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Introduction
Rel-15 introduced the wake-up signal for both LTE-MTC and NB-IoT. The LTE-MTC sequence was chosen as the NB-IoT sequence but duplicated to accommodate for the doubled WUS bandwidth in LTE-MTC. Due to shortage of time, it was agreed that the sequence was to be repeated twice in the frequency domain without a more thorough analysis.
[bookmark: _Ref178064866]Discussion
In designing the Rel-16 WUS, it has become apparent that the repetition will result in a higher peak-to-average power ration (PAPR). The fundamental problem with that is that it is a nonlinear effect and thereby difficult to assess. The resulting interference can be partitioned into inband interference and out-of-band interference. Inband interference will reduce performance in the carrier whereas out-of-band interference will leak into adjacent carriers. The amount of leakage is regulated, and any signal exceeding regulations would need to be attenuated accordingly. For the WUS, that would imply that it is not possible to use the highest power boosting levels under certain conditions. Under normal circumstances, this is not a problem since the WUS only makes up a limited part of a carrier bandwidth. However, there are some situations that turns WUS PAPR into a very real issue and should therefore be mitigated:
· A narrow carrier bandwidth increases the relative WUS power and hence the resulting PAPR.
· To provide efficient UE power performance, it is possible to power boost the WUS up to 4.8 dB, further amplifying the PAPR problem.
· Multiple paging narrowbands will amplify the PAPR problem correspondingly.
· Rel-16 group WUS will need to share the signal design with Rel-15 legacy WUS in order for the two to share resources. Since it is possible to configure three times as many resources in Rel-16 group WUS, the problem will be correspondingly worse compared to Rel-15 legacy WUS.
· A need for system information update will require the network to reach all UEs more or less simultaneously, resulting in WUS being simultaneously transmitted in all configured resources. Albeit a rare occasion, it is bound to occur and will hence be dimensioning for the tolerated WUS PAPR.
The advantages of implementing the below proposed change are correspondingly:
· A more flexible deployment of paging narrowbands, e.g., the number of paging narrowbands and their locations in the carrier.
· Improved UE power performance from higher output power.
· Improved NR coexistence, in particular since a likely deployment scenario is to use a narrow standalone LTE-MTC carrier at the edge of an NR carrier. As can be seen above, this scenario applies to many of the described situations where WUS PAPR may become an issue.
Fundamental sequence design problem
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: _Toc21106594]Two-fold repetition of a signal in the frequency domain increases PAPR of that signal up to 6 dB.
Proposed solution
We realize that any standard change at this time is highly sensitive and must minimally affect ongoing implementation work. Two different low complexity modifications were assessed for this purpose, presented below for a single OFDM symbol where coloring refers to the different lines in Figure 1. The example is focusing on a network configuration as presented in Table 1.
[bookmark: _Ref20753292]Table 1: Example carrier configuration.
	Parameter
	Value

	Carrier bandwidth
	5 MHz
25 PRBs

	WUS bandwidth
	2 PRBs

	WUS configuration
	3 x FDM

	WUS power boost
	4.8 dB (x3)

	Power boost bandwidth energy
	18 PRBs

	Schedulable bandwidth
	7 PRBs



In Table 1, due to the WUS power boosting of 4.8 dB, corresponding to the energy of 18 PRBs, only 7 PRBs are schedulable for other traffic. Below, that remaining data is represented by x and different WUS in one PRB is represented by wi, where the index i represents different sequences in different WUS resources. The two PRB WUS is represented by Wi,j to indicate possible sequence differences within the WUS resource. It should also be noted that the length of x is different from the length of wi. The following sequence designs are evaluated:
· Three MTC group WUSs with identical sequences W0,0 for all WUS resources, each resource comprised by two single PRB wide sequences w0, corresponding to using three Rel-15 WUS in parallel, i.e., (green line)

· 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, i.e., (blue line)

· Three MTC group WUSs with different sequences for different WUS resources and where further the second PRB is phase-shifted by π/2 compared to the first PRB, i.e., (dashed yellow line)

· Three MTC group WUSs with different sequences for different WUS resources and where the second PRB is flipped compared to the first PRB, i.e., (red line)

Figure 1 presents PAPR CCDFs of the four above cases, together with the gold standard for which case all six WUS sequences differ, i.e., (dashed black line)
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[bookmark: _Ref15469751]Figure 1: PAPR for different frequency domain WUS compositions.
From the figure it is possible to make a few conclusions:
· PAPR differs substantially depending on the chosen design and may become a problem for the reasons described above,
· Phase shifting, i.e., multiplication with j (yellow dashed line), or using the same sequence within a WUS resource but different sequences in different WUS resources (blue line) is approximately 2.5 dB better than if the same sequence is always used (green line) at 1 ‰ CCDF but still results in unnecessarily high PAPR.
· Flipping the signal in the second PRB (red line) results in performance in line with the gold standard (black dashed line) and is approximately 1.3 dB better than phase shifting or using different sequences in different WUS resources at 1 ‰ CCDF. Hence, with the proposed change, a 4.8 dB WUS power boost would result in almost the same amount of PAPR as a 3 dB power boost without the change.
[bookmark: _Toc21106595][bookmark: _Hlk21106563]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.
The effect of the flipping is that  differs between different subcarriers and hence preventing the aggregation effect in the subcarrier domain. Furthermore, this operation is minimally invasive method since it only requires changing the indexing order in the sequence mapping of the second PRB pair. In other words, instead of allocating the WUS sequence from the first subcarrier in increasing order as is the case in the first PRB pair, the signal is allocated from the last subcarrier in decreasing order in the second PRB pair.
[bookmark: _Toc16869534][bookmark: _Toc21106596]In the second PRB pair, the MWUS sequence w(m) is mapped from the highest subcarrier in decreasing order to the lowest subcarrier.
Text proposal
The following change is proposed in [1]:
[bookmark: _Hlk20993036]************************* Begin text proposal *************************
[bookmark: _Ref189046994]6.11B.2	Mapping to resource elements
The same antenna port shall be used for all symbols of the MWUS within a subframe. The UE shall not assume that the MWUS is transmitted on the same antenna port as any of the downlink reference signals or synchronization signals. If only one CRS port is configured by the eNB, the UE may assume the transmission of all MWUS subframes is using the same antenna port; otherwise, the UE may assume the same antenna port is used for MWUS transmission in downlink subframes w0 + 2n and w0 + 2n + 1, where w0 is the first downlink subframe of the MWUS transmission as specified in [4], and n=0, 1.
[bookmark: _Hlk20993126][bookmark: _Hlk20993148][bookmark: _Hlk20993321]The MWUS bandwidth is 2 consecutive PRBs, the frequency location of the lowermost PRB signaled by higher layers. For both PRB pairs in the frequency domain, for which MWUS is defined, the MWUS sequence  shall be mapped to resource elements  in sequence, starting with  in, for the lowermost PRB pair, increasing order of first the index  over the 12 assigned subcarriers and, for the uppermost PRB pair, in decreasing order of first the index , over the 12 assigned subcarriers and then, for both PRB pairs, the index  in each subframe in which MWUS is transmitted.
The MWUS sequence is mapped to the set of subframes in the actual MWUS duration as defined in [4], where in a subframe in which an MWUS PRB pair overlaps with any PRB pair carrying PSS, SSS, RSS, PBCH or PDSCH associated with SI-RNTI is transmitted, the subframe is counted in the MWUS mapping but not used for transmission of MWUS.
A resource element  overlapping with resource elements where cell-specific reference signals according to clause 6.10 are transmitted shall not be used for MWUS transmission but is counted in the mapping process.
[bookmark: _Hlk20993047]************************* End text proposal *************************
Conclusion
In the previous sections we made the following observations: 
Observation 1	Two-fold repetition of a signal in the frequency domain increases PAPR of that signal up to 6 dB.
Observation 2	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	In the second PRB pair, the MWUS sequence w(m) is mapped from the highest subcarrier in decreasing order to the lowest subcarrier.
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