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[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction
[bookmark: OLE_LINK136][bookmark: OLE_LINK137][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK6]Energy efficiency is even more critical for UEs with more and more vertical applications in 5G systems, In the SID[1] for further UE enhancement, low power wake-up signal and receiver will be studied for further power saving of NR UE. In the last RAN1-meeting[2], some aspects of LP-WUS design have been discussed for further study:
	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)

· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.

· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture

· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K

· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· [bookmark: OLE_LINK22]Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

Agreement
[bookmark: OLE_LINK10]Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2

Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.

Agreement
[bookmark: OLE_LINK55]For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 

[bookmark: OLE_LINK52]Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· [bookmark: OLE_LINK56]Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 

Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements

Agreement
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.



In this contribution, more considerations on LP-WUS design and procedure are included.
Discussion
LP-WUS signal design
Waveform
[bookmark: OLE_LINK64][bookmark: OLE_LINK31]For MC-ASK waveform generation, four candidates were listed for further study in the last meeting. Option OOK-1 uses a non-zero power signal on a band of N subcarriers for bit 1 and zero power on the band for bit 0. By selecting the appropriate sequence and modulation mode for the non-zero power filling signal, the spectrum characteristics of WUS can be the same as that of CP-OFDM, such as EPRE and PAPR, and also is insensitive to frequency-selective fading. When assuming that it carries one bit in a symbol by default, the peak data rate is 28kbps for 30kHz SCS and 14kbps for 15kHz SCS. Using a higher SCS can increase peak data rates, and details require more discussion. Option OOK-2 can be considered as an FDM of multiple OOK-1 waveforms and has similar advantages and disadvantages. In UE's view, parallel narrowband filters can be used for parallel M-bit reception. It increases peak data rates along with the use of more complex receiver structures.
Option OOK-3 uses a multi-tone signal for bit indication. Since only one subcarrier is modulated in an N SC unit, its PAPR can be assumed to be the same as the single carrier signal. The peak data rate is related to the parallel SC units used in the bandwidth.
Option OOK-4 has a more flexible architecture for bit mapping using M and N to adapt the bandwidth and data rate. The data rate can be M*14bps for SCS 15kHz in a bandwidth determined by parameter N subcarriers. By setting M larger than 1, it can acquire a higher data rate in the same bandwidth than other options. gNB can control the ratio of M and N to generate WUS with different performances to accommodate the coverage and capacity requirements. Since it is modulated in the time domain, the impact needs more study when it coexistences with other NR channels in FDM, e.g. special roll-down shaping or scrambling can be considered to reduce the PAPR.
In summary, OOK-1/2/3/4 has specific advantages and disadvantages respectively, and we believe that OOK-1 and OOK-4 deserve further study due to their robustness and flexibility.
[bookmark: OLE_LINK19][bookmark: OLE_LINK23]Proposal 1: Further study on option OOK-1 and OOK-4 should be prioritized for LP-WUS. 
[bookmark: OLE_LINK67]UEs can use edge-jump detection instead of level detection when receiving Manchester-encoded OOKs, which can reduce the accuracy requirement for clock synchronization and threshold detection. For OOK waveform options, it should be considered mandatory. 
Proposal 2: Manchester encoding should be considered for OOK options.
Heterogeneous SCS configuration
[bookmark: OLE_LINK32]At the last meeting, it was agreed to study LP-WUS and other channel overlaps in the time domain using different SCS configurations. First, we believe that the SCS of LP-WUS should always be equal to or larger than the SCS of DL BWP. With higher SCS configurations, higher WUS data rates can be obtained. Second, what is SCS candidate and how to align heterogeneous SCS signals in the time domain requires further study. One option is to select a candidate SCS from the current SCS value (i.e., 15k*2μ). For the symbol alignment, Figure 1 shows an example of two modes with different CP lengths alignment for the case that LP-WUS SCS is double of DL BWP SCS.


Figure 1
In Mode 1, the CP length is set to align with other NR signals, and in Mode 2, the CP length is proportional to the WUS SCS. These modes may have different effects on other NR signals that overlap with WUS in time domain.
Proposal 3: The SCS of WUS should be equal to or larger than the SCS of DL BWP.
Observation: Two types of CP alignment patterns can be considered for further study.
Resource allocation
[bookmark: OLE_LINK24]The resource allocation for WUS can be considered for one WUS and multiplex of WUSs respectively. For one LP-WUS, we think that the symbols and bandwidth should keep configurable. One requirement comes from the flexible content size carried by LP-WUS. One LP-WUS resource may be associated with a different number of UEs or UE groups related to the cell’s capacity and deployment, so there may be flexible resource allocation requirements for one LP-WUS. For example, an LP-WUS in a large cell serving for more UEs may need to contain more content than in a small cell and then require more symbols or wider bandwidth. The coverage requirements for LP-WUS varying from scenario to scenario should also be considered. We can assume that the coverage of LP-WUS will be consistent with the paging PDCCH. Generally, gNB can select the appropriate aggregation level for paging PDCCH according to the coverage requirements. Similar adaptions are also suitable for LP-WUS, and LP-WUS should be designed to be flexible enough for different coverage. On the other hand, in order not to overly increase the complexity of the receiver, the candidate bandwidth should be restricted within a small set.
[bookmark: OLE_LINK25]Proposal 4: Resource allocation for LP-WUS should keep flexible with configurable bandwidth and symbols.
Both TDM and FDM can be considered for multiplexing between LP-WUS. LP-WUS associated with different UE groups can be allocated in orthogonal resources, and UEs can monitor one of the multiplexed WUS according to the gNB configuration. More study is needed to evaluate the effect of WUS multiplexing on ADC bit width in low-power receivers as to whether LP-WUS multiplexing can support CDM.
Proposal 5: Support FDM/TDM for LP-WUS resource allocation.
For LP-WUS applications with idle/inactive UEs, the gNB may not know which beam is best for UE reception. Similar to the resource allocation of paging PDCCH, beam sweeping can also be applied for LP-WUS transmissions, and the UE can monitor either of them per one LP-WUS occasion.
Proposal 6: At least for idle/inactive UE, the LP-WUS should support beam sweeping.
LP-SS design
[bookmark: OLE_LINK71]Since LP-WUS receivers have lower clock accuracy than MR receivers, periodic T/F calibration is required to keep timing errors within the appropriate range. In the last meeting, both aperiodic and periodic signals were considered research options for synchronous signals. Option 1 is that aperiodic signals are always transmitted as part of LP-WUS, which means that if UE does not have a wake indication, the sync signal is not transmitted. This will introduce uncertainty into UE synchronization. If you apply non-continuous monitoring, it takes a long time to resync.
In option 2, periodic signals transmitted separately from LP-WUS can be used for LP-WUR synchronization. With this option, the LP receiver can calibrate its clock periodically. The period of LP-SS can be configured much larger than SSB to reduce the power consumption of gNB.
There are other benefits to using periodic signals as a sync signal. A separate LP-SS can be shared by all UE groups, which does not depend on how to map WUS resources with UE groups. On the other hand, periodic LP-SS can be used for RRM. Therefore, we believe that LP-SS should consider periodic separate signals. 
Proposal 7: Support periodic LP-SS transmitted separately from LP-WUS.
[bookmark: OLE_LINK76]The waveform of LP-SS may be the same or different from LP-WUS, however, we believe that coverage should be consistent between them. With this assumption, UE can determine the WUS’s validity by detecting the quality of LP-SS and can switch the working mode of LP receiver. If the LP-SS cannot be detected under a certain threshold, UE should exit LP mode and monitor the paging PDCCH by default.
Proposal 8: LP-SS should keep the same coverage as LP-WUS.
Procedures
[bookmark: OLE_LINK36][bookmark: OLE_LINK33]According to SID, the study is primarily to target low-power WUS/WUR for power-sensitive, small devices, including IoT use cases and wearables. These devices are typically used for periodic data transformation and remain idle most of the time. For other scenarios, such as XR, it is not so urgent because the power of the communication module only occupies a small fraction of the total power consumption of these devices.
Proposal 9: LP-WUS for idle/inactive UE should be prior in the study. 
[bookmark: OLE_LINK30]Regarding the LP WUS monitoring, two modes can be considered. In mode one, the LP receiver can always switch on and monitor LP-WUS using a sliding window in the time domain. Once the UE captures a valid signal, the UE can wake up the MR for post-processing. In this way, there can be less latency and the timing between LR and gNB can be relaxed, favoring the complexity of the LR receiver. Another way is that UE only periodically monitors LP-WUS in a special window and will stay asleep outside the window. In this way, the timing requirements are higher than the first mode. Because, once the UE window does not match the gNB window due to UE timing drift, UE will miss this monitor occasion. In this mode, the average power consumption of the LR can be lower because the average power will be calculated over the entire cycle, which is more attractive in this feature. The gNB can be configured with a suitable period to control the average delay of the wake-up signal response to fit the requirement.
Proposal 10: Support periodic-on mode for WUS monitoring.
[bookmark: OLE_LINK34]In NR, idle UEs should monitor POs in each DRX paging cycle. If eDRX is provided, UE only monitors POs in PTW within a longer eDRX cycle, and latency will depend on eDRX duration. We think that we can consider a uniform procedure for eDRX UEs and other idle/inactive UEs, where the average latency will be between DRX and eDRX.
[bookmark: OLE_LINK35]Proposal 11: Unified procedure can be considered for UEs provided or not provided with eDRX.
For idle/inactive UEs, after being woken up by WUS, the UE can monitor the associated PO for more actions. In SID, the aim is to investigate ultra-low-power mechanisms that can support low latency in Rel-18, such as lower than eDRX latency. To reduce receiver complexity, the spectrum efficiency of LP-WUS may be lower than signals in NR, and achieving better coverage and latency with a lower spectrum efficiency will cost more resources. We should get a balance between system overhead and performance requirements, e.g one LP-WUS occasion can cover multiple paging cycles to avoid too much resource occupation. It takes more latency but can also meet the requirement for this study.
Proposal 12: The performance and overhead should be compromised for LP-WUS design.

Conclusion
In this contribution, we have the following observations and proposals:
Proposal 1: Further study on option OOK-1 and OOK-4 should be prioritized for LP-WUS.
Proposal 2: Manchester encoding should be considered for OOK options.
Proposal 3: The SCS of WUS should be equal to or larger than the SCS of DL BWP.
Observation: Two types of CP alignment patterns can be considered for further study.
Proposal 4: Resource allocation for LP-WUS should keep flexible with configurable bandwidth and symbols.
Proposal 5: Support FDM/TDM for LP-WUS resource allocation.
Proposal 6: At least for idle/inactive UE, the LP-WUS should support beam sweeping.
Proposal 7: Support periodic LP-SS transmitted separately from LP-WUS.
Proposal 8: LP-SS should keep the same coverage as LP-WUS.
Proposal 9: LP-WUS for idle/inactive UE should be prior in the study. 
Proposal 10: Support periodic-on mode for WUS monitoring.
Proposal 11: Unified procedure can be considered for UEs provided or not provided with eDRX.
Proposal 12: The performance and overhead should be compromised for LP-WUS design.
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