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1. Introduction
In this contribution, we analyze the wake-up signal (WUS) designs. Two main designs are evaluated – one that is NB-IOT like and uses RE level cover codes and one that uses SF level cover codes. We studied thier detection performance, UE complexity (in terms of MOPS and RAM), and cross correlation properties. 
Other open issues discussed includes:
· WUS Width

· Timing Information

· WUS Scaling Factors

· Gap between end of WUS and PO

· UE Grouping

· RRM Relaxation

· PSD Boosting Signaling
· WUS frequency location

· Reference Signal Collisions

· WUS collision with SF carrying SI

· TX Diversity Signalling

2. WUS Width

The NB-IOT WUS design is constrained to 1 PRB but the LTE-M design can be up to 6 PRBs. However, there are several advantages to using a narrow signal:

· Lower UE complexity

· PSD boosting friendly

· Lower UE power consumption

There is one disadvantage to 1 PRB:

· Loss in detection performance due to the loss of frequency diversity. 

Simulation results have indicated that 2 PRBs almost completely negates the frequency diversity loss that the 1 PRB has so the choice in width for WUS should be 2 PRBs.

Proposal: WUS width should be 2 PRBs 

3. Timing Error 
In RAN1#92, the following NB-IOT agreement was made

· WUS provides sync of up to the timing/frequency offset resulting from not synchronizing for N DRX cycles
Although the above agreement was only made for NB-IOT, it is useful to make a similar agreement for LTE-M.  
Proposal: WUS provides sync of up to the timing/frequency offset resulting from not synchronizing for N DRX cycles. N is FFS.
It means the WUS can provide some timing/frequency offset synchronization but how much has not been agreed which can greatly affect the WUS design. For example, if the WUS is simply duplicated every SF, there will be large false peaks every 1ms making it difficult to detect timing errors of greater than +/- 0.5 ms. If the UE’s clock accuracy is 5ppm, this means the maximum duration the UE could sleep for is 100 s but is only 25 s if the clock accuracy is 20ppm. Running on lower accuracy XTALs saves UE power and is less expensive especially integrated CMOS XTALs.  Although, the UE would likely have to do RRM measurements requiring a re-sync after 100 s, it is unlikely needed after 25 s especially with the measurement reduction work RAN4 is investigating. A good design goal would be for the WUS to provide UE timing to within +/- 2 ms allowing a UE with a 20ppm XTAL to be able to be unsynchronized (i.e. deep sleep) for 100 s. Given the above, the following proposal is made:

Proposal: The WUS should provide UE timing information of at least +/- 2 ms.
4. WUS Signal Designs
This tdoc analyses two sequence designs, one based on RE level cover codes which is similar to the NB-IOT WUS design and another design based on SF level cover codes which has been investigated in some of the RSS papers. Three main criteria where used to evaluate the performance:
· UE Complexity

· Detection Performance

· Cross Correlation with other sequences
RE Level Cover Code Design Description
In NB-IOT, it was agreed that the WUS is to use an RE level cover code/scrambling code:

WUS signal in a subframe is as follows,
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where LZC = 131 for inband mode (FFS for SA and GB modes)
· FFS RE-level cover codes/RE-level scrambling sequence c(m) 

The length of the cover code or scrambling code has not yet been agreed, so some level of repetition is possible. As will be shown in later sections, the use of repetitions will decrease UE complexity. In this paper, the length of the cover code is referred to as the base sequence which can be less than the WUS length. The figure below shows examples for a 32ms WUS with base sequence lengths of 2, 8 and 32 SFs (the 2 and the 8 SFs base sequences are repeated to form a 32ms WUS):
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SF based Cover Code Design Description
For the RSS design, it was found in [3] that, using a SF based cover code, UE complexity could be reduced. This approach will be analysed for use with WUS.
4.1. UE Complexity 
In this paper, the MOPS calculations are based on a cross-correlation method using the Overlap and Add technique [2]. 
Real-time processing of WUS
The MOPS below are calculated based on the UE being able to do real-time processing of the WUS (i.e. no delay between end of WUS and detection times) and assumes the UE is not synchronized and needs 4 frequency hypotheses of 225Hz each (i.e. total frequency error is +/-1kHz). The table below summarizes the MOPS and RAM results:
	Table:  UE complexity for a 32ms WUS with 4 Freq Hypos 
 

RE Level Cover Code 

SF Cover Code
Max Timing Error

+/- 16 ms

+/- 16 ms

+/- 4 ms

+/- 4 ms

+/- 1 ms

+/- 16 ms

Base Seq Len (SF)
32
32
8
8
2
None

FFT Size 

32768

8192

8192

2048

2048

2048

Num FFT Splits

1

8

1

4

1

1

RAM  (KB)

128

32

32

8

8

8

MOPS

293

1640

262

891

249

370




In RE level cover code designs with 32 SFs and 8 SFs long base sequences, to reduce RAM requirements, the Overlap and Add was split into parts - however this would then increase MOPS requirements. 

Observation: 
For long WUS base sequences, the MOPS or RAM requirements are prohibitively high. 

Batch Process 
If a UE which is somewhat synchronized (e.g. is +/- 2 ms), then the UE can do batch processing where the UE can use some of the “gap” between the end of the WUS and the PO to do the batch processing (i.e.  not real-time processing). The above MOPS figures scale down based on this ratio:


Timing Error/Batch Processing Time

So, for example if the Timing error is 4 ms and 8 ms of the gap can be used for the WUS calculations, then the MOPS from above table can be scaled down by 4/8 or ½.
Observation: 
MOPS depends on the amount of timing error and processing time available. 
4.2. Detection Performance 

This section includes LLS results for the detection performance for the two WUS design alternatives assuming +/- 1ms timing error and a 32ms WUS length. The LLS were conducted following the simulation assumptions shown in Appendix I. The figure below shows the detection performance for the WUS alternatives.
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From the figure above, the performance of the 2 designs are very similar. 

Observation: 
The 99% detection performance of the RE and SF based cover code designs are the same.
4.3. Information Content

It was agreed in RAN1#92bis,

· WUS can be time-varying from subframe to subframe.

· WUS signal is designed based on the following information

· [Full] Cell ID 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

Therefore, at least 504 different WUS sequences with good mutual cross-correlations are required. 
There can be up to four paging occasions within a paging frame at subframe numbers 0, 4, 5, and 9. Assuming the UE has a timing error of < +/-2ms, this means two sequences are needed per Cell ID to ensure the UE can differentiate between the different WUSs per PO. So, a total of at least 1008 WUS sequences are needed.
From [3], it was shown that a SF level Cover code design can provide more than 1008 good sequences. Moreover, using an RE level cover code design, 1008 good sequences can be easily obtained. 
Observation: 
Both the RE level and SF level cover code designs can provide more than 1008 good sequences. 

4.4. Design Summary
The following table summarizes the performance of the two WUS designs:
	Attribute
	RE Level Cover Code

8ms Base Sequence
	SF Level Cover Code

	Max Timing Error
	+/- 4 ms
	+/- 16 ms

	Max MOPS
	891
	370

	RAM (KB)
	8
	8

	99% Detection 
32 ms WUS
	161 dB MCL
	161 dB MCL

	# of sequences
	Many more than 1008
	1008


Other considerations:

· Having a WUS design similar to the NB-IOT design will minimize UE implementation. This favours the RE level cover code design.
· In the distant future, XTAL with very bad accuracy maybe used or longer time durations between RRM measurements becomes possible resulting in the WUS needing to provide more than +/- 2ms of timing information. This favours the SF level cover code design.
· Mistaken WUS ID – this is when UE incorrectly detects a WUS for another PO
· For RE level design, if WUS from another PO is N*base_seq_length SF apart, then UE may incorrectly detect this WUS as a majority of the WUS may overlap. Therefore, a different WUS sequence should be used in this case, i.e., more WUS sequences are needed. Approximately, 4032 WUS sequences would be needed to solve this issue. The eNB would need to make sure overlapping WUS sequences do not use the same sequence.
· For SF Level cover code, when there is an overlap of different WUS search times, there could be large false peaks. On average, the false peak will be equal to ½ the length of overlap. E.g. if there is 75% overlap then the false peak is 37.5%.  Approximately 4032 WUS sequences would be needed to solve this issue. The eNB would need to make sure overlapping WUSs do not use the same sequence.
· For SF level cover code, the cover code is designed to have good auto correlation properties when it is sent in its entirety (i.e. the max duration) but it will not have good properties when it is truncated. Since the eNB can send a WUS of any length less than the defined maximum duration, the cover code would be truncated, and performance will be degraded. No solution to this issue is found.
Given the above analysis the following proposal is made:
Proposal:  eMTC WUS should use RE Level cover code with a base sequence length between 8-16ms.
5. Other Topics

5.1. WUS Scaling Factors

To minimize UE complexity when timing is needed, a maximum WUS length should be <=32 SFs but if timing is not needed from WUS, 64 SFs could be supported. To support 99% detection at 164 dB MCL, at least 64 SFs should be supported. The maximum Rmax for eMTC is 256 so a scaling factor of ¼ => 64 SF is required. The other scaling factors can be multiples of 2. 

Proposal:  WUS Scaling Factors are [1/4, 1/8, 1/16, 1/32]

5.2. GAP between the end of WUS and PO
This gap between the end of WUS and PO is mainly needed for UEs to wake up from deep sleep states. The longer the (e)DRX cycle, the more likely the UE wants to get into a deep sleep state but it will take longer to wake-up so long gaps are useful. However, long gap values will delay paging and extremely long delay values (>1 sec) could affect core network implementations (e.g. MME).  Also, having different gaps for different (e)DRX values will be very complex for the network so a single system wide GAP should be the goal and the gap value should be large enough for UEs to wake from sleep states but short enough to not affect MME’s so the following proposal is made:

Proposal: The Gap between the end of WUS and PO is configurable via SI between 20-200ms.

As mentioned, for longer eDRX values, it may save more UE power to go into a deep sleep state and use MPDCCH than to use WUS with a light sleep state. So, it should be possible for the UE to use WUS for short (e)DRX values but NOT use WUS for longer eDRX values. Hence, a UE may indicate it supports WUS but may or may not want to use it depending on eDRX value. 
Proposal: The UE can set the WUS capability bit if it supports WUS for at least all DRX values (i.e. not all eDRX values need to be supported)
No additional signalling is needed since the UE requests the eDRX period and should only enable WUS when the requested eDRX period is something it supports. The network can override the UE request eDRX but should only assign shorter eDRX periods which the UE would also have to support. The only issue is if after RRC connection where the UE capability was set as enabled, and then after this, the UE (or the application) wants to request an eDRX period longer than what the UE supports for WUS. In this case, the UE could have to do some RRC re-configuration and re-send the WUS capability indicating it is not supported.  Alternative, the eDRX request could also include a bit whether the UE requests to use WUS or not. Whether or not this additional signaling is needed, should be left for RAN2 to decide.

Proposal: Let RAN2 decide if additional signaling is needed to indicate if the UE requests WUS for a particular eDRX value. 

5.3. UE Grouping

There is an FFS if UE Group IDs will be supported by WUS. If UE Group IDs are supported, they can be supported by using different PRBs (i.e. FDM) within the narrowband. Given the WUS is 2 PRBs, this would support 3 group IDs. Given this, the following proposal is made:
Proposal: If UE Group IDs are supported, 3 groups can be supported using FDM.

5.4. RRM Relaxation

The following NB-IOT working assumption WRT to RRM relaxation has been made:

· For UE operating WUS, UE is allowed to relax RRM measurements, at least for low mobility UEs, to once every N DRX cycles, where N is FFS

· The RRM measurement relaxation is enabled/disabled by the network.

· WUS can still be enabled by the network when the RRM measurement relaxation is disabled.

Given RRM relaxation can greatly improve UE power consumption, especially when WUS is used, a similar agreement should be made for eMTC.
Proposal

· For UE operating WUS, UE is allowed to relax RRM measurements, at least for low mobility UEs, to once every N DRX cycles, where N is FFS

· The RRM measurement relaxation is enabled/disabled by the network.

· WUS can still be enabled by the network when the RRM measurement relaxation is disabled.

Value of N shall be chosen by RAN4 and should be the same as for NB-IOT.

5.5. PSD Boosting Signaling
The goal is to be able to use WUS for RRM so the level of PSD boosting should be signaled. Dynamic signalling would be very complex so it is recommended to be signaled via SI. Three levels of PSD boosting should be supported 0 dB, 3 dB and 4.77 dB.
Proposal: PSD boosting of WUS should be signaled via SI 
5.6. WUS Frequency Location

The location of the WUS in frequency has not been decided. The easiest option is to have the WUS be located in the same narrowband as the PO. The location of the WUS within the narrowband is RRC configured.

Proposal: The frequency location of the WUS is located in the same narrowband as the PO. The location within the narrowband is RRC configured.

5.7. Reference Signal Collision

The CRS needs to be present for legacy users, so the WUS REs needs to be punctured by CRS RE.

Proposal: WUS is punctured by CRS
5.8. WUS collision with subframes carrying SI other than SIB1
In RAN#192bis, it was agreed:

· WUS subframe is postponed 

· when colliding with SIB1-BR PRBs

· in non-BL/CE subframes.

· FFS: when colliding with the PRBs that carry SIs other than SIB1.

· Note: “Postpone” means the corresponding subframes are not counted as configured maximum WUS transmission duration and actual WUS transmission duration.

It is still FFS whether colliding with the PRBs that carry SIs other than SIB1 are dropped or postponed. It will be difficult for the eNB to avoid collisions between WUS and SFs carrying SI, so this is not an error case.  If the SFs are dropped, then the length of the WUS will be decreased.  If they are dropped or postponed, the UE should know where the SF locations are, or notable performance degradation would occur. Since SIB1-BR schedules all the other SI message, it is not too difficult for the UE to know which SFs will carry SI so the following proposal is made:
Proposal: WUS subframes are postponed when colliding with PRBs that carry SI

5.9. TX diversity Signalling
Unlike RSS, in many cases the UE maybe frequency synchronized and could then coherently combine longer than the TX diversity time thus it is advantageous if the network indicates if the TX diversity is used on the WUS or not. 
Proposal: Signal via SI if TX diversity is used with the WUS
6. Conclusions
Proposal: 
WUS provides sync of up to the timing/frequency offset resulting from not synchronizing for N DRX cycles. N is FFS.

Proposal: 
The WUS should provide UE timing information of at least +/- 2 ms.
Observation: 
For long WUS base sequences, the MOPS or RAM requirements are prohibitively high. 

Observation: 
MOPS depends on the amount of timing error and processing time available. 

Observation: 
The 99% detection performance of the RE and SF based cover code designs are the same
Observation: 
Both the RE level and SF level cover code designs can provide more than 1008 good sequences. 

The following table summarizes the performance of the two WUS designs:

	Attribute
	RE Level Cover Code

8ms Base Sequence
	SF Level Cover Code

	Max Timing Error
	+/- 4 ms
	+/- 16 ms

	Max MOPS
	891
	370

	RAM (KB)
	8
	8

	99% Detection 

32 ms WUS
	161 dB MCL
	161 dB MCL

	# of sequences
	Many more than 1008
	1008


Proposal:
 eMTC WUS should use RE Level cover code with a base sequence length between 8-16ms.

Proposal: 
WUS Scaling Factors are [1/4, 1/8, 1/16, 1/32]

Proposal: 
The Gap between the end of WUS and PO is configurable via SI between 20-200ms.

Proposal: 
The UE can set the WUS capability bit if it supports WUS for at least all DRX values (i.e. not all eDRX values need to be supported)

Proposal: 
Let RAN2 decide if additional signaling is needed to indicate if the UE requests WUS for a particular eDRX value. 

Proposal: 
If UE Group IDs are supported, 3 groups can be supported using FDM.

Proposal: 
For UE operating WUS, UE is allowed to relax RRM measurements, at least for low mobility UEs, to once every N DRX cycles, where N is FFS

· The RRM measurement relaxation is enabled/disabled by the network.

· WUS can still be enabled by the network when the RRM measurement relaxation is disabled.

Proposal: 
PSD boosting of WUS should be signaled via SI 

Proposal: 
The frequency location of the WUS is located in the same narrowband as the PO. The location within the narrowband is RRC configured.

Proposal: 
WUS is punctured by CRS

Proposal: 
WUS subframes are postponed when colliding with PRBs that carry SI

Proposal: 
Signal via SI if TX diversity is used with the WUS
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Appendix I
LLS Assumptions
	Parameter
	Value

	BS TX antenna configuration
	2 Tx

	BS power
	46 dBm per TX port

	System BW
	10 MHz

	Band
	Band 8 (900 MHz)

	Channel model 
	ETU

	Doppler spread 
	1 Hz

	UE RX antenna configuration
	1 Rx

	UE NF
	9 dB

	PSD Boosting
	4.8 dB for the 2PRBs design

	TX Diversity 
	Switch every 2ms

	Residual carrier frequency offset
	225 Hz

	Coherent combining duration
	1 ms

	Antenna switching period
	2 ms

	Good detection window 
	±3.5 µs around the true timing

	Detection threshold 
	Set for false alarm rate 1%

	Scenario 
	+/- 1ms Timing Error
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