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[bookmark: _Ref409106980][bookmark: _Ref465843822]Introduction
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 [2]

	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
RAN1#92bis agreements:
· At least WUS/DTX is supported at least for paging for RRC_IDLE UEs
· Confirm the following working assumption 
· 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
· 3 bits are used to indicate the scaling factors between maximum duration of WUS and Rmax associated with type 1 CSS
· The gap between the end of configured maximum WUS duration and the first associated PO is equal or larger than the minimum value which is implicitly or explicitly configured and is an absolute number of subfames
· There are at least 10 valid subframes between the end of configured maximum WUS duration and the first associated PO.
· FFS: whether to define UE capability for wake-up time 
· [bookmark: _Hlk513814889]WUS is postponed in subframes that are not NB-IoT DL subframes and is not transmitted [FFS dropped/postponed] in the subframes that carries SIs other than SIB1.
· Note: “Postpone” means the corresponding subframes are not counted as configured maximum WUS transmission duration and actual WUS transmission duration.
· Note: This does not imply that the minimum gap between the end of actual WUS duration and the first associated PO is reduced
· WUS can be time-varying from subframe to subframe.
· Besides information on cell ID, WUS signal is designed based on the following information: 
· UE group ID (if introduced)
· time information of the starting subframe of the WUS or PO (Paging Occasion)
· FFS: (part of) the SFN information
· When generating power saving signal in a subframe where NRS is assumed to be transmitted, the power saving signal in the subframes shall be generated and mapped in the same way as in other valid subframes where NRS is not assumed to be transmitted;
· WUS is punctured in RE-level by NRSs.
· WUS signal in a subframe is as follows, 
[image: ]
where LZC = 131 for inband mode (FFS for SA and GB modes)
· FFS RE-level cover codes/RE-level scrambling sequence c(m) using 
· Hadamard codes
· Gold sequences
· M sequences
· FFS phase shift
· FFS detailed design for time-varying 
· 11 symbols for inband mode and 14 symbols for SA and GB modes
· Strive toward as much as possible commonality between SA/GB and inband




In this contribution, we further discuss the configurations and procedures 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.  
It should be acknowledged that changes between the MME and eNB, e.g., by changing the paging signaling between the MME and eNB, may be complicated for operators, in terms of requiring additional interoperability testing. These, in turn, may risk or delay the roll-out of the WUS feature in the networks.
[bookmark: _Ref498688493]Proposal 1: 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.
Maximum WUS duration
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 this 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 the next section. 
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 (any of) the associated NPDCCH transmission, since if the UE can only decode the WUS but not the associated NPDCCH, it would still miss the paging. 
Observation 1: The WUS should provide similar coverage as its associated NPDCCH transmission.
A reasonable paging approach is that in the first attempt the eNB tries to reach the UE, the WUS is sent with a length corresponding to the UE’s coverage level. In case two or more UEs are being addressed, the WUS is dimensioned after the UE with the worst coverage level. In the event of UE not responding to the first paging message(s), the subsequent WUS may be transmitted to provide increased coverage all the way up to WUSmax, where WUSmax is the maximum number of repetitions for WUS supported by the cell. 
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. 
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.
[bookmark: _GoBack]It is shown that similar WUS NPDCCH performance may be achieved with a scaling factor of 8 to 16. Taking reasonably different WUS and NPDCCH configurations into account, one higher and one lower value will be sufficient. That gives the scaling factors [1/4, 1/6, 1/8, 1/12, 1/16, 1/24, 1/32]. 
Proposal 2: The values of the 3-bit scaling factor between Rmax and WUSmax are [1/4, 1/6, 1/8, 1/12, 1/16, 1/24, 1/32] rounded upwards such that the minimum WUS duration is 1 subframe.
In RAN1 #92bis, it was proposed to introduce restrictions on the number of actual WUS durations the UE needs to monitor. Making further constraints on the actual WUS durations, implying restricting the minimum WUS duration in relation to WUSmax, may risk the use of higher WUSmax values. The reason is that the majority of the UEs in a cell, which would manage with a substantially lower value, would need to resort to an actual WUS value higher than their optimal WUS value with unnecessary waste of resources, and possibly sacrificing the WUS use case where it is makes the biggest difference from a UE power saving perspective.
Proposal 3: UEs need only to monitor WUS durations that is a power of 2 between 1 and WUSmax.
WUS location and configurable gap size
There is little use with a different definition in terms of time offset for eDRX, since when the UE wakes up, it is, per definition, in DRX. Also, the PTW is defined in relation to the first PO in the PTW and that is why the same definition should be used for both DRX and eDRX. Hence, the same WUS time locations can be used for both DRX and eDRX.
[bookmark: _Ref506540116]Proposal 4: The same WUS time offset compared to the PO is used for eDRX and DRX.
It is agreed that WUSmax is signaled at least some way associated with Rmax. Hence, the only additional information that needs to be provided to the UE for it to be able to determine the WUS onset is the configurable gap size in relation to the PO location. Longer durations risk intruding on MME-eNB interface in terms of how much in advance to the PO location the eNB receives the paging message from the MME. Moreover, the longer this duration, the more out-of-sync the UE will be, resulting in either worse reception performance or increased synchronization power consumption.
In the event that a paging is present to any UE associated with a PO, the eNB transmits a WUS at an agreed location prior to the PO to which the paged UE is associated. The location should be sufficiently long for a UE to wake up and possibly load data into RAM. Subsequent UE generations, using dedicated wake-up radios for detecting the WUS, could further need to calibrate the RX and load more functionality into RAM. The location should also be sufficiently in advance for the network to be able to utilize any space between the WUS and PO. For NB-IoT, considering the search space design, and possible scheduling delays, a short gap is not preferred, as the system cannot utilize the resource efficiently. Therefore, for NB-IoT UEs in good coverage, considering a scheduling round for either DL or UL (see Figure 2), at least around 40 ms is needed, without considering postponing in case of other channels and invalid subframe. Given that the starting point of the USS cannot start at arbitrary point, it is necessary to consider a gap that is larger than 40 ms between the WUS and PO. 
[image: ]
Figure 2 Scheduling example of NB-IoT
 Proposal 5: The minimum gap between the WUS and PO is larger than 40 ms. 
Taking the above into account, the WUS starting point may be defined as the PO starting point less the gap and less the WUSmax,
[bookmark: _Toc508198710][bookmark: _Toc508287135][bookmark: _Toc509215367][bookmark: _Toc510616901][bookmark: _Toc510784585]Proposal 6: The WUS starting point, tWUS, is defined, in relation to the PO starting point, tPO, the configurable gap, tgap, and the maximum WUS duration, tWUSmax, as
[bookmark: _Toc508198711][bookmark: _Toc508287136][bookmark: _Toc509215368][bookmark: _Toc510616902][bookmark: _Toc510784586]tWUS = tPO-Tgap-TWUSmax
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. 
[bookmark: _Ref498696360]Observation 2: 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. Currently two solutions are proposed in RAN1, i.e., to separate the groups in time as proposed in [6] and to separate the groups by using different cover code, as proposed in [5].
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. 
[bookmark: _Ref498688521][bookmark: _Ref506540003]Observation 3: A smaller WUS is easier to fit into existing network functionality and to partition into multiple UE groups. Therefore, if UE grouping for WUS is agreed, cover codes is preferred from a network resource cost point of view.
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.
[bookmark: _Ref498688532]Observation 4: 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.
According to the evaluation assumptions in [4], at most 10% paging load is assumed. Therefore, the power saving gain is foreseeable limited by subgrouping the UEs. 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 UEs 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. 
[bookmark: _Ref498688542][bookmark: _Hlk498696259]Observation 5: 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.
WUR UEs in eDRX
Future detection of a WUS may be performed either by the modem receiver or a dedicated wake-up receiver (WUR). These two receivers present quite different requirements in terms of the required gap between the WUS and the PO(s) to which it is associated. Considering a WUS gap in the order of seconds, WUR is a feature that is only enabled in eDRX, and not in DRX. Taking that into account, different modes of operation are preferable for eDRX and DRX respectively, based on whether the UE is equipped with a WUR or not. Thus, the operation on the network side may affect not only the eNB but also the MME due to the very long wake-up duration for a WUR enabled UE. In this respect, there is a RAN2 agreement stating that the MME should be unchanged from WUS operation. In this respect, the advance notice to the eNB when receiving a paging message from the MME is ranging from 100s of ms to multiple seconds. Hence, whether WUR is supported or not must be signaled in SI by by the eNB.
Proposal 7: The eNB signals ‘WUR enabled’ in SI.
If the eNB is able to support WUR UEs, it would be advantageous to define a specific UE capability regarding that. UEs supporting that capability may be assigned a longer gap between the WUS and the PO.
Proposal 8: A specific UE capability “WUR” is introduced, allowing an extended WUS-to-PO gap in eDRX mode.
For these UEs, a significantly longer gap is possible, provided it is supported by the eNB. On the one hand, from a UE perspective, a long gap of several seconds may be preferable in order to restart the modem from a deep sleep. On the other hand, a longer gap risks network functionality and MME-eNB interaction reducing the likelihood of the WUR feature being enabled in networks. A value that is likely to be acceptable from the MME-eNB perspective and would also contribute substantially to the UE power reduction, is approximately 1 s.
Proposal 9: If eNB signals WUR enabled, the WUS-to-PO gap for the WUR capable UE in eDRX is [1] s.
Collision management
Two aspects need to be considered regarding collision management:
1.	When the WUS itself is colliding with subframes that carry other SI information than SIB1, and
2.	When the PO to which the WUS is associated is colliding, since the WUS location is defined relative to that position.
Although a standardized function is needed, it should be noted that the practical weight of the first aspect is marginal. For this reason, the simples approach, i.e., dropping such WUS PRBs is proposed.
Proposal 10: When WUS is colliding with subframes that carries SIs other than SIB1, colliding WUS subframes are dropped.
For the second aspect, when the PO is colliding, the WUS may either be defined related to the original PO position assuming no collision, or the actual PO position, taking the collision into account. Here, too, the simple solution is preferred, i.e., the WUS is transmitted on a location related to the PO position assuming no collision.
Proposal 11: When the location of the PO is changed due to a collision, the WUS is transmitted on a location related to the PO position assuming no collision.
Conclusions
Based on the discussions, we have the following proposals and observations regarding the WUS signal configurations and procedures. 
Proposal 1: 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 1: The WUS should provide similar coverage as its associated NPDCCH transmission.
Proposal 2: The values of the 3-bit scaling factor between Rmax and WUSmax are [1/4, 1/6, 1/8, 1/12, 1/16, 1/24, 1/32] rounded upwards such that the minimum WUS duration is 1 subframe.
Proposal 3: UEs need only to monitor WUS durations that is a power of 2 between 1 and WUSmax.
Proposal 4: The same WUS time offset compared to the PO is used for eDRX and DRX.
Proposal 5: The minimum gap between the WUS and PO is larger than 40 ms. 
Proposal 6: The WUS starting point, tWUS, is defined, in relation to the PO starting point, tPO, the configurable gap, tgap, and the maximum WUS duration, tWUSmax, as
tWUS = tPO-Tgap-TWUSmax
Observation 2: Grouping/UE_ID information in wake-up signal is beneficial unless it increases wake-up signal reception time.
Observation 3: A smaller WUS is easier to fit into existing network functionality and to partition into multiple UE groups. Therefore, if UE grouping for WUS is agreed, cover codes is preferred from a network resource cost point of view.
Observation 4: 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 5: 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 7: The eNB signals ‘WUR enabled’ in SI.
Proposal 8: A specific UE capability “WUR” is introduced, allowing an extended WUS-to-PO gap in eDRX mode.
Proposal 9: If eNB signals WUR enabled, the WUS-to-PO gap for the WUR capable UE in eDRX is [1] s.
Proposal 10: When WUS is colliding with subframes that carries SIs other than SIB1, colliding WUS subframes are dropped.
Proposal 11: When the location of the PO is changed due to a collision, the WUS is transmitted on a location related to the PO position assuming no collision.
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