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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#90bis, the following agreements and working assumptions are made regarding to the precursor signal that 
“
Agreements: 
· 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
· Send LS to request RAN2 input on feasibility of UE groups for WUS. 
· 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 


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)
”
In this contribution, we further discuss the configurations of the wake-up signal (WUS). 
Properties of the wake-up signal
To arrive at an efficient design of a WUS, it is necessary to put the WUS into context w.r.t. network and UE operations during paging. The network paging procedure must be considered to understand the consequences of WUS on the procedure. UE idle mode operations must be understood to understand mobility requirements and the consequences of these when the WUS is designed. 
Paging in DRX and eDRX
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, see Figure 1.


[bookmark: _Ref498518679]Figure 1 Signaling diagram for WUS configuration and procedure
  
We have described the paging process with WUS as a RAN feature and how the WUS would work in detail in [3]. 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#90bits, it was discussed whether a WUS should be applied for more than one paging occasion (PO) in a paging time window (PTW). However, RAN2 input is needed regarding this issue. 
Observation 1: [bookmark: _Ref498688484]One WUS applied for one PO in both DRX and eDRX is a design that provides the basic functionalities of WUS, and most of the UEs can benefit from this design already. 
Since eDRX is configured per UE by MME, the network operations between the MME and the eNB need to be considered in the design of WUS. To ensure the WUS design to be finished on time, a simple and functional design is necessary. Therefore, it is preferred not to have impact for the MME-eNB operations. 
Observation 2: [bookmark: _Ref498688493]The power saving signal should be designed such that interoperability testing is kept to a minimum, to avoid delaying and restricting the introduction of this feature.


WUS location relative NPDCCH
In RAN1#90bits, the working assumption was made regarding the WUS location with respect to the PO.  
“
· 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)
”
When receiving the paging message from the MME, the last known UE coverage information is attached as assistant data with the paging message. The eNB can use that information to decide the coverage level of the UE(s) that are paged, i.e., decides the length of NPDCCH and NPDSCH used for paging. Similarly, it will be possible for the eNB to control the size of the WUS on a per PO level, depending on which UE(s) are paged. This will contribute to reducing the network overhead at little expense of performance. Correspondingly, UEs know their coverage level and have also performed cell measurements such that they can estimate the WUS length that is required for a successful detection. For such a functionality to work, also taking into consideration a fixed distance between the WUS and the NPDCCH, it is good to define the end of the WUS in relation to the PO. We will detail the benefits in later paragraphs. 
Proposal 1: [bookmark: _Ref498688568]The WUS length is adjustable by the eNB on a per PO basis depending the coverage of its associate NPDCCH transmission.
Instead of having a fixed length of the WUS per cell or per PO, it is possible for the eNB to adapted length of the WUS to the length of the actual NPDCCH transmission. There is no need for the WUS to provide significant better coverage than the associated NPDCCH transmission, since if the UE can only decode the WUS but not the associated NPDCCH, it would still miss the paging. 
Proposal 2: [bookmark: _Ref498688577]The WUS should provide similar coverage as its associated NPDCCH transmission.
Therefore, similar concepts as the type-1 CSS can be adopted for WUS. We can design a WUS search space, where the UE should monitor the WUS. But the actual transmission of the WUS can be shorter than the maximum length of the WUS search space. The maximum length of the WUS search space should be proportional to the Rmax used by type-1 CSS. 
Certainly, a search space structure similar to type-1 CSS, i.e., the candidates a UE needs to check are aligned at the beginning from the search space, can be used for WUS search space (see Figure 2a), but the problem is that this would fragment the DL resources that can be used by Rel-13 and Rel-14. This is because repetitions are used in NB-IoT and eMTC to achieve enhanced coverage, and the repetitions are transmitted in continuous subframes. If the DL is fragmented, then a long transmission needs to be segmented to several short transmissions, which either requires more NPDCCH resources for scheduling or the transmission cannot achieve a desired coverage. From a UE perspective, it is furthermore desired to spend as short time as possible in active mode or light sleep mode, because it is beneficial for the UE to detect the WUS as late as possible from power saving point of view.  
Therefore, we proposed a new WUS search space design given in Figure 2b. In the new design, the WUS search spaces consists of several basic units of WUS, and we name them as WUS candidates in this paper (indicated on the y-axis in Figure 2). Instead of aligning of the beginning of the WUS candidates, the ends of the WUS candidates are aligned. Since most of the time no WUS is transmitted (the assumed paging rate is at most 10%), such a design could help reduce the UE mis-detection rate for WUS especially for UEs in good coverage, as it reduces the protentional overlap with NPDSCH when WUS or DTX is used. 
Notice that this design only concerns to align the ending point of all possible WUS candidates, and the WUS search is still defined by its starting point. As WUS or DTX is assumed for the power saving signal for NB-IoT, this would allow longer continuous transmission of other channels before the WUS search space, as well as maximize the sleep timing of a UE that needs to monitor the WUS. As the current assumption is that the WUS is a ZC sequence based signal, the UE only needs to wake up and monitor the WUS at its estimated coverage.
Proposal 3: [bookmark: _Ref498688586]To efficiently transmit the WUS and maximize the UE sleeping time, a WUS search space can be defined with aligned the end points of the WUS candidates.



[bookmark: _Ref498521532]Figure 2 Illustrations of two different WUS search space design


Furthermore, a shorter WUS is preferred from UE power consumption and system overhead point of view. The WUS should be designed to consume a minimum amount of network resources by adjusting the transmitted WUS according to the coverage level of the paged UE. If multiple UEs are being paged, the coverage level of the worst-case UE is selected.
During the discussion in RAN1#90bis, it was pointed out that different UE architectures may require different processing times after detecting the WUS to process the associated NPDCCH. Therefore, for the design of the WUS to be future proof, it is desirable to make the distance between WUS and the associated NPDCCH configurable such that the full potential of UEs of many generations may be reached. 
Proposal 4: [bookmark: _Ref498688595]The distance between the WUS and PO is cell-specific, and is configurable in the SI. 

UE subgrouping by using WUS
In RAN1#90bis, it was discussed whether the WUS signal can be used to indicate a subgroup of UEs in a PO. 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. 
Observation 3: [bookmark: _Ref498696360]Grouping/UE_ID information in wake-up signal is beneficial unless it increases wake-up signal reception time.

If more than one UE set is specified, RAN1 must decide how to separate those sets. Considering the WUS for the unsynchronized UE in some cases may be above 200 ms long, the scheduling of multiple WUS per PO may prove difficult and expensive. Another consideration with the required long WUS duration is that it could impact the MME such that it needs to send the paging message earlier to the eNB, which is clearly not desirable. 
Observation 4: [bookmark: _Ref498688521] A smaller WUS is easier to fit into existing network functionality and to partition into multiple UE groups.
Furthermore, for the network to signal SI update all UEs need to be paged simultaneously. Hence, there must exist a superset comprising all UEs for paging messages related to SI updates. Depending on the design, a UE may also need to monitor multiple WUS sequences or multiple WUS occasions, possibly adding to complexity and decreasing power savings.
Observation 5: [bookmark: _Ref498688532]If more than one UE paging group is defined, functionality to page all UEs in a PO must be provided, e.g., for SI update and Direct Indication Information.
There are also complications, as this may impact the current core network and MME behaviour of paging. Therefore, RAN1 is waiting for input from RAN2 regarding this issue. Notice that in the evaluation assumption [4], at most 10% paging load is assume. Therefore, the power saving gain is foreseeable limited by subgrouping the UE. Moreover, RAN1 may need to spend more time to design and evaluate the WUS design. 
Moreover, if WUS is used to subgroup the UEs, it can be problematic when it comes to SI update notification and any common paging information (Direct Indication Information or common part in paging message). When the eNB needs to use Direct Indication Information for SI update, it needs to page all the UEs in the cell. There is no easy solution for the eNB to send paging for Direct Indication Information for SI update, if UE are in a subgroup at the PO. Then there needs to be a WUS that indicate the entire group of UE at the PO is paged, together with a WUS that a UE needs to monitor for UE subgrouping. 
Observation 6: [bookmark: _Ref498688542][bookmark: _Hlk498696259]From a system point of view, subgroup UE by using WUS can be beneficial but the related problem regarding for Direct Indication Information for SI update needs to be taken into consideration in the WUS design.
Conclusions
Based on the discussions, we have the following proposals and observations regarding the WUS signal configurations and procedures. 
Observation 1: One WUS applied for one PO in both DRX and eDRX is a design that provides the basic functionalities of WUS, and most of the UEs can benefit from this design already.
Observation 2: The power saving signal should be designed such that interoperability testing is kept to a minimum, to avoid delaying and restricting the introduction of this feature.
Observation 4: A smaller WUS is easier to fit into existing network functionality and to partition into multiple UE groups.
Observation 3: Grouping/UE_ID information in wake-up signal is beneficial unless it increases wake-up signal reception time.
Observation 5: If more than one UE paging group is defined, functionality to page all UEs in a PO must be provided, e.g., for SI update and Direct Indication Information.
Observation 6: From a system point of view, subgroup UE by using WUS can be beneficial but the related problem regarding for Direct Indication Information for SI update needs to be taken into consideration in the WUS design.

Proposal 1: The WUS length is adjustable by the eNB on a per PO basis depending the coverage of its associate NPDCCH transmission.
Proposal 2: The WUS should provide similar coverage as its associated NPDCCH transmission.
Proposal 3: To efficiently transmit the WUS and maximize the UE sleeping time, a WUS search space can be defined with aligned the end points of the WUS candidates.
Proposal 4: The distance between the WUS and PO is cell-specific, and is configurable in the SI.
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