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Introduction
As a Rel.18 SI [1], the Study on low-power Wake-up Signal (LP-WUS) and Receiver (LP-WUR) for NR begins from RAN1#111 meeting. The below agreements were achieved.
	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance



In this contribution, we provide our views on LP-WUS design, related procedures and some link level evaluation to check the link performance.

Discussion
This section gives our views on the possible functionalities of LP-WUS beside the fundamental wake-up indication, and the potential impact to the LP-WUS design.


On coexistence with legacy system
LP-WUS needs to be operated within cellular frequencies and be as part of cellular deployment. We don't expect dedicated spectrum only for LP-WUS. To avoid the signal design mandating gNB hardware change is attractive for the smooth introduction of LP-WUS. Therefore, we propose following requirement.
Proposal 1: LP-WUS needs to co-exist with other NR signals. The signal design should not mandate gNB hardware change.
For the coverage of LP-WUS, to mandate re-planning of the cell layout makes the introduction of LP-WUS impossible or very difficult. 
Proposal 2: LP-WUS should not require re-planning of the cell deployment. LP-WUS coverage performance should be guaranteed in the existing deployment. Further discussion is needed on the coverage performance of LP-WUS should match to which bottleneck channel, e.g. PDCCH or PUSCH.
As LP-WUS is operated in the frequency reuse one cellular environment, some kind of randomization/scrambling is necessary to distinguish the cell. If not, the network needs to have the coordination of the time/frequency resource among cell.
Proposal 3: Study some kind of cell specific randomization/scrambling of LP-WUS.

On RRM measurement
RRM measurement contributes large portion power consumption at UE side. In Rel.16 and 17, this issue was handled by RRM measurement relaxation features for neighbouring cell measurement, which may be applicable for stationary UEs and also good SINR UEs. In principle, to meet the UE mobility requirement, RRM measurement needs to be performed as following:
· For RRC CONNECTED UEs, UE needs to perform RRM measurement for serving and neighbouring cells and report that following the configured measurement object. One of the key parameter impacting power consumption is the configuration of SMTC (SSB based measurement timing configuration), which specify the periodicity and duration that UE receiver needs to be active.
· For RRC IDLE/INACTIVE UEs, normally UE needs to wake up at least once per I-DRX cycle for serving cell measurement. Depending on the result of that, neighbouring cell measurements may also needs to be done.
Therefore, to keep the mobility functional, either LP-WUR or main radio needs to wake up periodically, e.g. once per I-DRX cycle in IDLE/INACTIVE mode. As a possible UE implementation, UE shall do all the measurement of SSB and detection of PEI and/or paging within a as short window as possible. So at least for RRC IDLE/INACTIVE UEs, the possible more power saving operations involving LP-WUS/WUR could be:
· Opt. 1: RRM measurement is based on SSB. Wake-up indication is based on LP-WUS using LP-WUR.
· Opt. 2: RRM measurement and wake-up indication are based on LP-WUS using LP-WUR.
· Opt. 2.1: Using LP-WUS for serving/camped cell measurement.
· Opt. 2.2: Using LP-WUS for both serving/camped cell and neighbouring cell measurement.
In our understanding, Opt. 1 could have less specification impact and standardization working load especially in RAN4, if LP-WUR is able to perform RRM measurement using SSB. However, if the measurement requirement is kept the same, it could be challenging for the LP-WUR architectures [2], considering the supported bandwidth needs to match that of SSB, better PA, oscillator and filtering, and more baseband processing capability.
On the other hand, Opt. 2 could be a good compromise to achieve sufficiently low power receiver by designing a more receiver friendly wake up signal. A bit concern could be, as listed by Opt. 2.1 and 2.2, that supporting cell identification for LP-WUS may add standardization workload, although it is not precluded in the SI scope. Thus our current view is:
Proposal 4: For power saving gain in realistic operation, LP-WUR/WUS should be used for RRM measurement at least for serving cell.
There was discussion whether LP-WUS is only to be supported in the cell center or to be supported including cell edge. If the LP-WUS is supported only in the cell center, the main receiver needs to wake-up for the measurement of the serving cell to check cell center or not. This increases the UE power consumption in total. In addition, in Rel.17 UE power saving, it was recognized that time/frequency tracking function is quite important for the UE power saving. As the UE side operation on the time/frequency tracking can reuse that of RRM measurement, we also propose LP-WUR/WUS also supports this function as following. Here, cell edge can be either noise or interference limited.
Proposal 5: LP-WUR/WUS should support the functionality of time/frequency tracking to maintain serving cell quality measurement in both cell edge and center.

Prioritization between RRC CONNECTED and IDLE/INACTIVE modes
Depending on the use cases and traffic types, RRC CONNECTED UEs may have relatively less chance to stay in deep sleep or ultra-low power mode using only LP-WUR, considering the RRM measurement, semi-statically configured transmission and receptions. The potentially long wake up latency for main receiver may possibly impact the service latency. On the other hand, normally a RRC IDLE/INACTIVE UE activities mainly include RRM measurement and paging monitoring, both of which can potentially be enhanced further by LP-WUR/WUS for lower power operation. For the rest of the time, it is more feasible to let UE stay in ultra-low mode, as the wake-up latency can be more easily handled by gNB with proper prediction and scheduling. Considering the limited time budget, we propose following. We are surely open to reuse the design to RRC CONNECTED later when the design and the limitation of LP-WUS is more clear.
Proposal 6: RRC IDLE/INACTIVE has higher priority in the study.

High level views on LP-WUS design
To minimize the system impact and coexist with legacy UEs, the waveform of LP-WUS should be well compatible with the current OFDM waveform in DL. On the other hand, regarding the numerology, using smaller SCS scales and extends the OFDM symbol length, which can be more robust with ISI and timing error, although it is weaker to against phase noise. Basically the drawback is less severe in lower frequency than higher frequency. But it is also possible to eliminate the phase noise, which is due to the mismatch of transmitter and receiver frequency oscillators, by repeating the sequence of LP-WUS in adjacent symbols, which is similar principle with PT-RS design.
Proposal 7: OFDM waveform is considered as baseline for LP-WUS design. Optimized SCS is FFS.
Typical channel structures requiring low complexity receiver could be MC-OOK (Mulitple-carrier On-Off Keying) and FSK (Frequency-shifting Keying). FSK may also employ multiple subcarriers in each symbol. Two simple examples are shown in Figure.1 below.
[image: ]                                                Figure.1 Examples of MC-OOK in (a) and FSK in (b)
In each modulated OFDM symbols of ‘1’, MC-OOK maps sequence in the specified subcarriers. As mentioned above, the SCS used for MC-OOK could be different from the other subcarriers in the same symbols. In this case, guard bands in the edge of LP-WUS bandwidth are needed. For FSK, different set of subcarriers in each symbols are modulated depending on the ‘0’ or ‘1’ bits. 
Both options can largely reduce the complexity of receivers. More particularly, FSK is also able to modulate more than one bit in a symbol if introducing more candidate subcarrier sets for mapping. Regarding the detailed sequence and sequence mapping in the modulated symbols and subcarriers, it can be further studied, e.g. sequence generation, UE/cell identification and other possible functionalities.
To investigate the link performance of MC-OOK and MC-FSK, some preliminary link level simulation results are provided, given the below assumptions.
· For MC-OOK, we assume 25 PRB bandwidth for each symbol. In each symbol, 1 bit is transmitted in all the subcarriers using a Zadoff-Chu sequence by ON/OFF mapping in this symbol. One block consists of 14, or 28 symbols. No channel encoding and CRC are used. For each symbol, the detection assumes FAR = 0.1% for threshold setting.
· For MC-FSK, we assume a 12 + 12 PRB bandwidth for each symbol. In each symbol, 1 bit is transmitted in the subcarriers of 12 PRBs using a Zadoff-Chu sequence by mapping either to the higher 12 PRBs or the lower 12 PRBs. One block consists of 14 or 28 symbols. No channel encoding and CRC are used. For each symbol, the detection is performed by firstly comparing the correlated peak value of higher 12 PRBs or the lower 12 PBs. And secondly, the higher value is used to be compared with a threshold from FAR = 0.1% derived from noise power. If the value is higher than the threshold, receiver judges either 0 or 1 depending on the comparison in the first step. If the value is lower than the threshold, which is the case of DTX, we take it as 0 as well.
· TDL-C channel is used for both MC-OOK and MC-FSK. 
· Besides the white noise to model SNR, additional interference from adjacent channel/subcarriers mapped with PDSCH is simulated with a gap of 3 PRBs, as shown in Figure.2. The EPRE of PDSCH is same with that of MC-OOK/FSK based LP-WUS. It is used to check possible impact to the receiver from the adjacent subcarriers scheduled with traffic, which is just an primary example. Other setting up with different gap, number of PRBs and both side subcarriers scheduled with PDSCH can all be possible, which can be checked later if needed.
· BPF is not modelled for new and assume ideal.

Table.1, Simulation Assumptions for fading channels
	Parameters
	Values

	Channel model
	TDL-C

	Delay Spread
	300 [ns]

	UE speed
	3 km/h

	Carrier Frequency
	2 GHz

	SCS
	15 kHz




[image: ]    [image: ]   
(a) MC-OOK                                         (b) MC-FSK
Figure.2 Illustration of the simulation setting up for LP-WUS and interfering PDSCH in frequency domain 


(a) BER of 0-to-1                              (b)BER of 1-to-0
Figure.3 The detection performance of BER in each OFDM symbol for MC-OOK/FSK

[image: ]      [image: ]
(a)BLER of block using 14 OFDM symbols                (b)BLER of block using 28 OFDM symbols
Figure.4 The detection performance of BLER in all the 14 (Left) and 28 (Right) OFDM symbols
As shown by the results in Figure.3 and 4,
· The BER of both 0-to-1 and 1-to-0 can be acceptable for both MC-OOK and MC-FSK when SNR is larger than -5 dB.
· Compared with MC-OOK that the FAR is maintained at 0.1% for all SNR, the performance of FSK can be improved along with higher SNR, due to the nature of the different detection method that comparison of correlation value between lower and higher PRB group is performed.
· MC-OOK provides better BER in terms of 1-to-0 than MC-FSK, which is around 1~2 dB gain. With higher SNR, the MC-OOK performance gain can be larger, as it utilizes around 2X bandwidth of FSK to transmit, considering total amount of resource are similar for fair comparison.
· Regarding the BLER, we can see the floor for MC-OOK in higher SNR region, due to the fixed FAR used to set the detection threshold. MC-FSK does not have the same issue.
· Along with longer symbols/bits in a block, i.e. from 14 to 28 symbols/bits, we can observe larger BLER, from the performance of both MC-OOK and FSK. This is because we do not use any channel encoding. Thus BLER naturally get larger with longer symbols/bits, given a certain BER.
Therefore, the follow observations and proposal are drawn:
Observation 1: Both MC-OOK and MC-FSK based LP-WUS can provide workable link performance under the used simulation assumption, at least with 25 PRB in 14 symbols.
Observation 2: In high SNR region, MC-FSK provides better BLER performance than MC-OOK, given MC-OOK has a performance floor due to fixing the FAR=0.1% to set the detection threshold. In practice, more optimized threshold setting for MC-OOK may improve this.
Observation 3: In low SNR region, compared with MC-OOK, the performance of MC-FSK is more sensitive with the assumed detection method, due to less energy for detection.
Observation 4: MC-FSK has more advantage than MC-OOK for longer bits block. Therefore, the proper length of the information bits per block and whether channel encoding is needed may need different considerations for MC-FSK and OOK. 
Proposal 8: MC-OOK and FSK can be considered as baseline for further study for the structure of LP-WUS, which can be used for feasibility study on receiver sensitivity and complexity estimation. For better link performance, the detailed design including the sequence generation, sequence mapping, frequency location, guard band, length of the indication bits, message block design and channel encoding can be studied further and compared. 

Conclusion
Based on the discussion, the following proposals are highlighted: 
Proposal 1: LP-WUS needs to co-exist with other NR signals. The signal design should not mandate gNB hardware change.
Proposal 2: LP-WUS should not require re-planning of the cell deployment. LP-WUS coverage performance should be guaranteed in the existing deployment. Further discussion is needed on the coverage performance of LP-WUS should match to which bottleneck channel, e.g. PDCCH or PUSCH.
Proposal 3: Study some kind of cell specific randomization/scrambling of LP-WUS.
Proposal 4: For power saving gain in realistic operation, LP-WUR/WUS should be used for RRM measurement at least for serving cell.
Proposal 5: LP-WUR/WUS should support the functionality of time/frequency tracking to maintain serving cell quality measurement in both cell edge and center.
Proposal 6: RRC IDLE/INACTIVE has higher priority in the study.
Proposal 7: OFDM waveform is considered as baseline for LP-WUS design. Optimized SCS is FFS
Observation 1: Both MC-OOK and MC-FSK based LP-WUS can provide workable link performance under the used simulation assumption, at least with 25 PRB in 14 symbols.
Observation 2: In high SNR region, MC-FSK provides better BLER performance than MC-OOK, given MC-OOK has a performance floor due to fixing the FAR=0.1% to set the detection threshold. In practice, more optimized threshold setting for MC-OOK may improve this.
Observation 3: In low SNR region, compared with MC-OOK, the performance of MC-FSK is more sensitive with the assumed detection method, due to less energy for detection.
Observation 4: MC-FSK has more advantage than MC-OOK for longer bits block. Therefore, the proper length of the information bits per block and whether channel encoding is needed may need different considerations for MC-FSK and OOK. 
Proposal 8: MC-OOK and FSK can be considered as baseline for further study for the structure of LP-WUS, which can be used for feasibility study on receiver sensitivity and complexity estimation. For better link performance, the detailed design including the sequence generation, sequence mapping, frequency location, guard band, length of the indication bits, message block design and channel encoding can be studied further and compared. 
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