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[bookmark: _GoBack]Introduction
One of the objectives with the Rel-16 WID for additional MTC enhancements for LTE 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 #96bis [2]:
	For evaluation purpose and down-selection on multiplexing schemes in RAN1#97:
· UE assumes the same WUS max duration and same transmit power for Rel-15 WUS and Rel-16 WUS 
Down-select one of the following options until RAN1#97 based on evaluation results including power saving gain, usage of resources, etc
· Up to 2 orthogonal WUS resources may be configured in time domain
· Up to 2 orthogonal WUS resources may be configured in frequency domain 
· Up to 2 orthogonal WUS resources may be configured per dimension (up to 4 orthogonal WUS resources in total)
· Up to 2 orthogonal WUS resources may be configured either in time or frequency domain (only one of the two can be configured)
Determine in RAN1#97 whether legacy WUS resource is counted as one of the configured WUS resource(s).
Rel-15 WUS and Rel-16 WUS can be configured on the same legacy WUS resource via SI
· FFS explicitly or implicitly
· Same WUS parameters are assumed for both Rel-15 and Rel-16 WUS in case both are on the same legacy WUS resource
Per default, all gaps use the same group WUS configuration regarding number of groups and group WUS resource allocation.
Optionally, eDRX gap(s) may be configured individually if separate from the DRX gap.
If the group WUS resource is configured to be shared by Rel-15 WUS and Rel-16 WUS, a common WUS for all the group WUS UEs in the same WUS resource can be configured to be legacy WUS or a non-legacy WUS.


[bookmark: _Hlk4673612]In this contribution, we further elaborate on our views on the design of the group WUS. Accompanying papers present our higher layer views in [3][4].
The structure of the paper is that in the first section, fundamental features are treated whereas optional features that are not necessary for WUS functionality follows in a subsequent section.
[bookmark: _Ref178064866]Fundamental group WUS functionality
Group WUS resource allocation
It has been agreed in RAN1 #96bis that the group WUS resource allocation will be decided in this meeting. From the UE power performance perspective, it is evident that the more group WUS resources that are available, the better UE power performance due to fewer UEs per resource and group. However, from a network perspective it is doubtful if that many group WUS resources can or should be allocated. By allowing multiple resources, network resource utilization is affected negatively due to resource fragmentation. The efficiency is also affected by requiring the network to transmit group WUSs in multiple resources if two or more UEs that does not share resources are paged simultaneously. Finally, it may be the case that the network is unable to meet the time requirements for reaching all UEs within a BCCH period due to too much WUS overhead. This is particularly important when introducing new features in existing systems, as is the case for group WUS. In this case, the ambition should be to make as few changes as possible that may risk giving unexpected negative consequences for fundamental functions in the network.
[bookmark: _Toc4776746][bookmark: _Ref190406817][bookmark: _Toc226862296][bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc8903893]Time multiplexing of resources will substantially reduce network capacity.
[bookmark: _Toc8903894]New features should be introduced with care, to not cause unexpected negative consequences for fundamental network functionality.
The main argument against FDMing WUS has been the network’s ability to power boost multiple, simultaneous group WUSs. With the new Rel-15 agreement that allows power configuration of legacy WUS, that is no longer a problem. A network that is less able to power boost single PRB pairs can simply use a weaker power level and thereby still stay within that network’s power boosting range.
[bookmark: _Toc8903895]With legacy WUS power configuration agreement, power boosting, that was the main objection to FDM, is no longer a problem.
We strongly doubt that any networks will be configured with four group WUS resources for the above reasons. Hence, there is no reason to include it in the specification even though UE power performance is better. For that reason, we propose FDM as the only configuration alternative since it is the alternative that will have the least effect on overall system performance, see Figure 1.


[bookmark: _Ref7262460][bookmark: _Ref8892679]Figure 1: Illustration of FDM configuration of group WUS resources: the first, lowermost resource is configured explicitly and the optional second, uppermost resource is given implicitly.
[bookmark: _Toc8903910]Up to two orthogonal group WUS resources may be configured in the frequency domain.
Related to the resource allocation is the matter of group WUS co-existence with legacy WUS. In order to avoid to complex configurations, depending on whether legacy WUS is configured or not, an independent configuration of group WUS is preferred. Nevertheless, some optimizations are still possible, in particular if also considering potential RF problems related to power boosting. From the RF perspective, it is preferable to power boost a contiguous spectrum block instead of two non-contiguous blocks. Hence, the location within the narrowband of first group WUS resource is configured explicitly and the second group WUS resource, if configured, is configured implicitly, see Figure 1.
There are strong benefits in separating the resources of legacy WUS and group WUS and to allow the full utilization of the narrowband in case TDM of WUS resources is undesirable. As is presented in Figure 2, for the case where the common WUS is the legacy WUS in a shared resource, the false wake-up rates may be decreased substantially with this design. Figure 2 presents false wake-up rates for the two cases where the legacy WUS resource is collocated with one of two group WUS resources with eight groups in each and where legacy WUS is separated from any of the two group WUS resources. For UE paging rates of 1 %, group WUS false wake-up rates in the collocated resource would be reduced by almost a factor of 10 in case the distribution of legacy WUS UEs and group WUS UEs is the same. For the more unevenly distributed case, with group WUS UEs in majority 4 to 1, the reduction is almost a factor of 3.  
[image: ][image: ]
[bookmark: _Ref8892690]Figure 2: False wake up rates for the cases where legacy WUS and group WUS are collocated on a shared WUS resource and when they are allocated on separate WUS resources. To the left, the false wake-up rate is presented for the case where the ratio of group WUS UEs to legacy WUS UEs is 1 to 1 and, to the right, for the ratio of 4 to 1.
[bookmark: _Toc8903896]False wake-up rates may be substantially reduced by allowing independent resource configuration of group WUS and legacy WUS.
For the case where common WUS is not the legacy WUS, the main benefit from separating legacy WUS resources from group WUS resources arise from reduced paging latencies due to colliding pages between legacy WUS UEs and group WUS UEs in the shared resource. Assuming the same configurations as in Figure 2, the delay rate is presented in Figure 3. Also for this case there are large benefits in separating legacy WUS resources from group WUS resources. For both the even UE distribution and the uneven UE distribution, delays are reduced by approximately a factor of 4. This, in turn, may be translated into a higher network paging capacity.
[image: ] [image: ] 
[bookmark: _Ref8893464]Figure 3: Rate of delayed pages for the cases where legacy WUS and group WUS are collocated on a shared WUS resource and when they are allocated on separate WUS resources. To the left, the rate of delayed pages is presented for the case where the ratio of group WUS UEs to legacy WUS UEs is 1 to 1 and to the right for the ratio of 4 to 1.
[bookmark: _Toc8903897]The rate of delayed pages may be substantially reduced, and hence paging capacity increased, by allowing independent resource configuration of group WUS and legacy WUS.
[bookmark: _Toc8903911]Group WUS resources are configured independently of legacy WUS, hence resource sharing with legacy WUS is configured implicitly.
[bookmark: _Toc8903912]The location within a narrowband of the first, lowermost group WUS resource is configured explicitly and the second, uppermost group WUS resource, if configured, is located on the subsequent two PRBs.
The configuration of number of groups is also related to the resource multiplexing. Since wake-up performance is related to the UEs sharing the same resource, in order to reach a desired false wake-up performance, a certain number of groups per WUS resources should be configured. Furthermore, in order to minimize configuration complexity, the configuration values should be independent on the number of WUS resources. This does not imply that different WUS resources should have different configurations, only that the number of UE groups is defined as number of UE groups per WUS resource.
[bookmark: _Toc8903898]Since group WUS resources are orthogonal, wake-up performance will be determined per resource.
[bookmark: _Toc8903913]The configured number of UE groups represents number of UE groups per group WUS resource. The same configuration value is used for all group WUS resources.
WUS power
Group WUS power configuration also remains to be agreed. There are essentially two options how this can be done:
· Independently from legacy WUS, or
· Same as legacy WUS.
The former option would allow more flexibility but also more overhead, whereas the latter option would limit flexibility but also overhead. From the network perspective, a cell is configured to provide a certain coverage, regardless of supported releases. Hence, the value of the extra configurability is likely marginal and can be omitted.
[bookmark: _Toc8903899]A cell is configured to provide a certain coverage level, regardless of WUS release. Hence, WUS coverage requirements are the same for legacy WUS and group WUS.
A further complicating issue regarding power configuration is the agreement that legacy WUS is the common WUS for the case where legacy WUS and group WUS share resources. For this case, it is all but impossible to allow different power levels.
[bookmark: _Toc8903900]Legacy WUS is included in group WUS design by, e.g., common WUS configuration. Hence, power levels or duration cannot differ between legacy WUS and group WUS.
As presented above, there are few benefits but substantial problems in using different power configurations for legacy WUS and group WUS. However, it may also be the case that legacy WUS is not defined. In that case group WUS power should still be configured, preferably with the same configuration as legacy WUS. That leads us to the following proposal:
[bookmark: _Toc8903914]If legacy WUS is configured, group WUS use the power configuration of legacy WUS. If legacy WUS is not configured, group WUS power is configured with an optional configuration parameter using the same parameter values as legacy WUS. 
Number of UE groups
For most paging rates, it has been shown to be preferable to utilize as many groups as possible [4], and where the maximum number of groups will be given by the sequence design. This is also true if multilevel grouping is agreed, in which case the number of groups will be fewer than the number of sequences, see also Sec. 3.2. Furthermore, it was agreed in RAN1 #95 that the number of groups should be configurable, hence, the matter of configurability remains. Considering RAN2 is responsible for the grouping basis, which may affect the number of groups, it is beneficial if RAN2 also takes responsibility for the configuration of the number of UE groups.
[bookmark: _Toc8903901]RAN2 is responsible for grouping basis, which may also affect the configuration of the number of groups.
[bookmark: _Toc8903915]Send LS to RAN2 asking RAN2 to determine the configuration of number of UE groups.
Sequence design
[bookmark: _Ref189046994]Based on previous agreements and input from RAN1 #96b, we have evaluated the following group WUS designs:
Incremental phase shift (DELTA132X)
These designs are based on the legacy WUS, extended with an incremental phase shift with a  quanta per RE. The group-specific sequence in subframe  is thus defined as

Where  is the legacy WUS sequence in subframe, and the sequence index is


Due to deterministic, strong, cross-correlation between sequences with some pairwise combinations of g, the values of g is restricted. We propose two subsets that we find have good properties:
DELTA13213 where g is defined as


Cross-correlation analysis of this set reveals that all possible sequence pairs are free of correlation peaks within the maximum possible offset within a symbol duration.
DELTA1327 for which g is defined as


Cross-correlation analysis of this set reveals that all possible sequence pairs are free of strong correlation peaks within an offset less than ±5/12 of a symbol duration.
In both cases,  yield the legacy WUS.
In addition to the incremental phase shift, three additional designs have been proposed:
Time-frequency short orthogonal cover code (TF-sOCC)
TF-sOCC is a length-12 frequency-domain cover code combined with the length-11 Barker code in the time domain [5]. We have evaluated the complete set of 11 group-WUS sequences and the legacy sequence.
Gold cover code (GOLDx)
GOLDx is a length-127 Gold cover code [6]. We have evaluated this scheme with 12, 22 and 43 groups in addition to the legacy signal, labeled GOLD12, GOLD22 and GOLD43.
Shifted scrambling sequence (SCRS1031)
This design is based on the proposal in [7] with the per-group shift increment set to 1031 instead of 262. The motivation for the change in shift increments is to avoid aliases between subframes. This scheme has been evaluated with varying numbers of groups from 12 and upwards.
Simulation results
We have assumed that group-WUS may be configured to share resources with legacy WUS. Since a legacy UE is expected to employ a WUS detection threshold based on white noise, we have chosen to assume the same for group-WUS UEs. This means detection performance will not differ between sequence designs. It also means the cross-sequence false-alarm probability (xFAR) is a key performance indicator.
Table 1 summarizes the used simulation parameters.
[bookmark: _Ref7774573]Table 1: Simulation parameters for group WUS sequence evaluation.
	Parameter
	Value

	Fs
	1.92e6

	Carrier bandwidth
	6 RB

	FFT
	128

	WUS bandwidth
	2RB

	WUS repetitions
	1, 4

	Channel model
	EPA, 1Hz

	Rx frequency error
	40 Hz

	Rx coherence
	1 SF

	SNR
	2.5 dB, -12.5 dB

	Detection threshold
	1% white noise FAR

	Reciever time window
	±5 µs, ±10 µs, ±25 µs



Figure 4 presents results in terms of the CDF of the detected peak correlation value for single subframe (R=1) WUS with the proposed sequences for timing drift values corresponding to UE network synchronization periods of up to 28.5 s, which is by far more than what is necessary. It reveals that the DELTAx performs slightly better than TF-sOCC and clearly better than GOLD codes.
[image: ][image: ]
[bookmark: _Ref7778770]Figure 4: Cumulative distribution of peak correlation values for 1% white-noise false-alarm threshold for single-subframe WUS at 2.5 dB SNR and detection window lengths of, left, ±10 µs and right, ±25 µs.
Figure 5 presents results for WUS with 4 subframes (R=4). The plots indicate that performance with TF-sOCC and DELTA132_13 is very similar. Comparing R=1 and R=4 also indicate that the difference between the designs is less for longer repetitions. In these simulations we also see that scrambling sequence shift has clearly inferior performance, although it could be pointed out that doubling the coherence-interval from one subframe to two would likely reduce this disadvantage.
[image: ][image: ]
[bookmark: _Ref7779966]Figure 5: Cumulative distribution of peak correlation value for 1% white-noise false-alarm threshold for 4-subframe WUS at -12.5 dB SNR and detection window lengths of, left, ±5 µs and right, ±25 µs.
The simulation results are summarized in Table 2.
[bookmark: _Ref7785720]Table 2: Performance of the different evaluated group WUS sequences.
	Design
	Maximum number of groups (excluding legacy)
	Cross-sequence FAR at 1% white-noise FAR threshold (R=1, SNR=2.5 dB)
	Cross-sequence FAR at 1% white-noise FAR threshold (R=4, SNR=-12.5 dB)

	
	
	±10 µs
	±25 µs
	±5 µs
	±25 µs

	DELTA1327
	18
	3%
	6%
	1%
	2%

	DELTA13213
	10
	0.5%
	3%
	1%
	2%

	TF-sOCC
	11
	2%
	7%
	1%
	2%

	GOLD12
	12
	16%
	18%
	4%
	8%

	GOLD22
	22
	16%
	18%
	4%
	8%

	GOLD43
	43
	16%
	18%
	4%
	8%

	SCRS1031
	>21
	22%
	25%
	7%
	10%



[bookmark: _Toc7784963][bookmark: _Hlk7788075][bookmark: _Toc8903902]Incrementally phase shifted DELTA13213 performs slightly better than time-frequency short orthogonal cover codes, with average cross-sequence false alarm rates very close to white noise.
[bookmark: _Toc8903903]Time-frequency short orthogonal cover codes allows one group more than incrementally phase shifted DELTA13213
[bookmark: _Toc8903904]Gold cover codes have inferior performance compared to incrementally phase shifted DELTA13213 and time-frequency short orthogonal cover codes.
[bookmark: _Toc8903905]Shifted scrambling codes have inferior performance compared to Gold cover codes.
[bookmark: _Toc8903916]Incrementally phase shifted DELTA13213 is adopted as group WUS sequence.
Optional group WUS functionality
In this section we present our opinions on features that are not fundamental and may thus be omitted. As a first design criterion here, it makes sense to keep the design as simple as possible and only introduce features that improve performance for a wide range of use case.
[bookmark: _Toc4776749][bookmark: _Toc8903917]Optional features should only be introduced if gains can be shown. 
UE group weighting
It has been proposed that UE group weighting is introduced without any clear description on how proper weights should be determined. Weighting is further studied below for the case where the common WUS is the legacy WUS, since this is the only case that is likely to benefit from weighting. There are several good reasons why weighting should be avoided. From the network perspective, it is unlikely that weighting is implemented in the MME-eNB interface, since it requires substantial interoperability testing among network operators, resulting in huge costs as a consequence. Furthermore, it will make the implementation of any other grouping strategy than UE ID grouping increasingly difficult. Weighting will discriminate UEs based on their UE ID or some other parameters that is used for grouping basis in a way that is undesirable for both network vendors and operators. Finally, the benefits of weighting are small at best, assuming a heavily skewed distribution of legacy and group WUS UEs, in which case there will be little performance difference with separating group WUS resources from legacy WUS UEs altogether.
[bookmark: _Toc8903906]Weighting will complicate grouping-bases not only relying on UE_ID.
Nevertheless, false wake-up performance for UE group weighting is considered in Figure 6, for relations of the number of group WUS UEs to legacy WUS UEs of 2 and 8, respectively, together with the case where the common WUS is not the legacy WUS. It is evident that for more even relations (2x), weighting will not improve performance for hardly any combination of weight level and UE paging rate. Furthermore, for a given weight, performance for UE groups belonging to the shared resource or not, depend on the UE paging rate. Hence, it is not possible to select a weight that fits all UEs. Finally, performance for weighting does not for any weight or UE paging rate equal that of the case where the common WUS is not the legacy WUS, i.e., if colliding, WUSs are sent on separate POs. 
[bookmark: _Toc8903907]Performance of group weighting depends on UE paging rates, implying it is impossible to select optimal weights.
For the more uneven relation between group WUS UEs and legacy WUS UEs (8x), weighting may improve performance, provided the network is able to accurately estimate the correct weights. If that is not the case, as is shown in the figure, performance among different UE groups will significantly diverge. Also for the more uneven relation, not using the legacy WUS as the common WUS will in average provide better and more coherent performance.
[bookmark: _Toc8903908]Performance gains from group weighting is marginal at best and is worse than the case where the common WUS is not the legacy WUS.
[image: ][image: ]
[bookmark: _Ref7352186]Figure 6: False wake-up rate as relation to UE paging rates for different UE group weighting values together with the case where the common WUS is not the legacy WUS. In the leftmost figure, the relation between group WUS UEs and legacy WUS UEs is 2 and the rightmost figure the corresponding relation is 8. A weight of 0.25 implies that 25% of the UEs in the resource shared with legacy WUS have been moved to the non-shared resource. Two group WUS resources are assumed in total with 8 UE groups per resource.
[bookmark: _Toc8903918]UE group weighting is not supported.
[bookmark: _Ref7121940]Multilevel grouping
The sequence design will result in a limited number of sequences. These sequences can be used for either many unique UE groups and no intermediary level between these and the common WUS, i.e., dual level grouping, or fewer unique groups with an additional intermediary level based on combinations of groups between the unique UE groups and the common WUS, i.e., multilevel grouping. Considering the sequence design candidates, it is likely that a design scheme with approximately 11 sequences will be defined. Hence, the dual level grouping and multilevel grouping alternatives are assessed with this number of available sequences. Table 3 presents the two alternatives regarding how the sequences are disposed according to the two grouping alternatives.
[bookmark: _Ref7017438]Table 3: Dual level and multilevel grouping configurations.
	Sequence index
	Dual level grouping
	Multilevel grouping

	0
	WUS group 0
	WUS group 0

	1
	WUS group 1
	WUS group 1

	2
	WUS group 2
	WUS group 2

	3
	WUS group 3
	WUS group 3

	4
	WUS group 4
	WUS groups 0+1

	5
	WUS group 5
	WUS groups 0+2

	6
	WUS group 6
	WUS groups 0+3

	7
	WUS group 7
	WUS groups 1+2

	8
	WUS group 8
	WUS groups 1+3

	9
	WUS group 9
	WUS groups 2+3

	10
	Common WUS
	Common WUS



Figure 7 presents the false wake-up performance for the above two cases. It is clear in the figure that for most paging rates, dual level grouping with more groups is beneficial to multilevel grouping with fewer groups and combinations of groups.
[image: ]
[bookmark: _Ref7030885][bookmark: _Ref7030877]Figure 7: False wake-up rates as a function of paging probabilities for both dual level grouping with 10+1 groups (red line), and multilevel grouping with 4+6+1 groups (blue line) for the case of 40 UEs per PO.
Taking further into account both the increased detection complexity required to implement multilayer grouping and the increased false paging rate arising from the need to detect more sequences, multilevel grouping is not justifiable.
[bookmark: _Toc8903909]Multilevel grouping has a higher false wake-up rate compared to dual level grouping utilizing the same total number of WUS sequences.
[bookmark: _Toc8903919]Multilevel grouping is not supported.
Conclusion
In the previous sections we made the following observations: 
Observation 1	Time multiplexing of resources will substantially reduce network capacity.
Observation 2	New features should be introduced with care, to not cause unexpected negative consequences for fundamental network functionality.
Observation 3	With legacy WUS power configuration agreement, power boosting, that was the main objection to FDM, is no longer a problem.
Observation 4	False wake-up rates may be substantially reduced by allowing independent resource configuration of group WUS and legacy WUS.
Observation 5	The rate of delayed pages may be substantially reduced, and hence paging capacity increased, by allowing independent resource configuration of group WUS and legacy WUS.
Observation 6	Since group WUS resources are orthogonal, wake-up performance will be determined per resource.
Observation 7	A cell is configured to provide a certain coverage level, regardless of WUS release. Hence, WUS coverage requirements are the same for legacy WUS and group WUS.
Observation 8	Legacy WUS is included in group WUS design by, e.g., common WUS configuration. Hence, power levels or duration cannot differ between legacy WUS and group WUS.
Observation 9	RAN2 is responsible for grouping basis, which may also affect the configuration of the number of groups.
Observation 10	Incrementally phase shifted DELTA13213 performs slightly better than time-frequency short orthogonal cover codes, with average cross-sequence false alarm rates very close to white noise.
Observation 11	Time-frequency short orthogonal cover codes allows one group more than incrementally phase shifted DELTA13213
Observation 12	Gold cover codes have inferior performance compared to incrementally phase shifted DELTA13213 and time-frequency short orthogonal cover codes.
Observation 13	Shifted scrambling codes have inferior performance compared to Gold cover codes.
Observation 14	Weighting will complicate grouping-bases not only relying on UE_ID.
Observation 15	Performance of group weighting depends on UE paging rates, implying it is impossible to select optimal weights.
Observation 16	Performance gains from group weighting is marginal at best and is worse than the case where the common WUS is not the legacy WUS.
Observation 17	Multilevel grouping has a higher false wake-up rate compared to dual level grouping utilizing the same total number of WUS sequences.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Up to two orthogonal group WUS resources may be configured in the frequency domain.
Proposal 2	Group WUS resources are configured independently of legacy WUS, hence resource sharing with legacy WUS is configured implicitly.
Proposal 3	The location within a narrowband of the first, lowermost group WUS resource is configured explicitly and the second, uppermost group WUS resource, if configured, is located on the subsequent two PRBs.
Proposal 4	The configured number of UE groups represents number of UE groups per group WUS resource. The same configuration value is used for all group WUS resources.
Proposal 5	If legacy WUS is configured, group WUS use the power configuration of legacy WUS. If legacy WUS is not configured, group WUS power is configured with an optional configuration parameter using the same parameter values as legacy WUS.
Proposal 6	Send LS to RAN2 asking RAN2 to determine the configuration of number of UE groups.
Proposal 7	Incrementally phase shifted DELTA13213 is adopted as group WUS sequence.
Proposal 8	Optional features should only be introduced if gains can be shown.
Proposal 9	UE group weighting is not supported.
Proposal 10	Multilevel grouping is not supported.
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