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Introduction
In RAN1#91, the following agreements on downlink channel power efficiency for MTC were reached [1]:
Agreements:
· 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

In this contribution, we propose a UE power saving design for MTC dealing with many of the significant outstanding questions. The contribution also presents the power performance improvements resulting from the design.
[bookmark: _Ref178064866][bookmark: _Ref506364926]Discussion
Three meetings remain before Rel-15 is expected to be finished. To reach an agreement of the WUS in a timely fashion for Rel-15, decisions need to be made. Based on previous meetings, it is apparent that most of the companies assume ‘WUS or DTX’ why this should be made into a formal agreement. Furthermore, the accompanying contribution about Enhanced SI Acquisition in [2], in addition to what has previously been shown in [3] and [4], presents substantial gains in network synchronization from using a new sync signal. The present A.I., DL Channel Power Efficiency, should also take advantage of the increased performance.
[bookmark: _Toc504856418][bookmark: _Toc504945214][bookmark: _Toc505252025][bookmark: _Toc505252694][bookmark: _Toc505255411][bookmark: _Toc506130041][bookmark: _Toc506133855][bookmark: _Toc506135066][bookmark: _Toc506220374][bookmark: _Toc506241722][bookmark: _Toc506278929][bookmark: _Toc506302037][bookmark: _Toc506364734][bookmark: _Toc506364971][bookmark: _Toc506364996][bookmark: _Toc506374965][bookmark: _Toc506382262][bookmark: _Toc506455822][bookmark: _Toc506478813]‘WUS or DTX’ with a new sync signal is chosen as power saving procedure.
Furthermore, based on presented simulation results, it is apparent that RRC_IDLE mode is prioritized before RRC_CONNECTED mode. Combined with little remaining time, the remaining meetings should focus on RRC_IDLE mode.
[bookmark: _Toc504856419][bookmark: _Toc504945215][bookmark: _Toc505252026][bookmark: _Toc505252695][bookmark: _Toc505255412][bookmark: _Toc506130042][bookmark: _Toc506133856][bookmark: _Toc506135067][bookmark: _Toc506220375][bookmark: _Toc506241723][bookmark: _Toc506278930][bookmark: _Toc506302038][bookmark: _Toc506364735][bookmark: _Toc506364972][bookmark: _Toc506364997][bookmark: _Toc506374966][bookmark: _Toc506382263][bookmark: _Toc506455823][bookmark: _Toc506478814]WUS is specified for IDLE mode.
0. [bookmark: _Ref497811795]Network paging procedure
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: _Ref494467758]Figure 1: Signaling diagram for WUS configuration and procedure.
It is understood that the higher layer paging process, with WUS implemented as a RAN feature. A more detailed description related to WUS is found in [5].
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.
1. [bookmark: _Toc498705494][bookmark: _Toc498702309][bookmark: _Toc498701575][bookmark: _Toc498692182][bookmark: _Toc498691894][bookmark: _Toc498690845][bookmark: _Toc498690309][bookmark: _Toc498690287][bookmark: _Toc498690258][bookmark: _Toc498690171][bookmark: _Toc498690119][bookmark: _Toc498672138][bookmark: _Toc498608676][bookmark: _Toc498536267][bookmark: _Toc498365709][bookmark: _Toc498088929][bookmark: _Toc498680905][bookmark: _Toc498680639][bookmark: _Toc498032086][bookmark: _Toc497999687][bookmark: _Toc497915575][bookmark: _Toc497915536][bookmark: _Toc496861524][bookmark: _Toc504945207][bookmark: _Toc505252018][bookmark: _Toc505252687][bookmark: _Toc505255404][bookmark: _Toc506130032][bookmark: _Toc506133846][bookmark: _Toc506135057][bookmark: _Toc506220365][bookmark: _Toc506241713][bookmark: _Toc506278920][bookmark: _Toc506302028][bookmark: _Toc506364725][bookmark: _Toc506364962][bookmark: _Toc506364987][bookmark: _Toc506374956][bookmark: _Toc506382253][bookmark: _Toc506455813][bookmark: _Toc506478804]The wake-up signal should be designed such that interoperability testing is kept to a minimum, to avoid delaying and restricting the introduction of this feature.
WUS monitoring duration
A reasonable paging approach is that in the first attempt the eNB makes to reach the UE, the WUS is sent with a WUS 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. If the UE does not respond to the first paging message, the subsequent WUS may be transmitted to provide increased coverage all the way up to the maximum number or WUS repetitions supported by the cell, WUSmax.
A starting point when defining the number of WUS repetitions is to consider how repetitions of paging messages are defined. For paging, the UE is required to receive paging, implying that the UE must monitor paging up to Rmax. From a power perspective, this is clearly a potentially very expensive requirement, particularly for UEs in good coverage, in case no paging message is present. Instead, if the UE prior to attempting to detect the WUS has estimated its coverage, it may be possible to determine a likely number of repetitions to accumulate for a high probability WUS detection, without the UE being required to accumulate all the way up to Rmax. The number of repetitions may be determined by RAN4 in 36.133.
[bookmark: _Toc506130033][bookmark: _Toc506133847][bookmark: _Toc506135058][bookmark: _Toc506220366][bookmark: _Toc506241714][bookmark: _Toc506278921][bookmark: _Toc506302029][bookmark: _Toc506364726][bookmark: _Toc506364963][bookmark: _Toc506364988][bookmark: _Toc506374957][bookmark: _Toc506382254][bookmark: _Toc506455814][bookmark: _Toc506478805]The number of repetitions the UE is required to monitor for a given coverage level will be determined by RAN4.
0. [bookmark: _Ref497741220]UE idle mode paging cycle operations
Waking up from a long duration of sleep, the UE is required to perform multiple tasks. So far, the discussions have focused on the WUS, but to make a suitable design, one must follow all RAN2 procedures and fulfil the RAN4 requirements, i.e., the complete paging cycle needs to be considered. For idle mode, the UE is required to perform the following operations:
1. Network resynchronization
0. Time-frequency synchronization and cell id confirmation
1. Serving cell and occasionally also neighboring cell measurements
1. Decode paging
2. Detect WUS, and, if found,
2. Decode MPDCCH
Naturally, depending on the UE implementation, some of the above tasks could be performed in altering order, or even simultaneously, but they still need to be performed. It is also worth noting that, at least for the eDRX case, the UE needs to accumulate several measurement samples for cell detection, measurement, and evaluation with some duration in-between measurements to obtain a more accurate measurement result [6]. Considering the working assumption from RAN1 #90bis about the idle mode power saving signal being ‘WUS or DTX’, the above operations are only possible if the UE is synchronized prior to attempting to detect the WUS, unless the UE should perform another sync attempt when no WUS is detected.
1. [bookmark: _Toc498705495][bookmark: _Toc498702310][bookmark: _Toc498701576][bookmark: _Toc498692183][bookmark: _Toc498691895][bookmark: _Toc498690846][bookmark: _Toc498690310][bookmark: _Toc498690288][bookmark: _Toc498690259][bookmark: _Toc498690172][bookmark: _Toc498690120][bookmark: _Toc498672139][bookmark: _Toc498608677][bookmark: _Toc498536268][bookmark: _Toc498365710][bookmark: _Toc498088930][bookmark: _Toc498680906][bookmark: _Toc498680640][bookmark: _Toc498032089][bookmark: _Toc497999692][bookmark: _Toc497915580][bookmark: _Toc497915541][bookmark: _Toc504945208][bookmark: _Toc505252019][bookmark: _Toc505252688][bookmark: _Toc505255405][bookmark: _Toc506130034][bookmark: _Toc506133848][bookmark: _Toc506135059][bookmark: _Toc506220367][bookmark: _Toc506241715][bookmark: _Toc506278922][bookmark: _Toc506302030][bookmark: _Toc506364727][bookmark: _Toc506364964][bookmark: _Toc506364989][bookmark: _Toc506374958][bookmark: _Toc506382255][bookmark: _Toc506455815][bookmark: _Toc506478806]Network synchronization should be performed independently of the wake-up signal to benefit idle mode operations also when no wake-up signal is transmitted.
Here it is also worth noting that the WI objective ‘Relaxed monitoring for cell reselection’ in RAN2/4 only changes the measurement rules for cell re-selection as defined in [7], i.e. it changes when the UE is triggered to perform neighbor cell measurements. When the UE is triggered to perform such neighbor cell measurements, then the UE performs those measurements as defined in [6]. Hence, it does not change the requirements for idle mode procedures and measurement requirements for the cell that the UE is camping on.
1. [bookmark: _Toc498705496][bookmark: _Toc498702311][bookmark: _Toc498701577][bookmark: _Toc498692184][bookmark: _Toc498691896][bookmark: _Toc498690847][bookmark: _Toc498690311][bookmark: _Toc498690289][bookmark: _Toc498690260][bookmark: _Toc498690173][bookmark: _Toc498690121][bookmark: _Toc498680907][bookmark: _Toc498680641][bookmark: _Toc498672140][bookmark: _Toc498608678][bookmark: _Toc498536269][bookmark: _Toc498365711][bookmark: _Toc498088931][bookmark: _Toc498032090][bookmark: _Toc504945209][bookmark: _Toc505252020][bookmark: _Toc505252689][bookmark: _Toc505255406][bookmark: _Toc506130035][bookmark: _Toc506133849][bookmark: _Toc506135060][bookmark: _Toc506220368][bookmark: _Toc506241716][bookmark: _Toc506278923][bookmark: _Toc506302031][bookmark: _Toc506364728][bookmark: _Toc506364965][bookmark: _Toc506364990][bookmark: _Toc506374959][bookmark: _Toc506382256][bookmark: _Toc506455816][bookmark: _Toc506478807]The WI objective ‘Relaxed monitoring for cell reselection’ does not imply a relaxed need for camping cell measurements, and thus network synchronization.
Here it is worth noting that the UE needs to reconfirm its cell ID and perform measurements ahead of detecting the WUS. Performing those tasks in a different order will result in a UE cannot perform the required idle mode mobility procedures or not detecting the WUS at all, since WUS is assumed to be cell specific as agreed in RAN1.  
When the LTE-MTC UE is in eDRX or for longer DRX configurations, before monitoring the paging time window (PTW), it needs to confirm whether it remains in the same cell. If not, the UE needs to reacquire the system information if it has not stored SI info of the new cell and find the PO in the new cell. Notice that, the cell identity is carried by the SSS (or possibly RSS). To receive the SSS correctly, the UE needs to synchronize to the network first. Therefore, even if the WUS can provide synchronization function and even cell id information, it cannot help the UE to identify the cell when no WUS is transmitted. It may also be worth noting that the WUS is most likely to be cell specific, and the configurations of WUS may differ among neighboring cells. Hence, when the UE is in eDRX, it needs to wake up early enough to confirm which cell it is in. This ensures the UE would not miss the WUS when it comes to a new cell. Combined with the WUS being a randomly transmitted signal from the UE perspective, it cannot be used for detecting cell changes.
1. [bookmark: _Toc498705497][bookmark: _Toc498702312][bookmark: _Toc498701578][bookmark: _Toc498692185][bookmark: _Toc498691897][bookmark: _Toc498690848][bookmark: _Toc498690312][bookmark: _Toc498690290][bookmark: _Toc498690261][bookmark: _Toc498690174][bookmark: _Toc498690122][bookmark: _Toc498680908][bookmark: _Toc498680642][bookmark: _Toc498672141][bookmark: _Toc498608679][bookmark: _Toc498536270][bookmark: _Toc498365712][bookmark: _Toc504945210][bookmark: _Toc505252021][bookmark: _Toc505252690][bookmark: _Toc505255407][bookmark: _Toc506130036][bookmark: _Toc506133850][bookmark: _Toc506135061][bookmark: _Toc506220369][bookmark: _Toc506241717][bookmark: _Toc506278924][bookmark: _Toc506302032][bookmark: _Toc506364729][bookmark: _Toc506364966][bookmark: _Toc506364991][bookmark: _Toc506374960][bookmark: _Toc506382257][bookmark: _Toc506455817][bookmark: _Toc506478808][bookmark: _Ref494443666][bookmark: _Toc498690262][bookmark: _Toc498690291][bookmark: _Toc498365713][bookmark: _Toc498536271][bookmark: _Toc498608680][bookmark: _Toc498672142][bookmark: _Toc498680643][bookmark: _Toc498680909][bookmark: _Toc498690123][bookmark: _Toc498690175][bookmark: _Toc498690263][bookmark: _Toc498690292][bookmark: _Toc498690313]In many DRX and eDRX configurations, since the UE needs to confirm whether it remains in the same cell as before, by checking the SSS (or RSS), the UE is already synchronized to the network prior to the PTW.
1. [bookmark: _Toc498705498][bookmark: _Toc498702313][bookmark: _Toc498701579][bookmark: _Toc498692186][bookmark: _Toc498691898][bookmark: _Toc498690849][bookmark: _Toc504945211][bookmark: _Toc505252022][bookmark: _Toc505252691][bookmark: _Toc505255408][bookmark: _Toc506130037][bookmark: _Toc506133851][bookmark: _Toc506135062][bookmark: _Toc506220370][bookmark: _Toc506241718][bookmark: _Toc506278925][bookmark: _Toc506302033][bookmark: _Toc506364730][bookmark: _Toc506364967][bookmark: _Toc506364992][bookmark: _Toc506374961][bookmark: _Toc506382258][bookmark: _Toc506455818][bookmark: _Toc506478809][bookmark: _Toc498690176][bookmark: _Toc498690124][bookmark: _Toc498690177][bookmark: _Toc498690264][bookmark: _Toc498690293][bookmark: _Toc498690314]A UE cannot rely on a randomly transmitted signal like the ‘WUS or DTX’ for network synchronization.
WUS-to-PO relations
One topic that has been discussed over length at previous meetings is the relation between WUS and PO. This topic can be approached from two perspectives – that of the eNB and that of the UE. Figure 2 illustrates the difference between the two. They are described in more detail in the following subsections.


[bookmark: _Ref504922671]Figure 2: Illustration of eNB and UE perspectives w.r.t. relation between number of WUS and POs.
eNB perspective
It is our conclusion that there are little of any benefit with anything else than a 1-to-many mapping from the eNB perspective. Considering the paging rate, typically only one UE will be paged at the time and hence, only one PO will be utilized at a time. For that reason, network overhead is unaffected by aggregating POs from multiple UEs into the same WUS. However, there are clear disadvantages with a 1-to-many mapping, predominantly from an increased UE power consumption due to the increased false paging rate, but also from network fragmentation most likely negating any network overhead gain to be had. Also, a 1-to-many mapping would complicate the WUS positioning in relation to the PO. 
[bookmark: _Toc504856415][bookmark: _Toc504945213][bookmark: _Toc505252023][bookmark: _Toc505252692][bookmark: _Toc505255409][bookmark: _Toc506130038][bookmark: _Toc506133852][bookmark: _Toc506135063][bookmark: _Toc506220371][bookmark: _Toc506241719][bookmark: _Toc506278926][bookmark: _Toc506302034][bookmark: _Toc506364731][bookmark: _Toc506364968][bookmark: _Toc506364993][bookmark: _Toc506374962][bookmark: _Toc506382259][bookmark: _Toc506455819][bookmark: _Toc506478810]There is little if any benefit from a one-to-many mapping of WUS and POs from the eNB perspective
[bookmark: _Toc504856421][bookmark: _Toc504945216][bookmark: _Toc505252027][bookmark: _Toc505252696][bookmark: _Toc505255414][bookmark: _Toc506130043][bookmark: _Toc506133857][bookmark: _Toc506135068][bookmark: _Toc506220376][bookmark: _Toc506241724][bookmark: _Toc506278931][bookmark: _Toc506302039][bookmark: _Toc506364736][bookmark: _Toc506364973][bookmark: _Toc506364998][bookmark: _Toc506374967][bookmark: _Toc506382264][bookmark: _Toc506455824][bookmark: _Toc506478815]From the eNB perspective, use a one-to-one mapping between WUS and PO.
UE perspective in DRX
From the UE perspective, i.e., the number of POs that the UE needs to monitor upon detection of a WUS, the simple and from a system perspective robust case is to use a 1-to-1 mapping. That will allow the least problems in the implementation of WUS and reduce interoperability issues between MME and eNB in case these have different vendors. There could however be situations where a larger power savings may be attractive despite the larger latency resulting from it. In eMTC, where the DRX cycle is the same as that of the underlying LTE network, it may be beneficial to allow a longer paging cycle at the expense of a higher latency. For such a case, it is however important that MME-eNB interface can handle it, and that UE mobility functionality is maintained. Also, for these cases the same effect can be achieved by increasing the PO cycle. Hence, there is little use with additional WUS to PO ratios from a power saving perspective.
[bookmark: _Toc504856422][bookmark: _Toc504945217][bookmark: _Toc505252028][bookmark: _Toc505252697][bookmark: _Toc505255415][bookmark: _Toc506130044][bookmark: _Toc506133858][bookmark: _Toc506135069][bookmark: _Toc506220377][bookmark: _Toc506241725][bookmark: _Toc506278932][bookmark: _Toc506302040][bookmark: _Toc506364737][bookmark: _Toc506364974][bookmark: _Toc506364999][bookmark: _Toc506374968][bookmark: _Toc506382265][bookmark: _Toc506455825][bookmark: _Toc506478816][bookmark: _Toc506302041][bookmark: _Toc506364738][bookmark: _Toc506364975][bookmark: _Toc506365000][bookmark: _Toc506374969]From the UE perspective, in DRX, use a one-to-one between WUS and PO.
UE perspective in eDRX
For the same reasons, as for the DRX case, the default WUS configuration in eDRX should be simple and robust to ensure success and wide use of WUS. That implies a 1-to-1 mapping also here.
[bookmark: _Toc505252030][bookmark: _Toc505252699][bookmark: _Toc505255417][bookmark: _Toc506130046][bookmark: _Toc506133860][bookmark: _Toc506135071][bookmark: _Toc506220379][bookmark: _Toc506241727][bookmark: _Toc506278934][bookmark: _Toc506302043][bookmark: _Toc506364740][bookmark: _Toc506364977][bookmark: _Toc506365002][bookmark: _Toc506374971][bookmark: _Toc506382266][bookmark: _Toc506455826][bookmark: _Toc506478817]From the UE perspective, in eDRX, the default network configuration is a one-to-one mapping between WUS and PO.
One problem that may be encountered when developing the wake-up signal is to understand the design impact from the simulation assumptions. One such parameter is the #POs per PTW that is fixed at 4 for both the assessed eDRX scenarios. Here, an easy solution, that would provide substantial UE power gains, is to decrease the number WUS so that only one WUS per PTW is selected. However, the same gains would arise from decreasing the number of POs in the PTW, and the question to consider is why the multiple POs were defined in the first place.  There are three main reasons for this:
1. UE mobility
2. Network robustness
3. Scheduling flexibility
To not compromise these, the number of POs should remain and the WUS design should not significantly compromise any of the above reasons. That excludes, e.g., mapping a single WUS to the whole PTW, since mobility is compromised without the ability of using WUS for paging escalation. However, adding only a second WUS in the PTW would allow for network escalation. Similarly, most of the scheduling flexibility benefits can be assumed to arise from allowing the eNB to choose between at least two POs when allocating the MPDCCH. From the network robustness side, e.g., between the MME-eNB interface, it is important that the duration between the WUS and the following MPDCCH is not too long, e.g., within 5 s. Furthermore, in eDRX, latency requirements are binary in that the paging message should be delivered within the PTW but disregarding at which POs within the PTW the page is received. Overall, the above implies that also for eDRX there is room for an optional WUS configuration. However, such an optional configuration must not compromise the ability of the network to reach a UE within the PTW.
[bookmark: _Toc506241728][bookmark: _Toc506278935][bookmark: _Toc506302044][bookmark: _Toc506364741][bookmark: _Toc506364978][bookmark: _Toc506365003][bookmark: _Toc506374972][bookmark: _Toc506382267][bookmark: _Toc506455827][bookmark: _Toc506478818][bookmark: _Toc505252031][bookmark: _Toc505252700][bookmark: _Toc505255418][bookmark: _Toc506130047][bookmark: _Toc506133861][bookmark: _Toc506135072][bookmark: _Toc506220380]The WUS design for eDRX must allow the network to reach a UE within a PTW.
[bookmark: _Toc506241729][bookmark: _Toc506278936][bookmark: _Toc506364742][bookmark: _Toc506364979][bookmark: _Toc506365004][bookmark: _Toc506374973][bookmark: _Toc506382268][bookmark: _Toc506455828][bookmark: _Toc506478819]From the UE perspective, in eDRX, an optional network configuration is a 1-to-N mapping between WUS and PO.
WUS location and maximum durations
In RAN1 #91, the WUS time location was agreed as a working assumption. This working assumption should be confirmed into an agreement:
[bookmark: _Toc505252032][bookmark: _Toc505252701][bookmark: _Toc505255419][bookmark: _Toc506130049][bookmark: _Toc506133863][bookmark: _Toc506135074][bookmark: _Toc506220382][bookmark: _Toc506241730][bookmark: _Toc506278937][bookmark: _Toc506302045][bookmark: _Toc506364743][bookmark: _Toc506364980][bookmark: _Toc506365005][bookmark: _Toc506374974][bookmark: _Toc506382269][bookmark: _Toc506455829][bookmark: _Toc506478820]At least in a UE’s DRX cycle, how the UE knows the WUS time location, is:
[bookmark: _Toc505252033][bookmark: _Toc505252702][bookmark: _Toc505255420][bookmark: _Toc506130050][bookmark: _Toc506133864][bookmark: _Toc506135075][bookmark: _Toc506220383][bookmark: _Toc506241731][bookmark: _Toc506278938][bookmark: _Toc506302046][bookmark: _Toc506364744][bookmark: _Toc506364981][bookmark: _Toc506365006][bookmark: _Toc506374975][bookmark: _Toc506382270][bookmark: _Toc506455830][bookmark: _Toc506478821]	A WUS has a time location which is configurable with respect to the associated PO(s) location(s)
Furthermore, there is little use with a different definition 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 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: _Toc505252034][bookmark: _Toc505252703][bookmark: _Toc505255421][bookmark: _Toc506130051][bookmark: _Toc506133865][bookmark: _Toc506135076][bookmark: _Toc506220384][bookmark: _Toc506241732][bookmark: _Toc506278939][bookmark: _Toc506302047][bookmark: _Toc506364745][bookmark: _Toc506364982][bookmark: _Toc506365007][bookmark: _Toc506374976][bookmark: _Toc506382271][bookmark: _Toc506455831][bookmark: _Toc506478822]The same WUS time offset compared to the PO is used for eDRX and DRX.
For power saving reasons, the WUS should be defined as the start of the WUS, since that would allow UEs in good coverage to spend less time in light sleep while otherwise needing to wait longer for its possibly much shorter WUS to appear. For eMTC, where network fragmentation is less of a problem due to the larger BW compared to, e.g., NB-IoT, this is judged to be the primary design parameter. Consequently, the WUS location is determined by two parameters as illustrated in Figure 3:
· WUS duration
· WUS distance from the associated PO


[bookmark: _Ref506137880]Figure 3: WUS location relative the associated PO.
[bookmark: _Toc506220385][bookmark: _Toc506241733][bookmark: _Toc506278940][bookmark: _Toc506302048][bookmark: _Toc506364746][bookmark: _Toc506364983][bookmark: _Toc506365008][bookmark: _Toc506374977][bookmark: _Toc506382272][bookmark: _Toc506455832][bookmark: _Toc506478823][bookmark: _Toc505252035][bookmark: _Toc505252704][bookmark: _Toc505255422][bookmark: _Toc506130052][bookmark: _Toc506133866][bookmark: _Toc506135077]The WUS location is defined as a maximum WUS duration of a cell, WUSmax, and a WUS distance from the associated PO(s), WUSdist.
[bookmark: _Toc506220386][bookmark: _Toc506241734][bookmark: _Toc506278941][bookmark: _Toc506302049][bookmark: _Toc506364747][bookmark: _Toc506364984][bookmark: _Toc506365009][bookmark: _Toc506374978][bookmark: _Toc506382273][bookmark: _Toc506455833][bookmark: _Toc506478824]The sum of WUSmax and WUSdist indicates the WUS start location prior to the associated PO(s).
Considering the values of WUSmax, it is desirable that they should correspond to the coverage provided by Rmax in an MPDCCH paging message. Equating WUSmax with Rmax is clearly suboptimal since WUS will have much better coverage per repetition than MPDCCH due to its lower information content. That does not imply, though, that there is no relation between Rmax and WUSmax. As a starting point, the MPDCCH coverage as obtained by Rmax can be used to define WUSmax. However, WUS may be received both with the normal receiver or a dedicated and wake-up receiver with likely worse reception performance, why a rigid 1-to-1 mapping between WUSmax and Rmax is undesirable. Hence, some scaling between WUSmax and Rmax should be allowed. If WUSmax is derived from Rmax, only the differentiation needs to be signaled with a lower bit WUSdelta, thereby reducing the necessary information content to be distributed. Mathematically this may be expressed as WUSmax being a function of Rmax and WUSdelta, 

The function could be implemented as a lookup table matching WUS coverage using WUSmax with MPDCCH coverage using Rmax. WUSdelta could be an optional parameter in the case it is desirable to increase or decrease WUS coverage with WUSmax relative MPDCCH coverage with Rmax. For example, a 1-bit WUSdelta could allow WUSmax to be determined from a higher or lower Rmax instead.
[bookmark: _Toc505252036][bookmark: _Toc505252705][bookmark: _Toc505255423][bookmark: _Toc506130053][bookmark: _Toc506133867][bookmark: _Toc506135078][bookmark: _Toc506220387][bookmark: _Toc506241735][bookmark: _Toc506278942][bookmark: _Toc506302050][bookmark: _Toc506364748][bookmark: _Toc506364985][bookmark: _Toc506365010][bookmark: _Toc506374979][bookmark: _Toc506382274][bookmark: _Toc506455834][bookmark: _Toc506478825]WUSmax is determined from Rmax and an additional, optional parameter, WUSdelta, may further modify WUSmax.
 WUS sequence design
To reduce WUS implementation complexity and provide intercell differentiation, an m-sequence is used as WUS. The existing use of m-sequences in the SSS avoid being confused with the WUS by utilizing the full 6 PRB BW and possibly also by using different polynomials. Taking advantage of the full 6 PRB, 72 subcarrier (SC) BW is possible since the UE is already synchronized from the RSS or PSS, thereby eliminating the need for a guard band. The benefit with m-sequences compared to Zadoff-Chu (ZC) sequences is that they allow more sequences for the same sequence length, thereby allowing for more complete cell information to be provided by the sequence. Additionally, m-sequences have good inter-cell interference properties, well known from the SSS. Regarding detection performance, m-sequences are on par with ZC-sequences without the frequency ambiguity problem that is associated with ZC-sequences.
The performance for different numbers of m-sequence repetitions is presented in Figure 4, for the SNR levels -22.5 dB, -12.5 dB and -2.5 dB, corresponding to MCLs 164 dB, 154 dB and 144 dB, respectively. The simulations are done for an ETU1 channel without neither power boosting or TX diversity, implying further gains are possible. The results are based on a 72 SC wide m-sequence over 11 symbols per subframe (SF) using a detection threshold corresponding to a 5 % false detection rate. Received data has been coherently combined over a full subframe and noncoherently combined between subframes. This is well within the margin, considering the 30 HZ frequency error and the ETU1 channel. From the figure, it is evident that 1 subframe is sufficient to detect a WUS at 144 dB MCL with a missed detection rate far below 1 %. Furthermore, 4 subframes would suffice for 154 dB and 32 subframes combined with TX diversity or 3 dB power boost would suffice to achieve below 1 % missed detection rate for the 164 dB MCL case. Moreover, 1 and 4 subframes would allow for a 70 % and 90 % detection rate, respectively, at 164 dB MCL.
[image: ]
[bookmark: _Ref506209058]Figure 4: WUS missed detection performance for different WUS lengths at 5 % false detection rate for ETU1 and without any power boosting or TX diversity.
[bookmark: _Toc505252706][bookmark: _Toc505255424][bookmark: _Toc506130054][bookmark: _Toc506133868][bookmark: _Toc506135079][bookmark: _Toc506220388][bookmark: _Toc506241736][bookmark: _Toc506278943][bookmark: _Toc506302051][bookmark: _Toc506364749][bookmark: _Toc506364986][bookmark: _Toc506365011][bookmark: _Toc506374980][bookmark: _Toc506382275][bookmark: _Toc506455835][bookmark: _Toc506478826]M-sequences are used as wake-up signal sequence.
WUS detection defined as the correlated signal exceeding a threshold within the CP. ETU 1 channel and a false detection rate of 5 %. Furthermore, the simulation assumptions stipulate a 30 Hz frequency error for eMTC, allowing for coherent detection for up to approximately 10 SFs for the stationary, no Doppler case. This may be particularly useful for the deeper coverage scenarios where stationarity is a reasonable assumption.
Table 1: 99th percentile transmission durations for a 6 PRB wide WUS, ETU 1 and no power boosting.
	WUS size (# SFs) 99th percentile
	MCL [dB]

	
	144
	154
	164

	½ SF coherent detection
	<1
	4
	N/A

	1 SF coherent detection
	<1
	2
	48



Here it is also worth noting that transmission diversity is likely to improve the above performance even further, particularly for 164 dB MCL.
UE grouping
UE grouping may be a way to reduce the false alarm rate for UEs belonging to the same PO. As such, most of the gains to be had are found going from one group to two. On the other hand, introducing many UE groups risk reducing detection performance and waste network resources, both of which are clearly undesirable. A reasonable compromise is to introduce UE grouping with orthogonal cover codes, such that they share the same resources, but different codes are used for different UEs. A consequence of this is that the UE would need to belong in at least two groups, since a supergroup, comprising all UEs in the PO would be needed for, e.g., direct indication. Assuming a WUS covering at least 11 symbols in a subframe, and the PO utilizing at least one subframe, that gives 3+ bits of information that could be used, e.g., for UE grouping, allowing for up to 7 UE groups and 1 super group.
[bookmark: _Toc505252024][bookmark: _Toc505252693][bookmark: _Toc505255410][bookmark: _Toc506130039][bookmark: _Toc506133853][bookmark: _Toc506135064][bookmark: _Toc506220372][bookmark: _Toc506241720][bookmark: _Toc506278927][bookmark: _Toc506302035][bookmark: _Toc506364732][bookmark: _Toc506364969][bookmark: _Toc506364994][bookmark: _Toc506374963][bookmark: _Toc506382260][bookmark: _Toc506455820][bookmark: _Toc506478811]UE grouping using cover codes will limit network resource cost.
[bookmark: _Hlk506455247]It should also be noted that although a slight increase in the false detection rate can be expected, that is outweighed by the fewer false detections from the smaller UE set, the missed detection rate remains unchanged. The reason for that is that the UE typically never attempts to determine the most likely transmitted code in the code set, but only whether the UE’s allocated code was transmitted. 
[bookmark: _Toc504856425][bookmark: _Toc504945220][bookmark: _Toc505252037][bookmark: _Toc505252707][bookmark: _Toc505255425][bookmark: _Toc506130040][bookmark: _Toc506133854][bookmark: _Toc506135065][bookmark: _Toc506220373][bookmark: _Toc506241721][bookmark: _Toc506278928][bookmark: _Toc506302036][bookmark: _Toc506364733][bookmark: _Toc506364970][bookmark: _Toc506364995][bookmark: _Toc506374964][bookmark: _Toc506382261][bookmark: _Toc506455821][bookmark: _Toc506478812]UE grouping with 3 subgroups and one supergroup, implemented by cover codes, could allow for UE grouping at a negligible detection performance loss and network overhead increase.
Wake-up signal UE power saving performance
For assessing the power performance, also here the ETU1 channel was used. It is assumed that the UE first performs network synchronization with the RSS after which it attempts to detect WUS. UE power evaluations are assessed at the average number of repetitions required for detection at a certain MCL. The distributions are clearly not symmetric why a “water filling” algorithm is used to determine the average,

which is initialized with  and . See Figure 4 for the WUS case.
Per the above water filling algorithm, the average detection performance of the new RSS, described in more detail in [2], is presented in Table 2. No results are presented for 164 dB MCL.
[bookmark: _Ref506220289]Table 2: Average and 99 % RSS detection duration with a 6 PRB BW, ETU1 and no power boosting.
	RSS size (# SFs)
	MCL [dB]

	
	144
	154

	Average UE
	<1
	2.1

	99% UE
	1
	16



Similarly, the average detection performance for the WUS is presented in Table 3. It is worth noting that even for the 164 dB MCL case (-22.5 dB SNR), 1 SF suffice for a detection rate of >70 % and 4 SFs achieves almost 90 % detection rate.
[bookmark: _Ref506220299]Table 3: Average and 99 % WUS detection duration with a 6 PRB BW, ETU1 and no power boosting.
	WUS size (# SFs)
	MCL [dB]

	
	144
	154
	164

	Average UE
	<1
	1
	2.7

	99% UE
	<1
	4
	48



The corresponding legacy PSS+SSS, i.e., two synchronization symbols per frame, and MPDCCH data are presented in Table 4 and Table 5, also derived from water filling.
[bookmark: _Ref506465600]Table 4: Average and 99 % PSS+SSS detection durations with ETU1 and no power boosting and 1 kHz frequency error hypothesis.
	[bookmark: _Hlk506465753][bookmark: _Hlk506465798]PSS+SSS size (#SFs)
	MCL [dB]

	
	144
	154
	164

	Average UE
	1
	55
	1.2 k*

	99% UE
	21
	248
	2.0 k**


* Assumed max detection duration of 3.2 s.
** for a missed detection rate of 5 %
[bookmark: _Ref506465602]Table 5: Average and 99 % MPDCCH detection durations with ETU1 and no power boosting.
	MPDCCH size
(# SFs)
	MCL [dB]

	
	144
	154
	164

	Average UE
	1
	2.7
	56

	99% UE
	1
	11
	256



Figure 5 presents the power saving performance between legacy PSS+SSS synchronization and legacy MPDCCH on one hand, and novel RSS, WUS and MPDCCH on the other hand, for both an average UE and a 99 % UE for a 10 % paging rate. It should be noted that synchronization is omitted for the 164 dB cases why these results are not comparable with the others. The figure shows that consistent gains of approximately 30 % are achieved for Scenarios B and C, and smaller gains are possible for Scenario A.
[image: ]
[bookmark: _Ref506474742]Figure 5: Performance gain for WUS paging compared to legacy MPDCCH paging for a 10 % paging rate. MCL 164 dB is compared without synchronization operation.
Figure 6 presents the corresponding result as Figure 5, but for a 1 % paging rate. The reduced paging rate implies slightly further increased gains for all Scenarios.
[image: ]
[bookmark: _Ref506474760]Figure 6: Performance gain for WUS paging compared to legacy MPDCCH paging for a 1 % paging rate. MCL 164 dB is compared without synchronization operation.
Conclusion
In Section 2 we made the following observations:

1. The wake-up signal should be designed such that interoperability testing is kept to a minimum, to avoid delaying and restricting the introduction of this feature.
1. The number of repetitions the UE is required to monitor for a given coverage level will be determined by RAN4.
1. Network synchronization should be performed independently of the wake-up signal to benefit idle mode operations also when no wake-up signal is transmitted.
1. The WI objective ‘Relaxed monitoring for cell reselection’ does not imply a relaxed need for camping cell measurements, and thus network synchronization.
1. In many DRX and eDRX configurations, since the UE needs to confirm whether it remains in the same cell as before, by checking the SSS (or RSS), the UE is already synchronized to the network prior to the PTW.
1. A UE cannot rely on a randomly transmitted signal like the ‘WUS or DTX’ for network synchronization.
1. There is little if any benefit from a one-to-many mapping of WUS and POs from the eNB perspective
1. UE grouping using cover codes will limit network resource cost.
1. UE grouping with 3 subgroups and one supergroup, implemented by cover codes, could allow for UE grouping at a negligible detection performance loss and network overhead increase.
Based on the discussion in Section 2 we propose the following:

1.       ‘WUS or DTX’ with a new sync signal is chosen as power saving procedure.
WUS is specified for IDLE mode.
From the eNB perspective, use a one-to-one mapping between WUS and PO.
From the UE perspective, in DRX, use a one-to-one between WUS and PO.
From the UE perspective, in eDRX, the default network configuration is a one-to-one mapping between WUS and PO.
The WUS design for eDRX must allow the network to reach a UE within a PTW.
From the UE perspective, in eDRX, an optional network configuration is a 1-to-N mapping between WUS and PO.
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)
The same WUS time offset compared to the PO is used for eDRX and DRX.
The WUS location is defined as a maximum WUS duration of a cell, WUSmax, and a WUS distance from the associated PO(s), WUSdist.
The sum of WUSmax and WUSdist indicates the WUS start location prior to the associated PO(s).
WUSmax is determined from Rmax and an additional, optional parameter, WUSdelta, may further modify WUSmax.
M-sequences are used as wake-up signal sequence.
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