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1. Introduction
In  RAN1 #90bis the following was agreed [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 the email discussion, the reference scenarios, power models, and simulation assumptions to be used were also agreed in [2].

In this contribution, we compare different WUS sequence designs in terms of WUS miss detection performance, receiver complexity, as well as the sequence cross-correlation properties. Also, we provide our views on the detailed design of a WUS sequence. 
 
2. Comparison of WUS sequence designs 
2.1. Different WUS sequence designs 
This section we compare two different types of WUS sequence designs based on the long ZC sequence. Similar to NSSS, we choose ZC sequence of 131-length as the base sequence for WUS. It is because we try to reuse the generator and algorithm for NSSS as much as possible for the low-cost NB-IoT UEs. When the cover codes of the ZC sequence is same, i.e., for the same UE group ID in the sync cells (e.g., with cell planning to share same MSB of cell IDs), the ZC sequence correlation for those cells is pretty low, below -21.2dB. For low MCL, short WUS is sufficient. For high MCL, we repeat the 1-subframe-based WUS sequence for length extension, so that the processing complexity at the UE side is minimized. 
Proposal 1: WUS sequence is based on the repetition of 1-subframe sequence to minimize the detection complexity.
In this contribution, we compare two types of WUS designs for the 1-subframe-based WUS base sequence. The WUS Type0 is the ZC sequence multiplexed with RE-level cover codes, i.e.,  is the freq-domain sequence of the n-th symbol. The WUS Type1 is ZC sequence differentially encoded on each symbol, i.e.,  is the freq-domain sequence of the n-th symbol [3].  As illustrated in Figure 1, we use 131-length ZC mapping on the 12-subcarriers of 11 symbols per subframe for both Type0 and Type 1 for fair comparison.
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Figure 1 WUS sequence designs
2.2. Cross-correlation comparison 

Similar to NSSS, we use the 131-ZC sequence to carry part of the cell IDs, e.g., , by using different ZC roots. 



For the WUS Type0, the remaining cell IDs, e.g., , are conveyed by the RE-level cover codes with length of 131; while for WUS Type1, the remaining cell IDs is limited in the base sequence with length of 12. We use a long Gold sequence to generate the cover code of WUS Type0. The truncated sequence of 12-length is used as the base sequence for WUS Type1 as . Assuming one WUS per cell (without UE grouping), the CDF of inter-cell cross-correlation properties of 504x503 pairs of cells are given in Figure 2. The WUS Type0 has steeper CDF and its max inter-cell cross-correlation is -13.2dB, which is 3.7dB lower than that of WUS Type1.
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Figure 2 CDF of inter-cell cross-correlation
Observation 1: Compared with WUS Type1, the WUS Type0 has better inter-cell cross-correlation, especially for max cross-correlation of the worst pair of Cell IDs. 

2.3. Detection algorithms, complexity and performance 
According to [3], the motivation to use differential encoding in WUS Type1 is because of auto-correlation, insensitive to the frequency offset. However, it is possible to use differential decoding for any type of WUS sequences. We have tried the following algorithms for time-domain detection for comparison.
Algorithm 1: Differential decoding and cross-correlation with local differentially decoded sequence for symbols in a subframe

				(1)
Algorithm 2: Cross-correlation with local sequence per symbol and then differential decoding symbols in a subframe

					(2)
Algorithm 3: Cross-correlation with local sequence for all symbols per subframe

,					(3)
where yn(t) is the received signal and sn(t) is the local sequence of the n-th symbol, t is the sample index per symbol and T is the number of samples per symbol.
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(a) WUS Type0 vs. WUS Type1 (FreqOffset=0kHz)
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(b) FreqOffset=0kHz vs. FreqOffset=+/-4.5kHz (WUS Type0)
Figure 3 Miss detection of WUS sequences (False alarm = 2%, MCL=164dB)
Figure 3 (a) compares the WUS Type0 and Type1 by using Algorithm 1, 2, 3, respectively, assuming no frequency error and no timing drift. We assume transmit diversity based on subframe-by-subframe antenna switching with detailed explanation in [4]. The MCL=164dB and false alarm is set as 2% to set the threshold. Using different Algorithm 1, 2 or 3, WUS Type0 and Type1 performs similarly.
Figure 3 (b) shows the impact of frequency offset on Algorithm 1, 2, 3, respectively, using WUS Type0. Also, we assume transmit diversity based on subframe-by-subframe antenna switching [4]. The MCL=164dB and false alarm is set as 2% to set the threshold. Algorithm 1 using differential detection is insensitive to any frequency error. But Algorithm 2 using cross correlation within a symbol without frequency hypotheses degrades slightly. Both Algorithm 1 and 2 do not need frequency hypotheses for WUS detection. For Algorithm3, we use 10 hypotheses as [-4.5:1:4.5] kHz. But as shown in Figure 3(b), it is necessary to use the cross correlation to achieve reasonable repetitions of WUS, which is more important for the sake of less system overhead and less UE power consumption. 
Observation 2: WUS Type0 and Type1 performs similarly using different kinds of detection algorithms.
Observation 3: Differential correlation (Algorithm 1 and 2) suffer from noise enhancement. Algorithm 2 performs much better than Algorithm 1 since it averages the noise within one symbol, but degrades slightly due to frequency offset.
Observation 4: Compared with Algorithm 1 and 2, the cross-correlation (Algorithm 3) performs much better and significantly reduce the required WUS length to achieve 1% miss detection. 
Table 1 Complexity comparison
	
	Algorithm1 Diff + Cross
	Algorithm2 Cross + Diff
	Algorithm3 Cross

	 Time-domain sampling
	Full 
	1/8 
	Full 
	1/8 
	Full 
	1/8 

	sampling freq (kHz)
	1920
	240
	1920
	240
	1920
	240

	operation per hypo
	19180
	2397.5
	12136
	1587
	12059
	1510

	time hypotheses
	10 (reuse the differential decoding)
	10
	10
	10
	10
	10

	freq hypotheses
	1
	1
	1
	1
	10
	10

	MOPS
	117.8
	14.7
	121.2
	15.9
	1085.3
	135.9



Comparing the complexity of Algorithm 1~3 in Table 1, Algorithm 3 relatively has higher complexity to due to multiple hypotheses of frequency offsets. With a few number of frequency hypotheses, the MOPS of Algorithm 3 per subframe together with the total number of repetitions should be considered together for implementation complexity of the wake-up receiver.
Observation 5: Both Algorithm 1 and 2 do not need frequency hypotheses for WUS detection.
Observation 6: Algorithm 3 requires hypotheses of frequency offset, resulting in higher complexity. But it is necessary to use Algorithm 3 to achieve reasonable repetitions of WUS, which is more important for the sake of less system overhead and less UE power consumption.

Based on the above analysis, we have the following proposals.
Proposal 2: WUS sequence is designed based on the ZC sequence multiplexed with RE-level cover codes (WUS Type0 in Figure 1).
Proposal 3: For large MCL, the cross-correlation detection is necessary to use reasonable repetitions of WUS sequence to satisfy the miss detection/false alarm requirement.

3. Detailed WUS sequence design 
3.1. WUS sequence based on Type0
In this section, the sequence design for WUS is described, considering the following properties:
· Carry cell ID information to differentiate the WUS of the serving cell and neighbour cells  
· Carry the UE group identifier information to achieve power saving gain by detecting WUS to wake up at the right timing for paging
· Carry part of the information of SFN, so that UEs could use NPSS/NSSS but not need to read PBCH prior to WUS detection.
· Enable configurable burst transmission with repetitions to enable fast acquisition
· Provide good correction properties and detection probabilities

We try to reuse part of the legacy sync sequences to consider the WUS design for sake of simplicity. For example, we use a Zadoff-Chu (ZC) sequence of NSSS with a particular root to indicate part of the cell ID. Similar as the NSSS, the ZC sequence may be a 131-length ZC sequence, which may be mapped to 131 resource elements in 11 symbols of a PRB. Furthermore, the eNB encodes a cover code to the ZC sequence to indicate the remaining portion of the cell ID as well as the UE group identifier . Also as we discussed in [5], it is possible to include part of the SFN information in the cover codes so that the UEs do not need to cost long time for NPBCH detection if timing error is large. In each subframe unit, the WUS sequence is illustrated as:


wherein b(m) is a cover code using a Gold sequence with length of 127, given by



with 


initialized by 

.
Proposal 4: The WUS sequence conveys the cell ID, UE group ID as well as part of the SFN information.

3.2. WUS cross-correlation

In Sect. 3.1, we use the cyclic shifts of a pair of m-sequences in the cover codes to carry the remaining cell IDs, UE group ID as well as the SFN information. The cyclic shift  for the second m-sequence is initialized as a function of UE group ID and the SFN information. The total number of UE groups, , could be configured and broadcast by network. According to analysis in [4], max 4 UE groups are sufficient for WUS in idle mode paging. Together with SFN information, the possible values of  is controlled within the range of [0,7]. Due to low correlation of Gold sequences, the intra-cell cross-correlation is as low as -30dB even when up to 8 different . The CDF of inter-cell cross-correlation is given in Figure 3 and the max cross correlation does not change for different range of .  
Table 2 Max intra-cell and inter-cell cross-correlation as a function of 
	Total number of possible values 
	1
	2
	4
	8

	Max intra-cell cross-correlation (dB)
	-
	-36.4
	-36.4
	-30.4

	Max inter-cell cross-correlation (dB)
	-13.2
	-13.2
	-10.3
	-10.3


[image: ]
Figure 3 CDF of inter-cell cross-correlation of WUS Type0
Observation 7: WUS using max 8 cyclic shifts in the cover codes to carry UE group ID and information of SFN still have good cross-correlation properties.
Proposal 5: The WUS sequence conveys the UE group ID + SFN information in a set of 8 cyclic shifts for the cover code and the total number of UE groups are configured and broadcast by network.

4. Conclusion
The observations and proposals made in this contribution are summarized below.
Proposal 1: WUS sequence is based on the repetition of 1-subframe sequence to minimize the detection complexity.

Observation 1: Compared with WUS Type1, the WUS Type0 has better inter-cell cross-correlation, especially for max cross-correlation of the worst pair of Cell IDs. 
Observation 2: WUS Type0 and Type1 performs similarly using different kinds of detection algorithms.
Observation 3: Differential correlation (Algorithm 1 and 2) suffer from noise enhancement. Algorithm 2 performs much better than Algorithm 1 since it averages the noise within one symbol, but degrades slightly due to frequency offset.
Observation 4: Compared with Algorithm 1 and 2, the cross-correlation (Algorithm 3) performs much better and significantly reduce the required WUS length to achieve 1% miss detection. 
Observation 5: Both Algorithm 1 and 2 do not need frequency hypotheses for WUS detection.
Observation 6: Algorithm 3 requires hypotheses of frequency offset, resulting in higher complexity. But it is necessary to use Algorithm 3 to achieve reasonable repetitions of WUS, which is more important for the sake of less system overhead and less UE power consumption.
[bookmark: _GoBack]
Proposal 2: WUS sequence is designed based on the ZC sequence multiplexed with RE-level cover codes (WUS Type0 in Figure 1).
Proposal 3: For large MCL, the cross-correlation detection is necessary to use reasonable repetitions of WUS sequence to satisfy the miss detection/false alarm requirement.
Proposal 4: The WUS sequence conveys the cell ID, UE group ID as well as part of the SFN information.
Observation 5: WUS using max 8 cyclic shifts in the cover codes to carry UE group ID and information of SFN still have good cross-correlation properties.
Proposal 6: The WUS sequence conveys the UE group ID + SFN information in a set of 8 cyclic shifts for the cover code and the total number of UE groups are configured and broadcast by network.
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Appendix: Power Models Used for Simulation
The power models and simulation assumptions to be used for analysing the power savings were also agreed in [2] and are shown in Table A1-A3 below. Note that these models are used to obtain a rough estimate of power savings and may not represent the actual power consumption/savings. 
Table A1: MCL and SNR mapping
	Transmitter
	 

	(0) Max Tx power(dBm)
	46

	(1) Actual Tx power (dBm)
	35

	Receiver
	 

	(2) Thermal noise density (dBm/Hz)
	-174

	(3) Receiver noise figure (dB)
	5

	(5) Occupied ch bandwidth (Hz)
	180000

	(6) Effective noise power= (2) + (3) + 10 log((5))  (dBm)
	-116.45

	(7) Required SINR (dB)
	-12.6/-2.6/7.4

	(8) Receiver sensitivity= (6) + (7) (dBm)
	-129

	(9) Baseline MCL= (1) - (8) (dB)
	164/154/144


[bookmark: _Ref490189508]Table A2: Link-level simulation Assumptions
	Parameter
	Value

	BS TX antenna configuration
	1Tx for standalone, 2 Tx for in-band/guard-band

	BS power
	43 dBm for stand-alone, 35 dBm for in-band/guard-band

	System BW
	180 kHz

	Band
	900 MHz

	Channel model 
	TU

	Doppler spread 
	1 Hz

	Time/frequency drift, in idle mode
when not relying on DL synchronization
	[0.05] ppm/s, 20ppm

	Maximum frequency error, in idle mode 
when not relying on DL synchronization
	±5 ppm

	Frequency error, 
when not relying on DL synchronization
	±4.5kHz 

	UE RX antenna configuration
	1 Rx

	UE NF
	5dB

	Coupling loss
	144, 154, 164 dB


Table A3: Power model [2]
	Operating mode
	Power [units/ms]
	Total ramp up or ramp down time [ms]
	Notes

	Idle, deep sleep
	0.015/[0.05]
	
	Deep sleep during PSM and eDRX,
depending on UE architecture.

	Transitions to or from deep sleep
	50
	200/[25]
	Boot, reload memory etc.,
depending on UE architecture.

	Transitions to or from light sleep
	50
	15
	Boot, reload memory etc.,
depending on UE architecture.


Table A4: Scenarios for feNB-IoT [2]
	Scenario
	A
	B
	C

	eDRX cycle [s]
	-
	20.48
	327.68

	DRX cycle [s]
	2.56
	1.28
	1.28

	#POs/PTW
	1
	4
	4

	Paging rate [%]
	10
	10
	10
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