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1 Introduction

During RAN1 #90bis meeting, the following agreements and working assumption were made [1] regarding the power saving signals for the improvement of power efficiency and latency reduction in feNB-IoT:
Agreements:

· Working assumption: WUS/DTX is adopted for the power saving  signal for IDLE mode paging;

· The UE is configured with a transmission duration of WUS by higher layers

· The WUS signal may be decoded with or without relying on prior synchronization

· Whether the UE needs to acquire (further) synchronization using NPSS/NSSS to decode the NPDCCH following the WUS is FFS

· The power saving of using existing synchronization signal to achieve sync and using WUS for synchronization should be compared.

· For RAN#78 timeline, RAN4 can assume the UE is synchronized prior to the WUS

· After RAN#78, RAN1 and RAN4 will conduct additional work to allow the assumption that the UE is not synchronized prior to the WUS (with the same WUS signal design) for 144 dB MCL; and will study to allow the assumption that the UE is not synchronized prior to the WUS (with the same WUS signal design) for 154, 164 dB MCL

· Status of work on ‘Relaxed monitoring for cell reselection’ in RAN2/4 should be considered

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].
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 sync. signals 

3. WUS/DTX, UE decodes WUS without synchronization with existing sync. signals while performing reference cell measurements at a “relaxed” rate by performing cell measurements once every x DRX cycles 

4. WUS, no DTX, WUS carries 1-bit information (i.e. WUS/GTS), UE decodes WUS without using any existing synchronization signals.

Options 1 & 2: WUS/DTX, UE may or may not use existing synchronization signals to decode WUS
During the last meeting, there was no further progress regarding the functional scope of the wake-up signal design in terms of whether the WUS should be DTX or not. In our previous contributions [2], the power efficiency evaluation also took mobility into consideration and we showed that using WUS/DTX without using existing synchronization signals does not improve power savings due to the requirement of serving cell reference measurements in every DRX cycle as can be seen from the process flow in Figure 1.  

Furthermore, our simulations have shown that using WUS/DTX without prior synchronization may not be able to support extreme coverage levels [3]. 
In Figure 1, we show the process flow when the UE receives a WUS or DTX. As mentioned above, even if the WUS can be decoded without using existing synchronization signals, the UE would still need to acquire synchronization to fulfil the serving cell measurement requirements at every DRX cycle. When no WUS is transmitted, then the WUS cannot serve as a synchronization or a reference measurement signal. Hence the UE must fall back to existing reference signals which means the UE needs to perform synchronization for serving cell measurements regardless of the sync functionality of the WUS. 
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Figure 1: Illustration of process flow for WUS or DTX
Even without any numerical analysis, from the process flow, it’s fairly obvious that if we factor sync and cell search measurements, then the power savings gains obtained for WUS with sync functionality are nullified and instead become an additional overhead in the system, as the UE is forced to wake up and perform cell measurements using existing reference signals since it cannot rely on the presence of WUS to determine it’s in the same cell or not. Given that the WUS is proposed to be cell-specific, the WUS without DTX option could have served as a substitute reference signal with extremely good power savings gain in addition [2]. 
In addition, in our evaluations of WUS/DTX without prior synchronization for higher MCL use cases, the target mis-detection probabilities and false alarm probabilities could not be reached, especially for eDRX cycles lasting 20.48 seconds [3].
Observation 1:

· If WUS or DTX without prior synchronization is analyzed taking mobility into consideration, the power savings due to synchronization are nullified and become an overhead instead.

Observation 2:

· If WUS or DTX with existing synchronization signals is used, then there are no power savings for UEs in coverage of 144dB MCL, which is likely the dominant use case for most UEs. 

Observation 3:
· WUS or DTX without prior synchronization may not be able to support eDRX cycles due to large timing drifts in Deep Sleep state.

Observation 4: 
· As UE energy savings are the primary goal of this enhancement, the option offered in Case 3, i.e. a WUS without DTX that can be acquired without prior DL synchronization, provides the most energy savings gain among the options explored with low latency impact and low impact on paging reliability 
Option 3) WUS/DTX, UE decodes WUS without synchronization with existing synchcronization signals while performing reference cell measurements at a “relaxed” rate by performing cell measurements once every x DRX cycles
It has been proposed that to reduce the impact of cell reference measurements, the measurements are skipped for x-1 out of x DRX cycles and the WUS/DTX can still be an option without using existing synchronization signals. However, this has a few very significant consequences, the first being delayed detection of mobility. 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. The other important impact is that as a result of delayed understanding of mobility, which can in the range of tens of seconds (assuming DRX cycle of 5.12 seconds and doing measurements every 5 DRX cycles, it would still cause UE to take an average of 10 seconds to discover change in UE coverage or mobility), the MME’s timers for detection of whether the UE successfully received paging or not would frequently time out, thus causing additional core network signalling overhead, which needs to be further looked into by RAN2. Thus, while skipping measurements for reference signals may be a likely mechanism to improve power savings while still saving cost of synchronization through existing synchcronization signals, the bigger concern is whether it’s possible for the UE to maintain synchronization by infrequent cell reference signal measurements for long DRX cycles.
Observation 5:
· Relaxing the serving cell reference signal monitoring requirements for a pre-defined number of DRX cycles can have impact on mobility performance and other unintended impacts at the higher layers and should be further investigated by RAN2

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]
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[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 6:
·  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 the last meeting [1], WUS/DTX was adopted as a working assumption due to the concerns for high system overhead for WUS/no DTX use case particularly for NB-IoT UEs, which have very scarce system resources. We examine From TR 45.820, the traffic model for network command shows the total number of DL-initiated sessions generated per sector per day as expressed below:
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= 52547 * 2.24 = 117706 sessions/day = 117706/86400 = 1.36 sessions/second,
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 is the number of MSs configured per sector (see Annex E.1 of TR 45.820).
Given the average rate of paging message is 1.36 messages/second, the wake-up signal needs to be transmitted at an average rate of 1.36/seconds. Taking the duration of WUS from [2], 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).

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 7:
· The absolute overhead of WUS even without DTX option is small for coverage levels up to 154dB, 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. 

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 8: 
· 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]
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[5], we think that the WUS/DTX assumption should be reconsidered.

Proposal 1: 
· 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 RAN1 to reconsider using the WUS/DTX option as a power saving signal for NB-IoT devices; instead, consider to use WUS without DTX with WUS functionality limited to UEs in 144 dB or 154 dB coverage alone.
Proposal 2: 
· 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 3: 
· Recommend adopting a WUS without DTX which also offers synchronization functionality for UEs in 144dB/154dB MCL target.
3 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:

· If WUS or DTX without prior synchronization is analyzed taking mobility into consideration, the power savings due to synchronization are nullified and become an overhead instead.

Observation 2:

· If WUS or DTX with existing synchronization signals is used, then there are no power savings for UEs in coverage of 144dB MCL, which is likely the dominant use case for most UEs. 

Observation 3:
· WUS or DTX without prior synchronization may not be able to support eDRX cycles due to large timing drifts in Deep Sleep state.

Observation 4: 

· As UE energy savings are the primary goal of this enhancement, the option offered in Case 3, i.e. a WUS without DTX that can be acquired without prior DL synchronization, provides the most energy savings gain among the options explored with low latency impact and low impact on paging reliability 

Observation 5:

· Relaxing the serving cell reference signal monitoring requirements for a pre-defined number of DRX cycles can have impact on mobility performance and other unintended impacts at the higher layers and should be further investigated by RAN2

Observation 6:

·  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 7:

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

Observation 8: 

· 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: 

· 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 RAN1 to reconsider using the WUS/DTX option as a power saving signal for NB-IoT devices; instead, consider to use WUS without DTX with WUS functionality limited to UEs in 144 dB or 154 dB coverage alone.
Proposal 2: 

· 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 3: 

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