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Introduction
In RAN1#92, the following agreements and working assumption were made on NB-IoT Wake Up Signal (WUS) design 
Confirm the working assumption that the WUS sequence is a sequence mapping within one subframe as a basic unit and repeated/extended for multiple subframes to support larger coverage.
· WUS conveys the cell ID;
· FFS: UE group ID
· FFS how/whether to handle the case of false alarm resulting from detecting WUS corresponding to different POs/UE groups (if introduced)

In RAN1#91, the following agreements and working assumption were made on NB-IoT Wake Up Signal (WUS) design 
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 aims to discuss design aspects and provides some examples of design with long ZC sequence for WUS.

Design for WUS
Figure 1 illustrates the pre-synchronization and WUS detection operations. Legacy NPSS and NSSS can be used to do pre-synchronization and confirm device is in same cell for idle paging UE. 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 and configurations for WUS were addressed in other contributions to this meeting in [1] and [2] respectively.
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Figure 1. Pre-synchronization and WUS detection operations

[bookmark: _Ref481671177]Design of WUS is based on long ZC sequence within one subframe as a basic unit and repeated/extended for multiple subframes to support larger coverage. As legacy NSSS uses ZC sequence length 131, it is necessary to differentiate the WUS re-using ZC sequence length of 131 to avoid impact from WUS transmission to legacy NSSS detection or avoid impact of legacy NSSS transmission to WUS detection. There are 3 options considered. 
-	WUS Type 0 is a ZC sequence multiplexed with RE-level cover codes (Gold codes [1], [2], Hadamard code [3], [4])
-	WUS Type 1 is a ZC sequence differentially encoded on each symbol with time-varying scrambling  [5]
-	WUS Type 2 is the NSSS sequence with different mapping [1]

	Solutions
	RE-level Cover Codes
	Symbol-level differential encoding 
	Different mapping
	Time varying

	Differentiation with NSSS
	Ѵ
	Ѵ
	Ѵ
	Ѵ

	Flexibility for network configuration
	Ѵ
	Ѵ
	Χ
	Ѵ

	Device implementation complexity
	Ѵ
	Χ
	Ѵ
	Χ

	Specification impact
	Ѵ
	Χ
	Ѵ
	Ѵ



Table 1: Comparison of WUS solution types
WUS configured for UEs in deep / extreme coverage require repetition of WUS across multiple subframes. Time varying subframe-specific WUS design was proposed in [3] and [5] to allow average of worst cross-correlation among WUS sequences or between WUS sequences and NPSS sequences across repetitions. Time varying WUS design adds to receiver complexity for averaging and early WUS detection termination due to UE blind detection of time-specific WUS repetition. It is preferred if network takes care of avoiding worst cross correlation issue by careful planning. 
The use of RE-level cover code with Gold sequences or Hadamard sequences is a robust solution that meets the required  performance requirements in LTE and NB-IoT. It is straightforward to use other Hadamard cover codes or Gold cover codes with minimum impact on specifications. Based on comparison summary in Table 1, we have preference for RE-level cover codes. 
Observation 1: Careful network planning can avoid worst cross-correlation among WUS sequences or between WUS sequences and NPSS sequences across repetitions.
Observation 2: Time varying WUS design adds to receiver complexity for averaging and early WUS detection termination due to UE blind detection of time-specific WUS repetition.
Proposal 1: RE-level cover code WUS design is adopted. 
Proposal 2: Time-varying subframe specific WUS design is not adopted. 

WUS Design with RE-level Cover Codes
A WUS using ZC sequence d(n) with  length NZC=131 mapped to 11 symbols in 1 subframe is shown in Figure 2, where d(n) is expressed as
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Figure 2 Mapping WUS with NZC=59.
A non-coherent sliding detector is used to detect the WUS as illustrated in Figure 3. Data is buffered to accommodate the time drift. Frequency steps may be applied to accommodate the frequency drift.  
[image: ]
Figure 3 Non-coherent WUS detector.
The WUS design example with sequence Nzc=131 and repetitions at high MCL has been simulated in a Link-Level Simulator (LLS). Time offset and frequency offset were simulated. TD repetition was 1, 8, 16, 32, 64 repetitions. Channel profile with EPA 3Hz for fast fading was used. The WUS detector threshold was set to achieve a WUS false detection probability << 0.1% assuming one WUS per UE per PO configured.
 
	WUS Missed Detection probability [%]

	TD Repetitions
	1
	8
	16
	32
	64

	Frequency offset
	0
	4.5 kHz
	0
	4.5 kHz
	0
	4.5 kHz
	0
	4.5 kHz
	0
	4.5 kHz

	MCL=144 dB
	0.0
	0.2
	0.0
	0.2
	0.0
	0.1
	0.0
	0.2
	0.0
	0.0

	MCL=154 dB
	0.3
	0.8
	0.0
	0.2
	0.0
	0.3
	0.0
	0.2
	0.0
	0.1

	MCL=164 dB
	16.9
	18.3
	2.1
	2.6
	1.1
	1.5
	0.4
	0.8
	0.3
	0.5



Table 1. WUS detection performance
Proposal 3: WUS design is based on ZC sequence d(n) with  length N=131 mapped to 11 symbols in 1 subframe is adopted for the WUS design.
Proposal 4: The maximum WUS duration is 32 ms

The UE may be configured with a WUS sequence parameters – i.e. ZC root, cover code sequence index, number of repetitions. Whether the WUS configuration is UE specific or UE group specific can be transparent to any UE within the UE group. It is not preferred to link WUS to UE group to avoid unnecessary higher WUS configuration complexity. 
Observation 3: WUS configuration can be transparent to any UE within a UE group sharing the configured WUS configuration parameters 
Observation 4: Linking WUS to UE group is likely to result in unnecessary higher WUS configuration complexity.
Proposal 5: WUS design is not linked to UE group.

In [6], it is proposed to adopt UE grouping and 1-to-N mapping for idle UE. It is shown that the UE power consumption increases with UE grouping due to UE waking up when other UEs in the group are paged. The WUS overhead can be reduced with UE grouping.
Assuming 1-to-N mapping for idle UE, there is higher false alarm probability that a UE in group that is not paged unnecessarily wakes up to detect NPDCCH if another UE in the group is paged. It is sufficient if the network can ensure the number of groups configured and paging probability does not result in UE waking up its main receiver to detect the NPDCCH associated with POs/UE group too often – e.g. assuming 100 UEs and DRX cycle 2.56 second, 10% false alarm can be achieved with 10 groups and 5 minutes duty cycle, or 20 groups and 10 minutes duty cycle (paging probability = DRX cycle / Duty cycle).
Proposal 6: Network can ensure the number of groups configured and paging probability does not result in false alarm > 10%.

Impact of WUS transmission on legacy NSSS detection
A three-cell model based on [6] was simulated to evaluate the NSSS and WUS cross correlation,  where cell 1 and 2 are the interferers with either WUS or NSSS, and cell 3 is the desired signal NSSS. The simulations were run for Ior1, Ior2, Ior3 = 5.18, 0.29, and 0.25 dB respectively. Ior3/Ioc was set to -5 dB, which is a typical SNR at MCL=164 dB in standalone NB-IoT deployment. It is assumed that the relative delay of 1st path between the cell transmitted signals at the UE receiver is sufficiently small for the three signals to fall within the NSSS sliding detector window. 
The CDF of inter-cell cross-correlation pairs are given in Figure 4. A Gold cover code length 127 was used to differentiate with the legacy NSSS. The intercell cross-correlation of NSSS and WUS shows no degradation compare to the cross-correlation of NSS with other cell NSSS interference.
Observation 5: WUS design based on 131-length ZC sequence with 127-length Gold cover code shows similar inter-cell cross-correlation with WUS interferers or NSSS interferers to NSSS. 

As mentioned in section 2, network takes can care of avoiding worst cross correlation issue by careful planning. It was observed in the simulations that a 2 dB in the worst cross-correlation value can be achieved by restricting 3% of the inter-cell cross-correlation pairs. 
Observation 6: A 2 dB in the worst cross-correlation value can be achieved if network restricts 3% of the inter-cell cross-correlation pairs.
Proposal 7: WUS design based on ZC sequence length of 131 mapped within one subframe with RE-level cover code is adopted.
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Figure 4 CDF of inter-cell cross-correlation

Conclusion
In this contribution, we discussed design aspects for the WUS. We further gave an example and provided LLS evaluation.
Observation 1: Careful network planning can avoid worst cross-correlation among WUS sequences or between WUS sequences and NPSS sequences across repetitions.
Observation 2: Time varying WUS design adds to receiver complexity for averaging and early WUS detection termination due to UE blind detection of time-specific WUS repetition.
Proposal 1: RE-level cover code WUS design is adopted. 
Proposal 2: Time-varying subframe specific WUS design is not adopted. 
Proposal 3: WUS design is based on ZC sequence d(n) with  length N=131 mapped to 11 symbols in 1 subframe is adopted for the WUS design.
Proposal 4: The maximum WUS duration is 32 ms
Observation 3: WUS configuration can be transparent to any UE within a UE group sharing the configured WUS configuration parameters 
Observation 4: Linking WUS to UE group is likely to result in unnecessary higher WUS configuration complexity.
Proposal 5: WUS design is not linked to UE group.
Proposal 6: Network can ensure the number of groups configured and paging probability does not result in false alarm > 10%.
Observation 5: WUS design based on 131-length ZC sequence with 127-length Gold cover code shows similar inter-cell cross-correlation with WUS interferers or NSSS interferers to NSSS. 
[bookmark: _GoBack]Observation 6: A 2 dB in the worst cross-correlation value can be achieved if network restricts 3% of the inter-cell cross-correlation pairs.
Proposal 7: WUS design based on ZC sequence length of 131 mapped within one subframe with RE-level cover code is adopted.
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Appendix

Table 1: Cell Identification Test Parameters
	Parameter
	Unit
	Cell 1
(Interferer 1)
	Cell 2
(interferer 2)
	Cell 3
(Desired cell)

	MCL
	dB
	N/A
	N/A
	164 dB

	Type of interferer
Case A
Case B
	-
	
NSSS
WUS
	N/A
	N/A

	Ior/Ioc
	dB
	5.18
	0.29
	0.25

	Number of Tx antennas
	-
	1
	1
	1

	NSSS ID
	-
	See Table 2, 3
	See Table 2, 3
	See Table 2, 3

	WUS sequence ID 
	-
	See Table 2, 3
	See Table 2, 3
	See Table 2, 3

	Propagation Condition
	-
	Log normal distribution with std=3dB

	Ioc Model
	-
	AWGN
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