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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. In RAN1#90, the following working assumptions are made regarding to the precursor signal that 
“
· 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)
”
In this contribution, we further discuss the configurations of the wake-up signal (WUS). 
Properties of the wake-up signal
Paging in DRX and eDRX
To notify the UE whether there is a paging DCI carried by the NPDCCH, the WUS needs to be transmitted prior the NPDCCH that carries paging DCI. In NB-IoT, Type-1 common search space (CSS) is used for paging, where all the NPDCCH candidates start at the same time but may have different number of repetitions until Rmax.  In the current NB-IoT, unlike the legacy LTE, UE specific DRX is not supported, whereas the eDRX can be UE specific. In the RAN#90, it was discussed whether a WUS should be applied for more than one paging occasion (PO), both from eNB and UE perspective. In the opinion of the sourcing company, this should be treated differently for DRX and eDRX. 
DRX
For DRX, the UEs are distributed uniformly according to the UE_ID to monitor different POs. From the eNB perspective, since the UEs are distributed evenly over time, if one WUS should be applied for multiple POs, this means, more than one group of UEs will be woken up by the signal. This clearly contradicts the purpose of using WUS to minimize the NPDCCH monitoring efforts for the UEs. This would also introduce restrictions on how the eNB would handle the paging request from the MME, as the eNB may need to wait for a long time until the next time a WUS can be sent. The situation would be even worse if a few of the UEs in a group is paged more frequently than others. This means lots of UEs need to be woken up at the same time. Therefore, it is proposed that  
Observation 1: [bookmark: _Ref494445228]From the eNB perspective, it is not preferred to apply WUS to more than one PO.    
Recall that the current assumed miss detection rate of WUS is 1%.  Therefore, from the UE perspective, certainly using one robust WUS, which has significantly lower error rate than 1%, to indicate whether a UE should monitor more than one POs would reduce the risk that a UE misses paging, but this would come at a cost of increasing the UE power consumption. Otherwise, the UE have a high probably of missing paging. 
Observation 2: [bookmark: _Ref494445236]From UE perspective, comparing to have a WUS for every PO, applying a WUS to more than one PO may have the benefits of reducing the risk that a UE misses paging, if the detection error for WUS is much lower than that of NPDCCH.    
However, if we have a WUS designed in a way that the missed detection rate is low enough, and the network employ a reasonable paging strategy, the risk of a UE misses paging in the current network is already very low. Furthermore, considering the size relations between the WUS and the NPDCCH, where the WUS is expected to be significantly smaller than the NPDCCH. Therefore, the benefit of associating one WUS with more than one POs is not clear.
Proposal 1: [bookmark: _Ref494445172]Due to unclear benefits and increase of UE power consumption, from both the UE and the eNB perspective, the WUS applies to a single PO in RRC_IDLE mode. 
If a UE needs to be paged often by the network, having a WUS signal may lead to increased power consumption, as these UEs always need to detect the WUS first prior NPDCCH. Therefore, if the network knows certain UEs are paged more often than others, it is better for these UEs not to depend on the WUS at all. As pointed out in our companion paper [2], the WUS signal may need to be dimensioned to cover the UE in the worst CE in a PO. Since monitoring and decoding the WUS also consume power, UEs in good coverage may not be able to benefit from the WUS, as the length of the WUS may be comparable to, or even longer than, their NPDCCH candidates that they need to monitor for paging DCIs. Therefore, to maintain certain flexibility, it is proposed that 
Proposal 2: [bookmark: _Ref494445180]From the UE perspective, the network can configure the UE not to monitor the WUS but directly monitor its PO for paging DCI as of Rel-13. 
eDRX
In the case of eDRX, the situation is a bit different with respect to mapping WUS to POs. eDRX is simply providing much longer DRX-cycles and hence longer battery life than regular DRX operation, i.e., up to 3h for NB-IoT. The main difference from regular DRX operation is perhaps the use of the paging time window (PTW). That is, to increase robustness for mobility etc. the UE monitors several POs within PTW which occurs every eDRX cycle. Inside the PTW the UE applies the regular DRX cycle and the length of the PTW is configurable. Without any adoption, the WUS would be transmitted before each NPDCCH occasion within the PTW using the regular DRX cycle (Figure 1a).
[image: ][bookmark: _Ref494095068]Figure 1 Illustration of a) WUS-per-PO, and b) WUS-per-PTW.

With WUS this could be improved further; it would be beneficial for UE power consumption if the UE could omit all POs in the PTW if WUS is not detected prior to the PTW (WUS-per-PTW as shown in Figure 1b). I.e. if the UE does not receive WUS at a certain time offset before PTW_start, it can go back to sleep and omit monitoring any of the POs within the PTW. When a UE is configured with eDRX it is therefore proposed that the WUS shall apply to an entire PTW and not only a single PO.
Proposal 3: [bookmark: _Ref494445191]Send LS to RAN2 to suggest RAN2 to discuss the possibility for eDRX UEs to configure wake-up signal per PTW, such that monitoring all POs in a PTW can be omitted if wake-up signal is not detected before PTW_start.
However, the PTW was introduced to provide robustness for paging for mobile UEs. Therefore, it should be considered that the UE is only allowed to omit the entire PTW if WUS is not detected prior to it if the UE remains in the same cell. (Here, the ‘same cell’ could e.g. be the cell last reported in TAU or the last serving cell). This would ensure that there is no negative impact on mobility since; a) a UE that wakes up in a new cell and misses the WUS-occasion before PTW_start will have to read all POs in the PTW as of Rel-13, and b) the network can still escalate the paging area within the same PTW.
Observation 3: [bookmark: _Ref494445245]If only eDRX UEs which remain in the same cell (e.g. last reported in TAU or last serving cell), are allowed to omit monitoring all POs in a PTW if wake-up signal is not detected before PTW_start, it is ensured that there is no negative impact on mobility.
Furthermore, WUS-per-PTW would not only provide larger UE power consumption reduction, but also lower system overhead due to less WUS signaling overall.
Observation 4: [bookmark: _Ref494445251]WUS per PTW will provide both greater power consumption reduction and reduced system overhead.

UE subgrouping by using WUS
In RAN1#90, it was discussed whether the WUS signal can be used to indicate a subgroup of UEs in a POs. The motivation here is that the paging DCI is addressed to a group of UEs that monitors the same PO, and a UE needs to check the NPDSCH to find out whether it is paged. If the UE does not find its UE_ID in the NPDSCH, there is a false paging. By subdividing the UEs in to smaller groups or in the extreme case the UE_ID can be provided in the WUS, there is a benefit to reduce the probability for false paging. 
Observation 5: [bookmark: _Ref494445261]UE_ID information in wake-up signal is beneficial unless it increases wake-up signal reception time.    
As pointed out in our contribution [2],  the WUS may need to be dimensioned to cover the worst UE in a PO. To include more information in the WUS requires more robust design of the WUS. Therefore, either the WUS needs to be longer, which is not beneficial for the UEs in good coverage, as the lengths of the WUS can be similar to the lengths of the NPDCCH candidates the UEs need to monitor. Or the we need to send WUS to the subgroup of UEs by using different time and/or frequency resources. This would result in an increasing of the DL overhead. 
Observation 6: [bookmark: _Ref494445267]Including UE_ID information in WUS may require a more robust design of the WUS, e.g., a longer WUS, which may increase UE power consumption.     
Observation 7: [bookmark: _Ref494445274]Including UE_ID information in WUS may require more DL resources, which increase the system overhead, and reduce the DL capacity. 
Given that this WI-objective is prioritized to be finalized by the end of the year, and that ‘false paging’ is to our knowledge not a severe problem we propose the following:
Proposal 4: [bookmark: _Ref494445201]No information is conveyed by wake-up signal. 
Other issues
Notice that with ‘WUS or DTX’, the WUS is sent only when there is a paging DCI to the UE. Therefore, the WUS appears randomly in time. Therefore, it is up to the scheduler to handle the relationship between WUS and NPDCCH/NPDSCH. However, the starting time of the WUS should be pre-determined, so the UE knows where to monitor the WUS. 
Proposal 5: [bookmark: _Ref494445208]Due to the randomness of WUS in timing, only the potential starting time of the WUS should be defined, so the UE knows where to monitor the WUS. 
Proposal 6: [bookmark: _Ref494445217]In the case of WUS with DRX, it is up to the scheduler to handle the relations between WUS and NPDCCH/NPDSCH.  

Proposed WUS procedures
Generally, it is desired to minimize the impact to the standard and maintain the layer 3 paging procedure. That is MME transmits paging request to the eNB, paging is transparent to the eNB in the sense it does not keep track of the paging once sent, and whether WUS is transmitted to a UE is controlled by eNB.
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Figure 2 Schematic illustration of WUS process



In our understanding, the paging process with WUS would work as follows:
1. Whether WUS should be used for a UE, and any UE-specific WUS-configuration if needed, is negotiated between UE and MME upon Attach or TAU, and then stored in UE and in the UE context in MME. (The decision could be based on e.g. the UEs capability of WUS, if WUS would be beneficial, UEs expected traffic, UEs CE-level, etc).
2. eNB broadcasts whether WUS is used in the cell and the WUS common (cell-specific) configuration in SI (i.e. timing offset before PO, WUS length depending on cell size etc).
3. UE monitors paging with WUS if configured for the UE and supported in the current cell. UE applies UE-specific WUS-configuration and cell-specific WUS-configuration for WUS for monitoring. UEs should monitor WUS according to the highest CE-level configured in the cell to avoid eNB-UE mismatch, i.e. the same as Rmax for NPDCCH.
4. At some point in time, DL data for the UE arrives at the Serving GW.
5. MME finds the UE-context and constructs the paging request which is sent to the eNB. UE-specific WUS info is appended to this paging request (at least if WUS is currently configured for the UE, other info is FFS.)
6. eNB receives paging request from MME. If eNB supports and currently uses WUS, and if the UE is configured with WUS according to the paging request (other criteria FFS), eNB will transmit the WUS-signal prior to PO.
7. UE detects WUS, continues to read NPDCCH and the associated paging message in NPDSCH.
Note that there would be no impact on legacy UEs since the paging request would then not include an indication to use WUS and therefore WUS would not be transmitted by eNB.
Conclusions
Based on the discussions, we have the following proposals and observations regarding the WUS signal configurations and procedures. 
Proposal 1:Due to unclear benefits and increase of UE power consumption, from both the UE and the eNB perspective, the WUS applies to a single PO in RRC_IDLE mode.
Proposal 2:From the UE perspective, the network can configure the UE not to monitor the WUS but directly monitor its PO for paging DCI as of Rel-13.
Proposal 3:Send LS to RAN2 to suggest RAN2 to discuss the possibility for eDRX UEs to configure wake-up signal per PTW, such that monitoring all POs in a PTW can be omitted if wake-up signal is not detected before PTW_start.
Proposal 4:No information is conveyed by wake-up signal.
Proposal 5:Due to the randomness of WUS in timing, only the potential starting time of the WUS should be defined, so the UE knows where to monitor the WUS.
Proposal 6:In the case of WUS with DRX, it is up to the scheduler to handle the relations between WUS and NPDCCH/NPDSCH.
Observation 1:From the eNB perspective, it is not preferred to apply WUS to more than one PO.
Observation 2:From UE perspective, comparing to have a WUS for every PO, applying a WUS to more than one PO may have the benefits of reducing the risk that a UE misses paging, if the detection error for WUS is much lower than that of NPDCCH.
Observation 3:If only eDRX UEs which remain in the same cell (e.g. last reported in TAU or last serving cell), are allowed to omit monitoring all POs in a PTW if wake-up signal is not detected before PTW_start, it is ensured that there is no negative impact on mobility.
Observation 4:WUS per PTW will provide both greater power consumption reduction and reduced system overhead.
Observation 5:UE_ID information in wake-up signal is beneficial unless it increases wake-up signal reception time.
Observation 6:Including UE_ID information in WUS may require a more robust design of the WUS, e.g., a longer WUS, which may increase UE power consumption.
Observation 7:Including UE_ID information in WUS may require more DL resources, which increase the system overhead, and reduce the DL capacity.
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