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In Rel-15, a work item (WI) for enhancement of NB-IoT is agreed. The objective is to further enhance the performance of NB-IoT by further reducing latency and power consumption, improving measurement accuracy, enhancing NPRACH reliability and range, and reducing system acquisition time etc. [1]. To further reduce the UE power consumption, it is agreed to design a physical signal/channel that can be efficiently decoded or detected prior to decoding NPDCCH/NPDSCH. So far the following agreements and working assumptions are made [7] 

	RAN1#90bis agreements:
· 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
· RAN1 assumes that introduction of WUS does not alter PO/PF definition
· At least in a UE’s DRX cycle:
· WUS supports at least being applied to all the UEs monitoring WUS associated to a PO in an NB-IoT carrier;
· FFS: eNB can configure WUS being applied to a group of more than one of the UEs associated to a PO in an NB-IoT carrier.
· At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle 
· 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
· 

RAN1#90bis Working assumptions:
· WUS/DTX is adopted for the power saving signal for IDLE mode paging
· At least in a UE’s DRX cycle, how the UE knows the WUS time location, is:
· A WUS has a time location which is configurable with respect to the associated PO(s) location(s)

RAN1#91 agreements:
· The duration of WUS is configured in SIB per NB-IoT carrier as one value from a list. FFS if the list:
· depends on Rmax and if so the number of lists specified
· is a single list for all Rmax
· Note: the Rmax refers to the one configured for paging
· The non-zero gap from the end of the configured WUS duration to the associated PO is configurable
· FFS the minimum duration
· FFS the configuration is explicit or implicitly derived
· The duration of WUS is configured per NB-IoT carrier 
· FFS: WUS actual transmission duration can be shorter than the configured maximum duration of WUS.
· Alt 1: The actual WUS duration is transmitted aligning to the start of the configured maximum duration of WUS.
· Alt 2: The actual WUS duration is transmitted aligning to the end of the configured maximum duration of WUS.
· There is a non-zero gap from the end of configured WUS duration to the associated PO
· FFS: exact value of non-zero-gap
· FFS if it is fixed in spec or configurable explicitly, or known implicitly from other configured parameters
· The network can enable or disable use of the WUS 
· How UE acquires information on WUS enabling/disabling is up to RAN2 decision
· 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
· WUS sequence is based on ZC-sequence
· When designing WUS sequence, negative impact on legacy NSSS detection should be avoided.

RAN1#91 Working assumptions:
· WUS sequence is a sequence mapping within one subframe as a basic unit and   
· repeated/extended for multiple subframes to support larger coverage (WA confirmed in RAN1#92).
· Prioritize to minimize impact on UE synchronization performance.
· FFS: detailed design on time-varying of the WUS signal


RAN1#92 agreements:
· The maximum duration of WUS is configured in SIB per NB-IoT carrier as one value from a list. 
· WUS actual transmission duration can be shorter than the configured maximum duration of WUS.
· The list used for configuring maximum duration of WUS at least depends on Rmax associated type 1 CSS, and FFS the number and exact values of the scaling factors between maximum duration of WUS and Rmax associated type 1 CSS

· There is a non-zero gap from the end of configured maximum WUS duration to the associated PO
· FFS: exact value of non-zero-gap
· FFS if it is fixed in spec or configurable explicitly, or known implicitly from other configured parameters
· The maximum duration of WUS is configured in SIB per NB-IoT carrier as one value from a list. FFS if the list:
· depends on Rmax and if so the number of lists specified
· is a single list for all Rmax
Note: the Rmax refers to the one configured for paging
· The non-zero gap from the end of the configured maximum WUS duration to the associated PO is configurable
· FFS the minimum duration
· FFS the configuration is explicit or implicitly derived

· In eDRX, from the UE perspective, the default UE configuration is a one-to-one mapping between WUS and PO.
· In eDRX, from the UE perspective, an optional UE configuration is a 1-to-N mapping between WUS and PO.
Note: The WUS design and configuration for eDRX must allow the network to reach a UE within a PTW.
· Confirm the working assumption that the WUS sequence is a sequence mapping within one subframe as a basic unit and repeated/extended for multiple subframes to support larger coverage.
· WUS conveys the cell ID;
· FFS: UE group ID
· FFS how/whether to handle the case of false alarm resulting from detecting WUS corresponding to different POs/UE groups (if introduced)

RAN1#92 Working assumptions, confirmation depending on RAN4 feedback:
If RAN4 confirms the feasibility of RRM measurement relaxation in the part on NB-IoT WUS, the working assumption is automatically confirmed.
	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




RAN1#92 Working assumptions:
· WUS transmission relative to associated PO of subgroup of UEs is aligned to the start of the configured maximum duration of WUS.
Note: the above applies to at least the case where the gap is large enough for scheduling UE
Note: the above does not imply that subgroup of UEs is introduced and that subgroup is TDM




In this contribution, we further discuss the functions of the wake-up signal (WUS). 
Properties of the wake-up signal
System overhead
Since WUS is not understood by the legacy Rel-13 and Rel-14 UEs, if the network needs to send the WUS, the scheduler needs to take care of the Rel-13 and Rel-14 UEs to avoid the impact of WUS. Moreover, since all UEs in the cell shares the POs according their UE_ID, in some cases, only Rel-13 and Rel-14 UEs will be paged by the network.  Therefore, it is not preferred to send WUS unless necessary, i.e., only send WUS when Rel-15 UEs that support WUS being paged. Therefore, to minimize the resource fragmentation, WUS with DTX is preferred. 
[bookmark: _Ref494443581][bookmark: _Hlk510805924]Proposal 1: Confirm the working assumption that “WUS/DTX is adopted for the power saving signal for IDLE mode paging”. 
Furthermore, in order not to disturb the legacy UE behavior, WUS cannot appear in subframes that are used by NPSS/NSSS/NPBCH/SIB1-NB and other SIs. The same applies for subframes that are marked as invalid. 
[bookmark: _Ref506537362][bookmark: _Hlk510805943]Proposal 2: WUS should not appear in subframes that are used for NPSS/NSSS/NPBCH/SIB1-NB/SI, or for invalid subframes.  
Either NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes can puncture the WUS, or the WUS repetitions can be postponed at these subframes. Due to coverage concerns and the UE should be aware of the NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes, it is preferred that WUS transmission should be postponed rather than being punctured. 
[bookmark: _Ref506537373][bookmark: _Hlk510805958]Proposal 3: WUS transmission should be postponed when it meets the NPSS/NSSS/NPBCH/SIB1-NB/SI subframes, as well as invalid subframes.  
Wake-up signal and its synchronization function
In the previous meeting it was agreed that WUS provides sync of up to the timing/frequency offset resulting from not synchronizing for N DRX cycles, where N is the number of DRX cycles that can be relaxed for measurements. In standalone scenario, since it has already been shown that if the WUS is designed to provide sync function, even without considering the impact of NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes on WUS, the WUS transmission can be up to 20 times longer comparing to if the UE can only rely on the existing sync signal. For the in-band case, since the transmission power are much lower, if the WUS is designed to provide sync function, even longer WUS is expected. Therefore, considering all the practical aspects and the overhead both at the network and UE, the benefits of UE purely relying WUS providing synchronization functionality is not properly justified. Moreover, the WUS duration will further increase with an increased N, provided a constant missed detection and false alarm rates. 
[bookmark: _Hlk510805976][bookmark: _GoBack]Observation 1: In order to avoid excessive resource usage the value of “N” i.e. the number of DRX cycles that WUS should provide synchronization capability for timing/frequency offset, should be kept to the minimum value.
It is shown in [2], that if the WUS can provide synchronization function, more UE power savings can be achieved. But the reasoning in [2] is not taking all the aspects into account. The assumption in [2] does not consider the impacts on the NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes on the detection of the WUS. As shown in [2], for UEs in bad coverage, it takes several radio frames to transmit the WUS. The UE can have a timing drifting during deep sleep, and drift can easily extend over the subframe boundary. This means the UE does not have exact timing of where are the NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes. Therefore, either the UE needs to do multiple hypotheses to detect the WUS which means higher complexity of WUS detection, or an even longer WUS are needed to compensate the loss. Therefore, it is not a realistic assumption that the UE should use and rely on WUS to perform synchronization. 
[bookmark: _Ref506537236][bookmark: _Hlk510805994]Observation 2: Due to timing drift in UE during deep sleep, the impact of NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes on WUS can be significant. Therefore, it is difficult for the UE to detect WUS without being synchronized to the network first for large numbers of “N”.
Although the agreement is based on the RRM measurement relaxation, however any further agreement should not compromise the latency requirement of NB-IoT system. The idea here is that the length of the RRM measurement relaxation should not be larger than maximum value of the DRX otherwise new latency values are imposed on the system. The configurable values for DRX cycle in NB-IoT are {1.28, 2.56, 5.12, 10.24}s and PTW values are in the range of 2.56s up to 49.96s. Based on the observation and the fact that the latency of the NB-IoT, the values of “N*DRX_length” should not be larger than maximum possible DRX cycle. Consequently, to fulfill these criteria the value of N should depend on the DRX cycle as well. 

[bookmark: _Hlk510806011]Proposal 4: The value of N, i.e. number of DRX cycles for relaxing the RRM measurements, should not cause any latency larger than the maximum possible DRX value, and therefore it should depend on the DRX cycle value such that N*DRX <= DRXmax. 

Based on this proposal the maximum value for DRX cycle of length 1.28 could be 8, and for 2.56 could be 4 and so on and so forth.

When the NB-IoT UE is in eDRX, before monitoring the paging time window (PTW), it needs to confirm whether it remains in the same cell. If not, the UE needs to reacquire the system information if it has not stored SI info of the new cell and find the PO in the new cell. Notice that, the cell identity is carried by the NSSS. To receive the NSSS correctly, the UE needs to synchronize to the network first. Therefore, even if the WUS can provide synchronization function, it cannot help the UE to identify a cell (cell reconfirmation is possible since WUS is cell specific). Notice that the WUS is most likely to be cell specific, and the configurations of WUS may differ among neighboring cells. Hence, when the UE is in eDRX, it needs to wake up early enough to confirm which cell it is in. This ensures the UE would not miss the WUS when it comes to a new cell. Combined with the fact that if ‘WUS or DTX’ is used, there is big uncertainly from the UE perspective whether WUS is being transmitted or not. Therefore, WUS cannot be used for detecting cell changes.
[bookmark: _Ref498688787][bookmark: _Hlk510806085]Observation 3: In eDRX, since the UE needs to confirm whether it remains in the same cell as before by checking the NSSS, the UE is already synchronized to the network prior to the PTW.
[bookmark: _Ref498688796]Observation 4: The UE cannot use a sporadic transmitted signal like the WUS for cell confirmation.
If the UE is already synchronized to the network prior to the PTW, then the behavior within the PTW should be the same as when the UE is in DRX. PTW values are in the range of {2.56, 5.12, 7.68, 10.24, …, 40.96}s. Recall that then length of the PTW is decided as a trade of for UE reachability and energy saving. Therefore, if the network configures a longer PTW, it means that UE reachability is more important than energy saving. Otherwise, the network would configure a smaller PTW to let the UE to go back to sleep quicker. However, even for smaller PTW, the relaxation should be done such that at least one measurement is being done within the PTW. This is in addition to the initial measurement that is performed when the UE wakes up and synchronizes (including confirming cell ID) by the help of other channels and signals. It is necessary that for small PTWs we limit N, e.g. for PTW of 5.12 and DRX of length 2.56 value of N should be at max equal to 2.

[bookmark: _Hlk510806053]Proposal 5: When eDRX is configured, the UE measurement behavior inside the PTW should be the same as the UE is in DRX, and the choice of N should enable UE to do at least one measurement for small PTWs.  
Connected mode DRX
The function of the WUS deals with what power saving scheme to select, its functionality, and for what modes it is defined. From the early discussions of WUS, it was clear the most gain of the WUS is in the Idle mode to reduce the efforts for the UEs to monitor paging. This is because the paging load in the system is assumed to be low, i.e., maximum 10% as given in [3]. 
In connected mode, as the user specific search space (USS) is configured per UE basis, the network overhead of having a WUS is very large. Furthermore, it is unlikely that the network would keep the UE in connected mode for a very long time, if there is no data going to be sent to the UE. Therefore, the WUS cannot help to save the power at the UE. This is because that the resource that can be used for NPDCCH for a UE may be occupied by the WUS for another UEs, which results in the UE needs to stay in connected mode longer due to the TDM nature in the downlink. Moreover, there are already existing mechanism to reduce UE monitoring efforts in connected mode, e.g, by adjusting the on-Duration timer in connected mode DRX. Since the benefits of have WUS in connected mode is not studied, given the current time plan, it is proposed that 
[bookmark: _Ref494443653][bookmark: _Hlk510806981]Proposal 6: Due to the significant overhead and unclear benefits, WUS should not be introduced for connected mode DRX in Rel-15. 
Conclusions
Based on the discussions, we have the following proposals and observations regarding the WUS functions. 
Proposal 1: Confirm the working assumption that “WUS/DTX is adopted for the power saving signal for IDLE mode paging”.
Proposal 2: WUS should not appear in subframes that are used for NPSS/NSSS/NPBCH/SIB1-NB/SI, or for invalid subframes.  
Proposal 3: WUS transmission should be postponed when it meets the NPSS/NSSS/NPBCH/SIB1-NB/SI subframes, as well as invalid subframes.
Proposal 4: The value of N, i.e. number of DRX cycles for relaxing the RRM measurements, should not cause any latency larger than the maximum possible DRX value, and therefore it should depend on the DRX cycle value such that N*DRX <= DRXmax. 

Proposal 4: The value of N, i.e. number of DRX cycles for relaxing the RRM measurements, should not cause any latency larger than the maximum possible DRX value, and therefore it should depend on the DRX cycle value such that N*DRX <= DRXmax. 

Proposal 5: When eDRX is configured, the UE measurement behavior inside the PTW should be the same as the UE is in DRX, and the choice of N should enable UE to do at least one measurement for small PTWs.

Proposal 6: Due to the significant overhead and unclear benefits, WUS should not be introduced for connected mode DRX in Rel-15.

Observation 1: In order to avoid excessive resource usage, the value of “N” i.e. the number of DRX cycles that WUS should provide synchronization capability for timing/frequency offset, should be kept to the minimum value.
Observation 2: Due to timing drift in UE during deep sleep, the impact of NPSS/NSSS/NPBCH/SIB1-NB/SI/invalid subframes on WUS can be significant. Therefore, it is difficult for the UE to detect WUS without being synchronized to the network first for large numbers of “N”.
Observation 3: In eDRX, since the UE needs to confirm whether it remains in the same cell as before by checking the NSSS, the UE is already synchronized to the network prior to the PTW.
Observation 4: The UE cannot use a sporadic transmitted signal like the WUS for cell confirmation.
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