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1. Introduction
In RAN1 #92bis the following was agreed [1]: 
Agreement
· WUS can be time-varying from subframe to subframe.
· Besides information on cell ID, WUS signal is designed based on the following information: 
· UE group ID (if introduced)
· time information of the starting subframe of the WUS or PO (Paging Occasion)
· FFS: (part of) the SFN information

Agreement
· When generating power saving signal in a subframe where NRS is assumed to be transmitted, the power saving signal in the subframes shall be generated and mapped in the same way as in other valid subframes where NRS is not assumed to be transmitted;
· WUS is punctured in RE-level by NRSs.

Agreement
WUS signal in a subframe is as follows,
[image: ]
where LZC = 131 for inband mode (FFS for SA and GB modes)
· [bookmark: _Hlk511920673]FFS RE-level cover codes/RE-level scrambling sequence c(m) using 
· Hadamard codes
· Gold sequences
· M sequences
· FFS phase shift
· FFS detailed design for time-varying 
· 11 symbols for inband mode and 14 symbols for SA and GB modes
· Strive toward as much as possible commonality between SA/GB and inband


In this contribution, we discuss the following remaining issues of the WUS sequence design and WUS transmission. 
· WUS base sequence
· WUS sequence for inband operation mode
· WUS sequence for standalone/guardband operation mode
· Time varying of WUS sequence
· For interference randomization
· For potential WUS overlapping
· WUS tx diversity
· changing X for coherent detection
· Antenna dimensions
2. Base WUS sequence design
2.1 WUS sequence for Inband operation mode
For inband operation, the first 3 symbols are used for PDCCH and the remaining 11 symbols are used for WUS transmission per subframe. The sequence design for WUS should consider 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 and waking 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 NPBCH prior to NPDCCH detection.
· Provide good correction properties and detection performance, which is robust against sync error if RRM measurement relaxation is applied


A NSSS-like sequence has been agreed for WUS sequence design. For 11-symbol base sequence, the 131-length ZC is used to carry part of the Cell ID as NSSS. And on top of ZC sequence, the eNB encodes a cover code to indicate the remaining MSB of cell ID as well as the UE group identifier . In addition, it is helpful 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 127-length Gold sequence, given by



with 


initialized by 

.

We use the cyclic shifts of a pair of m-sequences in the cover codes to carry the remaining cell IDs, UE group ID and the MSB of SFN information. The cyclic shift  for the second m-sequence is initialized as a function of UE group ID and the MSB of SFN information. The total number of UE groups, , could be configured and broadcast by network. According to analysis in [3], max 4 UE groups are sufficient for WUS in idle mode paging. Together with the MSB of SFN information, there are up to 8 possible values of . 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 WUS cross-correlation is given in Figure 1 and the cross-correlation CDF does not change significantly. The max inter-cell cross correlation is up to -10.3dB for up to 8 different  .  

Table 1 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 1 CDF of inter-cell cross-correlation of WUS Type0
[bookmark: _Hlk513647601]Observation 1: WUS using max 8 Gold sequence cyclic shifts in the cover codes to carry UE group ID and SFN information still have good cross-correlation properties.











Regarding the phase shift on WUS base sequence, there is some concern on the WUS false alarm performance. In the presence of timing drift for WUS detection, the phase shift may introduce the sidelobes. For example, if the phase shift  is added on top of the WUS base sequence as . The cross correlation of  and  when the relative phase of  and  is illustrated in Figure 2 within the time window of [-500, 500] samples (with 1/1.92us per sample), where  is assumed in Figure 2(a) and  in Figure 2(b). We find the high side lobe of  when the timing offset is around 31 samples (16us) or 62 samples (32us), which is within the range of max ±51.2us when DRX cycle is 10.24s. It will result in high false alarm and wake up the UEs using  but wrongly detect . The undesirable behaviour wastes the power consumption. The potential impact of frequency phase shift needs to be further investigated taking into account the sync error for WUS detection.
[image: ] [image: ]
(a) 

				 (b) 
Figure 2 Cross correlation of WUS sequence with frequency phase shift
[bookmark: _Hlk513647607]Observation 2: Phase shift may introduce sidelobes of cross correlation in the presence of timing drift, resulting in higher WUS false alarm.
Proposal 1: The inband-mode WUS sequence conveys the cell ID, UE group ID as well as part of the SFN information by using the 131-ZC sequence and the cover code based on 127-Gold sequence.
Proposal 2: The WUS sequence conveys the UE group ID and SFN information in a set of 8 cyclic shifts of the cover code and the total number of UE groups are configured and broadcast by network.
2.2 WUS sequence for Guardband/Standalone operation mode
For Guardband/Standalone operation mode, there are 14 symbols per subframe available for WUS transmission. We have two possible alternatives for 14-symbol WUS base sequence for GA/SA operation mode.
Alt1: Repeat part of 11-symbol inband WUS base sequence to extend into 14-symbol
· Repeat the last 3 symbols of the inband 11-symbol WUS using 131-ZC sequence and 132-RE cover codes based on 127-Gold sequence as the front 3 symbols
· ZC root u=cell_ID mod 126 + 3 carried in 131-ZC sequence
· Cyclic shift m0=1+floor(cell_ID/126) carried in 127-Gold sequence
Alt2: Design new 14-symbol long sequence
· 151-ZC sequence and 168-RE cover codes based on truncated 255-Gold sequence
· ZC root u=cell_ID mod 126 + 3 carried in 151-ZC sequence
· Cyclic shift m0=1+floor(cell_ID/126) carried in 255-Gold sequence

In Figure 2, we evaluate the cross correlation in time window of [-500, 500] samples (with 1/1.92us per sample) assuming cell ID=2 with ZC root=5 and no UE grouping. Alt1 and Alt2 have similar performance and both show high peak and pretty low sidelobes (<-17dB) even within large time searching window. It is not necessary to design a new sequence and we can reuse the inband WUS base sequence as Alt1, which can save the memory and improves commonality between the inband-mode and the GB/SA mode WUS. 
Also, we compared the cross-correlation between 14-symbol WUS and 11-symbol NSSS, where only the last 11 symbols of WUS will have impact on NSSS. The WUS of Alt2 using truncated sequence has worse cross correlation, i.e., the worst cell ID pair is 1.3 worse than that of Alt1 as shown in Table 2.

Table 2 Max cross-correlation between WUS and NSSS
	Type of WUS design
	Alt1
	Alt2

	max cross-correlation 
with NSSS (dB)
	-12.7
(+0)
	-11.4
(+1.3)



[image: ]
Figure 2 Cross correlation in time window

[bookmark: _Hlk513647638]Proposal 3: The SA/GB-mode WUS sequence is generated by reusing the inband-mode WUS by repeating the last 3 symbols as the front 3 symbols.
3. Time varying for WUS sequence
In RAN1#92bis meeting, we have agreed:
Agreement
· WUS can be time-varying from subframe to subframe.
· Besides information on cell ID, WUS signal is designed based on the following information: 
· UE group ID (if introduced)
· time information of the starting subframe of the WUS or PO (Paging Occasion)
· FFS: (part of) the SFN information

Several contributions [4][5][6] have discussed the time varying for WUS sequence. However, there are two different problems:
· Problem 1: Interference randomization [4][5]
· In order to reduce the impact of inter-cell interference due to poor cross correlation of bad cell ID pairs, the index of current WUS subframe could be considered in WUS sequence design to differentiate the WUS repetitions over multiple subframes. For example, use the time-domain scrambling sequence, similar as that of NPDCCH, where the symbol-level scrambling sequence is initialized at the beginning of each subframe


· Another alternative it to use the frequency phase shift in [7]. However, as discussed in Sect. 2.1, WUS using phase shift suffer from false alarm risk in the presence of timing drift. 

· Problem 2: WUS overlapping corresponding to different POs [6]
· Based on the paging configuration, the DRX cycle is cell-specific but the starting subframe offset for different UEs’ paging could be #0, #4, #5, #9 in a radio frame for FDD and #0, #1, #5, #6 in a radio frame for TDD. The worst case with PO distance for intra-cell UEs could be 1ms. The overlapping of POs has been discussed extensively in LTE previous releases. However, this issue is not solved yet. It is up to eNB to avoid the overlapping of POs for different UEs. Compared with paging, the WUS has much shorter duration, e.g., in the level of 1/16 of NPDCCH repetitions, so that it would be easier to avoid overlapping of two WUSs compared with associated POs. But if we want to further improve the WUS performance and handle the case of false alarm resulting from detecting the potential overlapped WUSs, the timing of starting point of WUS could be included in the WUS design. 

To solve both Problem 1 and Problem 2, we propose to use symbol-level scrambling sequence, initialized at the beginning of WUS sequence as

where we replace the current subframe index  in  by the staring subframe index . But it is a long scrambling sequence, which sets  only at the starting point instead of every subframe. 

[bookmark: _Hlk513647645]Proposal 4: Use symbol-level scrambling sequence similar as NPDCCH but initialized at the beginning of WUS as


4. WUS Transmit Diversity 
In  RAN1 #91 the following was agreed: 
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

The transmit diversity can significantly improve the WUS performance. We investigate two different ways to achieve the transmit diversity gain: tx antenna switching with 2 or 4 antennas for non-coherent combining and WUS with X>=1 consecutive subframes for coherent combining.

5.1 Tx antenna switching
On single antenna port, the eNB could switch 2 or 4 antennas in TDM manner, using a pattern of antenna switching shown in Figure 3. The performance of WUS with 1 tx antenna is also shown as a reference of no tx diversity (txd=1). Here we set X=1 for coherent detection and non-coherent across subframes. In the evaluation, the WUS is detected by using cross-correlation. 
The detailed simulation assumption is given in Appendix Table A2. According to Figure 4, the increase of diversity dimension by using more tx antennas can significantly reduce the required WUS duration to achieve 1% miss detection at false alarm=1%. If 4-antenna switching, the required WUS duration is only 8ms for MCL=164dB if ideal synchronization is prior to the WUS detection. Even in case of frequency offset as large as +/-4.5kHz, as shown in Figure 4 (b), the required WUS is only 12ms when txd=4. For endurable complexity shown in Appendix 2, we use 10 freq hypotheses with 1kHz-step for frequency offset. 
[image: ]
Figure 3 TDM for WUS with tx diversity
[image: ] [image: ]
(a) FreqOffset = 0kHz			(b) FreqOffset = +/-4.5kHz
Figure 4 WUS miss detection w/ txd=1/2/4 (when False alarm=1%)
[bookmark: _Hlk513647651]Observation 3: 
· If no transmit diversity, X subframes for coherent detection is dependent on UE implementation.
· The transmit diversity at eNB side with 4 tx antenna switching significantly reduce the required WUS duration.
Proposal 5: The WUS transmit diversity by using more than 2 antennas should be considered to further reduce the required WUS duration.

5.2 WUS patterns with X subframes for coherent combining
In case of 4-antenna switching, it can be seen in Figure 4 that WUS with X=1 only requires 8~12ms even for MCL=164dB. If using X=2, the WUS pattern with “00112233…” to switch antenna index 0~3 per subframe will cost at least 8ms to achieve full combining of txd=4. But for the UE with MCL=154dB, it is unnecessary to monitor the whole WUS but to only detect the first 2ms with X=1, txd=2 so as to meet 1% miss detection requirement already. The early termination could save more power for the UE in good coverage. Therefore, in case of txd=4, the WUS pattern with X=1 works well for all the UEs with different MCL.
UE ant index per subframe
txd=4, X=1:	0 1 2 3 0 1 2 3 …
MCL=164dB:  	0 1 2 3 0 1 2 3 …
MCL=154dB:  	0 1
MCL=144dB:  	0

[bookmark: _Hlk513647663]Observation 4: If four-antenna switching every X subframes,
· The WUS pattern with X=1 only requires UEs to detect WUS duration of around 1ms/2ms/12ms for MCL=144/154/164dB, respectively. 
In case of 2-antenna switching, we compare X={1, 2, 4} consecutive subframes for coherent combining to improve the WUS performance in Figure 5. We assume no frequency offset and large frequency offset as +/-4.5kHz, respectively. 
[image: ] [image: ]
(b) FreqOffset = 0kHz			(b) FreqOffset = +/-4.5kHz
Figure 5 WUS miss detection with X=1/2/4 for txd=2 (when False alarm=1%)
Observation 5: If 2-antenna switching every X subframes,
· WUS with X=2 and 4 can further improves the detection performance than X=1. 
· WUS with X=4 is slightly more sensitive to frequency offset than that of X=2.
In the following, we further investigate the possible WUS transmission pattern by using X=1 and/or 2 to further improve WUS for different MCL. There are two antenna ports switched every X subframe(s). For the UE with MCL=144dB, the one-subframe WUS is sufficient and no tx diversity is needed, i.e., txd=1 and X=1. For the CE UE, WUS with tx diversity is necessary. In case of MCL=154, as shown in Figure 6, 2-subframe WUS with tx diversity using only X=1 subframe coherent detection can already achieve 1% miss detection, i.e., txd=2 and X=1. However, if MCL=164dB, the WUS sequence repetitions with txd=2, X=2 subframe coherent combining performs the best. 
According to the analysis, a mixed WUS pattern with the configuration of X=1 at the beginning 2 subframes and X=2 for the remaining part would be beneficial to UEs with different MCL, e.g., the UE with smaller MCL could terminate the WUS detection as early as possible. 
If UE cannot do the SINR estimation for early termination, e.g., on non-anchor carrier, X=2 is preferred since the UE has to detect the WUS until the end.

UE ant index per subframe
txd=2, X=1 and 2:	0 1 0 0 1 1 0 0 1 1 
MCL=164dB:  		0 1 0 0 1 1 0 0 1 1
MCL=154dB:  		0 1
MCL=144dB:  		0

 [image: ]
Figure 6 WUS miss detection with X=1 and/or 2 for txd=2 (when False alarm=1%)

Observation 6: If two-antenna switching every X subframes,
· Compared with other patterns, TxPattern3 (txd=2, mixed X=1 and 2) is best for UEs in different coverage.
· The UEs in MCL=164dBm requires 24ms to achieve 1% WUS miss detection error by using TxPattern3 (close to 22ms based on TxPattern2), 30% less than 34ms of TxPattern1.
· The UEs in MCL=154dBm only requires 2ms for early termination if using TxPattern3 (same as TxPattern1), 50% less than 4ms of TxPattern2. 
Proposal 7: Indicate tx diversity on/off and tx pattern for tx diversity per carrier.
· In case of no transmit diversity, X subframes for coherent detection is dependent on UE implementation.
· In case of tx diversity, WUS sequence with X={1 and/or 2} can be considered for WUS pattern.
· X=1
· X=2
· X=1 for 1st 2 subframes and X=2 for the remaining subframes 
5. Conclusion
Summary of our observations and proposals for WUS sequence design:
Observation 1: WUS using max 8 Gold sequence cyclic shifts in the cover codes to carry UE group ID and SFN information still have good cross-correlation properties.
Observation 2: Phase shift may introduce sidelobes of cross correlation in the presence of timing drift, resulting in higher WUS false alarm.
Proposal 1: The inband-mode WUS sequence conveys the cell ID, UE group ID as well as part of the SFN information by using the 131-ZC sequence and the cover code based on 127-Gold sequence.
Proposal 2: The WUS sequence conveys the UE group ID and SFN information in a set of 8 cyclic shifts of the cover code and the total number of UE groups are configured and broadcast by network.
Proposal 3: The SA/GB-mode WUS sequence is generated by reusing the inband-mode WUS by repeating the last 3 symbols as the front 3 symbols.
Proposal 4: Use symbol-level PN scrambling sequence, initialized at the beginning of WUS as


Summary of our observations and proposals for WUS tx diversity/pattern:
Observation 3: 
· If no transmit diversity, X subframes for coherent detection is dependent on UE implementation.
· The transmit diversity at eNB side with 4 tx antenna switching significantly reduce the required WUS duration.
Proposal 5: The WUS transmit diversity by using more than 2 antennas should be considered to further reduce the required WUS duration.
Observation 4: If four-antenna switching every X subframes,
· The WUS pattern with X=1 only requires UEs to detect WUS duration of around 1ms/2ms/12ms for MCL=144/154/164dB, respectively. 
Observation 5: If 2-antenna switching every X subframes,
· WUS with X=2 and 4 can further improves the detection performance than X=1. 
· WUS with X=4 is slightly more sensitive to frequency offset than that of X=2.
Observation 6: If two-antenna switching every X subframes,
· Compared with other patterns, TxPattern3 (txd=2, mixed X=1 and 2) is best for UEs in different coverage.
· The UEs in MCL=164dBm requires 24ms to achieve 1% WUS miss detection error by using TxPattern3 (close to 22ms based on TxPattern2), 30% less than 34ms of TxPattern1.
· The UEs in MCL=154dBm only requires 2ms for early termination if using TxPattern3 (same as TxPattern1), 50% less than 4ms of TxPattern2. 
Proposal 7: Indicate tx diversity on/off and tx pattern for tx diversity per carrier.
· In case of no transmit diversity, X subframes for coherent detection is dependent on UE implementation.
· In case of tx diversity, WUS sequence with X={1 and/or 2} can be considered for WUS pattern.
· X=1
· X=2
· X=1 for 1st 2 subframes and X=2 for the remaining subframes 
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Appendix 1: Simulation Assumption
The simulation assumptions to be used for WUS evaluation were also agreed in [2] and are shown in Table A1-A2 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
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No AWGN noise, root = 7, CrossCorr, freqOffset = 0kHz
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With TxD, ZC= 131, FA = 1%, Cross correlation, freqOffset=+/-4.5kHz
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With TxD=2, ZC= 131, FA = 1%, Cross corr, timeDrift=0us, freqOffset=+/-4.5kHz
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