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1 Introduction
The Wake Up Signal (WUS) was briefly discussed during RAN2#101 [1-7]. RAN2 agreed to indicate in a reply LS to RAN1 [8]:
· From RAN2 perspective, it is feasible to apply one wake-up signal to multiple POs in a PTW. The number of POs mapped to one WUS should be configurable by the eNB.
In this contribution the open issues in RAN2 for WUS are discussed further. 
2 Background

RAN1 progress
The RAN1 (and RAN2) agreements w.r.t. WUS in MTC can be found in [9, 10] and for NB-IoT can be found in [11]. A draft RRC parameter list for MTC can be found in [12]. For WUS two new RRC parameters have been identified so far:
	Parameter name in specification
	Description
	Value range
	Default value
	UE, Cell or CE-level specific
	RAN2 specification
	Comment

	ce-wus-maxDuration-config
	Maximum duration of wake-up signal for BL/CE UEs
	FFS
	Not Enabled
	Cell specific
	36.331
	It is FFS whether this parameter indicates the duration or a maximum duration.

	ce-wus-timeOffset-config
	Time location of wake-up signal for BL/CE UEs with respect to associated paging occasions 
	FFS
	Not Enabled
	Cell specific
	36.331
	Working assumption


The following additional RRC parameters can be expected, pending RAN1/RAN4 agreements:

· New periodic sync signal (MTC): 
· E.g. period + offset (presence/absence indicates “on/off”)
· UE group info (MTC and NB-IoT):
· E.g. {1 (default), 2, 4}
· 1-to-N WUS to PO mapping in PTW (MTC and NB-IoT):
· E.g. {1 (default), 2, 4, 8}
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 (see RRC parameters discussed above) 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.

UE group info
RAN2 indicated in the reply LS to RAN1 [13] 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.

WUS to PO mapping
RAN2 agreed that it is feasible to apply one wake-up signal to multiple POs in a PTW. 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. A 1-to-N mapping with N > 1 can optionally be configured in system information that would further reduce the UE power consumption, because the UE is not required to monitor the N/MPDDCH:
Proposal 6: Presence of NWUS {2, 4} in SIB2-NB indicates if 1-to-N WUS to PO mapping applies in PTW otherwise WUS to PO mapping is 1-to-1. 
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:

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

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. 

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 9: 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 10: 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 in NB-IoT and MTC: 

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: Presence of NWUS {2, 4} in SIB2-NB indicates if 1-to-N WUS to PO mapping applies in PTW otherwise WUS to PO mapping is 1-to-1. 
Proposal 7: If UE detects WUS the UE shall monitor the following N PO(s) (N≥1)

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

Proposal 10: WUS is supported on anchor and non-anchor carrier in NB-IoT, and WUS operation is the same on anchor and non-anchor carrier

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).
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