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Introduction
In the Rel-16 WID, one of the objectives is to introduce [1]:
	Improved DL transmission efficiency and/or UE power consumption:
•	…
•	Specify support for UE-group wake-up signal (WUS) [RAN1, RAN2, RAN4]


 With respect to the above objective, the following agreements were made in RAN1 #98 [2]:
	The configured WUS resources associated with same gap are consecutive in time/frequency domain.
· The WUS resources in the same time resource are consecutive to each other in the frequency domain.
· When the WUS resources are configured in two time resources, the WUS resources in first time resource are consecutive to a WUS resource in the second time resource.

Choose supported patterns for WUS resource configuration considering the location of legacy WUS resource if Rel-15 WUS is configured.
· No more than 3 bits are used for configuration of the pattern for WUS resource.
· FFS: Considering the location of legacy WUS resource if Rel-15 WUS is configured.

For group WUS resources sharing WUS gap, per default, the number of UE groups per resource is configured for all group WUS resources. Optionally, the number of UE groups for each WUS resource can be configured individually.

The number of UE groups per WUS resource is 1, 2, 4, or 8.

The optional eDRX configurability and configuration values regarding the number of consecutive POs a WUS is associated same as in Rel-15 legacy WUS.

Design pre-defined method to allow alternating UE group to monitor different WUS resources at different POs implicitly.
· Consider both cell-specific DRX cycle and UE-specific DRX cycle.
· At least the following parameters are used in the pre-defined method:
· H_SFN of current PO
· DRX cycle

The group WUS resource that may coincide with legacy WUS is assigned  0 and the other group WUS resource are using  1, 2, or 3.
·  1, 2, or 3 are used to differentiate different scrambling sequences for WUS sequence.

The following working assumption is confirmed: 
To differentiate WUS sequences in different WUS resources, 2-bit MSB of scrambling initialization c_init is supported.

Regarding group WUS configuration for different gap durations (DRX, short eDRX and long eDRX), the following applies:
· If eDRX long gap is configured but no group WUS configuration for that gap is provided, the eDRX short gap configuration shall be used if configured, otherwise the DRX configuration shall be used.
· If eDRX short gap is configured but no group WUS configuration for that gap is provided, the DRX gap configuration shall be used.


Below, we further elaborate on our views on the physical layer design of the group WUS. Accompanying papers present our higher layer views in [3].
[bookmark: _Ref178064866]Discussion
[bookmark: _Ref23695363]Resource configuration
Previous agreements states that two resources in either time, frequency or both time and frequency may be allocated to group WUS. They should further be bundled such that they form a contiguous resource. Additionally, it has been agreed that a limited set of WUS resource constellations should be defined to further reduce signaling overhead. 
Considering which configurations that may be useful, three typical scenarios can be identified:
· Very deep coverage, maximum power boosting, where, for power boosting reasons it may not be possible to allocate group WUS in the whole narrowband but instead time multiplex the group WUS resources,
· Deep coverage with massive deployment, requiring maximum WUS resource utilization from both time and frequency multiplexing, and
· Low to medium coverage in which a wake-up receiver may benefit substantially from using group WUS. For network scheduling efficiency, this scenario may want to fully utilize frequency multiplexing for WUS resources.
Moreover, different configurations w.r.t., e..g., the number of paging narrowbands or same or different DRX and eDRX gaps may result in different preferred WUS resource constellations within one of the above scenarios.
One consideration that has been omitted from the resource constellation discussion so far, is the relation between DRX and eDRX gaps. From a UE differentiation perspective, it is desirable to deploy different DRX and eDRX gaps and still be able to use WUS efficiently by having access to efficient WUS configurations. Using resource constellations including multiple time resources in the same gap will disqualify some attractive combinations of DRX and short eDRX gaps, in that the signals will partially overlap. For that reason, it is beneficial if one of the constellations makes use of a single time resource as efficiently as possible, i.e., by using 3xFDM in it.
[bookmark: _Toc24137316]Configuring WUS with multiple time resources will disqualify some DRX and short eDRX gap combinations.
Based on the above discussion, we propose to select four out of the following five WUS resource constellations:
[bookmark: _Toc16869518][bookmark: _Toc21106654][bookmark: _Toc24137322]Four WUS constellations are defined according to:
a. [bookmark: _Toc16869519][bookmark: _Toc21106655][bookmark: _Toc24137323]A single group WUS resource, frequency multiplexed with legacy WUS,
b. [bookmark: _Toc16869520][bookmark: _Toc21106656][bookmark: _Toc24137324]Two frequency multiplexed group WUS resources, in turn frequency multiplexed with legacy WUS,
c. [bookmark: _Toc24137325][bookmark: _Toc16869521][bookmark: _Toc21106657]A down-selection between the following two alternatives:
i. [bookmark: _Toc24137326][bookmark: _Toc16869522][bookmark: _Toc21106658]Two time multiplexed group WUS resources, in turn frequency multiplexed with legacy WUS, or
ii. [bookmark: _Toc24137327]One group WUS time multiplexed with legacy WUS,
d. [bookmark: _Toc24137328]Three group WUS resources, where each resource is either frequency multiplexed, time multiplexed or both frequency and time multiplexed with legacy WUS.


Figure 1: Proposed group WUS resource configrations for, top, legacy WUS configred in the upper PRB pair, center, legacy WUS configred in the middle PRB pair and, bottom, legacy WUS configured in the lower PRB pair.
Having determined the resource constellations, these must be efficiently matched to individual WUS resource ids, NIDresource for each possible legacy WUS location. The simplest way to do this is by use of a table. Table 1 presents the proposed relations between WUS resources for each resource constellation, and the respective NIDresource. Furthermore, in case legacy WUS is not configured, NIDresource = 0 must be signaled with a corresponding Rel-16 freqLocation parameter.
[bookmark: _Ref23417867]Table 1: Resource location in relation to NIDresource = 0 in format of [time_offset, frequency offset].
	
	Lower legacy WUS
	Middle legacy WUS
	Upper legacy WUS

	Constellation a
	NIDresource 1: [0, 1]
	NIDresource 1: [0, 1]
	NIDresource 1: [0, -1]

	Constellation b
	NIDresource 1: [0, 1]
NIDresource 2: [0, 2]
	NIDresource 1: [0, -1]
NIDresource 2: [0, 1]
	NIDresource 1: [0, -1]
NIDresource 2: [0, -2]

	Constellation c.i
	NIDresource 1: [0, 1]
NIDresource 2: [-1, 1]
	NIDresource 1: [0, 1]
NIDresource 2: [-1, 1]
	NIDresource 1: [0, -1]
NIDresource 2: [-1, -1]

	Constellation c.ii
	NIDresource 1: [-1, 0]
	NIDresource 1: [-1, 0]
	NIDresource 1: [-1, 0]

	Constellation d
	NIDresource 1: [0, 1]
NIDresource 2: [-1, 1]
NIDresource 3: [-1, 0]
	NIDresource 1: [0, 1]
NIDresource 2: [-1, 1]
NIDresource 3: [-1, 0]
	NIDresource 1: [0, -1]
NIDresource 2: [-1, -1]
NIDresource 3: [-1, 0]



[bookmark: _Toc16869524][bookmark: _Toc21106661][bookmark: _Toc24137329]Within the six possible group WUS resources, resource indexation is performed according to Table 1. If legacy WUS is not configured, a Rel-16 freqLocation information element is used to indicate NIDresource = 0.
WUS resource alternation
Resource alternation was introduced as a means to reduce the increased false wake ups for group WUS UEs sharing a resource with legacy WUS UEs. A previous agreement states that alternation should be allowed implicitly which is a bit unclear. Furthermore, based on earlier contributions, it is apparent that the view of the purpose with alternation differs among different companies. Hence, an implicit alternation rule may be difficult to agree on. For that reason, and to allow for network flexibility, a specific alternation indicator may be preferable to an ill-suited implicit alternation rule.
[bookmark: _Toc24108924][bookmark: _Toc24137317]Explicit enabling of resource alternation may be preferable to an ill-suited implicit alternation rule.
[bookmark: _Toc21106669][bookmark: _Toc24108926][bookmark: _Toc24137330]Explicitly indicate in SI if alternation is enabled or not.
In determining what alternation scheme to specify, it is worth noting that the service-based grouping will benefit from allocating the same or similar services to the same resource. In doing that, less frequently paged service classes may avoid being affected by more frequently paged ones. This leads us to the conclusion that the alternation scheme should be based on WUS resources and not individual UE groups.
[bookmark: _Toc21106649][bookmark: _Toc24137318]Alternating individual UE groups instead of all groups in a WUS resource will affect performance of service-based grouping.
[bookmark: _Toc21106670][bookmark: _Toc24137331]UE groups in a resource share alternation pattern.
A detailed alternation scheme should consider different possible DRX cycle durations, particularly avoid a scheme where the DRX cycle is an even multiple of the alternation period such that alternation is effectively prohibited. However, this is not the responsibility of RAN1, why we refer such specification to RAN2 and suffice with reprinting our RAN2 contribution in the matter below. Furthermore, in RAN1 #98bis, it was agreed that both cell specific and UE specific DRX cycle durations should be considered when defining the alternation scheme. UE specific DRX cycles may be shorter than the cell specific DRX cycle. Taking both cell specific and UE specific DRX cycles into account may be done by using a sufficiently long alternation period such that neither cell nor UE specific DRX cycles risk having a pattern not covering all configured resources. On the other hand, a too long alternation period may result in a noticeably uneven distribution from, e.g., eDRX periods with a same frequency as the alternation pattern. Differentiating the WUS resource configuration index from the WUS resource index for WUS UE group selection this could be solved by something similar to the following:

[bookmark: _Hlk24112625]where NIDresource (HSFN, SFN) is the index of the WUS resource used for WUS UE group selection for the given HSFN, NIDresource is the WUS resource index used in for the non-alternating configuration,  is the DRX cycle length in frames, and Nmaxresource is the number of WUS resources configured for Rel-16 group WUS. That is, the WUS resource index used for WUS UE group selection will rotate with the number of DRX wake up in the HSFN period.
[bookmark: _Hlk24110702][bookmark: _Toc24048636][bookmark: _Toc24108931][bookmark: _Toc24137332]WUS resource alternation is performed according to:

Reduced PAPR design
The objective with WUS is to provide an efficient signal to a UE so that it will know whether to wake up or not at a paging occasion. To improve detection and thereby UE power performance, it is possible to apply power boosting to WUS with up to 4.8 dB. Furthermore, several WUSs may be transmitted simultaneously, both in the same paging narrowband or in different paging narrowbands, if more than one is configured. Although rare, it is possible to envision occasions, e.g., during direct indication for SI updates, where all WUS resources will be occupied simultaneously. Adding a likely future NR coexistence deployment scenario where a narrowband LTE-MTC carrier is deployed in the edge of an NR carrier, interference from PAPR may become a real problem. 
PAPR can be addressed on three levels:
· Inter-narrowband, i.e., among different paging narrowbands,
· Inter-resource, i.e., among different WUS resources within a paging narrowband, and
· Intra-resource, i.e., within a WUS resource.
The PAPR problem with the present design is easily identified by help of Fourier transform for the frequency translation property which states that

Consequently, a signal that is repeated in the frequency domain, , has the following time domain expression,

From the above is it clear that the two time domain sequences will add constructively at some time domain samples and destructively at others, depending on the normalized frequency shift  that is, in turn, related to the sampling rate. For the case where , i.e., the signal is shifted half the normalized bandwidth, the result is that all signal energy is allocated to every other sample whereas the other half is zero. Hence, as is seen above, signal amplitudes in half of the samples are doubled. Furthermore, since the same frequency shift applies to all 12 subcarriers, the constructive and destructive time domain samples will be the same for all subcarriers and PAPR accumulated correspondingly. As a consequence, WUS amplitudes in half of the samples are doubled and, hence, PAPR is quadrupled.
[bookmark: _Toc24137319]Two-fold repetition of a signal in the frequency domain increases PAPR of that signal up to 6 dB.
In the group WUS context, PAPR may be mitigated by eliminating any repetitive patterns in the signal on any level based on the above relations. Below we address PAPR on the all three above levels although the first level only presents a problem if more than one paging narrowband is configured. Multiple paging narrowbands are, however, a likely scenario considering RAN2 has agreed on enabling group WUS on a per paging narrowband basis and possibly also weighting among narrowbands. The inter-narrowband level is further complicated by the fact that legacy WUS is using the same sequence in all paging narrowbands. 
[bookmark: _Ref23927761][bookmark: _Ref20219322]Inter-narrowband scrambling
So far, scrambling among paging narrowbands has not been discussed. It is possible to substantially reduce PAPR by using different sequences among different paging narrowbands, such that the same resource in different paging narrowbands use different sequences. In order to maintain backward compatibility with legacy WUS, for which the same sequence is specified for all paging narrowbands, this must be done carefully. Considering that the cell id is limited to 504, the full range of the 9 bits allocated to this, is not used. Hence, by adding the product of  and  to  the sequence initialization is left unchanged for legacy WUS, while, at the same time, different paging narrowbands are given different scrambling initialization. The mod function ascertains that the nine bits allocated for this are not exceeded. Any sequence redundancy among different cells resulting from this modification would occur in different narrowbands and are hence insignificant. Based on this, the scrambling initialization is modified according to:

where, for group WUS,  as described in Sec. 2.1 and PNB is the paging narrowband to which the UE is associated as defined in Sec. 7.1 in [4]. Figure 2 presents results for two paging narrowbands, each with a 2xFDM WUS resource constellation showing that PAPR may be substantially reduced if different sequences are used among different paging narrowbands.
[image: ]
[bookmark: _Ref23929487]Figure 2: Effect on PAPR for different scrambling initializations. For the blue line, the same initialization has been used whereas for the yellow line, different scrambling initialization using one MSB bit has been used. For the yellow line, scrambling initialization is altered both among resources within a paging narrowband and between the paging narrowbands according to the initialization function above.
While we wait with our proposal for scrambling initialization, for now the following observation suffice:
[bookmark: _Toc24137320]Using different sequences in different paging narrowbands will substantially reduce PAPR.
[bookmark: _Ref23927763]Inter-resource scrambling
In order to reduce PAPR among different WUS resources, different sequences should be used in the different WUS resources. The most recent agreement states that different scrambling initializations are used to generate the different base sequences for the respective WUS resources. However, the exact initialization remains to be agreed although the resource that is shared with legacy WUS must naturally still correspond to the legacy WUS c_init. Moreover, it was shown in [5], that scrambling initialization with only one bit will result in unnecessarily high PAPR. The interpretation related to the above time-frequency relations is that one bit is not sufficient to create entirely orthogonal sequences. Deviating from the agreement that only the two MSBs are used allows a further reduction in PAPR by approximately 0.3 dB at 1 ‰ CCDF, see Figure 3. The scrambling initialization, based on this observation could be expressed as (discounting the change in Sec. 2.3.1),

where it is observed that c_init remain unchanged for resource 0. It should be noted that this change does not increase the risk of false detections with WUSs from other POs since the change is only implemented on a resource for which the MSBs of c_init are also changed.
[image: ]
[bookmark: _Ref23695316]Figure 3: Effect on PAPR for different scrambling initialization values. Blue lines represent a 1-bit difference whereas red lines represent a 2-bit difference according to the proposal. Results are presented for both the repeated WUS and the flipped WUS, using solid and dashed lines, respectively. 
Considering the discussion and results above and in Sec. 2.3.1, we propose the following scrambling initialization:
[bookmark: _Toc21106671][bookmark: _Toc24137334]The scrambling initialization is determined from the following equation:

Intra-resource PAPR reduction
For intra-resource PAPR, a low complexity modification was designed, presented below for a single OFDM symbol. The modification was evaluated with the two network configurations in Table 2, using one and two paging narrowbands, respectively.
[bookmark: _Ref20753292]Table 2: Example carrier configuration.
	[bookmark: _Hlk23842557]Parameter
	1 paging NB
	2 paging NBs

	Carrier bandwidth
	5 MHz
25 PRBs
	5 MHz
25 PRBs

	WUS bandwidth
	2 PRBs
	2 PRBs

	WUS configuration
	1x3 FDM
	2x2 FDM

	WUS power boost
	4.8 dB (x3)
	4.8 dB (x3)

	Power boost bandwidth energy
	18 PRBs
	24 PRBs

	Schedulable bandwidth
	7 PRBs
	1 PRBs



[bookmark: _Hlk23842671]In Table 2, due to the WUS power boosting of 4.8 dB, energy corresponding to 18 PRBs and 24 PRBs, respectively is consumed by the WUS and only 7 PRBs and 1 PRB, respectively, is schedulable for other traffic, for the one and two paging narrowband configurations. The following sequence designs are evaluated:
· Two or three MTC group WUSs with identical sequences for all WUS resources, each resource comprised by two single PRB wide sequences, corresponding to using three Rel-15 WUS in parallel.
· Two or three MTC group WUSs with different sequences for different WUS resources but the same sequence for the two PRBs within a WUS resource, corresponding to the present Rel-16 WUS design.
· Three MTC group WUSs with different sequences for different WUS resources and where the second PRB is flipped compared to the first PRB.
[bookmark: _Hlk23844579]Figure 4 presents PAPR CCDFs of the three above cases, together with the gold standard reference which is composed of random data.
[image: ]
[bookmark: _Ref15469751]Figure 4: PAPR for different frequency domain WUS compositions, 1x3xFDM (dashed lines) and 2x2xFDM (solid lines), for same sequence (green lines), different sequences (red lines) and different and flipped sequences (red lines).
From the figure it is possible to make a few conclusions:
· [bookmark: _Hlk23844638]PAPR differs substantially depending on the chosen design and may become a problem for the reasons described above,
· A high PAPR is not restricted to the 3xFDM WUS configuration. In fact, the configuration with two paging narrowbands and 2xFDM WUS configuration is significantly worse from a PAPR perspective. This is in part due to the fact that the sequences are repeated within different paging narrowbands.
· Compared to the gold standard reference, for the present design PAPR is increased by 3.7 dB and 1.4 dB for the single and double paging narrowbands configurations, respectively.
· Flipping the signal in the second PRB (red line) results in substantial PAPR gains for both the single and double paging narrowbands configurations. For the single paging narrowband configuration, performance is 1.2 dB better and for the double paging narrowband configuration, the gain is 1.7 dB at 1 ‰ CCDF. Hence, for the latter case, with the proposed flip, a 4.8 dB power boosted WUS would result in almost the same amount of PAPR as a 3 dB power boosted WUS without the flip.
[bookmark: _Toc21011242][bookmark: _Toc21106652][bookmark: _Toc24137321]The effect from flipping the signal in one of the PRBs is that higher power boosting levels are possible without increased PAPR compared to a signal repeated over two PRBs.
[bookmark: _Toc19292388][bookmark: _Toc21106674]Since the complexity of a flip operation is negligible it is proposed to be implemented in group WUS.
[bookmark: _Toc24137336]In the second PRB pair, the MWUS sequence w(m) is mapped from the highest subcarrier in decreasing order to the lowest subcarrier such that the complete sequence per symbol is [w(0), w(1), …, w(11), w(11), …, w(1), w(0)], assuming the NB-IoT WUS sequence is [w(0), w(1), …, w(11)].
Common WUS sequence
A remaining matter that needs agreeing is the common sequence. This matter may be divided into two according to:
1. Common WUS for non-shared group WUS resources, and
2. Common WUS for the shared resource, for the case where common WUS is not legacy WUS.
Figure 5 presents cross correlation performance for three different g:s; g = 0, g = 70 and g = 126 for both 50 Hz and 250 Hz frequency errors. g = 70 corresponds to UE group 5, i.e., it would be available if only for groups were configured. As is evident in the figure g = 126 has a slightly worse performance (0.1 dB) compared to g = 0 and g = 70. For the worst cases, as presented in the smaller figures, no clear conclusion can be made.
[image: ][image: ]
[bookmark: _Ref23703150]Figure 5: Cross correlation performance as depending on g for left, 50 Hz frequency error and, right, 250 Hz frequency error for a timing window of 33 µs.
From a complexity perspective g = 0 is preferable since that is the legacy WUS with another scrambling sequence. Hence, the incremental phase need not be applied. Due to the minor performance difference, it is proposed that g = 126 is used as common WUS for the shared resource and for the case where the common WUS is not the legacy WUS.
[bookmark: _Toc24137337]For common WUS, g = 0 is used unless for a resource where legacy WUS is configured, and the common WUS is configured to not be the legacy WUS, in which case g = 126 is the common WUS.
Conclusion
In the previous sections we made the following observations: 
Observation 1	Configuring WUS with multiple time resources will disqualify some DRX and short eDRX gap combinations.
Observation 2	Explicit enabling of resource alternation may be preferable to an ill-suited implicit alternation rule.
Observation 3	Alternating individual UE groups instead of all groups in a WUS resource will affect performance of service-based grouping.
Observation 4	Two-fold repetition of a signal in the frequency domain increases PAPR of that signal up to 6 dB.
Observation 5	Using different sequences in different paging narrowbands will substantially reduce PAPR.
Observation 6	The effect from flipping the signal in one of the PRBs is that higher power boosting levels are possible without increased PAPR compared to a signal repeated over two PRBs.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Four WUS constellations are defined according to:
a.	A single group WUS resource, frequency multiplexed with legacy WUS,
b.	Two frequency multiplexed group WUS resources, in turn frequency multiplexed with legacy WUS,
c.	A down-selection between the following two alternatives:
i.	Two time multiplexed group WUS resources, in turn frequency multiplexed with legacy WUS, or
ii.	One group WUS time multiplexed with legacy WUS,
d.	Three group WUS resources, where each resource is either frequency multiplexed, time multiplexed or both frequency and time multiplexed with legacy WUS.
Proposal 2	Within the six possible group WUS resources, resource indexation is performed according to Table 1. If legacy WUS is not configured, a Rel-16 freqLocation information element is used to indicate NIDresource = 0.
Proposal 3	Explicitly indicate in SI if alternation is enabled or not.
Proposal 4	UE groups in a resource share alternation pattern.
Proposal 5	WUS resource alternation is performed according to:

Proposal 6	The scrambling initialization is determined from the following equation:

Proposal 7	In the second PRB pair, the MWUS sequence w(m) is mapped from the highest subcarrier in decreasing order to the lowest subcarrier such that the complete sequence per symbol is [w(0), w(1), …, w(11), w(11), …, w(1), w(0)], assuming the NB-IoT WUS sequence is [w(0), w(1), …, w(11)].
Proposal 8	For common WUS, g = 0 is used unless for a resource where legacy WUS is configured, and the common WUS is configured to not be the legacy WUS, in which case g = 126 is the common WUS.
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