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1 Introduction
Based on the email report [1] RAN2 discussed the Wake Up Signal (WUS) [2-9] and the following agreements were reached:
· It is FFS if the use of wake-up signal for paging is enabled/disabled via system information in NB-IoT. Also in MTC if enabling/disabling is agreed in RAN1.

· RAN2 could not agree on the feasibility to apply one wake-up signal to multiple POs in a PTW. It would need further discussions to reach an agreement in R2.

RAN2 send a reply LS [10] to the RAN1 questions in LS [11]:
· From RAN2 perspective, it is feasible to configure the WUS to be applied to a group of UEs associated to one PO. It should be noted that some companies have raised concerns about the benefit and added complexity.

RAN2 received LS’s from RAN1 about the WUS progress for both MTC [12] and NB-IoT [13]. The RAN1 agreements are summarized in the Appendix. 
In this contribution an attempt is made to maintain a common WUS solution for NB-IoT and MTC, i.e. NB-IoT or MTC is not explicitly mentioned, unless differences need to be identified. 
WUS is one of the prioritized work item objectives, but there was not sufficient progress in December 2017 to prepare running CRs. The end target date for both NB-IoT and MTC REL-16 enhancements is June 2018 (RAN#80), i.e. there are three RAN2 meetings left, one before RAN#79 and two before RAN#80.
In this contribution the open issues for WUS are discussed further. 
2 Background

Paging in MTC and NB-IoT

Paging is similar in NB-IoT and MTC except for:
· Different parameter value ranges for (e)DRX cycle, PTW size, number of paging repetitions on xPDCCH, paging formula parameter (Nb), etc
· NB-IoT:

· UE specific DRX is not supported 
· Paging on anchor carrier or non-anchor carrier(s) is supported
NOTE: It is assumed that WUS is not configured in an LTE cell that is configured for high speed UEs (HighSpeedConfig in SIB2).
Paging in DRX

UE “continuously” wakes-up every DRX cycle to monitor its Paging Occasions (PO). The PO of the UE is determined based on, among others, the DRX cycle and UE ID of the UE (see chapter 7 in 36.304). The DRX cycle is indicated in system information by the defaultPagingCycle in SIB2(-NB):

· MTC: 
{rf32, rf64, rf128, rf256}
· NB-IoT:
{rf128, rf256, rf512, rf1024}
In LTE/MTC the UE can request a UE specific DRX cycle in ATTACH/TAU request (23.401). The UE uses the shortest of the UE specific paging cycle and the defaultPagingCycle indicated in SIB2. This implies that the UE can request a shorter DRX cycle then the defaultPagingCycle in SIB2 for latency purposes (but cannot request a longer DRX cycle for power savings). For BL/CE UE a different defaultPagingCycle can be configured in SIB2-BR. In NB-IoT the UE uses the DRX cycle indicated in SIB2-NB.
A UE for which an extended DRX (eDRX) is not configured, and thus is in “continuous” DRX, is likely not to have very strong power saving requirements, but perhaps stronger requirements on latency, i.e. to be quickly reachable.
The defaultPagingCycle configured in an LTE cell is used by both LTE and MTC devices, unless a different defaultPagingCycle is configured in SIB2-BR. Smartphones in LTE require a “short” DRX cycle for latency purposes. For NB-IoT a defaultPagingCycle can be configured that suits the specific NB-IoT use cases. But also in NB-IoT there can be use cases with different requirements:

· e.g. lamp sensor with tight latency requirement, and weak power saving requirements

· e.g. metering device with loose latency requirement, and strong power saving requirements
Paging in eDRX

When extended DRX (eDRX) is configured it is possible that the UE is only reachable for a short period of time, and then goes back to sleep for a long time:

· PTW size (10.5.5.32 in 24.008): 

· MTC: 
{1.28, 2.56, ..., 19.20, 20.48} sec
· NB-IoT:
{2.56, 5.12, ..., 38.4, 40.96} sec

· eDRX cycle length (10.5.5.32 in 24.008):

· MTC: 
{10.24, 20.48, ..., 1310,72, 2621.44} sec (i.e. up to 43.69 min)
· NB-IoT:
{20.48, 40.96 ..., 5242.88, 10485.76 } sec (i.e. up to 2.9 hours)

Both the PTW size and the eDRX cycle length are “negotiated” between UE and MME via NAS signalling, i.e. the UE can propose values in ATTACH/TAU request, and the MME configures the values to be used in ATTACH/TAU accept (24.301). The eDRX configuration is thus per UE, except that the defaultPagingCycle in SIB2(-NB) is used as the DRX cycle within the PTW.
In eDRX the concept of Hyper SFN (H-SFN) is used to enable longer sleeping times in the UE. The H-SFN where the UE wakes-up is determined/distributed based on the assigned eDRX cycle and UE ID (see 36.304). The start of the PTW is the first PO, determined according to the paging formula for DRX, that falls inside the H-SFN where the UE wakes-up. To distribute the start of the PTW within the H-SFN further, there are four different offsets defined (see PTW_start in 36.304). The UE is required to monitor all POs of the PTW (see PTW_end in 36.304), or until a Paging message with the UE’s UE ID is received (36.304).
Neighbouring cells are not necessarily SFN synchronized. But the H-SFNs are assumed to be loosely synchronized (section 4.5.13.3.2 in 23.682): 
It is assumed that eNodeBs and MMEs are able to use the same H-SFN value with accuracy in the order of legacy DRX cycle lengths, e.g. 1 to 2 seconds. There is no need for synchronization at SFN level.

This loose H-SFN synchronization implies that PTWs partially overlap, i.e. when a mobile UE wakes-up in a different cell before the start of the old PTW, then there will be multiple remaining POs in the new PTW such that the UE can still be paged successfully. However due to mobility the number of MME paging re-attempts in the same PTW (i.e. during paging escalation when for example both the paging geographical scope is increased) may be limited. 
The paging operation is depicted below:
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In case the UE does not respond to the first paging attempt of the MME, the MME should be able to “escalate” the paging in the current PTW, because after the PTW the UE may sleep for a long time:
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When there is DL data, the MME stores the data until the UE becomes reachable, i.e. when the PTW of the UE is about to start. Just before the start of the PTW of the UE, the MME sends a PAGING message to the eNB (see section 4.5.13.3.3 in 23.682): 
When the MME receives trigger for paging and the UE is reachable for paging, the MME sends the paging request. If the UE is not reachable for paging, then the MME pages the UE just before the next paging occasion.

For power saving in eDRX it is beneficial to have a short DRX cycle, because the UE power savings is better in deep sleep (eDRX) compared to sleep mode (DRX), assuming a certain number of POs per PTW to be able to reach a mobile UE as well.  The DRX cycle should be long enough though to allow for the number of xPDCCH repetitions indicated in system information to support the coverage enhancement level supported in the cell.  

The PAGING message from the MME can include, among others, the CE level of the UE when it was last in connected mode, the paging attempt info (1st or 2nd paging attempt) and the PTW size. The eNB can use this additional information to page the UE, for example to determine the number of L1 repetitions that are needed. More than one UE can monitor the same PO, i.e. the eNB constructs a Paging message, which can include a list of UEs to page (paging record list):
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3 Wake Up Signal (WUS)
WUS capability and configuration signalling
WUS is a UE power saving feature. WUS is an optional UE feature that is signalled in the RadioPagingInfo(-NB):
Proposal 1: WUS is an optional UE capability signalled in the RRC RadioPagingInfo(-NB).
The eNB can broadcast WUS configuration info in SIB2(-NB): 
Proposal 2: WUS configuration info is broadcasted in IE RadioResourceConfigCommonSIB(-NB) in SIB2(-NB).
When the UE supports WUS and WUS configuration info is broadcasted in SIB2(-NB), then WUS is used to page the UE:

Proposal 3: When the UE supports WUS and WUS configuration info is broadcasted in SIB2(-NB), then WUS is used to page the UE in that cell

WUS is a RAN feature which should be transparent to the MME, i.e. the paging operation in the MME is independent from the use of WUS in RAN: 
Proposal 4: WUS operation is transparent to the MME.
WUS is used when the UE supports WUS and the eNB broadcasts WUS info in system information:
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Figure 1: WUS capability and configuration signalling.
The MME stores WUS information (e.g. WUS UE capability) but does not act on it. The MME sends the PAGING message in advance of the PTW start. The existing paging advance is sufficient for the eNB to schedule the WUS prior to the start of the PO, i.e. to wake up the UE that monitors WUS.

Enable/disable WUS for a specific UE

There can be cases where it is desirable to disable WUS in a specific UE (e.g. a stationary UE in good coverage, or when paging that UE has proven to cause problems): 
1. UE monitors WUS only when all three conditions below are fulfilled, otherwise UE monitors xPDCCH:

a. UE has signalled wus-Support in RRC UE capability

b. eNB has signalled wus-Config in SIB2(-NB)
c. WUS operation is not disabled in the UE (default: enabled)
2. eNB can enable/disable WUS operation in UE:

a. MSG4 (e.g. RRCConnectionSetup(-NB) and RRCConnectionResume(-NB))
b. UE CONTEXT RELEASE COMPLETE message (e.g. new parameter in IE Cell Identifier and Coverage Enhancement Level)
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Figure 2: Dedicated WUS signalling.
When WUS has been disabled in MSG4 by the eNB, then the UE stores the “WUS status”, and when in Idle mode will not monitor WUS, until the eNB enables WUS again in MSG4, or during a new ATTACH. The UE thus stores the “WUS status”, which survives connected-idle mode transitions, similar as the dedicated cell re-selection priorities in LTE, but without a timer.
Proposal 5: eNB can enable/disable WUS operation in the UE in MSG4.

WUS to PO mapping
RAN2 indicated in the reply LS to RAN1 [10] that UE group info in WUS is feasible. It is assumed that RAN1 will discuss UE group info in WUS further. In our view UE group info in WUS is beneficial provided that the WUS monitoring duration is not increased: 
Assumption 1: UE group info in WUS is supported provided that the UE group info does not increase the WUS monitoring duration.
It is assumed that the default mapping of WUS to PO is 1-to-1, similar as the PICH monitoring in UMTS, i.e. the WUS signal precedes the PO with a defined time offset. In addition to the 1-to-1 mapping a 1-to-N mapping with N > 1 has been discussed. Such a mapping would further reduce the UE power consumption, because the UE monitoring frequency (i.e. wake-up frequency)  would be reduced with a factor N. It should be noted that the same can be achieved with an N times longer DRX cycle.

UEs that are not configured with eDRX and thus are always in DRX are assumed to not have strong power saving requirements, but assumed to have stronger latency requirements. Therefore a 1-to-N WUS to PO mapping does not seem to be needed in DRX: 
Proposal 6: In DRX, i.e. when eDRX is not configured in the UE, the WUS to PO mapping is 1-to-1.
UEs that are configured with eDRX are expected to have stronger power saving requirements, and for such UEs a 1-to-N WUS to PO mapping might be beneficial. But it should be noted that a 1-to-N mapping is advantageous for the UE power savings, but it does put stronger requirements on the WUS scheduling from an eNB perspective, i.e. during times of congestion the eNB has less flexibility to postpone paging, i.e. in case WUS is not scheduled, the eNB loses N paging occasions compared to 1 otherwise. It also puts stronger requirements on the WUS to be reliable, i.e. in case of WUS misdetection N paging occasions are lost:
Proposal 7: In eDRX the WUS to PO mapping is 1-to-1 unless a 1-to-N mapping (N = {2, TBD}) is configured in system information.
In case a 1-to-N mapping is agreed it is assumed that N is part of the WUS configuration info in the cell. When N is omitted in the WUS configuration info the default mapping 1-to-1 is used. 
A 1-to-N WUS to PO mapping reduces the reachability of a mobile UE, i.e. a UE that wakes-up in another cell. When the UE wakes up in another cell and the UE has missed the last WUS of the PTW then the UE should monitor the remaining POs of the PTW to not impact the reachability. Also note that WUS is transparent to the MME, i.e. the MME assume that it can still reach the mobile UE in the current PTW:

Proposal 8: In eDRX, if the UE wakes-up in a new cell, and N > 1 is configured in the new cell, and the UE has missed the last WUS of the PTW, then the UE shall monitor the remaining POs of the PTW. 
In case of a 1-to-N mapping the UE monitors WUS occasions every N x DRX cycle. In case WUS is detected the UE is required to monitor the following N POs:
Proposal 9: If UE detects WUS the UE shall monitor the following N PO(s) (N≥1)
Also in case of a 1-to-N mapping the first WUS of the PTW should start before the first PO of the PTW: 
Proposal 10: The first WUS of the PTW starts with a defined time offset before the first PO of the PTW.
The first PO of the PTW is indicated by PTW_start (see 36.304), i.e. the first WUS of the PTW would be relative to PTW_start.
WUS configuration details
The eNB typically receives the PAGING message from the MME prior to the start of the PTW, i.e. the first paging attempt of the MME is typically received prior to the start of the PTW. The eNB constructs the Paging message to be send over the air-interface, and set the WUS prior to the start of the PO to wake-up the UE. The maximum number of WUS repetitions that the eNB can use is given by the maximum number of WUS repetitions the eNB indicated in SI (wus-NumRepetition), i.e. this is the maximum number of WUS repetitions that the UE can be expected to monitor. The eNB could for example select the number of WUS repetitions for the first paging attempt of the MME based on the CE level the UE was in last time it was in connected mode (indicated in the PAGING message from the MME). For the second paging attempt from the MME the eNB could use the maximum number of WUS repetitions. It is noted that multiple UEs can monitor the same PO, i.e. in such case the weakest link determines the number of WUS repetitions, i.e. the UE in deepest coverage enhancement level or Paging attempt from MME with highest paging attempt number. 
There is (minimum) time offset between the last possible WUS repetition and the start of the first xPDCCH repetition of the following PO, denoted wus_Offset in this contribution, to allow the UE to ramp up and receive the following xPDCCH repetitions:
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Assumption 2: wus-Config includes at least (pending RAN1 agreements in LS on RRC parameters): 

· wus-NumRepetition

· wus_Offset
Assumption 3: RAN1 is assumed to decide if the time offset between WUS and PO is defined from the first or last possible WUS repetition and the first possible xPDCCH repetition and capture this in 36.211.
NB-IoT

Identical WUS operation on anchor and non-anchor carrier is anticipated:
Proposal 11: WUS is supported on anchor and non-anchor carrier in NB-IoT, and WUS operation is the same on anchor and non-anchor carrier
WUS reception requirements
The reliability with which the UE detects WUS strongly depends on the number of L1 WUS repetitions the UE is monitoring. It is assumed that a UE in normal coverage is not required to monitor the maximum number of WUS repetitions indicated in system information (wus-NumRepetition), especially when the eNB supports the deepest coverage level:
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In our view the number of  L1 WUS repetitions that the UE shall monitor should not be left to UE implementation, because the UE might otherwise not be reachable: 
Assumption 4: RAN4 captures WUS reception requirements in 36.133 (e.g. minimum WUS monitoring duration in normal and enhanced coverage).
4 Summary

RAN2 is kindly asked to discuss Wake Up Signal (WUS): 

Assumption 1: UE group info in WUS is supported provided that the UE group info does not increase the WUS monitoring duration.

Assumption 2: wus-Config includes at least (pending RAN1 agreements in LS on RRC parameters): 

· wus-NumRepetition

· wus_Offset
Assumption 3: RAN1 is assumed to decide if the time offset between WUS and PO is defined from the first or last possible WUS repetition and the first possible xPDCCH repetition and capture this in 36.211.
Assumption 4: RAN4 captures WUS reception requirements in 36.133 (e.g. minimum WUS monitoring duration in normal and enhanced coverage).

Proposal 1: WUS is an optional UE capability signalled in the RRC RadioPagingInfo(-NB).

Proposal 2: WUS configuration info is broadcasted in IE RadioResourceConfigCommonSIB(-NB) in SIB2(-NB).
Proposal 3: When the UE supports WUS and WUS configuration info is broadcasted in SIB2(-NB), then WUS is used to page the UE in that cell

Proposal 4: WUS operation is transparent to the MME.

Proposal 5: eNB can enable/disable WUS operation in the UE in MSG4.

Proposal 6: In DRX, i.e. when eDRX is not configured in the UE, the WUS to PO mapping is 1-to-1.

Proposal 7: In eDRX the WUS to PO mapping is 1-to-1 unless a 1-to-N mapping (N = {2, TBD}) is configured in system information.
Proposal 8: In eDRX, if the UE wakes-up in a new cell, and N > 1 is configured in the new cell, and the UE has missed the last WUS of the PTW, then the UE shall monitor the remaining POs of the PTW. 

Proposal 9: If UE detects WUS the UE shall monitor the following N PO(s) (N≥1)

Proposal 10: The first WUS of the PTW starts with a defined time offset before the first PO of the PTW.

Proposal 11: WUS is supported on anchor and non-anchor carrier in NB-IoT, and WUS operation is the same on anchor and non-anchor carrier
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5 Appendix RAN1 agreements
RAN1#90 (NB-IoT):
Working assumption:

· For idle mode,

· In specifying a power saving physical signal to indicate whether the UE needs to decode subsequent physical channel(s) for idle mode paging, select a candidate among the following power saving physical signals:

· Wake-up signal or DTX

· Wake-up signal with no DTX

· FFS:

· Information conveyed by the physical signal

· Design of the physical signal
· Resources which can be used for the physical signal, considering scheduling flexibility, overhead, etc.
Agreements:

· For idle mode,

· The power saving signal in a cell supports being applied to FFS between:

a) All the UEs associated to a PO in the cell

b) A group of more than one of the UEs associated to a PO in the cell

c) Both (a) and (b)

· How many POs the power saving signal applies to from the UE perspective is FFS between

· A single PO only

· One or more than one PO (details are FFS)

· How many POs the power saving signal applies to from the eNB perspective is FFS between

· A single PO only 

· One or more than one PO (details are FFS)

The power saving signal applicable to a UE is sent on the same paging carrier as the associated subsequent physical channel(s)
RAN1#90bis (NB-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
· 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 a 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 a NB-IoT carrier

· An LS was sent to RAN2 to request input on feasibility of UE groups for WUS in R1-1719207

· At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle 

· Include in the LS to RAN2, to request input on the feasibility of WUS applying to more than one PO in a PTW for eDRX case 

· 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

Working assumption:

· 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 (NB-IoT):
Agreements:

· 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

· The [maximum] 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 [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 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.
Working assumption
· WUS sequence is a sequence mapping within one subframe as a basic unit and repeated/extended for multiple subframes to support larger coverage.

· Prioritize to minimize impact on UE synchronization performance.
· FFS: detailed design on time-varying of the WUS signal

An LS was sent to RAN2 and RAN4 on the above in R1-1721241.

Agreements:

· 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
RAN1#90bis (MTC):
· Working assumption:

· For idle mode,

· In specifying a power saving physical signal to indicate whether the UE needs to decode subsequent physical channel(s) for idle mode paging, select a candidate among the following power saving physical signals:

· ‘Wake-up signal or DTX’ with new periodic sync signal

· ‘Wake-up signal or DTX’ without new periodic sync signal

· Study till the next meeting how to ensure sufficient sync performance.

· Consider potential synergies with the WI objective on Reduced system acquisition time.

· Consider impacts from mobility.

· An LS (covering LTE-MTC and NB-IoT) was sent to RAN2 in R1-1719207 capturing the above agreements and asking RAN2 to provide input on the feasibility of UE groups for WUS and the feasibility of WUS applying to more than one PO in a PTW for eDRX case for BL/CE UEs
RAN1#91 (MTC):
· At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle

· Working assumption: 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)

· There is at least one WUS parameter determined by at least SI for at least IDLE_MODE UE.

· The [maximum] WUS length in a cell is configurable

· Further study the benefits of potential diversity methods in WUS design

· Further study the benefits of potential inter-cell interference randomization methods in WUS design

· An LS capturing the above agreements was sent to RAN2 in R1-1721282
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