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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 #97 [2]:
	Agreement
Support the following options for WUS resource configuration
· Up to 2 orthogonal resources may be configured in time domain.
· Up to 2 orthogonal resources may be configured in frequency domain
· FFS: both options can be configured simultaneously to have up to 4 orthogonal WUS resources
Maximum total number of WUS resources is no larger than 4 including the legacy WUS resource
For further discussion
Different WUS sequences associated with the same PO are used for UE groups regardless of whether the UE groups are in the same or different WUS resources.
Working Assumption
· UE assumes the transmit power for Rel-16 WUS sequence is same as that of Rel-15 WUS sequence.
· Maximum WUS duration for Rel-16 WUS sequence is same as that of Rel-15 WUS sequence
Agreement
Each UE monitors up to X WUS sequences. 
· Value of X will be selected between 2 and 3
· X=3 can only be supported if a common WUS for a subset of UE groups for service-based grouping is supported


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][5].
[bookmark: _Ref178064866]Discussion
Below we discuss the remaining parts of the group WUS design for MTC. Essentially, four areas remain; configurability, sequence design, power/duration and multilevel detection.
Configurability
Resource sharing
In [6], and presented in Figure 1 for convenience, it was shown that collocating legacy WUS and group WUS UEs will result in substantially higher false paging rates for group WUS UEs that share a resource with legacy WUS, compared to the group WUS UEs that do not. At the same time, it was shown that the delayed paging rate, i.e., the UE is paged in the subsequent PO, was decreased by separating legacy WUS from group WUS. For the MTC case, where collocation is not necessary anyway, it is therefore proposed to separate legacy WUS from group WUS.
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[bookmark: _Ref15477467]Figure 1: False wake up rates (top) and delay rates (bottom) 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 (left) and for the ratio of 4 to 1 (right).

[bookmark: _Toc16869511]False wake-up rates and delayed paging rates may be substantially reduced by allowing independent resource configuration of group WUS and legacy WUS.
[bookmark: _Toc16869517]Group WUS and legacy WUS do not share resources.
[bookmark: _Ref16259468]Resource configurations
Based on the above proposal, and previous agreements that group WUS may be configured in up to two resources in either time, frequency or both, but in no more than four resources together with legacy WUS in total, it is possible to define some useful resource configurations, see Figure 2:
a. One group WUS resource that is frequency multiplexed with the legacy WUS resource,
b. Two group WUS resources that are frequency multiplexed with the legacy WUS resource,
c. Two group WUS resources that are frequency multiplexed with the legacy WUS resource, but time multiplexed internally, and
d. Three group WUS resources that are either time or frequency or both time and frequency multiplexed with legacy WUS.


[bookmark: _Ref15407304]Figure 2: MTC group WUS configuration alternatives.
The above configuration is efficient in that it only requires two bits to distinguish between the different alternatives.
[bookmark: _Ref190406817][bookmark: _Toc226862296][bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc16869518]Four WUS configurations are defined:
a. [bookmark: _Toc16869519]A single group WUS resource frequency multiplexed with legacy WUS,
b. [bookmark: _Toc16869520]Two frequency multiplexed group WUS resources, in turn frequency multiplexed with legacy WUS,
c. [bookmark: _Toc16869521]Two time multiplexed group WUS resources, in turn frequency multiplexed with legacy WUS,
d. [bookmark: _Toc16869522]Three group WUS resources, where each resource is either frequency multiplexed, time multiplexed or both frequency and time multiplexed with legacy WUS.
It has been agreed that no more than four WUS resources are defined, corresponding to a resource indexation between 0 and 3. In Sec. 2.2.3 we discuss using scrambling codes for sequence differentiation among resources. In order to maintain backwards compatibility, legacy WUS is allocated to resource index 0, i.e.,  . Group WUS resources are allocated using the remining values such that the same resource will keep its value regardless of configuration (implying that some resources will share values), see Figure 2.
[bookmark: _Toc16869523]If configured, legacy WUS is Nresource = 0.
[bookmark: _Toc16869524]Group WUS resources are indexed according to
e. [bookmark: _Toc16869525]Nresource = 1 is the resource in the center of the narrowband,
f. [bookmark: _Toc16869526]Nresource = 2 is the resources that are adjacent to Nresource = 1, in either time or frequency, and
g. [bookmark: _Toc16869527]Nresource = 3 is the resource that is adjacent to Nresource = 2 in the frequency domain.
In order to simplify configuration and reduce the number of configuration bits, for the above to be consistent, legacy WUS is required to avoid the center PRB pair in a narrowband.
[bookmark: _Toc16869528]If group WUS is configured, legacy WUS is not configured in the center of a narrowband.
In addition to the number of resources and their respective location, the number of groups also need to be configured. In order to limit the required range for this, we propose that this signaling is performed per resource and is shared for all group WUS resources.
[bookmark: _Toc16869529]The number of UE groups are configured per resource and is configured jointly for all group WUS resources.
Sequence design
UE group sequence design
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 a subset 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.
Note that  yields the legacy WUS.
In addition to the incremental phase shift, three additional designs have been proposed:
Time-frequency short orthogonal cover codes (TF-sOCC)
Length-12 frequency-domain Cover codes combined with the length-11 Barker code in the time domain [7]. We have evaluated the complete set of 11 group-WUS sequences and the legacy sequence.
Gold cover codes (GOLDx)
Length-127 Gold cover codes [8]. We have evaluated this scheme with 12 groups in addition to the legacy signal, labeled GOLD12
To support a final decision, we have carried out simulations of the three remaining proposals in a wider range of channel conditions and receiver frequency drift. The proposals are evaluated at the SNR of 1% mis-detection probability.
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.
[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
	4

	Channel model
	EPA, 1Hz; ETU, 1Hz

	Rx frequency error
	65 Hz, 312 Hz

	DRx cycle
	0.32 s, 2.56 s

	Rx coherence
	1 SF

	SNR
	Corresponding to 1% MDR

	Detection threshold
	1% white noise FAR

	Reciever time window
	±10.4 µs



Figure 3 presents results in terms of the CDF of the detected peak correlation value for quad-subframe WUS with the proposed sequences for timing drift values corresponding to UE network synchronization periods of up to 28.5 s.
Our results indicate that the phase shift design overall performs slightly better than the TF-sOCC design, with the GOLD12 design being slightly worse. Looking closely, we see some small differences:
· The DELTA13213 design has excellent cross-group discrimination, with one pair of groups yielding slightly higher cross-group false-alarm probability.
· TF-sOCC also has excellent cross-group discrimination for 65 Hz frequency error but shows some performance degradation for 312Hz frequency error.
· The GOLD12 design exhibit good cross-group discrimination, but the number of group combinations with raised false-alarm probability is higher than for the other two.
We have previously shown that the DELTA13213 design is free of aliases within a time-offset window as wide as an entire OFDM symbol [6].
The set of phase shifts employed also does not coincide with the set used for the otherwise similar RSS. 
[image: ][image: ][image: ][image: ]
[bookmark: _Ref7778770]Figure 3: Cumulative distribution of peak correlation values for 1% white-noise false-alarm threshold for quad-subframe WUS. Left side: EPA channel. To the right: ETU channel. Upper half: 65 Hz frequency drift. Lower half: 312 Hz frequency drift.

[bookmark: _Toc16869530]Conform working assumption that, at least for the group WUS in the same WUS resource, legacy WUS with phase shifts is selected as group WUS sequence design according to wgroup(m’) = w(m’) exp(j2πgm/G)
[bookmark: _Toc16869531]The outstanding parameters are set to G = 132 and g = 2+13*UEgroup, 0 ≤ UEgroup ≤ 10.
[bookmark: _Ref16243104]Resource sequence design for PAPR reduction
One issue that was brought to attention online in RAN1 #97 is the increased peak-to-average power ratio (PAPR) arising from repeating the same signal on multiple subcarriers. Although this will be a rare event for normal paging operations, it will occur with certainty for SI updates why it should be addressed if a low complexity solution can be identified. This problem can be partitioned into two parts:
· Introducing different sequences for the different WUS resources within a paging NB, and
· Performing an operation on the WUS signal in the second PRB such that it is not straightforward coped from the first PRB.
Fortunately, the first point may be solved by using different scrambling sequence initialization. In legacy WUS, 2 bits (bits 29 and 30) were left unused and although not sufficiently uncorrelated for differentiation between different sequences within the same resource, they are highly useful for the purpose of reducing PAPR. The group WUS initialization sequence would thus be expressed as

where, for group WUS,  as described in Sec. 2.1.2.
[bookmark: _Toc16869532]The WUS resource index, Nresource, is represented in the two MSBs of the WUS scrambling sequence initialization, i.e.,
[bookmark: _Toc16869533]	cinit_WUS = (NIDcell + 1)(10nf_start_PO + nstart_PO/2 ) mod 2048 + 1) 29 + NIDcell + Nresource229
Also for the second point there exists a feasible solution that falls within the earlier agreement that the LTE-MTC WUS is the NB-IoT repeated in two PRBs. Four different signals are assessed for this purpose, presented below for a single OFDM symbol where coloring refers to the different lines in Figure 5:
· Two MTC group WUSs with identical sequences W0, i.e., (green line)

· Two MTC group WUSs with different sequences, i.e., (blue line)

· Two MTC group WUSs with different sequences and where the second PRB has been phase-shifted π/2 compared to the first sequence, i.e., (dashed yellow line)

· Two MTC group WUSs with different sequences and where the second PRB has been flipped compared to the first sequence, i.e., (red line)

See also Figure 4.


[bookmark: _Ref15471690]Figure 4: Illustration of flipping operation.
Figure 5 presents PAPR CDFs of the four above cases, together with the gold standard where all four sequences differ, i.e., (dashed black line)
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[bookmark: _Ref15469751]Figure 5: PAPR for different frequency domain WUS compositions.
From the figure it is possible to make a few conclusions:
· PAPR may become a problem for frequency multiplexed WUS resources and/or if more than one paging NB is configured,
· Phase shifting, i.e., multiplication with j, introduce symmetries between different WUSs equal to the symmetry within a WUS, and
· Flipping the signal in the second PRB results in performance in line with the gold standard.
[bookmark: _Toc16869512]With frequency multiplexed WUS resources together with a power boosted WUS, PAPR may become a problem.   
[bookmark: _Toc16869513]Phase shifting WUS in one PRB increases PAPR if more than one paging narrowband is used.
Since the complexity of a flip operation is negligible it is proposed to be implemented in group WUS.
[bookmark: _Toc16869534]The NWUS is flipped subcarrier wise in the second PRB such that the complete sequence per symbol is [x0 x1 … x11 x11 … x1 x0], assuming the NB-IoT WUS sequence is [x0 x1 … x11].
Flipping the WUS signal between the two PRBs results in an interesting consequence. Under certain conditions, aliasing the two PRBs would become constructive. Hence, it is possible to reduce the sampling rate and perform all correlations on half the sampling rate, provided the frequency error is sufficiently low. Although implementation of the WUS detector is not subject to standardization, considering the objective with WUS is power saving, it is worthwhile to point it out.
[bookmark: _Toc16869514]Making WUS symmetric around its center frequency would allow for reduced detection complexity by down sampling x2.
Multilevel grouping
It has been proposed, e.g., in [9], that multilevel grouping is introduced in order to provide a common group for low and high paging rate UEs, respectively. We discuss this matter in more detail in one of our RAN2 papers [5], but apart from the higher layer complications such grouping would yield, there are also some RAN1 issues associated with it.
First of all, assuming a fixed false detection rate, detecting three sequences instead of two will require an increased detection duration. The same is of course true going from one to two, but that shouldn’t be taken as a reason why increasing it even further is a good idea. Taking the increased detection durations into account, the marginal benefit that was found from the extra sequence is reduced. As a consequence of the increased detection durations, allowing legacy WUS UEs and group WUS UEs to share resources will become substantially more complicated.
Second, introducing service-based detection will increase the variance of the number of UEs in a UE group due to the quasi-randomness from the UE_ID is only valid within a service group. Here it should be noted that the eNB will not know which UEs that are present in the cell, so configuration options are limited. In the best case, where a 50/50 distribution is assumed, the UE groups may have similar distribution as for the case where no service-based grouping is introduced. However, e.g., for the 80/20 case, where 80% of the UEs are allocated to half of the groups and only 20% to the remaining half, performance will change. Whereas 20% of UEs will have better performance, 80% will have substantially worse performance and the predictability of performance will be decreased which, in itself, is a disadvantage in a massive MTC scenario. Hence, multilevel grouping is not supported, and the UE is only required to monitor two sequences
[bookmark: _Toc16869515]Detection of more than two sequences would jeopardize co-existence between group WUS and legacy WUS.
[bookmark: _Toc16869516]Uneven UE distribution among different service classes will result in decreased power saving performance.
[bookmark: _Toc16869535]Multilevel grouping is not supported, i.e., a UE is only required to monitor two sequences.
Power and duration
In RAN1 #97, the working assumption was that WUS power and maximum WUS duration should be shared with Rel-15 legacy WUS. There are good reasons for that in that a cell is expected to provide a certain coverage which is unlikely to change for different releases. Hence, we propose to confirm the working assumptions from RAN1 #97.
[bookmark: _Toc16869536]Confirm working assumption that the UE assumes the transmit power for Rel-16 WUS sequence is the same as that of Rel-15 WUS sequence.
[bookmark: _Toc16869537]Confirm working assumption that the maximum WUS duration for Rel-16 WUS sequence is the same as that of Rel-15 WUS sequence.
Conclusion
In the previous sections we made the following observations: 
Observation 1	False wake-up rates and delayed paging rates may be substantially reduced by allowing independent resource configuration of group WUS and legacy WUS.
Observation 2	With frequency multiplexed WUS resources together with a power boosted WUS, PAPR may become a problem.
Observation 3	Phase shifting WUS in one PRB increases PAPR if more than one paging narrowband is used.
Observation 4	Making WUS symmetric around its center frequency would allow for reduced detection complexity by down sampling x2.
Observation 5	Detection of more than two sequences would jeopardize co-existence between group WUS and legacy WUS.
Observation 6	Uneven UE distribution among different service classes will result in decreased power saving performance.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Group WUS and legacy WUS do not share resources.
Proposal 2	Four WUS configurations are defined:
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.	Two time multiplexed group WUS resources, in turn frequency 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 3	If configured, legacy WUS is Nresource = 0.
Proposal 4	Group WUS resources are indexed according to
a.	Nresource = 1 is the resource in the center of the narrowband,
b.	Nresource = 2 is the resources that are adjacent to Nresource = 1, in either time or frequency, and
c.	Nresource = 3 is the resource that is adjacent to Nresource = 2 in the frequency domain.
Proposal 5	If group WUS is configured, legacy WUS is not configured in the center of a narrowband.
Proposal 6	The number of UE groups are configured per resource and is configured jointly for all group WUS resources.
Proposal 7	Conform working assumption that, at least for the group WUS in the same WUS resource, legacy WUS with phase shifts is selected as group WUS sequence design according to wgroup(m’) = w(m’) exp(j2πgm/G)
Proposal 8	The outstanding parameters are set to G = 132 and g = 2+13*UEgroup, 0 ≤ UEgroup ≤ 10.
Proposal 9	The WUS resource index, Nresource, is represented in the two MSBs of the WUS scrambling sequence initialization, i.e.,
cinit_WUS = (NIDcell + 1)(10nf_start_PO + nstart_PO/2 ) mod 2048 + 1) 29 + NIDcell + Nresource229
Proposal 10	The NWUS is flipped subcarrier wise in the second PRB such that the complete sequence per symbol is [x0 x1 … x11 x11 … x1 x0], assuming the NB-IoT WUS sequence is [x0 x1 … x11].
Proposal 11	Multilevel grouping is not supported, i.e., a UE is only required to monitor two sequences.
Proposal 12	Confirm working assumption that the UE assumes the transmit power for Rel-16 WUS sequence is the same as that of Rel-15 WUS sequence.
Proposal 13	Confirm working assumption that the maximum WUS duration for Rel-16 WUS sequence is the same as that of Rel-15 WUS sequence.
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