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Introduction
NB-IoT Release 15 introduces the wake-up signal (WUS) [1]. The revised WID of Additional enhancements for NB-IoT states that [2]:
The objective is to specify the following set of improvements for machine-type communications for NB-IoT FDD.
Improved DL transmission efficiency and/or UE power consumption:
· …
· Specify support for UE group wake-up signal (WUS) [RAN1, RAN2, RAN4]

[bookmark: _Toc526830122]In addition to the WID, RAN1 #94bis made the following agreements [3]:
Agreement
[bookmark: _Toc526830123]UE group NWUS is supported based on eNB’s and UE’s capability.
[bookmark: _Toc526830124]Whether the network supports UE group NWUS is done by higher layer signaling.
[bookmark: _Toc526830125]FFS: The number of UE groups is configured by SIB.
[bookmark: _Ref526497265][bookmark: _Toc526830132]Note that the UE group NWUS is UE optional
Agreement
From a RAN1, perspective, UE grouping is based on at least UE ID or some function of UE ID.
Agreement
The legacy UE should not be prevented from using legacy WUS even in the case of Rel-16 group WUS is enabled
· Performance impact on legacy WUS should be carefully considered
Agreement
Group WUS is based on at least legacy WUS and UE group ID.
Agreement
Configuration of group WUS is at least signaled in SI
Agreement
A Rel-16 group WUS capable UE shall also be capable of Rel-15 legacy WUS
Agreement
Rel-16 UE groups WUS with same DRX/eDRX gap configuration are multiplexed with TDM and/or single sequence CDM
· FFS: Whether single sequence CDM can include legacy WUS
· FFS: Multiplexing between Rel-15 and Rel-16 UE groups
· Note: Single sequence CDM is where different sequences share the same resource and only one sequence is transmitted at a given time
This paper presents the continued views from Ericsson regarding the design and requirements of group WUS. An accompanying paper for higher layer views are presented in [4].
[bookmark: _Ref178064866]Discussion
By using Rel-15 wake-up signaling, legacy WUS, the WUS will wake up all UEs that monitor the associated paging occasion (PO). In massive MTC use cases there can be very many UEs sharing the PO and a UE would be falsely woken up every time another UE is being paged without being paged itself. This is referred to as false paging. The intention in Rel-16 is to introduce UE grouping in the WUS to reduce the false paging rate (FPR) and thus reduce the UE power consumption.
Upon defining a new Rel-16 NB-IoT WUS UE grouping function, group WUS, there are three relations that should be considered before starting the design of the group WUS:
· NB-IoT WUS vs. LTE-MTC WUS, i.e., what similarities and differences that are desirable between NB-IoT and LTE-MTC versions of WUS,
· Legacy WUS vs. group WUS, i.e., how the two releases should co-exist, and,
· UE groups within group WUS, i.e., how different groups should co-exist and how they should be used.
Below we describe these relations and how they will affect the design of the group WUS UE grouping. The deployment scenario assumes parallel use of both legacy WUS to which legacy WUS UEs are attentive, and group WUS, to which group WUS UEs are attentive.
Paging co-existence requirements
In order to specify a group WUS design, the use cases of such a design should first be agreed. Apart from the obvious requirement to allow for all UE groups to be individually paged, it is possible to define some desirable requirements also among the UE groups within group WUS and between legacy WUS and group WUS. Assigning UEs to POs in LTE does not consider which release or what features a UE supports, why Rel-15 and Rel-16 versions of WUS needs to co-exist also on a PO level. That is, group WUS must be designed such that both a legacy WUS UE and a group WUS UE can detect their respective WUS for the same PO and without significantly affecting performance of one another. This results in the following requirements on group WUS and its interaction with legacy WUS:
· Simultaneously paging all legacy WUS UEs and group WUS UEs allocated to the same PO, e.g., for direct indication,
· Independently paging legacy WUS UEs without waking up group WUS UEs, since otherwise the false paging rate of group WUS UEs will substantially increase, and
· [bookmark: _Toc525140359][bookmark: _Toc525206267][bookmark: _Toc525206331][bookmark: _Toc525206394][bookmark: _Toc525206457][bookmark: _Toc525206478][bookmark: _Toc525213078][bookmark: _Toc525213105][bookmark: _Toc525213139][bookmark: _Toc525213171][bookmark: _Toc525213200][bookmark: _Toc525213708]Individually paging group WUS UEs with group WUS.
[bookmark: _Toc525140360][bookmark: _Toc525206268][bookmark: _Toc525206332][bookmark: _Toc525206395][bookmark: _Toc525206458][bookmark: _Toc525206479][bookmark: _Toc525213079][bookmark: _Toc525213106][bookmark: _Toc525213140][bookmark: _Toc525213172][bookmark: _Toc525213201][bookmark: _Toc525213709][bookmark: _Toc528943404]Group WUS must achieve at least the following requirements:
a. [bookmark: _Toc528943405]Simultaneously paging all legacy WUS UEs and group WUS UEs allocated to the same PO,
b. [bookmark: _Toc528943406][bookmark: _Toc525213110][bookmark: _Toc525213144][bookmark: _Toc525213176][bookmark: _Toc525213205]Independently paging legacy WUS UEs without waking up group WUS UEs, and,
c. [bookmark: _Toc528943407][bookmark: _Toc525140366][bookmark: _Toc525206274][bookmark: _Toc525206338][bookmark: _Toc525206401][bookmark: _Toc525206464][bookmark: _Toc525206485][bookmark: _Toc525213085][bookmark: _Toc525213113][bookmark: _Toc525213147][bookmark: _Toc525213179][bookmark: _Toc525213208]Individually paging group WUS UEs with group WUS.
Other possible use cases that are considered to have a lower probability are, e.g.:
· Paging both a legacy WUS UE and a single group WUS UE,
· Paging multiple group WUS UEs, belonging to different groups, and
· Paging all group WUS UEs without waking up legacy WUS UEs.
Relation to LTE-MTC
[bookmark: _Hlk521533094]The design of legacy WUS for LTE-MTC is tightly related to legacy WUS for NB-IoT in that the NB-IoT sequence is reused and concatenated in the frequency domain. This tight relation is beneficial during implementation, e.g. a device can reuse the same circuitry to support both technologies and it should be maintained unless good reasons exist not to. For the same reason, it is desirable to also keep the Rel-16 LTE-MTC and NB-IoT WUS UE grouping design similar unless there exists good reasons not to. One possible difference is that NB-IoT does not have any additional spectrum available, preventing FDM as an alternative for the UE grouping strategy.
[bookmark: _Toc528943397]It is advantageous to align the Rel-16 NB-IoT and Rel-16 LTE-MTC WUS UE grouping designs.
[bookmark: _Ref528842645]Relation to legacy WUS
In order to justify an enhanced version of WUS, this must bring about substantial advantages in terms of UE power savings and network overhead. UE grouping functionality will provide some power saving gains due to a reduced false paging rate. However, other design decisions may provide disadvantages such that group WUS has a larger network overhead and higher power consumption compared to legacy WUS, e.g., due to possible requirement for the network to reserve multiple WUS locations. This requirement increases the complexity of the scheduler and hence network overhead. For that reason, it is advantageous if group WUS is not be spread out over multiple resources, neither in time, nor in frequency.
[bookmark: _Toc528943398]UE power consumption and network overhead of group WUS should strive to be equal or better than that of legacy WUS.
The legacy WUS sequence design is based on ZC sequences and a scrambling code [1]. This design easily allows more sequences to be created, thereby easily allowing for distinction between legacy WUS and group WUS. This should be taken advantage of when extending WUS functionality to also include UE grouping in Rel-16.
[bookmark: _Toc528943399]Legacy WUS design allows for introducing new sequences to separate group WUS from legacy WUS.
Of particular interest in the relation to legacy WUS, is the ability to allocate group WUS on the same resources as legacy WUS without waking up group WUS UEs when only legacy UEs are paged. One way to prevent an increased false paging rate for group WUS UEs is to partition the legacy WUS into two orthogonal components, e.g., by allocating every other subcarrier to one component and the remaining subcarriers to the other, see Figure 1. The two components would indicate to a group WUS UE if the legacy WUS was meant for legacy WUS UEs or if it also concerns group WUS UEs. Such a partitioning is completely transparent to legacy WUS UEs apart from a slight loss in sensitivity of approximately 1.5 dB whereas group WUS UEs would not suffer from any loss at all. 
[bookmark: _Toc528943408]Partition legacy WUS such that group WUS UEs can distinguish a legacy WUS targeting only legacy WUS UEs from a legacy WUS also targeting group WUS UEs.


[bookmark: _Ref528255839]Figure 1: Partitioning of legacy WUS to differentiate legacy WUS UEs and group WUS UEs.
The slightly reduced detection performance will have a very small practical implication. Partly because the coverage level is not measured with such accuracy, but also because the scalability of the WUS allowing for compensation both by increased number of repetitions and increased power boosting.
Multiplexing alternatives
For LTE-MTC, there are a few different options for multiplexing WUS, both between legacy WUS and group WUS, and also among UE groups for group WUS. Figure 2 illustrates the different alternatives for legacy WUS and group WUS, but conceptually there is little difference for multiplexing different groups in group WUS. One difference that does exist is the number of alternatives for the two. Should group WUS be required to support many UE groups, it may have implications on the feasibility for the different alternatives. Below the alternatives are described in detail. 


[bookmark: _Ref525046464]Figure 2: Examples of, in (a), time multiplexing, in (b), multi-carrier multiplexing and, in (c), sequence-based group indication, for legacy WUS and group WUS.
Time multiplexing (TDM), where signals are separated by the time of their transmissions. From a UE grouping perspective, TDM is unattractive for the following reasons:
· Time differences between different signals must depend on the maximum configured WUS length (LWUSmax), resulting in fragmented resource utilization if multiple UEs are paged simultaneously,
· WUS gap length configurability and the eDRX solution with multiple WUS occasions complicates further partitioning in the time domain, the problem increasing with the number of multiplexed signals,
· UE power performance may be significantly affected by the multiplexing order due to resulting differences in sleep durations,
· WUS is more likely to overlap with other POs, thereby reducing overall paging capacity, and,
· Network scheduling complexity will increase due to the increased number of WUS alternatives resulting resource fragmentation.
· Network paging capacity may be decreased since allocating more WUS resources will prevent MPDCCH transmissions and vice versa.
Multi-carrier multiplexing (MCM), by which we mean that different signals are sent on different NB carries, since the support for paging on non-anchor carriers was introduced in Rel-14, so that eNB can distribute the paging load over all used carriers. From power consumption and complexity point of view, the efficiency of this method depends on how many carriers WUS UE groups and/or legacy UEs are required to monitor. This solution is, of course, only interesting as a means to multiplex legacy WUS and group WUS. MCM is further described in [5]. 
[bookmark: _Hlk525896763]Sequence-based group indication, (SGI, a.k.a. single sequence CDM) using a single, shared resource, in which case only a single sequence is transmitted at a time and in the same resources. This sequence can be seen as carrying more information bits to distinguish between multiple signals. Using this solution for combining legacy WUS and group WUS, it would require the group WUS UE to be attentive to both a legacy WUS and a group WUS, provided both WUSs should be possible to be paged at the same time, which is a reasonable requirement. Similarly, if legacy WUS and group WUS are time or frequency multiplexed, a common WUS would be required for all UE groups sharing a resource, in addition to the individual group WUSs. The benefit with this scheme is that it would require neither any additional network resources, since only one resource is used, nor any power boosting, since only one signal is transmitted at a time. Section 2.3 addresses a method for co-existence between legacy WUS and group WUS allowing the two versions to share resources. SGI performance for different coding alternatives is presented in Section 2.7.
From the above it is evident that frequency multiplexing within the same narrowband is a suitable candidate if only two or three groups are needed, such as the case with separating legacy WUS from group WUS. Sequence-based group indication is also an attractive candidate for allowing more UE groups with a minimal impact on network resources.
[bookmark: _Toc528943409][bookmark: _Ref524694666][bookmark: _Ref528255426]Legacy WUS and group WUS are separated by multi-carrier multiplexing or by using a sequence-based group indication (single sequence CDM) in a single, shared resource.
[bookmark: _Toc528943410]UE groups in group WUS are differentiated by sequence-based group indication (single sequence CDM) possibly in combination with FDM.
UE group configurability
In previous meetings, it has been proposed that the number of groups should be configurable, supposedly in order for the network to always operate at a near optimal paging performance. A simple statistical analysis gives at hand that for reasonable paging rates and numbers of UE groups, there is little need for configurability. In Figure 3, 16 UEs with equal paging rates and individual paging of each individual UE are divided into different number of groups whereby their false paging rates are assessed, both from false paging due to a common WUS as well as from group WUS due to other UEs in the group being paged. As can be seen in the figure, for nearly all cases, more groups are always beneficial. Furthermore, for the odd cases where the maximum number of UE groups is not the optimum, the difference in false paging rate is marginal. Hence, in practice, the optimal number of UE groups is also the maximum number of UE groups why such configurability will add very little to performance.
[bookmark: _Toc528943400]Using all available UE groups will maximize UE power saving performance for all relevant paging rates.
[image: ]
[bookmark: _Ref528009453]Figure 3: False paging rate for different number of UE groups and UE paging rates.
Based on the above observation, there are essentially two ways to use the groups; either statically, where all groups are always allocated, e.g., implicitly through UE ID, or dynamically, where a subset of the groups are allocated by dedicated RRM signaling.
[bookmark: _GoBack]One advantage with a static number of UE groups is that the mapping between a UE and its UE group belonging becomes more predictable, if done properly. This opens the possibility to use the UE ID in a structured fashion for certain WUS UE grouping behavior. It would, e.g., be possible for an operator to assign UE IDs to UEs based on a preferred WUS UE group for that UE, e.g., the paging rate or service or some other parameter in a flexible way. This would, in turn, allow for UE differentiation and, for the cases where it is really needed, increased longevity.
[bookmark: _Toc528943401]A fixed number of UE groups would implicitly allow for a flexible basis for UE grouping based on higher layer parameters, e.g., services and/or paging rate.
[bookmark: _Toc528916444]It is reasonable to have Rel-16 WUS grouping by default being based on UE ID, but with the possibility for the network to override this WUS grouping via dedicated signaling. It is most important to specify the signaling and mechanism for configuring the WUS group and overriding the UE ID based allocation. When exactly this is done, and whether based on service or something else, could be left to network implementation.
[bookmark: _Toc528943402]It may be sensible to allow for a configuration mechanism for overriding the UE ID-based WUS group allocation.
[bookmark: _Toc528943411]It is up to RAN2 to decide how available UE groups are used.
[bookmark: _Ref528669688]Cover code-based UE grouping
Representing different UE groups with different codes in the same resource set is attractive since it reduces complexity and the need for configuration. For this case, the base sequence in terms of Zadoff-Chu sequence could be shared with legacy WUS and either the same or a different scrambling code could be applied. This would then act as a WUS base sequence with which to form all group WUS sequences. In addition to that, a UE group code is added in the frequency domain. If the same scrambling code is used, the group WUS sequence would be orthogonal to legacy WUS, assuming no timing errors. 
Based on the WUS base sequence, groups WUS codes for the different UE groups are formed by frequency domain orthogonal cover codes. However, taking into account timing error, in which case orthogonality is invalidated, using the same code for all symbols may result in an error term between symbols. To mitigate constructive combining of such errors, instead of using a single code per UE group, all codes may be used for all UE groups. Hence, a UE group is identified by its starting code and then the remaining codes are sequentially cycled through every symbol throughout the subframe.
[bookmark: _Hlk528943290]Allowing for the legacy WUS sequence to be used as the WUS base sequence of all 1s (or -1s), it is possible to define a 12x11 code book, C, conveniently adding up to one code per WUS symbol in a subframe to be used for different UE groups.

The code book size corresponds to the WUS resource elements of a subframe. Hence, by using a baseline sequence, WUSbase, for a given UE group, gUE, it is possible to form a coded sequence, WUSUE group, which could then be expressed as,

For small timing errors, as can be expected from an already synchronized device and due to the orthogonality among codes, the false paging rate from this high number of codes is not necessarily higher than from a system with fewer codes. After all, a UE only needs to detect the codes that it is configured to be attentive to, depending on UE group.
[bookmark: _Toc528943403]Orthogonal cover code provides one legacy WUS code and cycling through the remaining 11 codes for an 11 symbol subframe with each group WUS having its own starting code. 
[bookmark: _Ref528254089]UE group differentiation for sequence-based group indication
Sequence selection is not very important for a pure TDM or FDM system; for those cases many different sequences will result in acceptable performance. However, many companies seem to strive for a solution that is at least in parts based on sequence-based group indication, in which case the cross-correlation properties of the selected differentiation technique will be of utmost importance for a low false paging rate.
Many proposals and suggestions were made in RAN1 #94bis about the group coding alternatives for the sequence-based group indication (single sequence CDM) [6][7], e.g.,
· Frequency domain orthogonal cover codes
· Scrambling initialization
· Phase shifted scrambling codes
· Zadoff-Chu phase shift
Below we assess the coding alternatives in different levels of detail depending on their potential.
Scrambling initialization, implies that the three remaining combinations of the two remaining bits are used for UE grouping, allowing in total three groups for group WUS in addition to the legacy WUS sequence [8]. As shown above, the number of groups highly affect group WUS performance why this is deemed too few groups to be attractive. Furthermore, scrambling codes generated from this very small change does not provide sufficient orthogonality between the groups as previously has been presented in [9].
Zadoff-Chu phase shift was also proposed to be used for differentiation among UE groups [8]. In theory, and with no timing or frequency error, this is an interesting solution. However, including timing errors, the phase shift suffers from false detections, which is a well-known side effect from phase shifting a ZC sequence in combination with timing errors.
Below we take a closer look at the frequency domain orthogonal cover codes, OCC as presented in Sec. 2.6, and the phase shifted scrambling codes, PSSC, similar to what was presented in [10]. Figure 4 describes the CDF of the ratio between the maximum cross-correlation peak within a timing drift window, ρX and the autocorrelation peak for zero timing drift, ρA. Thus, a value in the upper left corner is better than a value in the lower right corner. As is evident in the figure, both codes behave well with similar performance, and a clear winner is only discernible depending on which metric to use. In this case, a reasonable approach is to minimize the worst possible outcome, i.e., at CDF = 1. For this corner case, OCCs perform >2 dB better than the PSSCs.
[bookmark: _Toc528943412]Frequency domain orthogonal cover codes are used for group WUS.
[image: ]
[bookmark: _Ref528691181]Figure 4: Performance comparison between OCC and PSSC for different timing windows, Δt, (in samples) at 1.92 MHz sampling rate and without any frequency error.
Conclusion
In the previous sections we made the following observations: 
Observation 1	It is advantageous to align the Rel-16 NB-IoT and Rel-16 LTE-MTC WUS UE grouping designs.
Observation 2	UE power consumption and network overhead of group WUS should strive to be equal or better than that of legacy WUS.
Observation 3	Legacy WUS design allows for introducing new sequences to separate group WUS from legacy WUS.
Observation 4	Using all available UE groups will maximize UE power saving performance for all relevant paging rates.
Observation 5	A fixed number of UE groups would implicitly allow for a flexible basis for UE grouping based on higher layer parameters, e.g., services and/or paging rate.
Observation 6	It may be sensible to allow for a configuration mechanism for overriding the UE ID-based WUS group allocation.
Observation 7	Orthogonal cover code provides one legacy WUS code and cycling through the remaining 11 codes for an 11 symbol subframe with each group WUS having its own starting code.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Group WUS must achieve at least the following requirements:
a.	Simultaneously paging all legacy WUS UEs and group WUS UEs allocated to the same PO,
b.	Independently paging legacy WUS UEs without waking up group WUS UEs, and,
c.	Individually paging group WUS UEs with group WUS.
Proposal 2	Partition legacy WUS such that group WUS UEs can distinguish a legacy WUS targeting only legacy WUS UEs from a legacy WUS also targeting group WUS UEs.
Proposal 3	Legacy WUS and group WUS are separated by multi-carrier multiplexing or by using a sequence-based group indication (single sequence CDM) in a single, shared resource.
Proposal 4	UE groups in group WUS are differentiated by sequence-based group indication (single sequence CDM) possibly in combination with FDM.
Proposal 5	It is up to RAN2 to decide how available UE groups are used.
Proposal 6	Frequency domain orthogonal cover codes are used for group WUS.
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