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Introduction
In RAN1 NR #90bis, the following agreements related to WUS sequence design were made [1]: 
Agreements:
· WUS signal is at least cell-specific;
· FFS scrambling of WUS including time varying scrambling
· Long ZC sequence based signal is considered as the starting point for WUS signal:
· FFS: whether the sequence can span over multiple subframes
· FFS: whether accumulated multiplication is applied between sub-sequences from the long ZC sequence to reduce the impact of frequency error;
· FFS: Support transmit diversity for NB-IoT WUS 
· FFS: NSSS like signal is used as the wake-up signal









In this contribution, we focus on the details of wake-up signals and evaluation results.
WUS Sequence Design 
The design of sequences generating wake up signals should take into account the following aspects: 
· The number of WUS sequences depends on the amount of information carried by the WUS sequence. In the last meeting, it was agreed that the WUS sequence is at least cell-specific. For wake up purpose, only part of the cell ID is sufficient, since WUS is not responsible for initial cell search. Part of the cell ID information, e.g. 21 cell IDs (single-ring) or 57 cell IDs (double-ring) can already guarantee good distinguish from neighboring cells. Another potential consideration on the information carried by WUS is the timing information (e.g. subframe index) for randomization purpose, since combining of WUS in multiple subframes is always required to achieve reliable detection performance. However, this information is not discussed whether to be carried by WUS sequence itself or another cover sequence on top of the WUS sequence. Note that with the increase of the number of WUS sequences, the performance of cross-correlation among sequences decreases dramatically. Hence, the information carried by WUS sequences should be carefully chosen and the resulting performance should be evaluated. 
· Cross-correlation among WUS sequences is the most essential metric determining the detection performance of WUS. In particular, the maximum cross-correlation among WUS sequences and the tile distribution of the CDF of the cross-correlation determine the worst performance, since they correspond to the worst cell ID pair scenario. If the maximum cross-correlation is high, the network may require very careful cell planning such that the bad cell ID pairs can be avoided, which is definitely not preferable. 
· Detection complexity is always an essential design aspect to consider, especially for NB-IoT. Good sequence design can facilitate simple and effective detection algorithm, which saves the calculation complexity and memory consumption for the UE. 
· PAPR of the WUS sequences may not be essential since WUS is a downlink signal, but it is always beneficial to adopt a sequence design with sufficiently good PAPR.
Based on the above discussion, we propose to use BPSK modulated length-127 M-sequence with cyclic shifts for constructing the NB-IoT WUS, wherein only part of the cell ID is carried by WUS (i.e., 21 sequences). The details of the sequence construction methods are as follows:  

where  is the number of REs for WUS within a subframe (e.g.  120 or 132 or 144 or 156), and  is a length-127 M-sequence with generator  and initial condition 0000001. A cyclic shift  is performed to the M-sequence, where the mapping of  to cell ID  is according to
.
Evaluations
WUS with 21 Sequences 
This set of evaluations corresponds to the scenario wherein WUS carries small amount of information (e.g. part of the cell ID information). In particular, 21 WUS sequences are evaluated, and the details of the sequence designs from companies are as follow: 
· For proposals using ZC-sequence as the base sequence (e.g. Huawei and Qualcomm (with covering codes)), different roots are utilized for carrying the cell ID information and generating the 21 sequences. 
· For proposals using M-sequence as the base sequence (e.g. Samsung), different cyclic shifts of one of the M-sequences are utilized for carrying the cell ID information and generating the 21 sequences. 
Performance comparisons among the proposals regarding the cross-correlation with and without CFO, as well as the PAPR values are summarized in TABLE 1, and CDF curves of the cross-correlation with and without CFO are illustrated in FIGURE 1. 
[bookmark: _Ref498614036]TABLE 1
	
	Huawei
	Qualcomm
	Samsung

	Max Cross-Correlation w/o CFO (dB) 
	-8.4178
	-8.9861
	-13.4242

	Mean Cross-Correlation w/o CFO (dB)
	-11.5639
	-11.1977
	-18.6761

	Max Cross-Correlation w/ 5 ppm CFO (dB) 
	-7.3079
	-8.4026
	-8.9802

	Mean Cross-Correlation w/ 5 ppm CFO (dB)
	-11.1818
	-11.5698
	-12.2550

	PAPR (dB)
	7.8902
	7.9512
	7.7427
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WUS with 126 Sequences 
This set of evaluations corresponds to the scenario wherein WUS carries medium amount of information (e.g. part of the cell ID information). In particular, 126 WUS sequences are evaluated, and the details of the sequence designs from companies are as follow: 
· For proposals using ZC-sequence as the base sequence (e.g. Huawei and Qualcomm (with covering codes)), different roots are utilized for carrying the cell ID information and generating the 126 sequences. 
· For proposals using M-sequence as the base sequence (e.g. Samsung), different cyclic shifts of one of the M-sequences are utilized for carrying the cell ID information and generating the 126 sequences. 
Performance comparisons among the proposals regarding the cross-correlation with and without CFO, as well as the PAPR values are summarized in TABLE 2, and CDF curves of the cross-correlation with and without CFO are illustrated in FIGURE 2. 
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	Huawei
	Qualcomm
	Samsung

	Max Cross-Correlation w/o CFO (dB) 
	-6.9261
	-7.1001
	-13.4242

	Mean Cross-Correlation w/o CFO (dB)
	-10.9575
	-11.1755
	-18.5147

	Max Cross-Correlation w/ 5 ppm CFO (dB) 
	-6.1810
	-6.3610
	-8.8169

	Mean Cross-Correlation w/ 5 ppm CFO (dB)
	-10.4892
	-10.7099
	-12.5109

	PAPR (dB)
	7.8231
	7.8477
	7.8480
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WUS with 504 Sequences 
This set of evaluations corresponds to the scenario wherein WUS carries large amount of information (e.g. the whole cell ID information or part of the cell ID information together with some timing information). In particular, 504 WUS sequences are evaluated, and the details of the sequence designs from companies are as follow: 
· For proposals using ZC-sequence as the base sequence (e.g. Qualcomm with covering codes), different roots and different cyclic shifts in the covering codes are utilized for carrying the information and generating the 504 sequences. 
· For proposals using M-sequence as the base sequence (e.g. Samsung), another M-sequence is utilized to generate a Gold-sequence for WUS, and different cyclic shifts of both of the M-sequences are utilized for carrying the information and generating the 504 sequences. 
Performance comparisons among the proposals regarding the cross-correlation with and without CFO, as well as the PAPR values are summarized in TABLE 3, and CDF curves of the cross-correlation with and without CFO are illustrated in FIGURE 3. 
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	Huawei
	Qualcomm
	Samsung

	Max Cross-Correlation w/o CFO (dB) 
	-
	-6.3952
	-7.7815

	Mean Cross-Correlation w/o CFO (dB)
	-
	-11.1330
	-12.5243

	Max Cross-Correlation w/ 5 ppm CFO (dB) 
	-
	-5.0855
	-5.7757

	Mean Cross-Correlation w/ 5 ppm CFO (dB)
	-
	-10.5425
	-11.0007

	PAPR (dB)
	-
	7.8799
	7.8837
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Observations and Discussions
From the above evaluation results, one can observe that: 
Observation 1: The cross-correlation degrades when increasing the number of WUS sequences for all proposals. 
Observation 2: M-sequence based WUS design has much better cross-correlation performance than ZC-sequence based WUS design, especially for low CFO scenario. For example, for 21 WUS sequences without CFO, the mean cross-correlation can be better than >7 dB and the maximum cross-correlation can be better than >5 dB. 
Except for the property of good cross-correlation, M-sequence based WUS design is also preferable in term of the detection complexity. UE may not require any multiplication operation when calculating the correlation, which may save lots of processing time and memory consumption for NB-IoT UEs, comparing to ZC-sequence based proposals. 
Based on the above observations and discussions, we propose: 
Proposal: NB-IoT WUS has 21 sequences, wherein each of the WUS sequences is generated based on a BPSK modulated length-127 M-sequence with cyclic shift, and details of the M-sequence include
· Polynomial of the M-sequence: ;
· Initial condition of the M-sequence: 0000001;
· Mapping of cyclic shift to cell ID: .
Conclusions
This contribution presented the remaining details of wake-up signals for NB-IoT. Based on the discussion above, we have the following proposal:
Proposal: NB-IoT WUS has 21 sequences, wherein each of the WUS sequences is generated based on a BPSK modulated length-127 M-sequence with cyclic shift, and details of the M-sequence include
· Polynomial of the M-sequence: ;
· Initial condition of the M-sequence: 0000001;
· Mapping of cyclic shift to cell ID: .
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