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Introduction
One of the objectives with the Rel-16 WID for additional enhancements for NB-IoT is to specify [1]:
	Improved DL transmission efficiency and/or UE power consumption:
· …
· Specify support for UE-group wake-up signal (WUS) [RAN1, RAN2, RAN4]



Related to the above objective, the following agreements were made for group WUS in RAN1 #95 [2]:
	UE group ID is used as a parameter to generate WUS UE group sequence(s)
One group WUS is designed as a single sequence
[bookmark: _Toc529800363]Further study false detection (cross/auto correlation) performance properties for the following designs:
· [bookmark: _Toc529800364]legacy WUS + cover codes,
· [bookmark: _Toc529800365]legacy WUS + shifted scrambling codes,
· [bookmark: _Toc529800366]legacy WUS + phase shift + cover code + scrambling bits
· Including combinations of phase shift, cover code, and/or scrambling bits
[bookmark: _Toc529800367][bookmark: _Toc529800358]Other designs are not precluded.
The number of UE groups is configurable and broadcasted in SIB.
· [bookmark: _Toc529800359]FFS: Further details on the number of UE groups. For example, whether it is per PO or per gap configuration of a PO.
Multiplexing of Rel-16 UE groups is down-selected among
· Single sequence CDM is supported
· Single sequence CDM is supported and TDM can be additionally applied
· FFS: Configurability of CDM and/or TDM
[bookmark: _Toc529800342]A common WUS is used to wake up all group WUS UEs monitoring the same WUS (time-frequency) resource if more than one UE group occupies the WUS resource.
· FFS: Whether the above is also applicable for Rel-15 WUS UEs
· FFS: Whether to support waking up a subset of all WUS UE groups
[bookmark: _Toc529980151]For multiplexing between Rel-16 UE-group WUS and Rel-15 legacy WUS within the same carrier, further evaluate and down select among the following options
· [bookmark: _Toc529980152]TDM
· [bookmark: _Toc529980154]single-seq. CDM
· [bookmark: _Toc529980155]single-seq. CDM+TDM
[bookmark: _Toc529980156]FFS whether legacy WUS is the common WUS for all new UEs or only a part of new UEs.
[bookmark: _Toc529980160]Rel-16 group WUS uses the same gap configurations as for Rel-15 legacy WUS except for differences from possible TDM.
No new gap higher layer signaling will be introduced for TDM


This contribution presents Ericsson’s views about how the WID best should be achieved. Higher layer matters are presented in accompanying contributions [3][4].
[bookmark: _Ref178064866]Discussion
[bookmark: _Ref960840]Overall WUS functionality
We propose a group WUS concept fulfilling the following requirements:
· Paging of legacy WUS UEs without waking up group WUS UEs
· Paging of all group WUS UEs, ideally without waking up legacy WUS UEs
· Paging of group WUS UEs in a single group
[bookmark: _Hlk974537]There are good reasons why this is a minimum requirement for group WUS. First, without separating legacy WUS from group WUS, it will not be possible to reduce the false paging rate and thereby achieve better power savings in group WUS compared to legacy WUS. The second bullet is of less importance, since the alternative for legacy WUS UEs is more UEs using legacy WUS which is just as bad. Ideally, if the two can be separated without any downside to it, it is desirable to separate legacy WUS and group WUS. This task seems to be easier for MTC than for NB-IoT due to the more available resources.
[bookmark: _Toc536703265][bookmark: _Toc1042747][bookmark: _Toc536703266]Group WUS provides functionality to support the following scenarios:
a. [bookmark: _Toc1042748]Paging of legacy WUS UEs without waking up group WUS UEs
b. [bookmark: _Toc1042749][bookmark: _Toc536703267]Paging of all WUS UEs 
c. [bookmark: _Toc536703268][bookmark: _Toc1042750]Paging of group WUS UEs in a single group
In order to fulfill the above requirements, the group WUS functionality that is used to support the above requirements are as follows:
· Legacy WUS and group WUS are differentiated by FDM
· Different groups within group WUS are identified by sequence-based group indication (single sequence CDM or SS-CDM)
· If more than one group needs to be awoken, a common WUS is used
Furthermore, it has been identified that UE power consumption may greatly benefit from mobile UEs being separated from stationary UEs. One solution is to let a mobile UE, i.e., a UE waking up in a different cell from its last known cell, search for a different WUS sequence compared to stationary UEs. A more detailed analysis of the false paging rate for the mobile UE case follows in Sec. 2.2. This use case calls for one additional group WUS functionality:
· Mobile and stationary UEs are differentiated with different WUS sequences
Of particular interest in the relation between group WUS and 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 a resulting 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: _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.

[bookmark: _Toc536703269][bookmark: _Toc1042741]Collocation of legacy WUS and group WUS requires functionality to differentiate them, to avoid unnecessary false pages for group WUS UEs.
[bookmark: _Toc536703274][bookmark: _Toc1042751]Partition legacy WUS into two parts such that one targets only legacy WUS UEs and the other targets both legacy and group WUS UEs.
Table 1 summarizes the different WUS alternatives that are transmitted for the different scenarios presented above. Here it is assumed that all WUSs share the same time and frequency resource. As is seen in the table, partition A of a legacy WUS is transmitted in the legacy resource set in case a legacy WUS is paged.  If UEs in a single UE group are paged, the corresponding group WUS is transmitted. If UEs belonging to more than one UE group, or a mix between legacy WUS UEs and group WUS UEs are paged, partition B of the legacy WUS is transmitted, acting as a common WUS. Finally, a mobile UE, i.e., a UE camping on another cell than its last known cell, is woken up by a special mobile group WUS, to avoid waking up stationary UEs. A consequence of this approach is that a group WUS UE would be required to detect two sequences which should be quite feasible.
[bookmark: _Ref534808218]Table 1: Relation between paging set and transmitted group WUS sequence.
	Paged UE(s)
	Transmitted WUS

	Legacy WUS UEs
	Legacy WUS A

	UEs in group i of group WUS
	Group WUS i

	UEs in >1 group of group WUS
	Legacy WUS B (common WUS)

	All UEs
	Legacy WUS B (common WUS)

	Mobile group WUS UEs
	Mobile group WUS



[bookmark: _Ref536803712]Number of WUS groups
In the previous meeting we have shown the importance of designing a group WUS with a large number of groups in order to achieve a low false paging rate for the stationary case. It was shown that for all reasonable paging rates, a large number of groups achieves the smallest false paging rate assuming a sequence-based group indication (SS-CDM) where the UE attempts to detect both a common WUS and a group WUS [5]. Taking also mobility into account, i.e., a mobile UE is being paged throughout multiple cells, the problem with false paging is severely worse, see Figure 2. Here, a tracking area (TA) of 100 cells is assumed. As is shown in the figure, the false paging rate for the mobile case (dashed lines) is approximately two magnitudes worse for this case compared to the stationary case (solid lines). Thus, the advantages with a large number of groups becomes even greater. It may of course be argued that paging a mobile UE is a relatively rare event. However, it is sufficient that a single mobile UE needs to be paged in order for some paging escalation to be required, and the consequences of that is an increased paging rate of several magnitudes, as is shown in the figure.
[image: ]
[bookmark: _Ref534877355]Figure 2: False paging rate for the stationary case (solid lines) and mobile case (dashed lines) as a function of the UE paging rate for the SS-CDM case.
[bookmark: _Toc347822666][bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244]
[bookmark: _Toc536703259][bookmark: _Toc1042742]Paging escalation due to UE mobility will be a major contributor to false pages since it affects UEs in multiple cells.
[bookmark: _Toc536703271][bookmark: _Toc1042752]The number of UE groups should be an evaluation criterion for group WUS multiplexing.
A simple way to limit the problems with mobile UEs and their effect on false pages is to separate them from stationary UEs, see Sec. 2.1. In that way, UEs that are camping in a different cell from their last known cell would be attentive to a separate WUS group, whereas stationary UEs would not monitor that WUS group.
Performance evaluation of multiplexing alternatives
In the previous meeting it was agreed that the different multiplexing alternatives should be assessed w.r.t.
· UE power consumption, and
· Network paging capacity
Below, each of the above parameters are assessed and based on those assessments, preferred multiplexing schemes are determined. Here it is worth noting that the number of UE groups that are allowed with the different schemes varies, bringing about secondary effects in terms of varying false paging rates that should also be taken into account for the different alternatives.
Network paging performance
We have previously presented several arguments of the negative consequences a TDMed WUS will bring about. Below we present a detailed analysis how a TDMed WUS will affect the flexibility and configurability of WUS, incapacitating some of the flexibility that was introduced in Rel-15, as well as how paging capacity can be expected to be decreased from the time multiplexing.
When discussing a possible TDMing of WUSs (either among groups within group WUS or between legacy and group WUS), it is worth noting that Rel-15 WUS already contains a TDM component in that DRX and eDRX UEs may be allocated to different gap lengths, see Sec. 6.3.2 (MTC) or Sec. 6.7.3 (NB-IoT) in [6] of 40, 80, 160 or 240 ms. Furthermore, an additional, optional gap length of 1 or 2 s may be defined for eDRX. Hence, when designing the group WUS. It is desirable to keep this functionality and to not restrict the flexibility it brings about more than necessary. It is also worth noting that the benefits of WUS increase as UE coverage decrease, i.e., the lower the SNR at the UE, the more it will benefit from using WUS. With respect to this, Table 2 presents the feasible DRX and eDRX gap combinations for the 1 TDM (i.e., no TDM), 2 TDM and 4 TDM cases for a given number of WUS repetitions.
[bookmark: _Ref536802010]Table 2: Feasible combinations of DRX and eDRX gap lengths for different TDM levels in powers of 2s.
	
	
	Maximum number of WUS repetitions

	
	
	16
	32
	64
	128
	256
	512

	eDRX and DRX gap differences [ms]
	40
	2
	1
	0
	0
	0
	0

	
	80
	4
	2
	1
	0
	0
	0

	
	120
	7
	3
	1
	0
	0
	0

	
	160
	10
	5
	2
	1
	0
	0

	
	200
	>10
	6
	3
	1
	0
	0



[bookmark: _Toc536703261][bookmark: _Toc1042743]TDM will unnecessarily restrict the number of usable DRX and eDRX gap combinations.
[bookmark: _Toc536703262][bookmark: _Toc1042744]The disadvantages with TDM increase with the number of repetitions, i.e., the cost of TDM is the highest when the benefit of WUS is the greatest.
Additionally, the TDM will occupy more resources in a manner that restricts paging capacity. Assuming a WUS duration of 32 SFs, which is in the high range for MTC but in the medium range for NB-IoT, further assuming that each frame is a paging frame, the number of blocked POs will increase due to the TDM. Table 3 presents the effect of this where it is clearly shown that the paging capacity is linear with the order of time multiplexing, resulting in a drastically reduced paging capacity. A decreased paging capacity should be avoided unless no alternatives exist. Fortunately, they do in FDM and/or SS-CDM.
[bookmark: _Ref534818509]Table 3: Number of blocked POs for a 32 SF WUS.
	
	
	# TDMed WUSs

	
	
	1
	2
	4

	POs per paging frame
	1
	3
	6
	13

	
	2
	6
	12
	25

	
	4
	12
	25
	50



[bookmark: _Toc536703263][bookmark: _Toc1042745]TDM will severely restrict the network paging capacity.
UE power performance
The second evaluation parameter for the different multiplexing alternatives is the UE power performance. Considering the conclusions from Sec. 2.2 that a solution with many UE groups should be selected implies including CDM in some way. Pure TDM and FDM are feasible only for multiplexing between legacy WUS and group WUS but not for within groups since neither of the two allows for a sufficient number of groups. The main differences between the different alternatives regarding power consumption are identified below.
TDM will provide an increased UE power consumption due to the longer light sleep period that would be required, affecting mainly eDRX performance if used for multiplexing between legacy and group WUS. If TDM is used to multiplex among different UE groups an increased false paging rate would substantially add to the UE power consumption due to the small number of groups that are feasible.
Carrier multiplexing (CM) will result in unchanged UE power when used as a multiplexing technique between legacy WUS and group WUS. However, CM requires a new paging structure to be defined by RAN2.
SS-CDM will result in a decreased UE power consumption mainly arising from a reduced false paging rate since it allows substantially more UE groups. A slight increase in power will arise from the requirement of the UE to detect two sequences, which the agreed UE power consumption model does not account for.
SS-CDM+TDM will bring the same benefits as SS-CDM, with further UE power decrease due to fewer UEs sharing the same resource set, reducing the false paging rate further. On the other hand, it also brings the same drawbacks as TDM in that the sleep pattern will change, increasing UE power consumption.
[bookmark: _Hlk972757]SS-CDM+CM will bring the same benefits as SS-CDM as well as further increase UE power performance due to fewer UEs sharing the same resource set.
Performance evaluation conclusions
The above evaluations are summarized in Table 4. From the table it is evident that the single sequence CDM provides substantial advantages to the other alternatives. If needed it can be combined with FDM, e.g., when multiplexing between legacy WUS and group WUS, but also within group WUS if necessary.
[bookmark: _Ref534892063]Table 4: Performance summary of the multiplexing alternatives.
	Multiplexing method
	Sleep pattern
	False pages
	WUS configurability
	Paging capacity

	TDM
	- -
	- -
	- - -
	- - -

	FDM/carrier mux
	0
	- -
	0
	0

	SS-CDM
	0
	+ +
	0
	0

	SS-CDM+TDM
	-
	+ + +
	0
	- -

	SS-CDM+CM
	0
	+ + +
	0
	0



[bookmark: _Toc536703272][bookmark: _Toc1042753]Further evaluate partitioning the legacy WUS sequence to page legacy WUS UEs without waking up group WUS UEs in NB-IoT.
[bookmark: _Toc536703273][bookmark: _Toc1042754]Sequence-based group indication (single sequence CDM) is used for multiplexing between UE groups.
Group WUS sequence design
Based on the agreements from RAN1 #95, we have evaluated the following group-WUS designs:
· Cycled frequency domain orthogonal cover codes where the cycle start position indicates the group [5]. Cover codes results in a total of 12 groups, of which one may be the legacy WUS. Below it is labeled as “TF-OCC12”.
· Shifted scrambling sequence where the shift index indicates the group. Two alternatives are studied:
· Shift increment 264, labeled “SCRS 264” below, originally described in [7].
· Shift increment 1031, labeled “SCRS 1031” below, implemented to avoid WUS mix-ups.
This method is limited to 36 groups, which is deemed sufficient for all practical reasons.
· Phase shift progression with 2*pi/132 increment quanta, where the phase increment indicates the group. Due to deterministic, strong cross-correlation, in addition to the original proposal in [8], two additional alternatives are also studied:
· A dense set of increments allowing up to 131 groups (only 45 groups were studied), labeled “DELTA 132” below.
· Increments of five, i.e., 0, 5, 10, …, resulting in 27 groups and labeled “DELTA 1325” below.
· A dual series of every seventh increment, 0, 7, 14, … and 2, 9, 16, … resulting in 36 groups and labeled “DELTA 13272” below.
Notably, all the above designs comprise legacy WUS as one of the sequences, allowing for legacy WUS partitioning as presented in Sec. 2.1.
Implementation complexity
· The wake-up receiver is expected to be set up for detecting a few sequences. The sequences are expected to be calculated off-line, which makes implementation complexity a minor issue. None of the approaches have implementation complexity that would stop their adoption.
· The phase shift progression design is the most complex, requiring 264 additional complex multiplications in the calculation of the sequence.
· While scrambling sequence shift involves shifting two long PRB sequences, methods exist for rapid calculation of PRB generator states. Since this is also part of the coding and decoding of PDSCH, UE designs are expected to include hardware accelerators for this purpose.
· Applying the OCC12 code amounts to 132 sign changes.
[bookmark: _Toc536703270][bookmark: _Toc1042746]All investigated group WUS sequence candidates have a sufficiently small complexity to be considered for group WUS.
Detection performance
For WUS durations greater than 1 SF, we observe that shifting the scrambling sequence in increments of 264 results in time-shifted match, i.e. the WUS sequence for one group is the same as for other groups, only occurring k subframes earlier. To avoid this, we propose shifting the scrambling sequence in increments of 1031 (or 2062, to avoid odd number), which eliminate such matches for durations up to 1024 subframes.
We also observe that scrambling sequence shift allows practically unlimited number of groups. However, we chose to limit evaluation to 35 groups.
The candidate designs have been simulated under the following conditions:
· 1.92 Msps
· 128-pt FFT
· 24 subcarrier WUS
· 21 sample reception window
· 40 Hz frequency error
· EPA Channel model with 1Hz doppler
· 10000 instances per Rx/Tx group pairing
· Coherent combination within subframes
· Non-coherent combining (i.e. power) of subframes
· A handful of Cell ID values
The result of the simulations is illustrated with plots of the overall cumulative distribution (CDF) of the maximum correlation values within a detection time window. The CDF traces are normalized against the 99-percentile of the correlation against white noise (i.e., 1% false-alarm probability for AWGN).

Repetition level 4
Figure 3 presents performance plots for repetition level 4, corresponding to an SNR level of -12.5 dB.
[image: ]
[bookmark: _Ref942872]Figure 3: CDF of normalized cross-correlation for SNR = -12.5 dB and false-alarm rate of 1%.

At repetition level 4, we find that
· TF-OCC12 results in cross-group false-alarm rate in the range of 6% to 8%, when white-noise false-alarm rate is 1%.
· SCRS264 and SCRS1031 yields randomly scattered group combinations that overall exhibit consistently higher false-alarm probability than white noise, approximately the same as for TF-OCC12.
· DELTA132 result in 4.5% cross-group false-alarm rate, caused by distinct group combinations giving a certain false-alarm rate making it an unviable solution. The group combinations are the same across the tested Cell IDs.
· DELTA1325 and DELTA13272 result in overall cross-group false-alarm rate being comparable to white noise at repetition level 4. Some group combinations give systematically higher false-alarm probability, independent of Cell ID. However, the resulting cross-correlation is manageable.

Repetition level 1
Figure 4 presents performance plots for repetition level 4, corresponding to an SNR level of 2.5 dB for one alternative per method. Results for the others are in line with the ones presented below.
[image: ]
[bookmark: _Ref942895]Figure 4: CDF of normalized cross-correlation for SNR = 2.5 dB and false-alarm rate of 1%.
At repetition level 1 the operating SNR is higher, which makes the cross-group correlation stand out from the noise. We find that
· Using the white noise threshold for 1% false-alarm rate yield roughly 26% cross-group false-alarms with TF-OCC12, 20% with SCRS1032 and 2% with DELTA13272.
· For DELTA13272, the raised false-alarm probability is caused by a few systematic cross-group combinations having considerably higher false-alarm probability. An even lower false alarm probability can be obtained by further restricting the groups.
Conclusions from sequence design
Based on these findings, DELTA13272 may be considered for adoption. It allows 35 groups, plus legacy group with good cross-group false-alarm probability. However, depending on the number of groups needed and false-alarm requirements, a more restrictive set of phase shift progressions may be considered.
[bookmark: _Toc1042755][bookmark: _Toc536703275]Use a subset of phase shift progression of 2*pi/132 increment quanta as grouping discriminator, e.g., dual series phase increment of every 7th (0, 7, 14, …) (2, 9, 16, …) “DELTA13272”.
Conclusion
In the previous sections we made the following observations: 
Observation 1	Collocation of legacy WUS and group WUS requires functionality to differentiate them, to avoid unnecessary false pages for group WUS UEs.
Observation 2	Paging escalation due to UE mobility will be a major contributor to false pages since it affects UEs in multiple cells.
Observation 3	TDM will unnecessarily restrict the number of usable DRX and eDRX gap combinations.
Observation 4	The disadvantages with TDM increase with the number of repetitions, i.e., the cost of TDM is the highest when the benefit of WUS is the greatest.
Observation 5	TDM will severely restrict the network paging capacity.
Observation 6	All investigated group WUS sequence candidates have a sufficiently small complexity to be considered for group WUS.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Group WUS provides functionality to support the following scenarios:
a.	Paging of legacy WUS UEs without waking up group WUS UEs
b.	Paging of all WUS UEs
c.	Paging of group WUS UEs in a single group
Proposal 2	Partition legacy WUS into two parts such that one targets only legacy WUS UEs and the other targets both legacy and group WUS UEs.
Proposal 3	The number of UE groups should be an evaluation criterion for group WUS multiplexing.
Proposal 4	Further evaluate partitioning the legacy WUS sequence to page legacy WUS UEs without waking up group WUS UEs in NB-IoT.
Proposal 5	Sequence-based group indication (single sequence CDM) is used for multiplexing between UE groups.
Proposal 6	Use a subset of phase shift progression of 2*pi/132 increment quanta as grouping discriminator, e.g., dual series phase increment of every 7th (0, 7, 14, …) (2, 9, 16, …) “DELTA13272”.
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