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Introduction
In RAN1#89bis, the following agreements were made on NB-IoT Wake Up Signal (WUS) design 
Agreement
· 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

It was further agreed in RAN1#89bis that whether the UE needs to acquire (further) synchronization using NPSS/NSSS to decode the NPDCCH following the WUS is FFS. WUS design will assume UE is synchronized prior to receiving WUS up to RAN#78 timeline, with assumption of UE not synchronized further discussed after RAN#78.
This contribution aims to discuss design aspects and provides some examples of design with long ZC sequence for WUS.

Design aspects for WUS
RAN1 made agreement that long Zaddoff Chu (ZC) sequence based signal is considered as the starting point for WUS signal. ZC sequences have constant amplitude, very good auto-correlation and cross-correlation properties that make them well suited for detection with large time and frequency offset. The requirements for pre-synchronization using legacy NPSS and NSSS can be relaxed if a WUS design based on long ZC sequence is used. It is only necessary to confirm device is in same cell and not necessary to achieve synchronization with relatively much smaller residual time and frequency offset for NPDCCH.. 
Figure 1 illustrates the pre-synchronization and WUS detection operations. The device only does pre-synchronization before starting NPDCCH monitoring. In idle device with very large time drift and frequency drift experienced, synchronization can be assumed to be lost. Full synchronization by searching legacy NPSS and NSSS to re-acquire synchronization timing and frequency parameters similar to that in initial cell search is used, with assumption that the cell ID is known. This allows faster processing as both the legacy NPSS and NSSS configurations are known and, hence, easier to detect. In case cell ID has changed since device last awake, a typical implementation will determine device is not in the same cell during the NPSS and NSSS detection stage and cell re-selection will be triggered. Further aspects of synchronization for WUS are covered in another contribution in [1].
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Figure 1. Pre-synchronization and WUS detection operations

[bookmark: _Ref481671177]It is not desirable for idle device waking up from long eDRX cycle to proceed to WUS detection immediately without a pre-synchronizaton stage using legacy NPSS and NSSS. This complicates unnecessarily the requirements for WUS design – i.e. confirm cell ID, estimate and correct very large time and frequency offset, wake up a UE / group of UE to receive paging. It is also likely to significantly incur larger WUS overhead. 
Observation 1: To avoid complicating unnecessarily the requirements for WUS design and incurring a larger WUS overhead, it is not desirable for idle device waking up from long eDRX cycle to proceed to WUS detection immediately without a pre-synchronizaton stage using legacy NPSS and NSSS.  
Proposal 1: Pre-synchronization using legacy NPSS and NSSS is assumed to confirm device is in same cell and allows rough estimation and correction of timing and frequency offset for WUS detection.   
Longer ZC sequences with length Nzc have larger auto-correlation peaks and smaller cross-correlation peaks. These properties make them easier to detect. Another advantage is that more sequence roots are available with longer ZC sequence which help with inter-cell interference. A definition of the ZC sequence and a table showing the autocorrelation and cross correlation peaks in dB for ZC sequence examples are shown below. Note that Nzc=131 is the length of ZC used by the legacy NSSS. Other advantage is more sequence roots. 



	Nzc  
	131 
	263
	4219

	Auto-correlation peak 10*log10(NZC)
	21.2
	24.2
	36.2

	Cross-correlation peak 10*log10(1/sqrt(NZC))
	-10.6
	-12.1
	-18.1



Table 1 Auto-correlation and cross-correlation of ZC sequence examples.

It is desirable not to re-use the ZC sequence with length 131 as used in NSSS to limit impact on legacy device. Using the same sequence will lead to higher probability of erroneous NSSS detection peaks when neighbouring cell WUS transmissions fall within the NSSS detection window of the device. Using a cover code will likely help mitigate impact on legacy cell search. However, it is expected to significantly degrade performance in device experiencing deep fading conditions and may trigger cell re-selection for device in idle paging mode. 
Proposal 2: A larger sequence length than 131 is used for the WUS design to avoid impact on legacy cell search and re-selection procedures.   
Longer ZC sequences to help detection at high MCL for devices in deep or extreme coverage can be used. Repetitions may also be used to increase robustness of WUS detection at high MCL, as illustrated in the figure below with 3 ZC sequence lengths Nzc=263, 523, and 1051.
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Figure 1 Example of WUS design with long ZC sequences and / or repetitions.
In order not to complicate unnecessarily the device processing for the WUS detection, it is desirable to use a single ZC sequence length and use repetitions at high MCL. This allows efficient implementation. The choice of the sequence length may take into account the WUS capacity requirements and should ensure there are enough sequence roots available for randomization of inter-cell WUS interference. 
Proposal 3: Consider using a longer ZC sequence length than 131 with repetitions for the WUS design.   
[bookmark: _GoBack]Design example for WUS
An example mapping of ZC sequence d(n) with  length N=263 to time and frequency resources is shown in Figure 2. 
· FD resource mapping : first to resource elements  (k,l)  in sequence starting with d(0)  in increasing order of first the index  k=0,1,..,11 over the 12 assigned subcarriers
· TD resource mapping: then to symbols staring index l=3,4,..,13  over assigned symbols in 2 continuous subframes. For inband deployment of NB-IoT, the release-8 control signalling region is skipped (l=0,1,2).

[image: ]
Figure 2 Example of mapping WUS with ZC sequence length = 263 over 2 subframes.

A non-coherent detector is used to detect the WUS as illustrated in Figure 3. A sliding correlator is used with buffered data to accommodate the time drift. In case it is needed, frequency steps may be applied to accommodate the frequency drift. It is assumed that the received BB signal is roughly synchronized from the pre-sync stage using the legacy NPSS and NSSS.  
[image: ]
Figure 3 Non-coherent WUS detector.

The WUS design example with sequence Nzc=263 and repetitions at high MCL has been simulated in a Link-Level Simulator (LLS). WUS detection metrics are defined as
· False detection if WUS detected with > 1 Ts error
· Miss detection if no peak detected with set threshold value

Time offset of several OFDM symbols and frequency offset of several kHz were simulated. The time offset can be in a range of  ± 1 OFDM symbol duration; the frequency offset (normalised to subc=15 kHz) can be in range ±0.4 . TD repetition of WUS design was simulated for 1, 10 repetitions. Channel profile with EPA 3Hz for fast fading was used. The WUS detector threshold was set to achieve a WUS missed detection probability in the order of 0.1%.
 
	
SNR          [dB]
	TD repetition = 1
	TD repetition = 10

	
	Frequency offset
[normalised to 15 kHz]
	Frequency offset
[normalised to 15 kHz]

	
	0.0
	0.2
	0.4
	0.0
	0.2
	0.4

	0
	0.000
	0.000
	0.002
	0.000
	0.000
	0.000

	-10
	0.025
	0.027
	0.035
	0.000
	0.000
	0.000

	-20
	0.490
	0.493
	0.500
	0.090
	0.090
	0.094



Observation 2: Missed WU S detection < 1% and false WUS detection < 10% can be achieved at very low SNR with use of repetition.
Proposal 4: Consider use of ZC sequence length 263 with repetitions as baseline for the WUS design. Use of larger ZC sequence is FFS.   

Conclusion
In this contribution, we discussed design aspects for the WUS. We further gave an example and provided LLS evaluation.
Observation 1: To avoid complicating unnecessarily the requirements for WUS design and incurring a larger WUS overhead, it is not desirable for idle device waking up from long eDRX cycle to proceed to WUS detection immediately without a pre-synchronizaton stage using legacy NPSS and NSSS.  
Proposal 1: Pre-synchronization using legacy NPSS and NSSS is assumed to confirm device is in same cell and allows rough estimation and correction of timing and frequency offset for WUS detection.   
Proposal 2: A larger sequence length than 131 is used for the WUS design to avoid impact on legacy cell search and re-selection procedures.   
Proposal 3: Consider using a longer sequence length than 131 with repetitions for the WUS design.   
Observation 2: Missed WU S detection < 1% and false WUS detection < 10% can be achieved at very low SNR with use of repetition.
Proposal 4: Consider use of ZC sequence length 263 with repetitions as baseline for the WUS design. Use of larger ZC sequence is FFS.   
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