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1 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
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In RAN1 NR #91, the following agreements related to WUS sequence design were made [2]:
Agreement:
· UE can assume all the REs for transmission of WUS in a given subframe use the same antenna port.
· The UE shall not assume the transmission of WUS in more than X consecutive subframes use same antenna port.
· FFS: value of X

Agreement:
· WUS sequence is based on ZC-sequence
· When designing WUS sequence, negative impact on legacy NSSS detection should be avoided.

Working assumption
· WUS sequence is a sequence mapping within one subframe as a basic unit and repeated/extended for multiple subframes to support larger coverage.
· Prioritizie to minimize impact on UE synchronization performance.
· FFS: detailed design on time-varying of the WUS signal










This contribution further discusses the details of the WUS sequence design. 
2 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 previous meetings, 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 consideration on the potential 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. 
· 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.
Based on the above discussion, we propose the details of the sequence construction methods for WUS as follows: 
Proposal: The sequence  used for the narrowband wake up signal is generated from a frequency-domain ZC-sequence according to 
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and  is the narrowband physical layer cell identity,  is the maximum configured transmission duration of WUS in ms,  is the relative subframe index within the maximum transmission duration of WUS, and  is a cover code (orthogonal to  in NSSS sequence) given by 
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  1 -1 -1 1 -1 1 1 -1 -1 1 1 -1 1 -1 -1 1 1 -1 -1 1 -1 1 1 -1 -1 1 1 -1 1 -1 -1 1 
 -1 1 1 -1 1 -1 -1 1 1 -1 -1 1 -1 1 1 -1 -1 1 1 -1 1 -1 -1 1 1 -1 -1 1 -1 1 1 -1 ]


3 Discussion on the Time-varying and Cell-specific Phase Shift
In this session, we make a discussion on the design of time-varying and cell-specific phase shift for constructing the WUS sequence, as in our proposal, which is essential for avoiding the bad correlation for a given cell pair and introducing the time-varying feature for WUS sequences. 
In particular, the following three options for generating WUS sequences across multiple subframes are discussed: 
· Option 1: Repetition in multiple subframes;
· Option 2: Extension by using only time related phase shift in different subframes (similar to NSSS);
· Option 3: Extension by using time and cell ID related phase shift in different subframes.
The bottleneck of the WUS sequence detection performance and the impact to legacy synchronization performance are determined by the worst cross-correlation among WUS sequences and the worst cross-correlation between WUS sequences and NPSS sequences, respectively. In Option 1 and Option 2, for a given cell pair, the cross-correlation among sequences does not vary over time (although the sequences themselves vary in Option 2), such that the detection performance of WUS and the synchronization performance due to the introduction of WUS are degraded for every time instance for the cell pairs with bad correlation. In contrast, the phase shift is time-varying and cell-specific in Option 3 (e.g. by using a product term of cell ID and subframe index), such that given a cell pair, although in some time instances the cross-correlation can be bad, the cross-correlation can be expected to be significantly improved in the next time instances due to the time-varying and cell-specific phase shift. Note that this diversity gain from the sequence design can apply to both the cross-correlation among WUS sequences, and the cross-correlation between WUS and NPSS sequences. 
[bookmark: _GoBack]An illustration of the benefit from the time-varying and cell-specific phase shift is shown in FIGURE 1, where the maximum transmission duration  is assumed as 8 ms. Both the normalized cross-correlation among WUS sequences, and the normalized cross-correlation between WUS and NPSS sequences, are shown in FIGURE 1(a) and FIGURE 1(b), respectively. It can be observed that the mean correlations for different options are similar (i.e., constant for Option 1 and Option 2, and with small variation for Option 3), but the correlation for the worst cell pair in subframe index 0 can be quite different in each option. In Option 1 and 2, the correlation for the worst cell pair in subframe index 0 maintains the same in all the time instances, such that this pair of cells is always with the worst correlation. This may lead to bad WUS detection performance and degradation to legacy synchronization performance for the given pair of cells. On the other hand, the correlation for the worst cell pair in subframe index 0 can be significantly improved in the following time instances (i.e., the worst pair of cells varies over time). For example, the gain can be up to 4.2 dB in FIGURE 1(a) and 4.4 dB in FIGURE 1(b).       
 [image: ] [image: ]
(a) Correlation among WUS sequences           (b) Correlation between NPSS and WUS sequences
FIGURE 1. Illustration of the sequence diversity gain from time-varying and cell-specific phase shift.
4 Conclusions
The proposal made in this contribution is as follow: 
Proposal: The sequence  used for the narrowband wake up signal is generated from a frequency-domain ZC-sequence according to 

where 





and  is the narrowband physical layer cell identity,  is the maximum configured transmission duration of WUS in ms,  is the relative subframe index within the maximum transmission duration of WUS, and  is a cover code (orthogonal to  in NSSS sequence) given by 
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