, 16

	Waveform
	OOK-4 with overlaid OFDM sequence (ZC sequence-based signal)
 - Manchester coding is applied with R=1/2

	SCS of OFDM generator for NR signal
	same as LP-WUS signal

	Configuration for LP-WUS signal
	M=1,2,4 with 30 kHz SCS

	LP-WUS duration
	Number of OFDM symbols:
- For Section 2.2.2 and 2.2.3, 8 symbols
- For Section 2.2.4, (2*information bit length / M) symbols

	gNB Channel BW 
	20 MHz

	LP-WUS BW
	5.04 MHz (14 PRBs for 30 kHz SCS) for LP-WUS transmission including outer GB 
- LP-WUS transmission: 12 PRBs  
- Outer GBs between LP-WUS and adjacent PDSCH: 2 RBs

	Filter 
	5-th Order Butterworth filter with 5.04 MHz bandwidth

	Adjacent subcarrier
interference
	PDSCH mapped on resources other than that for WUS and outer GB in Channel BW; 
EPRE of PDSCH is same with that of LP-WUS=ρ, where ρ=0 dB

	Sampling Rate
	Tx: 30.72 MHz / Rx: 7.68 MHz

	ADC
	Ideal

	Channel Model
	TDL-C (Delay spread: 300 ns, UE velocity: 3 km/h

	Time / Frequency
impairments
	- For Section 2.2.2, residual time offset (TO): 0,1,2,4 (us)
- For Section 2.2.3, residual frequency error offset (CFO): 0,5,10,100 (ppm)
- For Section 2.2.4, none

	Detection at receiver
	- Correlation detection in time domain
- Envelope detection in time domain



The impact of timing error
The impact of constant timing error on envelope detection and correlation detection is evaluated in OOK-4. The result is shown in Figure.1 and each graph represents different M. In the legend of the graph, “OOK (env)” represents for the result of envelope detection and “OOK(corr)” means the result of correlation detection. Also, “symb” means the number of OFDM symbols in a block. We can observe the following points:
· Envelope detection is more sensitive to timing error for larger M, because the ratio of (the timing error) / (chip length) is larger with larger M and more energy in the energy detection window is lost. 
· For larger M, correlation detection is also more sensitive to timing error, but always performs better than envelope detection, due to better correlation property of ZC sequence.
· At 1%BLER, correlation detection has performance gain of about 2-3 dB compared with envelope detection in almost all different timing errors.

Observation 1: For timing error of up to TO=4 us, correlation detection has performance gain of about 2-3 dB than envelope detection at 1% BLER, even in the case with smaller time-segment length, such as M=4.
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(a) OOK-4, M=1 							(b) OOK-4, M=2

[image: ] 
(c) OOK-4, M=4
Figure. 1 The LLS performance for timing error impact investigation

The impact of carrier frequency error
The impact of constant carrier frequency error on envelope detection and correlation detection is shown in Figure.2. Same as timing error impact investigation, 3 results with different values of M are shown. We can observe the following points:
· Envelope detection can tolerate a carrier frequency error of up to 100 ppm, while correlation detection is sensitive to even small CFO such as 5 ppm, due to the sensitivity of autocorrelation property of ZC sequence for carrier frequency error.
· Correlation detection performs better only in the case with smaller CFOs, such as 5 ppm. With larger M, correlation detection is more robust to carrier frequency error.

[bookmark: _Hlk163141012]Observation 2: Envelope detection is robust to carrier frequency error of up to 100 ppm.

Observation 3: Correlation detection is sensitive to carrier frequency error, but for the smaller error, correlation detection performs better than envelope detection in all M.
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(a) OOK-4, M=1 							(b) OOK-4, M=2
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(c) OOK-4, M=4
Figure.2 The LLS performance for carrier frequency error impact investigation

The impact of different number of information bits in a block
The impact of different number of information bits constituting one LP-WUS block is shown in Figure.3. In each graph, each curve represents different information length and the number of OFDM symbol is decided by the number of information bits  and M. Neither channel encoding (except Manchester code) nor CRC is utilized. In Figure.3, no time/frequency impairments are assumed to focus only on the performance difference for different number of information bits. From the figure, following points are observed:
· In both detection schemes, BLER gets worse with larger number of information bits and the degradation is within 2 dB at 1% BLER for four times number of information bits transmission.
· For coverage enhancement, repetition would be needed for larger M and larger bit size in a block, e.g., M = 4, and 8 OFDM symbols carrying 16 bits payload.

Observation 4: In both envelope detection and correlation detection, BLER performances get worse for larger number of information bits.

Observation 5: At 1% BLER, performance gap between 4-bit and 16-bit transmission for LP-WUS is within about 2dB. 

Proposal 6: Repetition would be needed for better coverage performance in the case with larger M and larger number of information bits.
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(a) OOK-4, M=1 							(b) OOK-4, M=2
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(c) OOK-4, M=4
Figure.3 The LLS performance for different number of information bits in a block, without impairments


Conclusion
Based on the discussion, the following proposals are highlighted: 
Proposal 1: OOK-1 and OOK-4 are specified under a same framework, which support at least M = 1.
Proposal 2: Symbol rate of LP-WUS should be determined first and then SCS. 30 kHz symbol rate of LP-WUS with OOK-4, M=2 in 15 kHz SCS and OOK-1 in 30 kHz SCS should be supported.
Proposal 3: The supported symbol rate(s) and SCS value(s) of LP-SS should be allowed to be aligned with that of LP-WUS.
Proposal 4: The binary sequence design for LP-SS should consider the distinction of different PCIDs and SFN. ON/OFF ratio should be equal. The number of the required OFDM sequence is determined by the performance requirement of measurement, assuming SFN level synchronization has been acquired by MR.
Proposal 5: For LP-SS, overlaid OFDM sequence(s) is considered only if wake-up time can be reduced, rather than mandating the OFDM-based LP-WUR performance. Otherwise, Option 1 should be taken.
Observation 1: For timing error of up to TO=4 us, correlation detection has performance gain of about 2-3 dB than envelope detection at 1% BLER, even in the case with smaller time-segment length, such as M=4.
Observation 2: Envelope detection is robust to carrier frequency error of up to 100 ppm.
Observation 3: Correlation detection is sensitive to carrier frequency error, but for the smaller error, correlation detection performs better than envelope detection in all M.
Observation 4: In both envelope detection and correlation detection, BLER performances get worse for larger number of information bits.
Observation 5: At 1% BLER, performance gap between 4-bit and 16-bit transmission for LP-WUS is within about 2dB. 
Proposal 6: Repetition would be needed for better coverage performance in the case with larger M and larger number of information bits.

Reference
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Appendix
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

	Companyname-01 
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