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Introduction
[bookmark: _Ref421460494]During RAN1 #92 meeting, the following working assumption was made [1] regarding the power saving signals for the improvement of power efficiency and latency reduction in feNB-IoT:
Working assumption:
· On NB-IoT WUS:
· 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.
· Note: This does not imply any change in the random access procedure / power control / CE level selection, nor relaxations in the requirements related to the random access procedure.
· WUS provides sync of up to the timing/frequency offset resulting from not synchronizing for N DRX cycles
· FFS for eDRX case
· FFS whether N depends on the length of PTW.
· For 164dB MCL, there is a WUS configuration that enables sync for at least a value of N>1 for at least the smallest DRX cycle.
· FFS for other DRX cycles and values of N
· FFS whether N is fixed, configurable, or depends on the DRX cycle

In this contribution, we  mainly examine the different options for WUS/DTX and WUS with no DTX, particularly taking into account the impact of cell measurements for mobility to consider the working assumption whether the WUS should be WUS/DTX and the power efficiency implications of being able to decode the signal using existing synchronization signals or not. The contents of this contribution are based on revisions to previous contribution [2].

Discussion
Over the last few meetings, various options have been discussed for the functional scope of the wake-up signal which are summarized below: 
1. WUS/DTX, UE is synchronized prior to decoding WUS using existing synchronization signals
2. WUS/DTX, UE decodes WUS without synchronization with existing synchronization signals 
3. WUS/DTX, UE decodes WUS without synchronization with existing synchronization signals while performing reference cell measurements at a “relaxed” rate by performing cell measurements once every N DRX cycles 
4. WUS, no DTX, WUS carries 1-bit information (i.e. WUS/GTS), and UE decodes WUS without using any existing synchronization signals.
In the previous meeting, a working assumption was made to support option 3, WUS/DTX while performing relaxed cell measurements, where the WUS would provide sync up to the timing/frequency offset resulting from not synchronizing for up to N DRX cycles [1]. Given this working assumption, we do not consider options 1 and 2 any further in this contribution and directly consider options 3 and 4.

Relaxed cell measurements 
It has been proposed that to reduce the impact of cell reference measurements, the measurements are skipped for N-1 out of N DRX cycles and the WUS/DTX can still be an option without using existing synchronization signals for UEs with low mobility.
An LS was sent to RAN4 to evaluate the possibility of relaxed measurements when wake-up signal is enabled [1].
While RAN4 deliberates on the above option, in the meantime we still need to consider the impact of this design if UEs happen to be in the high mobility region. The problem is that since the WUS is DTX, it is very hard for the UE to detect that it has missed paging due to the WUS being DTX or due to the UE having moved to a different cell. If the UE is largely stationary, then this is not a big concern. However, if the UE is not stationary, then this behavior can result in much higher rates of Paging mis-detection as the UE may have moved to a different cell, but does not know it until it performs cell measurements. In general, NB-IoT is not assumed to be deployed for high-mobility and does not support handovers as a result. However, there is generally no control over how an application vendor may decide to use a given modem functionality and it is possible in certain cases, e.g. NB-IoT modems deployed in wearables may end up in situations of higher mobility than is anticipated. In that scenario, skipping serving cell measurements for N DRX cycles may cause higher latency. In addition, there is also another problem which is that currently UEs make the decision regarding mobility i.e. whether they are high-mobility or low-mobility based on cell measurements, If the measurements were themselves to be skipped, then the impact on the accuracy of the UE’s status of high or low-mobility may also be impacted.
Observation 1: 
· Relaxed serving cell measurements should be carefully considered also in terms of impact on the accuracy of UE status of high or low-mobility.

In addition, given the fact that the network is not aware of the UE status, the UE must have a mechanism to know if it is in high or low-mobility region and must check this field before the MME sends a paging message to the UE. This is because this option will incur a higher latency delay if the MME were to send a paging message indication when the UE had moved to a different cell, but not yet detected this. In this case, if the UE fails to connect to the network, the MME’s retransmission timers must be adjusted to take this into account, so that the paging message is retransmitted after the appropriate duration in order for the UE to ultimately be able to receive it in its next DRX cycle.
Observation 2: 
· Relaxed serving cell measurements may have unintended consequences on higher layers i.e. MME paging retransmission timers which must be addressed.

The other important question to consider is the value of N. Given that the UE relies on WUS for sync and assuming that WUS could be DTX, this implies that N cannot be too large and depends on the mis-detection performance of the choice of the WUS sequence. For the sequence design proposed in [3] and [4], where the WUS sequence was based on a short ZC-sequence of length 11 with different root indices, the maximum tolerance for DRX cycles was at 10.48 seconds, with the assumption of deep sleep and time drift of 20 ppm at 144dB MCL. Even with a large time drift of 20ppm, we were able to observe a one-shot correlation at 144 dB MCL with the target mis-detection performance of 1%. However, beyond this DRX cycle, we were not able to achieve the target mis-detection performance. Given that the other types of sequences in consideration are based on NSSS or long ZC sequences, where synchronization performance is not as good as the short ZC sequence, we expect the performance to be even worse, though in that case the assumption of such timing drift may not be used.
Proposal 1:
· For relaxed serving cell measurements, where UE performs cell measurements every N DRX cycles, consider N to be no greater than 4 if DRX cycle length is 2.56 seconds. 

Proposal 2:
· For eDRX cycles, the WUS/DTX option is FFS as it cannot be used without existing synchronization signals and in that case, will not provide any power savings gain for UEs at 144dB MCL.

Option 4. WUS, no DTX, WUS carries 1-bit information (i.e. WUS/GTS), UE decodes WUS without using any existing synchronization signals.
As has been pointed in our previous contributions [3][4], using WUS/GTS or WUS with no DTX provides very high power savings as well as solves mobility concerns if the WUS is also used to perform reference measurements to detect mobility. As the WUS is designed to be cell-specific and carries the Physical Cell ID, the UE can detect it has moved to another cell if it no longer receives the expected WUS at the expected location. 
The main reason this option has a problem is due to the concerns on system overhead. To mitigate the problem of system overhead, we propose limiting the WUS coverage to UEs in coverage areas such as 144 dB and 154 dB. For UEs in 164 dB coverage, the WUS can be decoded by first synchronizing with existing synchronization signals, thus removing the additional overhead requirement due to WUS without prior synchronization. This overhead requirement is significantly smaller than that of the WUS without first using existing synchronization signals. The other option is for the UE to fall back to using legacy paging mechanisms as any kind of activity during Idle state for this type of UE is bound to result in very short battery lifetime.
Observation 3:
·  NB-IoT UEs in extreme coverage have a big challenge reaching target battery lifetime goals even with once a day UL transmission type traffic scenario and being completely shut down the rest of the time. NB-IoT UEs in extreme coverage are thus not a good candidate for enabling WUS functionality as the demands on their battery will drastically limit their battery lifetime to a few months if they are waking up frequently to try to decode the WUS.

System overhead analysis
In previous contribution [2], we have provided a system overhead analysis of using WUS/GTS option and shown that it is not too high when limited to 144 dB/154 dB target MCLs. 
Table 1 captures the absolute overhead of using a WUS or DTX option, with and without prior DL synchronization. It also captures the overhead of a WUS without DTX assuming a DRX cycle of 5.12 seconds and assuming WUS is distributed over 7 different POs in that interval (5.12 seconds * 1.36 = 6.9 messages over 5.12 seconds).
[bookmark: _Ref490043169][bookmark: _Ref498692246][bookmark: _Ref498708200]Table 1:  Absolute resource overhead due to wake-up signal at different MCLs
	Type of wake-up signal
	Absolute wake-up signal overhead [%]

	
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	WUS/DTX with prior DL synchronization
	0.14
	0.28
	4.352

	WUS/DTX without prior DL synchronization
	0.14
	1.36
	13.6

	WUS no DTX without prior DL synchronization, 5.12 seconds WUS
	0.19
	1.86
	18.59



Observation 4:
· The absolute overhead of WUS even without DTX option is small for coverage levels up to 154dB MCL, but rises sharply for the 164 dB MCL use case. 

If we look at WUS resource overhead as percentage of a single NB-IoT carrier bandwidth, then Table 2 shows the overhead in terms of OFDM symbols to support UEs at 154 dB MCL. 
[bookmark: _Ref498692300]Table 2: Overhead of WUS/no DTX for Single NB-IoT carrier 
	Periodicity (ms)
	New Periodic Sync Signal (154 MCL)

	5.12sec DRX cycle, 7 WUS for 7 different PO groups
	1.37%

	2.56sec DRX cycle,  4 different PO groups/DRX cycle
	1.56%



Observation 5: 
· For UEs in coverage of 144dB/154dB MCL, enabling WUS without DTX does not consume large system overhead and does not impact mobility if the WUS is used as a reference signal for measurement purposes to detect mobility.

From the system overhead analysis as well as the power saving analysis presented in [3][4], we think that the WUS/DTX assumption should be reconsidered.

Proposal 3: 
· Given the poor performance of WUS/DTX with prior synchronization for UEs in normal coverage and the poor power savings when taking into account the impact of cell measurements on WUS/DTX without prior synchronization, it is strongly recommended that RAN1 reconsider using the WUS/DTX option as a power saving signal for NB-IoT devices; instead, consider to use WUS without DTX.

Proposal 4: 
· Due to the battery lifetime challenges presented by using WUS or paging functionality for UEs in extreme coverage of 164dB MCL as well as the high overhead of supporting this functionality, WUS should not be enabled for UEs in coverage of 164 dB MCL. 

Proposal 5: 
· Recommend adopting a WUS without DTX which also offers synchronization functionality for UEs in 144dB/154dB MCL target.

In the previous meeting, there was a discussion regarding adopting power saving signals in C-DRX. Given that the work item timeline is for May and there are only 2 meetings left, we prefer that power saving signals for C-DRX mode be deprioritized for this work item.
Proposal 6: 
· Due to the timelines for Rel. 15, we recommend deprioritizing discussion on power saving signal for C-DRX in this release.

Conclusions
In summary, we discussed the impact of mobility on WUS/DTX and synchronization functionality of WUS/DTX and have the following observations and proposals:
Observation 1: 
· Relaxed serving cell measurements should be carefully considered also in terms of impact on the accuracy of UE status of high or low-mobility.


Observation 2: 
· Relaxed serving cell measurements may have unintended consequences on higher layers i.e. MME paging retransmission timers which must be addressed.


Observation 3:
· NB-IoT UEs in extreme coverage have a big challenge reaching target battery lifetime goals even with once a day UL transmission type traffic scenario and being completely shut down the rest of the time. NB-IoT UEs in extreme coverage are thus not a good candidate for enabling WUS functionality as the demands on their battery will drastically limit their battery lifetime to a few months if they are waking up frequently to try to decode the WUS.

Observation 4:
· The absolute overhead of WUS even without DTX option is small for coverage levels up to 154dB MCL, but rises sharply for the 164 dB MCL use case. 

Observation 5: 
· For UEs in coverage of 144dB/154dB MCL, enabling WUS without DTX does not consume large system overhead and does not impact mobility if the WUS is used as a reference signal for measurement purposes to detect mobility.


Proposal 1:
· For relaxed serving cell measurements, where UE performs cell measurements every N DRX cycles, consider N to be no greater than 4 if DRX cycle length is 2.56 seconds. 

Proposal 2:
· For eDRX cycles, the WUS/DTX option is FFS as it cannot be used without existing synchronization signals and in that case, will not provide any power savings gain for UEs at 144dB MCL.

Proposal 3: 
· Given the poor performance of WUS/DTX with prior synchronization for UEs in normal coverage and the poor power savings when taking into account the impact of cell measurements on WUS/DTX without prior synchronization, it is strongly recommended that RAN1 reconsider using the WUS/DTX option as a power saving signal for NB-IoT devices; instead, consider to use WUS without DTX.

Proposal 4: 
· Due to the battery lifetime challenges presented by using WUS or paging functionality for UEs in extreme coverage of 164dB MCL as well as the high overhead of supporting this functionality, WUS should not be enabled for UEs in coverage of 164 dB MCL. 

Proposal 5: 
· Recommend adopting a WUS without DTX which also offers synchronization functionality for UEs in 144dB/154dB MCL target.

Proposal 6: 
· Due to the timelines for Rel. 15, we recommend deprioritizing discussion on power saving signal for C-DRX in this release.
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