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Introduction
LTE-MTC Release 15 introduces the wake-up signal (WUS) [1][2]. The revised WID of Additional MTC enhancements for LTE states that [3]:
The objective is to specify the following set of improvements for machine-type communications for BL/CE UEs.
Improved DL transmission efficiency and/or UE power consumption:
· …
· Specify support for UE-group wake-up signal (WUS) [RAN1, RAN2, RAN4]

In addition to the WID, RAN1 #94 made the following agreements [5]:
Agreement
UE-group WUSs are only multiplexed in the same NB as associated PO
· FFS TDM/FDM/CDM for UE-group MWUS multiplexing
 
Agreement
· UE-group MWUS is supported based on eNB’s and UE’s capability.
· Whether the network supports UE-group MWUS is done by higher layer signaling.
· FFS: The number of UE groups is configured by SIB.
· Note that the UE-group MWUS is UE optional

Agreement
Rel-16 UE-group MWUS sequence should consider at least
· Fallback to legacy UE behavior
· Inter-cell interference randomization
· UE group ID for different UE-group MWUS
· Reuse of Rel-15 sequences is not precluded
· Effect of sequence detection on UE complexity

Agreement
Study the RAN1 consequence of UE-grouping on the following basis:
· UE ID
· Coverage
· DRX/eDRX
· Gap configuration
· Services

This paper presents the initial views from Ericsson regarding the design and requirements of the group WUS. Higher layer views are presented in [4].
[bookmark: _Ref178064866]Discussion
With the use of 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 LTE-MTC WUS UE-grouping function, group WUS, there are three relations that should be considered before starting the design of the group WUS:
· LTE-MTC WUS vs. NB-IoT WUS, i.e., what similarities and differences that are desirable between LTE-MTC and NB-IoT 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.
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a. [bookmark: _Toc525914372]Simultaneously paging all legacy WUS UEs and group WUS UEs allocated to the same PO,
b. [bookmark: _Toc525914373][bookmark: _Toc525213110][bookmark: _Toc525213144][bookmark: _Toc525213176][bookmark: _Toc525213205]Independently paging legacy WUS UEs without waking up group WUS UEs, and,
c. [bookmark: _Toc525914374][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 NB-IoT
[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 LTE-MTC could take advantage of its wider spectrum by using FDM as a part of the UE grouping strategy.
[bookmark: _Toc525914368]It is advantageous to align the Rel-16 LTE-MTC and Rel-16 NB-IoT WUS UE grouping designs.
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, the group WUS should not be spread out over multiple resources, neither in time, nor in frequency.
[bookmark: _Toc525914369]UE power consumption and network overhead of group WUS should be equal or better than that of legacy WUS.
The legacy WUS sequence design is based on ZC sequences and a scrambling code [2]. 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: _Toc525914370]Legacy WUS design allows for introducing new sequences to separate group WUS from legacy WUS.
The configuration of legacy WUS is defined for the whole carrier, and not individual paging narrowbands. This implies that a group WUS must either co-exist somehow with the legacy WUS, or they cannot coexist in the same carrier. It is unreasonable that a whole LTE carrier only supports one WUS release. This conclusion may possibly differ from NB-IoT, at least for standalone and guard band modes, where one carrier may be expected to only support one release of WUS.
[bookmark: _Toc525914375]Group WUS shall be able to co-exist with legacy WUS.
Relation among UE-groups
In RAN1 #94 it was decided to further study different UE-grouping strategies from a RAN1 perspective. Although this is typically a RAN2 responsibility, the following can be said about the bases for grouping that were addressed. When addressing this topic, it is worth identifying what is a desirable and undesirable behavior. Traditional LTE allocation to different POs primarily has the objective of randomization, to minimize any relations between different UEs and to even out network load. This is reasonable since paging of UEs are likely to occur independent of one another. This property and function may not necessarily be desirable for machine type communications. In particular, if multiple UEs perform the same or similar tasks, a coherent different paging strategy could be beneficial.
Coverage is difficult to use considering the paging is an IDLE mode procedure. It would further require standardization efforts regarding missed detections to unknown benefit. Hence, coverage is not a preferred basis for UE-grouping.
DRX/eDRX based UE-grouping may result in highly varying group sizes depending on the network utilization. Hence, this is likely an ill-suited basis for UE-grouping.
Gap configuration will likely have similar drawbacks as DRX/eDRX.
Services could be a useful basis for grouping, imagining a broadcast type of communications. Unfortunately, the physical layer has little or no information about the services why this will be difficult to implement in practice.
UE ID provides well understood behavior, although maybe not optimal for this application. However, it is possible for an operator to allocate UE ID based on other properties, e.g., services or main mode of operation.
[bookmark: _Toc525914376]From a RAN1 perspective, UE ID is the preferred basis for UE-grouping.
Multiplexing alternatives
For LTE-MTC, there are a few different options for multiplexing WUS, both between legacy WUS and group WUS and also within UE-groups for group WUS. Figure 1 illustrates the different alternatives for legacy WUS and group WUS, but conceptually there is little difference. 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 1: Examples of, in (a), time, in (b), frequency and, in (c), code multiplexing or single sequence transmission, for legacy WUS and group WUS.
Time multiplexing, 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.
Frequency multiplexing, where signals are separated in frequency. For MTC, FDM is possible within a paging narrowband. Assuming a legacy WUS design, in Rel-16 it would be possible to FDM three UE groups, or two together with one legacy WUS, see Figure 2. The main drawbacks with frequency multiplexed WUS are that, assuming WUS may already benefit from power boosting, frequency multiplexing will require additional network power boosting from outside the narrowband in case multiple UE groups are paged simultaneously, and without any further grouping, it is limited to two or three UE groups. Furthermore, it is not compatible with NB-IoT.


[bookmark: _Ref525140422]Figure 2: Illustration of, in (a), co-existence between legacy WUS and group WUS, and in (b), only group WUS, using frequency multiplexing.

Code multiplexing, where multiple signals share common resources but are separated by a code, and in which case transmission power is shared between the two sequences. For this case, the UE only attempts to detect its own sequence. However, the multiple signals would require the network to share power among them, requiring a correspondingly longer detection duration. This would also require an increased margin in terms of LWUSmax,and problems for UEs to perform early termination thereby eliminating much of the advantage from using WUS.
[bookmark: _Hlk525896763]Sequence-based group indication, 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. Similarly, if legacy WUS and group WUS are time or frequency multiplexed, a common WUS would be required, in order to reach all UEs, 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. 
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. Single sequence transmission is also an attractive candidate to separate legacy WUS form group WUS due to its minimal impact on network resources. 
[bookmark: _Toc525914377]Legacy WUS and group WUS are separated by FDM or by using a sequence-based group indication in a single, shared resource.
Cover code-based UE-grouping
Representing different UE-groups with different codes is attractive since it reduces complexity and the need for configuration. For this case, the base sequence could be shared with legacy WUS, but the scrambling sequence would differ, resulting in a near orthogonal fundamental group WUS sequence, compared to legacy WUS. Based on the fundamental group WUS sequence, groups WUS sequence derivates for the different UE-groups are formed by frequency domain orthogonal cover codes. In Figure 3, an example with 12 orthogonal codes is presented as applied to 12 subcarriers.


[bookmark: _Ref525060011]Figure 3: Example with 12 orthogonal cover codes over 12 subcarriers.
Provided the group WUS is separated from legacy WUS in either time or frequency, the 12 codes as presented in the figure may be divided into one code that is valid for all UEs and 11 UE-groups. The use of the groups could also be such that combinations of codes are formed, say with 4 base UE-groups and combinations thereof as presented in Table 1. It is possible to find advantages with both alternatives why some configurability may be desirable. Configurability could make sense considering overall paging rates. For example, a network with very low paging rates would likely benefit from more unique UE-groups, in that the likelihood for multiple groups being paged simultaneously is low and the large number of groups would reduce the false pages even further, whereas the likelihood for multi-group pages increases in a network with higher paging rates where the ability to page a combination of groups would be beneficial. Another possibility with a coding scheme with many groups, is that some groups could be used for UE-specific paging. In such a case, the WUS could even replace the MPDCCH entirely, if the UE-specific WUS configuration also were to include MPDCCH paging information.
[bookmark: _Ref525065601]Table 1: Example with UE-group combinations.
	Code
	UE-group

	
	1
	2
	3
	4

	0
	Yes
	Yes
	Yes
	Yes

	1
	Yes
	
	
	

	2
	
	Yes
	
	

	3
	
	
	Yes
	

	4
	
	
	
	Yes

	5
	Yes
	Yes
	
	

	6
	Yes
	
	Yes
	

	7
	Yes
	
	
	Yes

	8
	
	Yes
	Yes
	

	9
	
	Yes
	
	Yes

	10
	
	
	Yes
	Yes

	11
	Undefined
	Undefined
	Undefined
	Undefined


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.
Another code multiplexing technique is obtained by observing that there are two spare bits in the initialization word for the legacy WUS scrambling sequence. By using those bits, it is possible to obtain three group WUSs for every legacy WUS.
To evaluate the performance of those code multiplexing techniques it is possible to simulate transmissions of one group WUS over an AWGN channel and measure the false alarm rate (FAR). Detection is by means of calculating the correlation between a received signal and a desired signal in the time domain, then comparing the correlation result against a detector threshold. The threshold is set to yield a 5% FAR when no WUS is transmitted. The cross-pair FAR is then evaluated for both scrambling code pairs and pairs of orthogonal cover codes, see Figure 4.
[image: ][image: ]
[bookmark: _Ref525233247]Figure 4: Average false alarm rates for, (a), scrambling codes, depending on cross-combinations, and, (b), orthogonal cover codes.
Figure 4 (a) presents the result from using the unused scrambling sequences from legacy WUS. It is apparent that the FAR is significantly higher than compared to AWGN only. FAR also depends on which UE-group the UE belongs to and which UE-group is being addressed by the eNB. The corresponding result from using frequency domain OCCs are presented in Figure 4 (b). For this case, FAR is independent of SNR and equal to the AWGN FAR independent of the cross-pair combination. For clarity, Figure 4 shows mean values across a random set of cell id values.
Another way to illustrate the difference in performance between the cover codes and scrambling codes is to adjust detection threshold such that FAR is maintained at 5 % and evaluate the missed detection rate. The result, presented in Figure 5, shows a sensitivity loss of 2 dB for scrambling codes compared to using orthogonal cover codes. Correspondingly to Figure 4, performance is depending on the scrambling code pairs being used.
[image: ]
[bookmark: _Ref525234265]Figure 5: Average missed detection rate for a constant FAR for different scrambling codes and orthogonal cover codes.
[bookmark: _Toc525914378]Frequency domain orthogonal cover codes are used for group WUS.
Conclusion
In the previous sections we made the following observations: 
Observation 1	It is advantageous to align the Rel-16 LTE-MTC and Rel-16 NB-IoT WUS UE grouping designs.
Observation 2	UE power consumption and network overhead of group WUS should 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.

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	Group WUS shall be able to co-exist with legacy WUS.
Proposal 3	From a RAN1 perspective, UE ID is the preferred basis for UE-grouping.
Proposal 4	Legacy WUS and group WUS are separated by FDM or by using a sequence-based group indication in a single, shared resource.
Proposal 5	Frequency domain orthogonal cover codes are used for group WUS.
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