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1. Introduction

In RAN #94 meeting, new study item on low-power Wake-up Signal and Receiver for NR was approved in [1] and the latest revision was approved in [2]. 

	The study item includes the following objectives:

· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables

· Other use cases are not precluded

· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 

· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]

· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


In this contribution, based on the agreements we have achieved, waveform comparison, L1 signal design and related procedure for LP-WUS have been discussed.
2. Waveform evaluation 
Evaluation factors

In previous meetings, agreements on waveform evaluation were made as follows:

	Agreement in RAN1#112bis-e
Update the RAN1#112 agreement as the following:

· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
Working assumption: In place of the above deleted bullets:
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:

· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.

· FFS: PAPR applicable to LP-WUS


	Agreement in RAN1#112
· 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.


When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS,

For Alt 1，it requires
· raw information bit-size
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)

· time/frequency resources used for LP-WUS (including any guard bands)

               are kept [comparable or fixed]. 
For Option OOK-1,2,3,4 and Option FSK-1,2, considering that the transmitted signal of MC-FSK can be implemented by OOK-1 or OOK-4, corresponding condition restricted in Alt 1 can be used for performance evaluation of Option OOK-1,2,3,4 and Option FSK-1,2 by proper simulation assumptions configuration.
Observation 1: Alt 1 can be used for performance comparison for Option OOK-1,2,3,4 and Option FSK-1,2 with LP-WUS bandwidth 5M and same time domain resources.

For the comparison between OFDM based waveform and OOK based waveform, the bandwidth or time resources assumption are different. For example, the time/frequency resource for OFDM based waveform would be based on PSS/SSS/SSB, and the time/frequency resource for OFDM based waveform would be based on 5MHz and several symbols. If we can converge on the resource assumption for different waveform, then it would be possible to assume the same resources and EPRE. Otherwise, we need to figure out another method to compare the waveform performance. Moreover, different waveform may have different time/frequency resources to adapt the transmission. For OOK, it would be unfair to set the time/frequency resources to similar as PSS/SSS, since the most appropriate time/frequency resources allocation is not like this.
Observation 2: Current LP-WUS assumption of frequency resource and time domain resources are not aligned between OFDM based waveform and OOK/FSK.

· For example, LP-WUS bandwidth for OOK/FSK is assumed as 5MHz and LP-WUS bandwidth for OFDM for SSS is assumed as 127 subcarriers 

If more evaluation flexibility is provided and it is difficult to converge on the time domain resource and frequency domain resource assumption. For fair comparison, it can be considered that the total energy remains the same for different waveform schemes for evaluation. In this way, SNR is replaced with total energy and simulation result of MDR/FAR vs total energy can be used to identify the difference between different waveform schemes, wherein the total energy can be calculated based on EPRE*time/frequency resources.
Observation 3: Simulation result of MDR/FAR vs Total energy can reflect the performance gain/loss between different waveform schemes.

Proposal 1: For more flexible waveform comparison, comparable EPRE and time/frequency resources should be kept.
At the transmitter side, since the OOK/FSK based LP-WUS is kind of new waveform for the gNB, and NR DL signal/channel may also be sent in adjacent DL channels, the PAPR of total DL channels from gNB perspective may become much larger than legacy due to the new waveform. Additionally, power boosting is also assumed for LP-WUS, therefore, it is necessary to evaluate whether the PAPR would not exceed the gNB’s capability. For example, at least, the PAPR by introducing LP-WUS would not exceed the current NR system. There are two cases needed to be evaluated.

Case 1: PAPR for LP-WUS

Case 2: PAPR for LP-WUS together with other NR signals.

Additionally, for MC-OOK and MC-FSK waveform schemes with larger PAPR, after passing envelope detection the output signal is obviously distorted relative to the input signal considering the impact on Ripple&Peak clipping effects of envelope detection. Unfortunately, the signal distortion cannot be observed in LLS simulation since it is very hard and complicated to model Ripple&Peak clipping effects of envelope in LLS simulation. Moreover, the high PAPR may have negative impacts on the PA and ADC. For example, it may cause the PA working on the non-linear region. As for the ADC, ADC dynamic range must match the maximum signal amplitude and high PAPR may impact the resolution and precision.

Observation 4: PAPR may have impact on gNB and envelope detection, PA and ADC at the WUR, which would further impact the LP-WUS performance.
Proposal 2: It needs to evaluate whether the PAPR for LP-WUS exceeds the current NR signal’s PAPR, whether high PAPR has impacts on WUR especially for envelope detector, PA and ADC.

Additionally, SINR is reported by company according to the agreements. Therefore, we only need to define SNR.
Based on above analysis, we have the following proposal.

Proposal 3：Confirm WA as following
· 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

· Alt 1:

· average EPRE within the time/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)

· Alt 2:

· average EPRE within the time/frequency resources used for LP-WUS (including any guard bands)

· SNR is calculated as average EPRE divided by power of noise

· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.

· PAPR applicable to LP-WUS

· FFS: false alarm probability/rate
· FFS: misdetection probability/rate

               are kept comparable. 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.
Issue on option OOK-4 generation

Based on the agreed procedure of Option OOK-4 generation, the corresponding waveform and PSD is shown in Figure 1, wherein M equals to 4 in this simulation. 
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(a) Waveform of Option OOK-4 in 1 OFDM symbol           (b) PSD of Option OOK-4
Figure 1. PSD of LP-WUS payload generated by Option OOK-4
From Figure 1, it can be seen that: 

· The output waveform of Option OOK-4 is very close to rectangular wave with lower PAPR; 
· Strong spectral line is observed in PSD. When total power is 1W (30dBm), the maximum value of power in 3KHz band is 24dBm. 
The problem of strong spectral line can obviously cause the degradation of LP-WUS detection performance. A simple solution is to introduce randomization during LP-WUS waveform generation. For example, in the step of generating N samples from M bits, a phase randomization can be added for the generated N samples. It will solve the problem of spectral line as shown in Figure 2.
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(a) Waveform with phase randomization              (b) PSD with phase randomization

Figure 2. PSD simulation result for the Option OOK-4 with phase randomization

In Figure 2, it can be seen that PSD can be flattened by phase randomization. The LP-WUS detection performance with phase randomization can also be improved since frequency diversity can be achieved by flattening the spectrum.

Observation 5: For Option OOK-4 generation, adding phase randomization in the step of generating N samples from M bits can flatten the corresponding spectrum.
In order to evaluate the effect of phase randomization, the following two simulation cases are used for evaluation and other simulation assumptions can refer to Appendix A.

· Case 1: Option OOK-4, 16OFDM symbol, M=4, Code rate =1/2, No T/F error, sampling rate=7.68MHz, Ideal ADC, without randomization

· Case 2: Option OOK-4, 16OFDM symbol, M=4, Code rate =1/2, No T/F error, sampling rate=7.68MHz, Ideal ADC, with randomization
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Figure 3. Evaluation of phase randomization for Option OOK-4
The evaluation result can be found in Figure 3, and it can be seen that:
(1) If the problem of strong spectral line exists, BLER of LP-WUS detection cannot be converged to 1% even for high SNR; 

(2) If the problem of strong spectral line is resolved by phase randomization, BLER of LP-WUS detection can easily converge to 1% at lower SNR;  
Observation 6: For Option OOK-4 generation, adding phase randomization in the step of generating N samples from M bits can improve LP-WUS detection performance by achieving frequency diversity by flattening its spectrum. 
However, in Figure 2, it can be seen that the waveform of Option OOK-4 with phase randomization becomes unsmooth and the corresponding PAPR becomes much larger. For the case of waveform with larger PAPR, after passing envelope detection, the output signal is obviously distorted in relative to the input signal considering the impact on Ripple&Peak clipping effects of envelope detection. Unfortunately, the signal distortion cannot be observed in LLS simulation since it is very hard and complicated to model Ripple&Peak clipping effects of envelope in LLS simulation.
Observation 7: For Option OOK-4 generation, if phase randomization is supported, the PAPR of the waveform is increased.

Observation 8: For envelope detection, input signal with larger PAPR will have negative impact on envelope detection.

Proposal 4: Whether to consider Ripple&Peak clipping effects of envelope detection in the evaluation of LP-WUS should be discussed. 
To achieve the same coverage range of NR, Tx power of LP-WUS may be higher than that of NR signal due to the relatively simple receiver architecture. However, since NR DL signal/channel may also be sent in adjacent resources and considering the limitation of linear range of power amplifier, the maximum value of LP-WUS RE power boosting should be considered.

Proposal 5: The maximum value of LP-WUS RE power boosting should be considered.

LLS performance
2.1.1. MC-OOK detection performance 
2.1.1.1. Key factors in LLS
Impact of M and Code Rate
In this simulation, to evaluate the impact of M and Manchester code rate, the detailed simulation assumptions are as below:

· Option OOK-4 is used for LP-WUS waveform generation; 
· Payload=24bits+8 bits CRC;
· M= 2/4/8; 
· Manchester code rate =1/2, 1/4;
· ACI =0dB
· Sampling rate=7.68MHz
· Ideal ADC, No Time and Frequency error; 
· Other simulation assumptions refer to Appendix A.
Simulation results are shown in Figure 4 and Table 1.
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Figure 4. LP-WUS payload detection performance for different combinations of {M, Code Rate}

Table 1. LP-WUS payload detection results for different combinations of {M, Code Rate}

	SNR@BLER=1%(dB)
	M=2
	M=4
	M=8

	Code Rate =1/2
	2.5
	4.21
	7.83

	Code Rate =1/4
	1.14
	2.21
	5.24


From Table 1, it can be seen that:

· For the same code rate, the LP-WUS payload detection performance at BLER=1% from better to worse is (M=2) > (M=4) > (M=8);

· For the same value of M, the LP-WUS payload detection performance at BLER=1% from better to worse is (Code Rate=1/4) > (Code Rate=1/2);

The reason is that a smaller value of M or Code Rate will result in a longer of MC-OOK symbol duration, and thus the envelope detection performance will be improved due to the increased energy accumulation result.

In the above simulation, the numbers of occupied OFDM symbols are different for different combinations of {M, Code Rate}. Considering LP-WUS payload with lower value of M and Code Rate has longer LP-WUS duration, it is not fair for LP-WUS detection performance comparison. In order to achieve a fairness for simulation result comparison, LP-WUS transmitting power adjustment in different combination of {M, Code Rate} should be used, the detailed procedure of the adjustment is:

· For combination of {M=4, Code Rate=1/2}, LP-WUS duration is 16 OFDM symbols, the transmitting power configuration of this combination is used as baseline;

· For the combination of {M=8, Code Rate=1/2}, LP-WUS duration is 8 OFDM symbols, then transmitting power boosting of 3dB is assumed;

· For the combination of {M=8, Code Rate=1/4}, LP-WUS duration is 16 OFDM symbols, then transmitting power boosting of 0dB is assumed;

· For the combination of {M=2, Code Rate=1/2} and {M=4, Code Rate=1/4}, LP-WUS duration is 32 OFDM symbols, then transmitting power boosting of -3dB is assumed;

· For the combination of {M=2, Code Rate=1/4}, LP-WUS duration is 64 OFDM symbols, then transmitting power boosting of -6dB is assumed;

After transmitting power adjustment, the simulation results are shown in Figure 5 and Table 2.
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Figure 5. LP-WUS payload detection performance for different combinations of {M, Code Rate} with power adjustment.

Table 2. LP-WUS payload detection results for different combinations of {M, Code Rate} with power adjustment
	SNR@BLER=1%(dB)
	M=2
	M=4
	M=8

	Code Rate =1/2
	5.5
	4.21
	4.83

	Code Rate =1/4
	7.14
	5.21
	5.24


From Table 2, it can be seen that:

· For the same code rate, the LP-WUS payload detection performance at BLER=1% from better to worse is (M=4) > (M=8) > (M=2);

· For the same value of M, the LP-WUS payload detection performance at BLER=1% from better to worse is (Code Rate=1/2) > (Code Rate=1/4);

Observation 9: For Option OOK-4, based on the restriction of constant transmitting energy within LP-WUS payload transmission,

· For the same code rate, the priority of value of M is (M=4) > (M=8) > (M=2);

· For the same value of M, the priority of Manchester code rate is (Code Rate=1/2) > (Code Rate=1/4)

Impact of ADC 
In this simulation, to evaluate the impact of ADC, the detailed simulation assumptions are:

· Option OOK-4 is used for LP-WUS waveform generation; 
· Payload=24bits+8 bits CRC;
· M=4; 
· Manchester code rate=1/2;
· ACI =0dB;
· Sampling rate=7.68MHz;
· No Time and Frequency error; 
· Other simulation assumptions can be referred to Appendix A.
The simulation results are shown in Figure 6.
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Figure 6. LP-WUS payload detection performance with different ADC schemes
From Figure 6, it can be seen that:

· LP-WUS detection performance with ADC bits number <4 has a significant gap to that of Ideal ADC.

· LP-WUS detection performance with ADC bits number >=4 is very close to that of Ideal ADC.
Observation 10: LP-WUS detection performance with ADC bits number >= 4 is very close to that of Ideal ADC.

Proposal 6: At least 4-bit ADC is supported for MC-OOK based LP-WUS transmission.
Impact of downsampling
In this simulation, to evaluate the impact of downsampling, the detailed simulation assumptions are:

· Option OOK-4 is used for LP-WUS waveform generation; 
· Payload=24bits+8 bits CRC;
· M=4; 
· Manchester code rate=1/2;
· ACI =0dB;
· Ideal ADC;
· No Time and Frequency error; 
· Other simulation assumptions can be referred to Appendix A.
In this simulation, NR system sampling rate equals to 30.72MHz and when downsampling factor =2/4/8 is assumed, the corresponding sampling rate equals to 15.36MHz, 7.68MHz and 3.84MHz respectively.
The simulation results are shown in Figure 7.
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Figure 7. LP-WUS payload detection performance with different sampling rates
From Figure 7, it can be seen that:
· LP-WUS detection performance with downsampling factor =8 has a significant gap to that of No downsampling.

· LP-WUS detection performance with downsampling factor=2 and 4 are very close to that of No downsampling.
Observation 11: For LP-WUS with bandwidth of 4.32MHz (i.e.,12 RBs with SCS=30KHz), 

· LP-WUS detection performance with sampling rate=3.84MHz has a significant gap to that of No downsampling;

· LP-WUS detection performance with sampling rate=15.36 or 7.68MHz is very close to that of No downsampling.
Proposal 7: For LP-WUS with bandwidth of 4.32MHz (i.e., 12 RBs with SCS=30KHz), sampling rate 7.68MHz is prioritized.
Impact of ACI and guardband
In this simulation, to evaluate the impact of ACI and guardband, the detailed simulation assumptions are:

· Option OOK-4 is used for LP-WUS waveform generation; 
· Payload =24bits+8 bits CRC;
· M=4; 
· Manchester code rate =1/2;
· Sampling rate=7.68MHz;
· Ideal ADC;
· No Time and Frequency error; 
· Other simulation assumptions can be referred to Appendix A.

In simulation, the guardband is configured as 11SCs and the simulation results are shown in Figure 8. 
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Figure 8. Guardband = 11SCs, LP-WUS payload detection performance with different ACI
From Figure 8, it can be seen that guardband of 11SCs can mitigate up to 3dB ACI.

Observation 12: For LP-WUS detection, guardband of 11SCs can mitigate up to 3dB ACI.
Secondly, the guardband is configured to 24SCs and the simulation results  shown in Figure 9. 
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Figure 9. Guardband = 24SCs, LP-WUS payload detection performance with different ACI
From Figure 9, it can be seen that Guardband=24SCs@ACI=10dB has only 3dB performance loss at BLER=1% compared with the case of Guardband=11SCs@ACI=0dB.
Observation 13: For LP-WUS detection, Guardband=24SCs@ACI=10dB has only 3dB performance loss at BLER=1% compared with the case of Guardband=11SCs@ACI=0dB.
Proposal 8: For LP-WUS detection, guardband with at least 1PRB should be configured at each side of LP-WUS and detailed guardband size can be configured by gNB in accordance with the strength of ACI.
2.1.1.2. Payload performance comparison of different MC-OOK schemes

In this section, LP-WUS payload detection performance with Option OOK-1, OOK-2 and OOK-4 are evaluated. The simulation cases include:

· Case 1: Option OOK-4, 16 OFDM symbols, SCS=30KHz, CP length=2.344us, M=4, Code rate =1/2, No T/F error, Downsampling factor =4, Ideal ADC, Guardband of 11SCs@30KHz. It is used as a baseline.
· Case 2: Option OOK-1, 64 OFDM symbols, SCS=120KHz, CP length= 0.586us, M=1, Code rate =1/2, No T/F error, Downsampling factor =4, Ideal ADC, Guardband of 3SCs@120KHz. Since in time domain, half of the OOK symbols are transmitted with zero power, 3dB power boosting is assumed for this case.

· Case 3: Option OOK-2, 16 OFDM symbols, SCS=30KHz, CP length=2.344us, 4FDMed LP-WUS. Code rate =1/2, No T/F error, Downsampling factor =4, Ideal ADC, Guardband of 11SCs@30KHz. In this case, the BWs of each LP-WUS is reduced to 12PRB/4=3PRB. Since Manchester code is used, that is, 2 FDMed LP-WUS in the frequency domain are always transmitted with zero power, 3dB power boosting is assumed for this case.
For the above three cases, the same time-frequency resources and transmitting power are adjusted to ensure fairness of simulation.
No T/F error
The LP-WUS detection performance of above three cases without Time/Frequency error is shown in Figure 10.
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Figure 10. LP-WUS detection performance comparison without Time/Frequency error
From Figure 10, it can be seen that: 

· For Option OOK-1, since CP is added for each OOK symbol, ISI caused by multi-path delay of fading channel can be solved, the performance of the Option OOK-1 is slightly better than that of the Option OOK-4, which is about 0.7 dB at BLER=1%
· For Option OOK-2, since the bandwidth of LP-WUS is reduced, the envelop performance will be obviously affected. Therefore, LP-WUS detection performance will be degraded.
Observation 14: Under the restriction of constant time-frequency resources and transmitting power, assuming No Time/Frequency error,

· For Option OOK-1, since CP is added for each OOK symbol, ISI caused by multi-path delay of fading channel can be solve and the performance of the Option OOK-1 is slightly better than that of the Option OOK-4.
· For Option OOK-2, since the bandwidth of LP-WUS is reduced, the envelop performance will be obviously affected. Therefore, LP-WUS detection performance will be degraded.
With Frequency error
For the evaluation of impact of frequency error, ring oscillator with 200ppm@2.6GHz is assumed. In simulation, the assumed values of frequency error are [520KHz, 260KHz, 130KHz, 65KHz]. 

The simulation results are shown in Figure 11- Figure 13.
· Option OOK-1
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Figure 11. LP-WUS with Option OOK-1, detection performance with different frequency errors

· Option OOK-2
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Figure 12. LP-WUS with Option OOK-2, detection performance with different frequency errors

· Option OOK-4
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Figure 13. LP-WUS with Option OOK-4, detection performance with different frequency errors
From Figure 11- Figure 13, it can be seen that:

· When max frequency error is smaller than 520KHz, frequency error has minimal impact on Option OOK-1 performance.

· When max frequency error is smaller than 130KHz, frequency error has minimal impact on Option OOK-2 performance.

· When max frequency error is smaller than 260KHz, frequency error has minimal impact on Option OOK-4 performance.

Observation 15: For LP-WUS with Option OOK-1, OOK-2 and OOK-4, the capability of mitigating impact of frequency error is, Option OOK-1 > Option OOK-4 > Option OOK-2.

With Time error
For the evaluation of impact of time error, the assumed values of time error are [1, 2, 3]us. The simulation results are shown in Figure 14-16.
· Option OOK-1
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Figure 14. LP-WUS with Option OOK-1, detection performance with different time errors
· Option OOK-2
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Figure 15. LP-WUS with Option OOK-2, detection performance with different time errors
· Option OOK-4
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Figure 16. LP-WUS with Option OOK-4, detection performance with different time errors
From Figure 14- Figure 16, it can be seen that:

· For Option OOK-1, since CP length is 0.586us@120KHz SCS, when time error is larger than the length of CP, time error has obvious impact on LP-WUS detection performance.

· For Option OOK-2, since CP length is 2.34us@30KHz SCS, up to 3us time error has minimal impact on LP-WUS detection performance.

· For Option OOK-4, though CP length is 2.34us@30KHz SCS, only the first OOK symbol in one OFDM symbol has a CP, time error has obvious impact on LP-WUS detection performance.
Observation 16: For Option OOK-1, Option OOK-2 and Option OOK-4, capability of mitigating impact of time error is Option OOK-2 > Option OOK-1> Option OOK-4.
2.1.1.3. Preamble detection performance
For evaluation of LP-WUS preamble sequence, the following four cases are assumed in simulation and constant time-frequency resources and transmitting power are guaranteed to ensure the fairness of simulation. 
· Case 1: Option OOK-1, 8 OFDM symbols, 8-length preamble sequence of [0 1 0 1 0 1 0 1];

· Case 2: Option OOK-4 with M=2, 16 OFDM symbols, 16-length preamble sequence generated by 2 repetitions of the 8-length preamble sequence of Case 1;
· Case 3: Option OOK-4 with M=4, 32 OFDM symbols, 32-length preamble sequence generated by 4 repetitions of the 8-length preamble sequence of Case 1;
· Case 4: Option OOK-4 with M=8, 64 OFDM symbols, 64-length preamble sequence generated by 8 repetitions of the 8-length preamble sequence of Case 1;

The detailed simulation assumptions are:

· ACI =0dB
· Sampling rate=7.68MHz
· No Time and Frequency error; 
· Other simulation assumptions can be referred to Appendix A.
4 cases are evaluated and the MDR of preamble sequences are shown in Figure 17. 
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Figure 17. MDR of preamble sequence with different sequence lengths
From Figure 17, it can be seen that if there is no time/frequency error, the MDR of longer preamble sequence and shorter preamble sequence are nearly the same.
Observation 17: Under the restriction of constant time-frequency resource allocation and same transmitting power, if no time/frequency error is assumed, the MDR of longer LP-WUS preamble sequence and shorter LP-WUS preamble sequence are nearly the same.

2.1.2. MC-FSK detection performance
In this section, parallel homodyne receiver architecture is used for MC-FSK receiver, the detailed architecture is shown in Figure 18.
[image: image20.png]BBBPFf,

Tbitor
R ¢
e N Jt-bit ADC|

e e e sa)





Figure 18. Parallel homodyne receiver architecture for MC-FSK receiver
In this simulation, Option FSK-1 agreed in RAN1#112 meeting is used for M-bit MC-FSK generation, detailed procedure is listed as follows:

For M-bit MC-FSK generation, further study 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)
In simulation, MC-FSK detection performance with both M=1 and M=2 is evaluated, wherein: 
· For 1-bit MC-FSK(M=1), 2 FDMed frequency resources are supported, 6 PRBs is allocated for each FDMed frequency resource;

· For 2-bit MC-FSK(M=2), 4 FDMed frequency resources are supported, 3 PRBs is allocated for each FDMed frequency resource;

Considering that only one of the FDMed frequency resources is used for MC-FSK transmission at a time, to ensure a constant transmitting power compared with MC-OOK based LP-WUS, 3dB power boosting is used for 1-bit MC-FSK and 6dB power boosting is used for 2-bit MC-FSK. Other simulation assumptions can refer to Appendix A.
The simulation results are shown in Figure 19. For MC-FSK with parallel homodyne receiver architecture, if M>=2, MC-FSK detection performance will be degraded obviously.
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Figure 19. MC-FSK detection performance with parallel homodyne receiver architecture
Observation 18: For MC-FSK with parallel homodyne receiver architecture, if M>=2, MC-FSK detection performance will be degraded obviously.

2.1.3. Sequence-based OFDM detection performance
According to the agreement in RAN1#112 meeting, for OFDMA-based signals/channels, the following diagrams of the receiver architectures are considered to be studied.

	Agreement

For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:

· I/Q branches are required for digital BB processing.

· Digital BB processing may or may not include FFT (companies to provide details on how).

· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).

· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.

· Companies are encouraged to provide the break-down for the components.

· The potential power reduction compared to the main radio may come from e.g.:

· Lower performance LNA/amplifier

· Oscillator/PLL with relaxed performance requirements

· ADC with lower sampling rate and smaller bit-width

· Reduced BB processing complexity compared to the MR

· Companies are encouraged to provide the performance analysis corresponding to the considered power consumption considering the impact of e.g. phase noise, I/Q mismatch.

· Companies to report whether the LP WUR is assumed to share components with MR. In case of component sharing, the potential impact on the MR ultra-deep sleep state should be considered.

· Companies to report the possible number of information bits

· In addition, companies should consider the power consumption in the OFF state and the transition energy.
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In this section, for sequence-based OFDM signals/channels, digital BB processing with two kinds of sequence correlation in time domain (without FFT) and frequency domain (after FFT) are considered as followings:
· Receiver 1: sequence correlation in time domain (without FFT);

· Receiver 2: sequence correlation in frequency domain (after FFT).
Simulation assumptions are shown in appendix A. The sequence including ZC sequence with different root sequence, SSS and PN sequence in time domain is used to carry 1 information bit. 
Impact of different digital BB processing
For sequence-based OFDM signals/channels, link level performance based on receiver1 and receiver2 with length of ZC sequence of 11, 71 and 119, SSS and PN sequence of 127 is evaluated as shown in Figure 20. 
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Figure 20. Link level performance of sequence-based OFDM signal based on receiver 1 and receiver 2
For the detection of SSS and PN-sequence based signal, even the DL synchronization is ensured, the detection performance of receiver1 without FFT is significantly degraded compared to that of receiver2 with FFT, i.e., FFT process is necessary in digital BB processing for SSS and PN-sequence based OFDM signal. 

For the detection of ZC-sequence, for one RB case, FFT module has no significant performance impacts. However, when the RBs number increases, the FFT module has more significant impacts on the performance. It is natural that to achieve 1% BLER target, more RBs are needed and FFT module would have serious impacts on the performance.
Impact of different sequence length
According to the simulation results under ideal cases in Figure 20, it is observed that the required SNR values at BLER=1% based on receiver 1 and receiver 2 becomes smaller with the increase of the length of ZC sequence. To be more specific, for ZC sequence of 11, 71 and 119-length, i.e. the gap of SNR values at BLER=1% between two adjacent ZC sequences is approximately 6dB and 16dB respectively under ideal cases.
Observation 19: It is observed that the required SNR values at BLER=10% based on receiver 1 becomes smaller with the increase of the length of ZC sequence under ideal case.
Moreover, more simulation results of impact of time offset, frequency offset, different ADC bits, different down sampling factor, can be found in our companion contribution in AI 9.11.2. Generally speaking, if more information, e.g., 10bits, are carried via OFDA sequence, the performance would degrade seriously. Moreover, the performance impacts by some components, e.g., ADC, sampling rate, Oscillator, would be more significant. Therefore, the details of components should be assumed based on different raw information bits. 
Proposal 9: Discuss several raw information bits for waveform comparison.
3. RRM measurement

Regarding the RRM measurement, we have following related agreements.
	Agreement in RAN1#111

For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 

· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR

· FFS: measurement metric

· FFS: whether and how to identify cell/ tracking area 

· FFS: need for neighbouring cells

· FFS: need for relaxation of existing RRM measurement requirements (for UE)


	Agreement in RAN1#112
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


3.1. LP-SS for measurement

Whether RRM measurements could be performed by LP-WUR without any SSB should be discussed firstly. That means the cell selection is based on the RSRP/RSRQ of LP-SS, wherein the LP-SS means the sync signal

	Cell selection is performed by one of the following two procedures:

a)
Initial cell selection (no prior knowledge of which RF channels are NR frequencies):

1.
The UE shall scan all RF channels in the NR bands according to its capabilities to find a suitable cell.

2.
On each frequency, the UE need only search for the strongest cell, except for operation with shared spectrum channel access where the UE may search for the next strongest cell(s).

3.
Once a suitable cell is found, this cell shall be selected.

b)
Cell selection by leveraging stored information:

1.
This procedure requires stored information of frequencies and optionally also information on cell parameters from previously received measurement control information elements or from previously detected cells.

2.
Once the UE has found a suitable cell, the UE shall select it.

3.
If no suitable cell is found, the initial cell selection procedure in a) shall be started.

NOTE:
Priorities between different frequencies or RATs provided to the UE by system information or dedicated signalling are not used in the cell selection process.


Obviously, for the WUR, it is unable to search all the NR bands cross the frequencies. If WUR performs cell selection by leveraging stored information, then step 3, i.e., fallback to initial cell selection procedure, is still unavailable.

Additionally, if LP-SS can be used for neighbor cell measurement, the LP-WUS may be required to carry at least cell ID information. As for the other information, e.g., neighbor cell baring information, threshold information, it requires the MR wake-up to receive SSB and SIB. Therefore, the LP-SS performance would degrade if more information is carried.

Moreover, using LP-SS for cell selection has significant impacts on RAN1, RAN2, RAN4. All of the related metrics, procedures, and signal design should be studied and discussed. Given that the LP-WUS only has 1 TU and limited left meetings, it is not suggested to open this discussion.

Also, the cell selection decision is performed together with AS and NAS, which means the MR still needs to be waked up. Therefore, we have the following proposal.

Proposal 10: Do not consider the cell selection directly based on the RSRP/RSRQ of LP-SS in Rel-18

· LP-SS is only used for measurement assistance, which means if LP-SS performance becomes worse, the MR wake up and fall back to legacy measurement procedure.
Based on the above analysis, there are two options for measurement assistance by LP-SS.

Option 1: LP-SS for serving cell measurement assistance

Option 2: LP-SS for neighbour cell measurement assistance.
For option 1, the measurement results of LP-SS are used as assistance information for serving cell and it is not directly used to decide whether to start the neighbor cell measurement. When the UE cannot receive the LP-SS or the LP-SS quality cannot satisfy the requirement, then the UE can switch to legacy measurement. If the LP-SS quality satisfies the requirement, the UE may does not need to wake up for SSB measurement or wake up with a relaxed SSB measurement.
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Figure 21. LP-SS for measurement assistance

For option 2, the measurement results of LP-SS are used as assistance information for serving cell and neighbor cell. However, according to the specification, if the serving cell cannot fulfill corresponding conditions, the UE could perform the neighbor cell measurement. Therefore, if LP-SS indicates that it still qualifies the serving cell conditions, there is no need to measure the neighbor cell via LP-SS. If LP-SS indicates that it cannot fulfill the serving cell conditions, the UE need to wake up for measurement based on SSB. In this case, the UE also should use SSB instead of LP-SS. Therefore, we have the following proposal. 

Proposal 11: Consider the LP-SS for serving cell measurement assistance and deprioritize LP-SS for neighbor cell measurement.
3.2. Metrics for LP-SS measurement

According to the TS38.215, RSRP, RSRQ and SINR are defined.

Table 3. Measurements metrics based on SSS

	RSRP
	SS reference signal received power (SS-RSRP) is defined as the linear average over the power contributions (in [W]) of the resource elements that carry secondary synchronization signals. 

	RSRQ
	Secondary synchronization signal reference signal received quality (SS-RSRQ) is defined as the ratio of N×SS-RSRP / NR carrier RSSI, where N is the number of resource blocks in the NR carrier RSSI measurement bandwidth. 

	SINR
	SS signal-to-noise and interference ratio (SS-SINR), is defined as the linear average over the power contribution (in [W]) of the resource elements carrying secondary synchronisation signals divided by the linear average of the noise and interference power contribution (in [W]).


If LP-SS is defined for measurement, the above metrics can be considered. However, it is noted that for OOK based signal, the envelop detection is used and how to filter out the noise impacts can be different. For example, for SSS RSRP calculation, we may use adjacent carriers for differentiation to eliminate the impact of the channel/noise. However, for LP-SS based on envelope detection, there is no frequency carrier’s information.

Additionally, for LP-SS, if the definition of RSRP is reused, resource element is applicable for NR signal but not applicable for OOK signal, because there is no frequency domain concept. For RSRQ, if the definition is reused, how to define RSRP and carrier RSSI should be clarified. One issue would be how to calculate the carrier RSSI. For SINR, how to calculate the noise and interference power contribution needs to be clarified.

For OOK, we may use the high electric level and low electric level to calculate the signal power and noise or interference power. Based on this, the RSRP, RSRQ and SINR are feasible to be defined. For MC-FSK with OOK, the definition could be similar. 

For OFDM sequence-based receiver, if FFT module is used at the receiver, the RSRP or other metrics may be similar as legacy. If only sequence is detected and correlator is used in BB processing, how to evaluate the noise or interference power should be further clarified.

Proposal 12: Regarding measurement metrics,
· For OOK, RSRP, RSRQ, SINR definition could be adapted.

· For MC-FSK with OOK, RSRP, RSRQ, SINR definition could be also adapted. 

· For OFDM sequence-based receiver, discuss whether RSRP, RSRQ, SINR could be reused.
Legacy measurement relaxation
With LP-SS
For power saving purpose, when LP-SS is introduced to assist measurement, the legacy RRM measurement could be relaxed. There are mainly two potential candidates for legacy RRM measurement relaxation.

Mechanism 1: UE only wakes up to receive SSB for measurement with a relaxed periodicity and the UE keeps monitoring LP-SS during the relaxed measurement cycle.
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Figure 22. RRM measurement relaxation based on mechanism 1
Mechanism 2: UE keeps monitoring LP-SS, only when the signal quality of LP-SS becomes worse, the MR would be powered on for SSB measurement.
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Figure 23. RRM measurement relaxation based on mechanism 2
Mechanism 3: relaxed RRM for serving cell without LP-SS. Without LP-SS for measurement assistance, relaxing RRM measurement to a larger measurement cycle for serving cell could also be possible. Moreover, relaxed RRM measurement based on paging is also possible, i.e., only when paging is detected, the UE needs to wake up and measure SSB.

Proposal 13: Consider three RRM relaxation mechanisms in idle/inactive state
· Mechanism 1: UE performs relaxed RRM measurement for serving cell based on SSB and LP-SS. 

· Mechanism 2: UE performs relaxed RRM measurement for serving cell based on LP-SS assistance

· Mechanism 3: UE performs relaxed RRM measurement for serving cell based on SSB without LP-SS assistance

4. Related L1 procedures

4.1. Idle/inactive mode
Low power mode activation/deactivation

In idle/inactive mode, how to activate/deactivate the UE’s low power mode needs to be discussed. From the gNB’s point of view, the configuration via RRC or SIB could be firstly considered. For example, if the network has a low load and resources could be reserved for LP-SS and LP-WUS transmission, the gNB could activate the low power mode for the UE, otherwise the gNB does not configure or deactivate it.

From the UE’s point of view, for example, if the UE is at the cell center and has a low mobility, the UE could use low power mode to save some power. However, if the gNB does not aware that the UE support LP-WUS and want to wake up the UE, the gNB may need to page the UE firstly via LP-WUS and then page the UE via the PO before the connection. And in this case, the UE need to wake up and monitor the PO, which may cause no power saving gain. Moreover, more resource overhead would cost for the gNB. Further, if the UE does not support always-on monitoring, the LP-WUS for a specific UE sent by gNB may be not matched with the WUR-on duration, which may cause detection failure. Therefore, if the gNB is not aware the UE’s behavior and configuration, it is almost impossible for a specific UE to be waked up by the gNB. For a group of UE or all the UEs in the cell, the LP-WUS monitoring occasions should be configured in the broadcast information. In this case, when the UE fulfills some conditions, the UE could enter into the low power mode and can be paged together with other UEs in the group.

For UE specific wake-up, the gNB should be aware of the UE’s capability and related configuration, e.g., always-on monitoring or duty cycled monitoring. That means, supporting UE specific wake-up via LP-WUS should be after the UE has been connected to the network once. In this case, the gNB could directly activate the low power mode for the UE, or when the UE satisfies some conditions, the UE could switch to the low power mode and gNB could wake up the UE correctly.

As for deactivation method, gNB signaling also could be a baseline, e.g., via the broadcast signal. UE based deactivation can be also considered when LP-SS is transmitted and the performance does not satisfy the conditions, e.g., not in the serving cell. 

Based on above analysis, it can be seen that the gNB involvement is necessary for UE group wake-up and UE specific wake-up. The gNB activation or deactivation is a straightforward method and should be the baseline. As for the activation or deactivation from the UE side, it is also feasible and also can be further studied.
Proposal 14: Activation/deactivation of LP-WUS function via gNB is the baseline in idle/inactive mode.

· Further consider UE based criterion for activation/deactivation of LP-WUS function
PO monitoring

For the PO monitoring, we already have the following agreement:

	Latency
	For IDLE/INACTIVE state, 

· the latency is the time interval between the data arrival time at the gNB and the time of the first PO UE can monitor the paging message

· alternatively, if UE is not required to monitor a PO after wake-up, company to report detailed procedure and definition of the latency

. In RAN1#111, there are no definitions being precluded

· sync/re-sync for main radio is included


There are three kinds of procedures related to PO monitoring.

Option 1: after the UE receives the LP-WUS, the UE needs to monitor the PO

Option 2: after the UE receives the LP-WUS, the UE skips the PO and directly sends the PRACH.

Option 3: after the UE receives the LP-WUS, the UE monitors PEI if applicable.

For option 2, if LP-WUS is group specific, then directly sending the PRACH would cause large impacts on system efficiency. If LP-WUS is UE specific, without monitoring PO, the FAR would cause unnecessary RACH procedure. 

Proposal 15: Consider to monitor PEI or PO after UE receives LP-WUS.
For option 1, a potential method to reduce the latency is dynamic PO.
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Figure 24. Dynamic PO for latency reduction
Based on the evaluation result in our companion contribution, a significant latency reduction could be foreseen with dynamic PO.
Proposal 16: Consider the dynamic PO to reduce the latency.

4.2. Connected mode
In RAN1#112bis-e meeting, we have following agreement.
	Agreement
· For RRC connected mode, the following is assumed for LP-WUS study in RAN1

· RLM/BFD/CSI are performed by UE Main Radio (MR) 

· RRM measurements are performed by UE Main Radio (MR)

· Ultra-deep sleep state is not allowed for MR.

· Study additional support of RRM measurement by LP-WUR for RRC connected mode

· Study RRC connected mode LP-WUS functionality/purpose/procedures

· Study RRC connected mode LP-WUS activation/deactivation procedures.

· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 

· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.


Activation/deactivation procedures

Similar as in idle/inactive mode, the gNB activation or deactivation should be the baseline. Additionally, for UE in connected mode, the gNB is aware of the existence of this UE. If the UE based mechanism can activate the LP-WUS mode, and UE informs gNB, it would be possible for gNB to send the LP-WUS. However, if the gNB does not know the UE are monitoring LP-WUS and still schedules the PDCCH or PDSCH, the misunderstanding may happen and system performance would be impacted.

Proposal 17: Activation/deactivation of LP-WUS function via gNB is the baseline in connected mode.

Functionality/purpose/procedures
In connected mode, the power saving techniques are still not discussed. The evaluation results in our companion contribution indicate that the LP-WUS in connected mode can save UE power consumption by skipping the PDCCH monitoring especially at the beginning of DRX. 

According to the current specification, we have some techniques for UE power saving in connected mode based on DCI or RRC configuration.  Most power saving techniques requires PDCCH to indicate the operations including PDCCH skipping, SS switching and so on. With RRC configuration, it may introduce additional delay. For LP-WUS, since LP-WUS has lower power consumption than PDCCH and lower delay than RRC configuration. It could be considered to save more power. 

Considering the power saving gain in connected mode is attractive, LP-WUS in connected mode can be also considered in SI stage.

Proposal 18: LP-WUS monitoring in connected mode can be used to replace PDCCH or RRC signalling for the indication of UE power saving mechanisms.
RLM /BFR/RRM measurement
In connected mode, the BWP would contain a CD-SSB or NCD-SSB, even further contain the CSI-RS. Therefore, introducing a new LP-SS for RLM or BFR seems not necessary. 

For the RLM procedure, RAN1 aspects are defined in TS38.213

	In non-DRX mode operation, the physical layer in the UE assesses once per indication period the radio link quality, evaluated over the previous time period defined in [10, TS 38.133] against thresholds (Qout and Qin) configured by rlmInSyncOutOfSyncThreshold. The UE determines the indication period as the maximum between the shortest periodicity for radio link monitoring resources and 10 msec.
In DRX mode operation, the physical layer in the UE assesses once per indication period the radio link quality, evaluated over the previous time period defined in [10, TS 38.133], against thresholds (Qout and Qin) provided by rlmInSyncOutOfSyncThreshold. The UE determines the indication period as the maximum between the shortest periodicity for radio link monitoring resources and the DRX period.
The physical layer in the UE indicates, in frames where the radio link quality is assessed, out-of-sync to higher layers when the radio link quality is worse than the threshold Qout for all resources in the set of resources for radio link monitoring. When the radio link quality is better than the threshold Qin for any resource in the set of resources for radio link monitoring, the physical layer in the UE indicates, in frames where the radio link quality is assessed, in-sync to higher layers.


Moreover, since the bandwidth of LP-SS is limited, the signal quality cannot be guaranteed, the coverage is limited, and beam information may need to be indicated. Moreover, in Rel-17, RLM relaxation has been specified. Further using LP-SS to reduce the power for RLM would not have much benefits. For BFR, since the accurate beam measurement information is needed and this is the reason why CSI-RS with wider bandwidth than SSB is introduced, we do not think the LP-SS could be used for BFR. Moreover, for both RLM and BFR, whether LP-SS is applicable needs to be further discussed. Therefore, the study on LP-SS for replacing SSB/CSI for RLM or BFR is not considered in R18.

Therefore, we have the following proposal:

Proposal 19: In connected mode, the study on LP-SS for replacing SSB/CSI for RLM or BFR is not considered in R18.

As for the RRM measurement procedure based on WUR, we think it would be possible to use LP-SS to measure in connected mode. Similarly, the LP-SS can be used for measurement assistance for serving cell. 

4.3. LP-WUS monitoring
LP-WUS monitoring

In last RAN1#112 meeting, we already have the agreement regarding the LP-WUS monitoring

	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 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 


For option 1, two parameters need to be defined, i.e. WUR-on length and the periodicity. For option 2, the UE behavior is just to keep monitoring in a given long time duration. We have the following comparison between these two options.

Table 4. Pros and cons between always monitoring and duty cycle monitoring
	
	Option 1 (duty cycle)
	Option 2 (continuous monitoring)

	FAR in a duration Ton+ Toff 
	FAR1 for option1 is applicable on a time duration Ton
	FAR2 for option2 is applicable on a time duration Ton+ Toff and would be larger



	Delay for UE receiving wake-up signal
	Longer Toff brings longer delay
	Almost no delay.

	Suitable application scenario
	Time insensitive cases
	Time sensitive cases

	System overhead
	Require LP-SS
	May not require LP-SS

	sync
	Require higher sync accuracy
	Not sensitive to the sync accuracy


Proposal 20: Take Table 4 into account for duty cycle and continuous monitoring comparison.

Proposal 21: For LP-WUS,
· For connected mode, always-on monitoring should be supported.

· For idle/inactive mode, always-on and duty cycle can be supported.
5. Low power Signal design

5.1. Carried information for LP-WUS

The principle for carried information in LP-WUS is: the carried information should be as less as possible.

	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.


Idle/inactive mode

· UE group ID

From our perspective, paging a group of UE via LP-WUS still can have power saving gain, and also could save much overhead which is helpful for the coverage. Therefore, UE group ID could be the basic information that LP-WUS carries. 

· UE ID

Paging a specific UE via LP-WUS may cost much bits, since a 48-bit long 5G-S-TMSI is used as UE ID carried in a Paging Record. If multiple UE IDs are carried via LP-WUS, this would cause a massive overhead and worse coverage performance. Therefore, consider how to carry the ID information with lower overhead could be a key for supporting UE specific wake-up via LP-WUS.

Moreover, as aforementioned, supporting UE specific wake-up via LP-WUS should be after the UE has been connected to the network once. Based on this, that gNB reconfigures a UE ID for this UE could be possible. 

· Cell ID/Tracking area ID

Cell ID/Tracing area ID are considered per the discussion. However, if the coverage of LP-WUS does reach the cell edge and the UE is in the serving cell, there is no much necessity to carry this information. However, if the coverage is quite good and could reach the cell edge, carrying this information could avoid the interference from neighbor cell.

· System information modification

The SI change information could be carried via LP-WUS to inform the UE and then the UE may need to wake up to receive the paging message and/or obtain the updated SI. The SI change may impact the RACH procedure, SI receiving, and UE connection to the NW. Therefore, it is important to be carried. However, it also can be carried via LP-SS if possible. Other cell specific information is similar, e.g., ETWS. This information carried via LP-WUS could help UE receive the message faster, especially with always-on monitoring bevavior. 

Proposal 22: For idle/inactive mode, the system information modification, ETWS can be carried via LP-WUS 

Connected mode

For connected mode, at least cell ID information does not need to be carried via LP-WUS, since there are many other ways to achieve that. For a specific UE, the carried information depends on the discussion of L1 procedure in connected mode. For example, if the LP-WUS in connected mode is used for waking up a UE monitoring PDCCH, then wake-up information should be carried. If the LP-WUS in connected mode is used for starting a DRX, then the related information, e.g., when to start the DRX, also should be carried.

Additionally, as for the UE ID, if LP-WUS carries the UE ID, the gNB scheduling would be more flexible and different UE may decode the same resource. If LP-WUS does not carry the UE ID, the LP-WUS monitoring occasion should be UE specific to avoid the collision. As for the group UE ID, we do not think it is necessary to be carried via LP-WUS, since format 2-6 like design is possible.  

Proposal 23: For connected mode, the information corresponding to the power saving mechanisms can be carried via LP-WUS
5.2. Signal structure for LP-WUS

In RAN1#112bis-e meeting, an agreement on the way of carrying LP-WUS information was made as follows:
	Agreement

· Study further following alternatives to carry the LP-WUS information using: 

· Alt 1: by sequence(s) detection/selection  

· FFS sequence type
· Alt 2: by encoded bits 

· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).


For Alt 1, if N bits is supported, 2^N orthogonal sequences should be supported to be transmitted in a time-frequency resource. For MC-OOK and MC-FSK based LP-WUS receiver, it is very difficult to support so many sequence detections with lower MDR/FAR. Therefore, for MC-OOK and MC-FSK based LP-WUS receiver, we recommend that Alt 1 can be used to carry very limited bit information, such as 1 bit as a starting point.
For CP-OFDM based receiver, a simplified operation on the receiver should be made for the purpose of power consumption saving, thus the multiple sequences detection performance will be degraded. The supported number of multiple sequences depends on the simplification of CP-OFDM based receiver.

Observation 20: If LP-WUS information is carried by different sequence, for MC-OOK and MC-FSK based LP-WUS receiver, it is recommended that Alt 1 can be used to carry very limited information, such as 1 bit as a starting point.
Observation 21: If LP-WUS information is carried by different sequence, for CP-OFDM based receiver, the supported number of multiple sequences depends on the simplification level of CP-OFDM based receiver.
For Alt 2, it can be used to carry much larger payload size. In order to ensure a lower BLER, CRC is necessary to be supported. Since more time/frequency resources are occupied, NR DL system capacity will be affected and NR downlink transmission may be blocked. However, UE ID or UE Group ID can be carried in the larger size of payload, UE or a group of UEs can be waked up independently, it will obviously reduce meaningless wake up probability and has significant benefit of UE power saving.
Because a relatively large quantity of bits is carried, more groups and even wakeup of the UE specific may be supported, thereby reducing a false wakeup probability.

Observation 22: If LP-WUS information is carried by encoded bits, a larger size of payload can be supported for LP-WUS, and CRC is necessary to ensure a lower BLER of the payload detection.
Additionally, combined alt1 and alt2 can be considered. For example, sequence based signal can be used for time error/frequency error estimation and after that the payload with larger bit size can achieve much better decoding performance.  
Proposal 24: Alt 3 can be further considered for signal structure design
· Alt 3: by sequence(s) detection/selection and encoded bits
Based on above analysis, three kinds of structures are used to carry the information 
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Figure 25. Three basic alternative structures of LP-WUS

More specifically, different requirement may need some other design based on above three structures. 

· UE specific or group specific
If only few bits are needed for UE ID or group index, alt 1 could be possible. Moreover, the performance could be easier to be guaranteed. However, if there are massive groups to be indicated or massive bits to indicate the UE’s ID information, alt 2 and alt 3 could be the baseline. Similar like format 2-6, different UEs can receive its corresponding information, then a common design based on the three basic alternative structures could be considered.
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Figure 26. The information blocks of three basic alternative structures of LP-WUS
· Synchronization
Periodic sync signal could be used to improve the sync performance. Besides that, the preamble in the LP-WUS if applicable also could be used. Obviously, only preamble-based structure, i.e., alt 1 and alt 2, could be used for synchronization. 
· Training

For the PDSCH receiving, DRMS could be used for improving detection performance by eliminating the impact of channels. For LP-WUS, direct detection without training sequence may cause a performance loss, especially when we cannot obtain a reference threshold for ‘1’ ‘0’ decision. In this case, alt 2 could be the most appropriate method.
· Check bits

The check bits, e.g., CRC, could be used to reduce the FAR and make sure that the decoded payload is for this UE or this UE group. In this case, the alt 3 could be used by adding a CRC attachment. For Alt 2, actually, the preamble also can be regarded as check bits to reduce FAR, another CRC attachment also can be feasible.

· Boundary positioning

For Alt 2, it is necessary to make sure that when to start and end the payload transmission. For always-on monitoring, the LP-WUS may be received at any time. In this case, the boundary positioning with several bits is needed. If the LP-WUS position is certain and known by the UE, then the boundary positioning may be not needed.

Proposal 25: Study the following signal structure for LP-WUS

· Alt 1: LP-WUS consists of only sequence(s). 
· Alt 2: LP-WUS consists of only encoded bits.

· Alt 3: LP-WUS consists of preamble and encoded bits.

Considering the following aspects

· UE specific or group specific
· Synchronization
· Training

· Check bits

· Boundary positioning

5.3. Consideration for LP-SS design

If the synchronisation signal used by LP-WUR is an aperiodic signal transmitted as part of LP-WUS, then the signal design for LP-SS could be referred to LP-WUS design. In this case, Alt 1 or Alt 2 could be the potential solution.

If the synchronisation signal used by LP-WUR is an aperiodic signal and it is not part of LP-WUS, or if the synchronisation signal is periodic, Alt 1 should be the baseline to carry as less information as possible. If more information should be carried, Alt 2 also could be considered.

As for the carried information by LP-SS, it should be as less as possible. From our understanding, only the SI change notification or ETWS may be needed, which could be used to inform all the UEs to receive the changed SI. The cell ID information may be not needed as discussed in section 3. Therefore, we have the following proposal:

Proposal 26: Study the following signal structure for LP-SS

· Alt 1: LP-SS consists of only preamble. 
· Alt 2: LP-SS consists of preamble and corresponding payload.

Proposal 27: LP-SS information may include system information modification, ETWS.

6. Coverage enhancement

For LP-WUS, the following agreement has been achieved. However, if the LP-WUS coverage is better than bottleneck channel, the necessity for coverage enhancement requires clarification. But we think there is no harm to study some potential techs for candidate at this stage.
	Agreement

· Study techniques/mechanisms to enhance coverage performance of LP-WUS
· Study potential gains available as well as drawback(s) of the technique(s)/mechanisms(s), e.g. system overhead, increased complexity network energy consumption etc…
· Study potential issues and corresponding solutions for the case when LP-WUS coverage is insufficient 
· At least study fallback mechanisms where the Main Radio switches to legacy operation in case the channel condition of LP-WUS is not sufficient, e.g. below threshold.


For LP-SS, it may target all the UEs in the cell. Therefore, it would be good if the coverage is better, which means the more UEs can use LP-SS for measurement relaxation and power saving. But the necessity for enhancement for LP-SS is not clear, since the UE at the cell edge may not suitable to use LP-SS for measurement.
Proposal 28: If the LP-WUS or LP-SS has better coverage than bottle neck channel, there is no necessity to enhance the coverage.

Proposal 29: Study some potential coverage enhancement for LP-SS has higher priority than LP-WUS.

For detailed methods for coverage enhancement, the following can be considered for discussion and some initial analysis are attached in the table.

Table 5. Drawbacks for detailed methods for coverage enhancement

	
	Drawbacks

	Lower data rate
	For LP-WUS, lower data rate may bring more resources overhead.

For LP-SS, lower data requires less information carried via LP-SS.

	power boosting
	

	repetition in time
	Repetition may bring more resources overhead

	Interleaving
	For LP-WUS, the benefits are not clear in a limited 5M bandwidth

For LP-SS, it is not clear how to interleave.

	frequency-hopping
	

	channel coding and interleaving
	It has significant impacts on the WUR complexity and power

	Increased number of receive antennas
	It has significant impacts on the WUR complexity and power


Proposal 30: For coverage enhancement candidate techniques,

· Power boosting and frequency hopping can be considered as the first priority.

· Lower data rate and repetition in time can be considered as the second priority.

· Channel coding and interleaving, and increased antennas is not suggested to be equipped at WUR side

· FFS: interleaving
Following cases can be considered for fallback mechanism when the LP-WUS coverage is not sufficient. 
Case1：LP-SS is available, LP-SS satisfies the coverage threshold and WUR does not receive LP-WUS in a long time.

Case2：LP-SS is available and LP-SS does not satisfy the coverage threshold

Case3: LP-SS is not available

UE/WURcan implicitly determine according to LP-SS or whether LP-WUS is received in a time duration. For example, the LP-SS RSRP is below a threshold, the UE could determine the LP-WUS coverage is insufficient. For example, the UE does not receive the LP-WUS for a long time, the UE may determine the LP-WUS coverage is insufficient.

Observation 23: UE can implicitly determine according to LP-SS or whether LP-WUS is received in a long time.

For case1, UE should think there is insufficient coverage of LP-WUS. For case2, UE would think the LP-WUS coverage is insufficient, and should not still monitor LP-WUS. Instead the UE need to return to legacy procedure, e.g., monitor SSB or paging. For case3, in a long time duration, if UE still does not receive LP-WUS, UE also may need to wake-up to receive SSB, paging and make sure that the UE is still in this serving cell, no SI change, no LP-WUS configuration change, and then it is possible for the UE to monitor LP-WUS again.

Proposal 31: Consider the following cases for fallback when LP-WUS coverage is insufficient

· Case1：LP-SS is available, LP-SS satisfies the coverage threshold and WUR does not receive LP-WUS in a long time.

· Case2：LP-SS is available, LP-SS does not satisfy the coverage threshold

· Case3: LP-SS is not available.
7. Other considerations

7.1. DL synchronization
Regarding the DL synchronization, we have an initial agreement. However, it is not complete and further clarification is needed.

	Agreement in RAN1 112
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


Firstly, the meaning of ‘periodic’ should be clear. For example, the following three cases are also kind of periodic signals.
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Figure 27. Periodic sync signal as part of LP-WUS or separate from LP-WUS
Observation 24: Periodic LP-SS means the signal can be transmitted once every T time.
Secondly, for the aperiodic signal transmitted as part of LP-WUS, we think it is more appropriate for the always-on monitoring and can be also applied for duty cycle monitoring. In this case, the preamble part of the LP-WUS could be used for sync. Assume the following case: a group of UEs is in the low power mode and waiting for the wake-up signal.
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Figure 28. Aperiodic sync signal as part of LP-WUS or separate from LP-WUS
In this case, the preamble is used for sync for a group of UE. However, it could be part of LP-WUS, or separate from LP-WUS. In this case, the preamble would be transmitted at some uncertain time point for sync and the time point is between two SSBs.

The advantage of this mechanism is the UE does not need to monitor LP-WUS around the SSB when the UE is required to wake-up for SSB measurement. Therefore, for the FFS part, the aperiodic sync signal can additionally be transmitted separately from LP-WUS.

Observation 25: Aperiodic sync signal separate from LP-WUS is appropriate for always-on monitoring.
Thirdly, for option 3, it means combination of option 1 and option 2, it is not sure about the true meaning here. The potential two candidate interpretations could be as following:
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Figure 29. Sync signal clarification for Option1+Option2
Proposal 32: For synchronisation signal used by LP-WUR,

· Aperiodic synchronisation signal can be transmitted separately from LP-WUS

· periodic LP-SS means the signal can be transmitted once every T time

· For aperiodic synchronisation+ periodic synchronisation signal, both aperiodic LP-SS as part of periodic LP-SS or separate from periodic LP-SS can be considered. 
7.2. LP-WUS/LP-SS deployment
In RAN1#112bis-e meeting, an agreement on LP-WUS deployment was made as follows:
	Agreement

· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band

· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 

· Details on the LP-WUS location within a carrier

· Band can be different than band of signals/channels used by MR

· LP-WUS association with BWP

· LP-WUS can be configurable within guard-band of a band (like NB-IoT)


· Whether LP-WUS and signals/channels used by MR can be different carriers in the band

From gNB perspective, if supporting LP-WUS and signals/channels used by MR in different carriers, adjacent channel interference will not occur and spectrum efficiency of MR signal/channel will not be affected. 

Proposal 33: From gNB perspective, LP-WUS and signals/channels used by MR can be different carriers in the band. 

· Details on the LP-WUS location within a carrier
In general, LP-WUS with configurable frequency resource allocation can better adapt to different deployment scenarios and can coordinate the configuration of MR signal/channels and LP-WUS on frequency domain. If the position for LP-WUS in fixed, the blocking issue would be severe. 

Proposal 34: Configurable LP-WUS frequency location within a carrier can be supported. 

· Band can be different than band of signals/channels used by MR

If hardware for LP-WUS receiver and MR are separate, it is unnecessary to restrict the band of the two types of receiver to be same.
In addition, if the band of MRs is in frequency of 2.6 GHz, band in frequency of 700 MHz can be configured for LP-WUS to improve the coverage of LP-WUS to compensate for the coverage loss of the LP-WUS. However, if MR and LP-WUS support different bands how the LP-WUS or MR performs inter-band RRM measurement needs to be further considered.

Proposal 35: If hardware for LP-WUS receiver and MR are separate, it is unnecessary to restrict the operating band of the two types of receiver to be same.
· LP-WUS association with BWP

If hardware for LP-WUS receiver and MR are separate, it is not foreseen that an association with BWP is needed. If the WUR has the separate implementation or the implementation does not require the WUR should operate in this same BWP, there is also no need to set an association with BWP.

For a RedCap UE with 20MHz bandwidth, if LP-WUS/LP-SS and the MR share the same BWP, the common resources, e.g., SSB and LP-SS/LP-WUS would occupies massive resources in this BWP, which may seriously impact the transmission efficiency. Additionally, an LP-WUS can be independently configured with one BWP to ensure the LP-WUS detection performance with No adjacent channel interference. 
Proposal 36: If hardware for LP-WUS receiver and MR are separate, no strong necessity is foreseen to associate the LP-WUS with a BWP.
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)

If the bandwidth of LP-WUS is relatively large, for example, 5 MHz, it is not suitable to be configured in the Guard band since the current GBs of NR do not support such a large bandwidth.
Proposal 37: If the BW of the LP-WUS is up to 5MHz, the NR guardband may be not enough to transmit the LP-WUS.
7.3. Other aspects
Whether to receive LP-WUS when MR-on in connected mode 

After the MR wake up by LP-WUS, it seems the WUR can be turned off to save power. However, once the WUR is turned off, how to enable the WUR to keep monitoring needs to be discussed. For example, when MR decides to sleep, the MR sends the message to the WUR indicating that the WUR needs to keep monitoring.

If the WUR keeps monitoring, once the WUR receives another wake-up indication, how does the UE response? Is it possible for the UE to sleep according to the wake-up indication or just ignore this? If another LP-WUS is ignored, there is no need to keep monitoring the LP-WUS.

Proposal 38: Discuss whether to continue to monitor the LP-WUS and corresponding UE behavior when MR is on after detecting LP-WUS.

Procedures when LP-WUS is missed

In connected mode, when LP-WUS is missed, the gNB can confirm that if the gNB does not receive the PUCCH for ACK/NACK. In this case, the delay would be a little bit large.

In idle mode, when LP-WUS is missed, the gNB cannot identify that before UE connects to the network. If the WUR cannot detect the LP-WUS for a long time, the UE may need to wake up to make sure that it is still in this cell.

Proposal 39: Discuss the procedures when the LP-WUS is missed.
8. Conclusions 
In this contribution, we have discussed issues on L1 signal design and related procedure for LP-WUS. We make the following observations and proposals:

Observations
Observation 1: Alt 1 can be used for performance comparison for Option OOK-1,2,3,4 and Option FSK-1,2 with LP-WUS bandwidth 5M and same time domain resources.

Observation 2: Current LP-WUS assumption of frequency resource and time domain resources are not aligned between OFDM based waveform and OOK/FSK.

· For example, LP-WUS bandwidth for OOK/FSK is assumed as 5MHz and LP-WUS bandwidth for OFDM for SSS is assumed as 127 subcarriers 

Observation 3: Simulation result of MDR/FAR vs Total energy can reflect the performance gain/loss between different waveform schemes.

Observation 4: PAPR may have impact on gNB and envelope detection, PA and ADC at the WUR, which would further impact the LP-WUS performance.
Observation 5: For Option OOK-4 generation, adding phase randomization in the step of generating N samples from M bits can flatten the corresponding spectrum.
Observation 6: For Option OOK-4 generation, adding phase randomization in the step of generating N samples from M bits can improve LP-WUS detection performance by achieving frequency diversity by flattening its spectrum. 
Observation 7: For Option OOK-4 generation, if phase randomization is supported the PAPR of the waveform is increased.

Observation 8: For envelope detection, input signal with larger PAPR will have negative impact on envelope detection.

Observation 9: For Option OOK-4, based on the restriction of constant transmitting energy within LP-WUS payload transmission,

· For the same code rate, the priority of value of M is (M=4) > (M=8) > (M=2);

· For the same value of M, the priority of Manchester code rate is (Code Rate=1/2) > (Code Rate=1/4)

Observation 10: LP-WUS detection performance with ADC bits number >= 4 is very close to that of Ideal ADC.

Observation 11: For LP-WUS with bandwidth of 4.32MHz (i.e.,12 RBs with SCS=30KHz), 

· LP-WUS detection performance with sampling rate=3.84MHz has a significant gap to that of No downsampling;

· LP-WUS detection performance with sampling rate=15.36 or 7.68MHz is very close to that of No downsampling.
Observation 12: For LP-WUS detection, guardband of 11SCs can mitigate up to 3dB ACI.
Observation 13: For LP-WUS detection, Guardband=24SCs@ACI=10dB has only 3dB performance loss at BLER=1% compared with the case of Guardband=11SCs@ACI=0dB.
Observation 14: Under the restriction of constant time-frequency resources and transmitting power, assuming No Time/Frequency error,

· For Option OOK-1, since CP is added for each OOK symbol, ISI caused by multi-path delay of fading channel can be solve and the performance of the Option OOK-1 is slightly better than that of the Option OOK-4.
· For Option OOK-2, since the bandwidth of LP-WUS is reduced, the envelop performance will be obviously affected. Therefore, LP-WUS detection performance will be degraded.
Observation 15: For LP-WUS with Option OOK-1, OOK-2 and OOK-4, the capability of mitigating impact of frequency error is, Option OOK-1 > Option OOK-4 > Option OOK-2.

Observation 16: For Option OOK-1, Option OOK-2 and Option OOK-4, capability of mitigating impact of time error is Option OOK-2 > Option OOK-1> Option OOK-4.
Observation 17: Under the restriction of constant time-frequency resource allocation and same transmitting power, if no time/frequency error is assumed, the MDR of longer LP-WUS preamble sequence and shorter LP-WUS preamble sequence are nearly the same.

Observation 18: For MC-FSK with parallel homodyne receiver architecture, if M>=2, MC-FSK detection performance will be degraded obviously.

Observation 19: It is observed that the required SNR values at BLER=10% based on receiver 1 becomes smaller with the increase of the length of ZC sequence under ideal case.
Observation 20: If LP-WUS information is carried by different sequence, for MC-OOK and MC-FSK based LP-WUS receiver, it is recommended that Alt 1 can be used to carry very limited information, such as 1 bit as a starting point.
Observation 21: If LP-WUS information is carried by different sequence, for CP-OFDM based receiver, the supported number of multiple sequences depends on the simplification level of CP-OFDM based receiver.

Observation 22: If LP-WUS information is carried by encoded bits, a larger size of payload can be supported for LP-WUS, and CRC is necessary to ensure a lower BLER of the payload detection.
Observation 23: UE can implicitly determine according to LP-SS or whether LP-WUS is received in a long time.

Observation 24: Periodic LP-SS means the signal can be transmitted once every T time.
Observation 25: Aperiodic sync signal separate from LP-WUS is appropriate for always-on monitoring.
Proposals:
Proposal 1: For more flexible waveform comparison, comparable EPRE and time/frequency resources should be kept.
Proposal 2: It needs to evaluate whether the PAPR for LP-WUS exceeds the current NR signal’s PAPR, whether high PAPR has impacts on WUR especially for envelope detector, PA and ADC.

Proposal 3：Confirm WA as following
· 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

· Alt 1:

· average EPRE within the time/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)

· Alt 2:

· average EPRE within the time/frequency resources used for LP-WUS (including any guard bands)

· SNR is calculated as average EPRE divided by power of noise

· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.

· PAPR applicable to LP-WUS

· FFS: false alarm probability/rate
· FFS: misdetection probability/rate

               are kept comparable. 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.
Proposal 4: Whether to consider Ripple&Peak clipping effects of envelope detection in the evaluation of LP-WUS should be discussed. 
Proposal 5: The maximum value of LP-WUS RE power boosting should be considered.

Proposal 6: At least 4-bit ADC is supported for MC-OOK based LP-WUS transmission.
Proposal 7: For LP-WUS with bandwidth of 4.32MHz (i.e.,12 RBs with SCS=30KHz), sampling rate 7.68MHz is prioritized.
Proposal 8: For LP-WUS detection, guardband with at least 1PRB should be configured at each side of LP-WUS and detailed guardband size can be configured by gNB in accordance with the strength of ACI.
Proposal 9: Discuss several raw information bits for waveform comparison.
Proposal 10: Do not consider the cell selection directly based on the RSRP/RSRQ of LP-SS in Rel-18

· LP-SS is only used for measurement assistance, which means if LP-SS performance becomes worse, the MR wake up and fall back to legacy measurement procedure.
Proposal 11: Consider the LP-SS for serving cell measurement assistance and deprioritize LP-SS for neighbor cell measurement.
Proposal 12: Regarding measurement metrics

· For OOK, RSRP, RSRQ, SINR definition could be adapted.

· For MC-FSK with OOK, RSRP, RSRQ, SINR definition could be also adapted. 

· For OFDM sequence-based receiver, discuss whether RSRP, RSRQ, SINR could be reused.
Proposal 13: Consider three RRM relaxation mechanisms in idle/inactive state
· Mechanism 1: UE performs relaxed RRM measurement for serving cell based on SSB and LP-SS. 

· Mechanism 2: UE performs relaxed RRM measurement for serving cell based on LP-SS assistance

· Mechanism 3: UE performs relaxed RRM measurement for serving cell based on SSB without LP-SS assistance

Proposal 14: Activation/deactivation of LP-WUS function via gNB is the baseline in idle/inactive mode.

· Further consider UE based criterion for activation/deactivation of LP-WUS function
Proposal 15: Consider to monitor PEI or PO after UE receives LP-WUS.
Proposal 16: Consider the dynamic PO to reduce the latency.

Proposal 17: Activation/deactivation of LP-WUS function via gNB is the baseline in connected mode.

Proposal 18: LP-WUS monitoring in connected mode can be used to replace PDCCH or RRC signalling for the indication of UE power saving mechanisms.
Proposal 19: In connected mode, the study on LP-SS for replacing SSB/CSI for RLM or BFR is not considered in R18.

Proposal 20: Take Table 4 into account for duty cycle and continuous monitoring comparison.

Proposal 21: For LP-WUS,
· For connected mode, always-on monitoring should be supported.

· For idle/inactive mode, always-on and duty cycle can be supported. 
Proposal 22: For idle/inactive mode, the system information modification, ETWS can be carried via LP-WUS 

Proposal 23: For connected mode, the information corresponding to the power saving mechanisms can be carried via LP-WUS
Proposal 24: Alt 3 can be further considered for signal structure design

· Alt 3: by sequence(s) detection/selection and encoded bits
Proposal 25: Study the following signal structure for LP-WUS

· Alt 1: LP-WUS consists of only sequence(s). 
· Alt 2: LP-WUS consists of only encoded bits.

· Alt 3: LP-WUS consists of preamble and encoded bits.

Considering the following aspects

· UE specific or group specific
· Synchronization
· Training

· Check bits

· Boundary positioning

Proposal 26: Study the following signal structure for LP-SS

· Alt 1: LP-SS consists of only preamble. 
· Alt 2: LP-SS consists of preamble and corresponding payload.

Proposal 27: LP-SS information may include system information modification, ETWS.

Proposal 28: If the LP-WUS or LP-SS has better coverage than bottle neck channel, there is no necessity to enhance the coverage.

Proposal 29: Study some potential coverage enhancement for LP-SS has higher priority than LP-WUS.

Proposal 30: For coverage enhancement candidate techniques,

· Power boosting and frequency hopping can be considered as the first priority.

· Lower data rate and repetition in time can be considered as the second priority.

· Channel coding and interleaving, and increased antennas is not suggested to be equipped at WUR side

· FFS: interleaving
Proposal 31: Consider the following cases for fallback when LP-WUS coverage is insufficient

· Case1：LP-SS is available, LP-SS satisfies the coverage threshold and WUR does not receive LP-WUS in a long time.

· Case2：LP-SS is available, LP-SS does not satisfy the coverage threshold

· Case3: LP-SS is not available.
Proposal 32: For synchronisation signal used by LP-WUR,

· Aperiodic synchronisation signal can be transmitted separately from LP-WUS

· periodic LP-SS means the signal can be transmitted once every T time

· For aperiodic synchronisation+ periodic synchronisation signal, both aperiodic LP-SS as part of periodic LP-SS or separate from periodic LP-SS can be considered. 
Proposal 33: From gNB perspective, LP-WUS and signals/channels used by MR can be different carriers in the band. 

Proposal 34: Configurable LP-WUS frequency location within a carrier can be supported. 

Proposal 35: If hardware for LP-WUS receiver and MR are separate, it is unnecessary to restrict the operating band of the two types of receiver to be same.
Proposal 36: If hardware for LP-WUS receiver and MR are separate, no strong necessity is foreseen to associate the LP-WUS with a BWP.
Proposal 37: If the BW of the LP-WUS is up to 5MHz, the NR guardband may be not enough to transmit the LP-WUS.

Proposal 38: Discuss whether to continue to monitor the LP-WUS and corresponding UE behavior when MR is on after detecting LP-WUS.

Proposal 39: Discuss the procedures when the LP-WUS is missed.
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10. Appendix A

Table A-1. Simulation assumptions for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz for OOK, FSK and OFDM.

	Waveform
	OOK, FSK, OFDM

	Channel structure
	For OOK and FSK, the following two Options are supported in LLS

· Option 2: Sequence only,

· Option 3: Payload+CRC,

For OFDM receiver, sequence-based OFDM signals/channels are supported in LLS.

	Payload size
	24bits data + 8 bits CRC

	Sequence
	8- Length preamble Sequence with [0 1 0 1 0 1 0 1] as baseline;

16-Length,32-Length and 64-Length preamble sequence with repetitions of the 8-length preamble sequence are also supported; 

	Coder scheme
	No coding, Manchester coding 1/2, Manchester coding 1/4

	SCS of OFDM generator for NR signal
	30kHz

	Configuration for LP-WUS signal
	For OOK waveform,

· Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)

· Option 3: M=1 and SCSs = 120kHz

· Note: M is referred to the definition of “M” in the agreements for OOK-1/2/3/4 and FSK-1/2

For FSK waveform,

· Option 2b: M =2/4 for SCS = 30 kHz (same as NR signal)

· Note: M is referred to the definition of “M” in the agreements for OOK-1/2/3/4 and FSK-1/2

For OFDM receiver, ZC sequence with different root u are simulated: 
· the length of the root sequence is as following:

· 11 for 1RB LP-WUS

· 71 for 6RBs LP-WUS

· 119 for 12RBs LP-WUS


	WUS duration
	Based on payload size and coding scheme or the length of preamble sequence

	MDR/FAR assumption
	· The miss-detection rate (MDR) of LP-WUS 1%,

· The false-alarm rate (FAR) of LP-WUS

· 0.1%

· FAR target is 
· Alt 1: FAR target is determined per single WUS attempt/trial,

For the calculation of MDR, firstly, LP-WUS is always transmitted at transmitter, secondly at receiver if the sequence correlation result exceeds a configured threshold it is determined as a successful detection. Otherwise, it is determined as a missing detection. Wherein,the value of the threshold is decided by the following steps.

Step1: simulation time equals to N, and LP-WUS is not transmitted at transmitter; 

Step2: At receiver, for each simulation time the sequence correlation result is stored;

Step3: For the sequence correlation results, (X), Y=CDF(X) is used to calculate the cumulative distribution of X;

Step4: The value of X at Y=(1-FAR) is used as the configured threshold, where CDF is Cumulative Distribution Function.

	gNB Channel BW 
	20MHz and with Normal CP=2.344us。

	LP-WUS BW
	Option 1:

· 5MHz including subcarriers for guard band

· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS

· 11 subcarriers with 30KHz SCSs are used for guardband on each side of LP-WUS

	Filter 
	3rd order Butterworth LPF

· Filter bandwidth =4.32/2 MHz,

· cutoff frequency = 4.98/2 MHz

	Adjacent subcarrier interference
	PDSCH with randomly modulated QPSK mapped on resources other than that for WUS and guard band; 

EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline, ρ= {3, 6，10} dB are also supported

	Sampling Rate
	30.72/15.36/7.68/3.84 MHz

	ADC bit width
	1-bit, 4-bit, 8-bit, ideal 

	Channel Model
	TDL-C 300ns

	Number of Rx for LP-WUS
	1 Rx

	UE speed
	3 km/h

	Inter-cell interference
	No

	Phase noise modeling
	No

	Oscillator max frequency error 
	200ppm

	Oscillator max time error
	[0, 1us, 2us, 3us]
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