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1. Introduction
In RAN1#112 meeting, physical signal design and procedure for low power WUS was discussed, and some agreements were made [1]. In this contribution, we will provide our further considerations on the physical channel design, and potential functionalities and procedures for LP-WUS.
2. Physical signal Design
1. 
2. 
2.1. Waveform/Modulation 
In last previous meetings, four OOK waveform generation methods were agreed. In this section, we will further discuss the details of these 4 methods.
· OOK-1: Single-bit in 1 OFDM symbol
For OOK-1, one on/off chip is mapped to one OFDM symbol. A predefined sequence, e.g., ZC sequence, can be mapped to REs to modulate ‘on’ chip in time domain, and zeros are mapped to the REs to modulate ‘off’ chip. The SCS of OFDM symbol used for LP-WUS generation can be the same as the SCS used for other NR transmissions. Hence, LP-WUS with OOK-1 can well co-exist with legacy NR DL channels, and the impact on existing NR OFDM generator is marginal. However, the chip rate of the OOK signal in OOK-1 highly depends on the SCS of OFDM symbol used for LP-WUS generation. For example, if the SCS is 30kHz, the chip rate of the OOK signal is less than 28k chips/sec. The data rate of LP-WUS is even lower if additional overhead (e.g., Manchester code, CRC bits, and etc.), is considered.
[bookmark: OB1]Observation 1: For OOK-1, the data rate/chip rate of LP-WUS highly depends on the SCS of OFDM symbol used for LP-WUS generation.
In 802.11ba [4], the OOK signal is generated by mapping sequences on a set of REs in comb pattern in frequency domain. The time domain signal is repeated within an OFDM symbol. Multiple on/off chips can be generated by setting part of the time domain repetitions to zero. In 802.11ba, the wake-up signal is not designed to be FDMed with other DL signals, erasing part of the time domain signal would not lead to any co-existence issues. However, multiplexing of LP-WUS and legacy NR DL signals in FDM manner should be supported for better resource efficiency in cellular system. Erasing the time domain signal is not feasible.
Alternatively, to increase the data/chip rate of OOK, higher SCS can be used to generated shorter on/off chips. As shown in Figure 1, additional IFFT is introduced to generate the OOK waveform, and the time domain signal of the OOK signal is multiplexed afterwards with that for the legacy DL channels. Thus, the LP-WUS can be FDMed multiplexing with NR signals of different SCS, with additional gNB implementation complexity.  


[bookmark: _Ref127562289]Figure 1. Generation of MC-OOK waveform for high chip rate using additional IFFT branch
[bookmark: OB2]Observation 2: For OOK-1, separate IFFT branch corresponding to higher SCS than that of NR signal can be used to achieve higher data rate, with the cost of additional gNB implementation complexity. 
For option OOK-1, the spectrum can be uniformly distributed in the allocate resources, e.g., when ZC sequence is mapped in frequency domain to create on pulse.
[bookmark: OB3]Observation 3: For OOK-1, uniformly distributed frequency spectrum density can be achieved.
[bookmark: PP1]Proposal 1: To capture the following observations for OOK-1 in TR38.869. 
	TP for OOK-1.
For OOK-1, the data rate/chip rate of LP-WUS highly depends on the SCS of OFDM symbol used for LP-WUS generation. Separate IFFT branch corresponding to higher SCS than that of NR signal can be used to achieve higher data rate, with the cost of additional gNB implementation complexity. Uniformly distributed frequency spectrum density can be achieved.



· OOK-2: Parallel M-bit OOK in frequency domain
For OOK-2, OOK waveform are generated by multiple parallel OOK generation branches. In each branch of OOK-2, the OOK waveform can be generated by either OOK-1 or OOK-4. Hence, OOK-2 provide additional ways to exploit more frequency resources for higher data rate or frequency diversity. To achieve the benefits from OOK-2, multiple parallel OOK receiver branches are required.
[bookmark: OB4]Observation 4: OOK-2 provides additional ways to exploit more frequency resources for higher data rate or frequency diversity.
[bookmark: PP2]Proposal 2: To capture the following observations for OOK-2 in TR38.869. 
	TP for OOK-2.
For OOK-2, OOK waveform are generated by multiple parallel OOK generation branches. In each branch, the OOK waveform can be generated by either OOK-1 or OOK-4. Hence, OOK-2 provide additional ways to exploit more frequency resources for higher data rate or frequency diversity. To achieve the benefits from OOK-2, multiple parallel OOK receiver branches are required.



· Option OOK-3: Multi-tone single-bit OOK
For option OOK-3, single sub-carrier of each segment is used for one UE, providing potential frequency diversity and multiplexing of LP-WUS targeting different UEs. However, at receiver side, it requires to subtract the signal carried by single sub-carrier of each segment, which requires signal processing in frequency domain. When the frequency error exceeds the spacing between two adjacent sub-carriers in one segment, the signal cannot be detected correctly. 
[bookmark: OB5]Observation 5: OOK-3 is susceptible to frequency error.
Further, as single sub-carrier of each segment is used, the total transmission power allocated for each LP-WUS transmission maybe limited. Hence, the reliability of OOK-3 based LP-WU is degraded. Besides, the waveform generated by single sub-carrier transmission within certain frequency range may violate the RAN4 requirements of gNB Tx RE dynamic range as given in following table. To achieve reliable detection performance, up to 4 dB sub-carrier level power boosting according current requirements, seems not sufficient. Besides, since some of the sub-carriers are left empty, it is not clear how OOK-3 can fulfill the gNB Tx RE power dynamic range requirement.
RE power control dynamic range (in TS38.104, Table 6.3.2.2-1)
	Modulation scheme used
	RE power control dynamic range (dB)

	on the RE
	(down)
	(up)

	QPSK (PDCCH)
	-6
	+4

	QPSK (PDSCH)
	-6
	+3

	16QAM (PDSCH)
	-3
	+3

	64QAM (PDSCH)
	0
	0

	256QAM (PDSCH)
	0
	0

	NOTE:	The output power per carrier shall always be less or equal to the maximum output power of the base station.



[bookmark: OB6]Observation 6: OOK-3 may not fulfill RAN4 requirement on gNB Tx RE dynamic range.
[bookmark: _Hlk135048479][bookmark: OB7]Observation 7: OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS.
[bookmark: PP3]Proposal 3: OOK-3 is not considered further. 
[bookmark: PP4]Proposal 4: To capture the following observations for OOK-3 in TR38.869. 
	TP for OOK-3
OOK-3 is not considered further for LP-WUS, due to following reasons. OOK-3 is susceptible to frequency error. OOK-3 may not fulfill RAN4 requirement on gNB Tx RE dynamic range. OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS.


· Option OOK-4: Transform M-bit OOK in time domain
Following agreement has been reached for OOK-4. 
	Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation


Regarding the block ‘signal generation and modification’ in OOK-4, signal modification can be applied for to make PSD of LP-WUS flatter.
In OOK-4, if we want to transmit two bits [1 0], we need first up-sample it to [1,…,1,0,…,0] of length N, where N≥K, the size of N is up to implementation, K is the number of DFT points, which is also equal to the number of REs of the WUS bandwidth. Next, we use pre-DFT module or pre-distortion module to generate frequency domain information, and then map frequency domain information to OFDM subcarriers. But in this way, the power spectrum density of LP-WUS in frequency domain is centralized in a very narrower bandwidth as shown in Figure 2, which is quite sensitive to the frequency selectivity. 
In order to solve this problem, one solution is to scramble the phase of the time domain signal before DFT. For example, we can multiply a ZC sequence or the up-sample form of the ZC sequence on each up-sample chip before pre-DFT module or pre-distortion module to adjust the spectral shape. By selecting the appropriate ZC sequence length and up-sampling method, the time domain information is scrambled, and the phase rotation of the time domain information can cause the frequency domain information to be shifted, thus flatter the PSD. As shown in Figure 3, the signal power is more evenly distributed within the allocated bandwidth after phase scrambling, and the RE dynamic range is between {-3.42, 1.41} dB, which fulfills emission requirements for existing NR DL channels.
[bookmark: OB8]Observation 8: Regarding the block ‘signal generation and modification’ in OOK-4, signal modification can be used to make the PSD of LP-WUS flatter to ensure good detection performance in frequency selective channels and intercell interference mitigation/randomization.

[image: ] 
[bookmark: _Ref127520512]Figure 2. PSD and time domain waveform of MC-OOK signal generated by OOK-4

[image: ]
[bookmark: _Ref131789781]Figure 3. PSD and waveform of MC-OOK signal generated through OOK-4

In previous meetings, how to handle CP for OOK-4 was raised, especially when the CP length is comparable or even longer than the on/off chip duration when number of segments within each OFDM symbol M is large.
If UE maintains good timing synchronization, UE can simply discard the CP part in the received signal, the impact of CP part can be eliminated. If timing synchronization cannot be well maintained by oscillator, some additional signal for sync, e.g., preamble part, should be provided in the LP-WUS signal. UE correlates the local sequence with the received signal, and the local sequence is padded with a number of zeros samples corresponding to the CP length. Thus, the impact of CP part in timing search can also be eliminated. No additional handling of CP part is needed at gNB transmitter for OOK4, the impact of CP part can be avoided with proper UE implementation.
[bookmark: OB9]Observation 9: No additional handling of CP part is needed at gNB transmitter for OOK4, the impact of CP part can be avoided with proper UE implementation.

[bookmark: PP5]Proposal 5: To capture the following observations for OOK-3 in TR38.869.
	TP for TR38.869 on OOK-4 optimization for PSD flattening
For OOK-4, signal modification can be used to adjust the spectral shape of LP-WUS for a flatter power spectral density, to ensure good detection performance in frequency selective channels and intercell interference mitigation/randomization. The possible signal modification methods to adjust the spectral shape of LP-WUS may include multiplying a ZC sequence on each up-sampled chip before pre-DFT module or pre-distortion module. No additional handling of CP part is needed at gNB transmitter for OOK4, the impact of CP part can be avoided with proper UE implementation.



2.2. Frequency Placement of LP-WUS 
Following agreements were made on placement of LP-WUS.
	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 carrier/ band
Since the LP-WUS is received in a separated radio in UE receiver, it is feasible for WUR to receive LP-WUS in a different carrier/band than that for MR. 
Considering WUR may also perform RRM measurements offloaded from main radio to reduce the overall power consumption. If LP-WUS and NR are operated on different band/carrier, the measurements on WUR may not be used as good reference for link quality of the NR serving cell. In this case, RRM measurements on Main radio cannot be completely offloaded to WUR, meaning that the MR should still perform some relaxed measurements to obtain the link quality of the serving cell . On the contrary, the MR RRM measurement results cannot be used as good reference for link quality of LP-WUR on a separate carrier/band, therefore some measurements shall also be performed by LP-WUR to obtain the link quality at least for fallback purpose, i.e. UE fallback to legacy I-DRX operation if the LP-WUR link quality is not good enough. 
[bookmark: OB10]Observation 10: It is feasible for WUR to receive LP-WUS in a different carrier/band than that for NR.
[bookmark: OB11]Observation 11: If LP-WUS and NR are operated on different band/carrier
· MR may have to perform relaxed RRM measurements to maintain the NR serving cell link in a power efficient way. 
· LP-WUR may also need to perform measurement at least for fallback purpose. 

· LP-WUS association with BWP
In NR, various parameters can be configured under RRC parameters for BWP configuration, and BWP framework is introduced not only for configure the operating bandwidth of main radio, it is also used to indicate parameters for different physical channels, enabling different functionalities, and etc. 
For LP-WUS transmission, the frequency location of LP-WUS seems not need to be restricted by the BWP of the main radio, even if they are within the same carrier. Besides, the functionality supported by LP-WUS for RRC IDLE/Inactive/Connected states, e.g., paging indication, PDCCH monitoring adaptation, seems not so complicated, association LP-WUS with BWP seems not necessary. However, it is not urgent to discuss the relationship between LP-WUS and BWP, and this issue can be left to WI.
[bookmark: PP6]Proposal 6: It is not urgent to discuss the relationship between LP-WUS and BWP, and this issue can be left to WI.
2.3. [bookmark: _Ref115367481]Signal/channel structure for LP-WUS and LP-SS
1. 
2. 
2.1. 
2.2. 
2.3. 
· Signal/channel structure for LP-WUS
	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).


Synchronization is critical for LP-WUS detection, especially for the case when information is carried by encoded bits. If LP-WUR uses a low accuracy clock to keep lower power consumption, it may not keep precise synchronization with gNB, in such case one or more sequence(s) should be preceded to WUS information to facilitate LP-WUR to reliably determine the start timing of the encoded bits. 
[bookmark: PP7]Proposal 7: It is recommended to support a LP-WUS structure with wake-up information preceded by one or more pre-known sequence(s).
· Signal/channel structure for LP-SS
	Agreement
Study synchronization 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


As discussed above, one or more pre-known sequence(s) included as part of LP-WUS is beneficial to provide synchronization for WUS information detection. Besides the aperiodic synchronization signal, periodic signal can be transmitted separately from LP-WUS, which serves for synchronization and RRM measurement purpose. And, for the two purposes, a unified design on periodic signal (LP-SS) for both synchronization and measurements can be considered to save network overhead. The periodicity of LP-SS can be determined as a trade-off between measurement performance and network overhead. Further, for synchronization purpose,  aperiodic synchronization signal and periodic synchronization signal can be used together by the LP-WUR, i.e., the periodic synchronization signal with large periodicity provides coarse sync and the aperiodic synchronization signal provides fine sync. 
The following structure of LP-SS can be considered:
· Alt 1: sequence(s) 
· Alt 2: sequence(s) followed by encoded bits (with CRC)  
[bookmark: _Hlk134820047][bookmark: PP8]Proposal 8: It is recommended to support a unified periodic signal with sparse periodicity (LP-SS) for LP-WUR synchronization and measurement purposes. Potential alternatives of LP-SS structure could be: 
· Alt 1: sequence(s) 
· Alt 2: sequence(s) followed by encoded bits (with CRC)  
2.4. Link performance evaluation for LP-WUS
· Whether to align parameter for different schemes
The followings are agreed and some are for further discussion.
	Agreement (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.
Agreement (RAN1#112bis)
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



· How to model SINR
In LLS for NR signal/channels, the SINR is defined per RE level, i.e., per RE signal power divided by per RE interference and noise power. Similarly, for LP-WUS reusing OFDM generator, the SINR can be defined per RE level. 
For OOK-1, each OFDM symbol is used to create one on/off chip, assuming on and off chips are equally distributed, e.g., when Manchester code is used, the power allocated to on pulse can be two times of the average RE power to achieve certain average SINR.
For OOK-4, multiple on/off chips are transmitted within each OFDM symbol, and different combinations of on/off chips can be generated by using the same RE resources. If on/off chips are equally distributed within one OFDM symbol, e.g., when Manchester code is used, the amplitude/power for on chips is consistent across OFDM symbols, the SINR in each OFDM symbol is equivalent to average SINR. 
However, if the number of on chip and that of off chip is not equal in each OFDM symbol for option OOK-4, e.g., 3 on chips with 1 off chip, or 1 on chip with 3 off chips within one OFDM symbol, the amplitude/power for on chip is not consistent across OFDM symbols if the transmission power for each OFDM symbol is consistent, additional scaling on each OFDM symbol is needed to align the amplitude/power for on chips. Hence, for option OOK-4, in which multiple on/off chips are transmitted within one OFDM symbol, equally distributed on/off chips within one OFDM symbol is preferred.
[bookmark: OB12]Observation 12: For LP-WUS generated by reusing OFDM generator, the SINR can be defined per RE level, same as NR signal/channels.
[bookmark: OB13]Observation 13: For OOK-1, assuming ‘on’ and ‘off’ chips are equally distributed, the power allocated to ‘on’ chip can be two times of the average RE power to achieve certain average SINR. However, this may not be possible in gNB implementation due to no power pooling across OFDM symbols. 
[bookmark: OB14]Observation 14: For OOK-4, if ‘on’ and ‘off’ chips are equally distributed within one OFDM symbol, the amplitude/power for ‘on’ chip is consistent across OFDM symbols, the SINR in each OFDM symbol is equivalent to average SINR.
[bookmark: OB15][bookmark: _Hlk131757150]Observation 15: For OOK-4, if ‘on’ and ‘off’ chips are not equally distributed within one OFDM symbol, the amplitude/power for ‘on’ chip is not consistent across OFDM symbols, additional power scaling on each OFDM symbol is needed to align the amplitude/power for ‘on’ chip, which increases the complexity of gNB power allocation. 
[bookmark: PP9]Proposal 9: For OOK-4, an equal number of “ON” and “OFF” chips within each OFDM symbol should be supported. 
2.4.1. Sequence Length for LP-WUS structure with preamble  
For sequence detection, e.g., the preamble sequence of the LP-WUS for the purpose of sync or identification, it is always beneficial to have a longer OOK sequence with the overhead increasing. With the support of better detection accuracy, e.g., multiple-level ADC, it is expected that the OOK sequence can overcome the interference impact. The simulation assumptions are listed in Appendix A Table 1.
	[image: ]
(a) Config1-56kcps 
	[image: ]
(b) Config1-112kcps 



[bookmark: _Ref131789455]Figure 4. Performance of LP-WUS with different preamble length
[bookmark: OB16]Observation 16: For LP-WUS structure with preamble part using OOK waveform, the preamble part with at least 16 chips can achieve reliable synchronization performance.

2.4.2. LP-WUS OOK-4  detection performance impacted by different factors
In this section, we evaluate the LLS performance impact of OOK-4 based LP-WUS design, due to multiple factors, including
· Phase noise
· Frequency error
· ADC bit width 
· Sampling rate
· Power boosting
· Manchester Coding 
· Chip Rate
· Payload size
· Frequency domain repetition. 
And more evaluation assumptions listed in Appendix A

a) Phase Noise
[bookmark: OLE_LINK98]In IEEE 802.11ba, a phase noise modelling for a free-running oscillator is introduced, the detailed modeling procedure is described in [6]. The phase noise model includes five different distinct noise processes, and only “white frequency noise” is considered in the phase noise model. Taken the power consumption of LP-WUR into account, we use 2.6GHz 120-uW to calculate the constant c=2.42*10^-16 and 2.6GHz 1-mW to calculate the constant c=2.93*10^-17. The constant c determines the rate at which the variance of an oscillator increases with time due to the white frequency noise. The phase noise power spectral density can be seen in Figure 5
	[image: ]
(a) power = 120uW, c=2.42*10^-16
	[image: ] (b) power = 1mW, c=2.93*10^-17


[bookmark: _Ref134959125]Figure 5. Phase noise Power Spectral Density

	[image: ]
(a) option OOK-4 waveform(payload+CRC)
	[image: ]
(b) option OOK-4 waveform(sequence only)


[bookmark: _Ref134959175]Figure 6. Performance of OOK-4 waveform with Phase Noise
Figure 6 shows the impact of phase noise on the link performance of the OOK-4 waveform. Since the OOK receiver uses envelope detector, it is not sensitive to changes in phase noise, as shown in the figure above also validates this theory.
[bookmark: OB17]Observation 17: OOK-4 waveform is insensitive to phase noise.

b) Frequency error
In order to investigate the impact on performance due to frequency error, OOK-4 waveform with envelop detector is simulated. According to the simulation results, it is observed that there is little performance gap between 5ppm,10pppm and 50 ppm, and there is a 0.5dB performance loss at 200ppm, because the filter at the receivr will filters out part of the energy. Therefore, option OOK-4 waveform with envelop detector is insensitive to frequency error . 
	[image: ] (a) option OOK-4 waveform(payload+CRC)
	[image: ]
(b) option OOK-4 waveform(sequence only)


Figure 7. Performance of OOK-4 waveform with Frequency error
[bookmark: OB18]Observation 18: OOK-4 waveform with envelop detector is insensitive to frequency error.
c) ADC bit width
	[image: ] (a) option OOK-4 waveform(payload+CRC)
	[image: ]
(b) option OOK-4 waveform(sequence only)


[bookmark: _Ref134882428]Figure 8. Performance of OOK-4 waveform with different ADC bits width
Figure 8 shows the impact of ADC bit width on the link performance. This result shows that the 1-bit ADC performance is extremely poor, the 2-bit ADC has about 2dB performance loss than the 8-bit ADC, and the 4-bit ADC has been able to achieve the same performance as 8-bit ADC.
[bookmark: OB19]Observation 19: OOK-4 with 4 bit ADC can achieve good detection performance.

d) Sampling Rate
	[image: ]
(a) option OOK-4 waveform(payload+CRC)
	[image: ]
(b) option OOK-4 waveform(sequence only)


Figure 9. Performance of OOK-4 waveform with different Sampling Rate
It can be observed that the 15.36 MHz and 7.68MHz sampling rate has reached the performance limit, and the 3.84MHz sampling rate has a 1dB performance loss from the performance limit. Therefore, a 7.68MHz sampling rate can be considered as a good tradeoff between performance and receiver power consumption. 
[bookmark: OB20]Observation 20: For OOK-4, the sampling rate of 7.68MHz is a good tradeoff between performance and receiver power consumption. 
e) Power boosting
	[image: ]
(a) option OOK-4 waveform(payload+CRC)
	[image: ]
(b) option OOK-4 waveform(sequence only)


[bookmark: _Ref135053087]Figure 10. Performance of OOK-4 waveform with power boosting
Figure 10 shows the impact of power boosting on the link performance. we can see that the power boosting brings clear coverage gain for LP-WUS. It is a feasible way to enhance WUS coverage performance.
[bookmark: OB21]Observation 21: For OOK based LP-WUS, power boosting is an effective way to improve coverage. 

f) Manchester Coding and Chip Rate 
To compare the coding performance, we first adopt the following assumptions, different coding methods use the same chip rate, frequency domain resources and payload size. And the simulation assumptions are listed in Appendix A Table 3.
Config-1: 56kcps, 4.32MHz BW, preamble len-16, payload-12bits, CRC-8bits, NO coding, 15 symbols WUS duration 
Config-2: 56kcps, 4.32MHz BW, preamble len-16, payload-12bits, CRC-8bits, 1/2 Manchester coding, 28 symbols WUS duration 
Config-3:56kcps, 4.32MHz BW, preamble len-16, payload-12bits, CRC-8bits, 1/4 Manchester coding, 43 symbols WUS duration 

	[image: ]
(a) option OOK-4 waveform(ideal sync)
	[image: ]
(b) option OOK-4 waveform(preamble estimate)


Figure 11. Performance of OOK-4 waveform with different coding
In the case of ideal synchronization, the 1/4 Manchester coding has a performance gain of 2dB compared to the 1/2 Manchester coding, because of the repetition in the time domain. Compared with 1/2 Manchester coding,  a performance loss of 4dB is observed if coding is not applied.   
However, in the case of non-ideal synchronization, the 1/4 Manchester coding does not have 2dB gain compared to the 1/2 Manchester coding, because the timing synchronization performance of the 16-length preamble limits the decoding performance of the payload part .
[bookmark: OB22]Observation 22: OOK-4 based LP-WUS with 1/4 Manchester coding can bring a 2dB gain compared with 1/2 Manchester coding assuming ideal synchronization. However, the gain is reduced to 1dB for non-ideal synchronization case. 

For further study the impact of Manchester coding and chip rate on the option OOK-4 waveform, we have to ensure that the time and frequency domain resources, payload size, etc. are the same, and use the following configuration, and the simulation assumptions are listed in Appendix A Table 4.
Config-1: 28kcps, 4.32MHz BW, preamble len-8, payload-12bits, CRC-8bits, NO coding, 2 slot WUS duration 
Config-2: 56kcps, 4.32MHz BW, preamble len-16, payload-12bits, CRC-8bits, 1/2 Manchester coding, 2 slot WUS duration 
Config-3:112kcps, 4.32MHz BW, preamble len-32, payload-12bits, CRC-8bits, 1/4 Manchester coding, 2 slot WUS duration 
	[image: ]
(a) option OOK-4 waveform(ideal sync)
	[image: ]
(b) option OOK-4 waveform(preamble estimate)


Figure 12. Performance of OOK-4 waveform with different coding and chip rate
It can be observed that with the same payload and time-frequency domain resources in FigureX(a), the performance of 112kcps is the same as that of 56kcps, and 28kcps has a performance loss of about 1.5dB because of no coding. It shows that there is no significant performance gain between different chip rates with the same time-frequency domain resources. When ensuring the same time-frequency domain resources, 1/2 Manchester coding and 1/4 Manchester coding have the same coding gain.
[bookmark: OB23]Observation 23: When comparing different LP-WUS configurations, if same time-frequency domain resources is assumed, different chip rates or Manchester coding rates does not have a significant impact to the link level performance. 
g) Payload size
Given the same size of time-frequency domain resources, different payload sizes for OOK-4 based LP-WUS are evaluated as shown below, where more simulation parameters can be found in Appendix A table 5.
Config-1: 56/112kcps, payload-only: 6bits & CRC-8bits, 4 repetitions in time domain, 4/2 slots WUS duration 
Config-2: 56/112kcps, payload-only: 20bits & CRC-8bits, 2 repetitions in time domain, 4/2 slots WUS duration 
Config-3: 56/112kcps, payload-only: 48bits, CRC-8bits, no repetition in time domain, 4/2 slots WUS duration 
	[image: ]
(a) option OOK-4 waveform: 4 slots, 56kcps
	[image: ]
(b) option OOK-4 waveform: 2 slots, 112kcps


Figure 13. Performance of OOK-4 waveform with different payload size
It can be observed there is almost 3dB link performance loss at BLER 1%, when the payload size is double. 
[bookmark: OB24]Observation 24: Given the same size of time-frequency domain resources, there is almost 3dB link performance loss at BLER 1%, when the payload size is double.
h) Frequency domain repetition
In order to verify the performance impact of frequency domain repetition, we assume that multiple segments are transmitted in the frequency domain, each segment uses OOK-4 to generate waveforms, and there is a 1RB guard bandwidth between each WUS bandwidth. For more simulation parameters, see table 6 in Appendix A.
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(a) option OOK-4 waveform-56kcps
	[image: ]
(b) option OOK-4 waveform-112kcps



Figure 14. Performance of OOK-4 waveform with different Frequency domain repetition
It can be observed that there is a performance gain of 3dB when repeating frequency domain resources 4 times compared to repeating 2 times, and there is a performance gain of about 3.5dB when repeating 2 times compared to repeating 1 time. Therefore, each repetition of frequency domain resources can bring 3dB performance gain.
[bookmark: OB25]Observation 25: Each repetition of frequency domain resources can bring about 3dB performance gain.

2.4.3.    Detection performance of OFDM sequence impacted by different factors
In this section, we evaluate the LLS performance of OFDM sequence based modulationLP-WUS, and the impacted by multiple factors which may impact the detection performance, e.g. phase noise, frequency offset, timing error, down sampling-rate, and ADC bit widthlength. And the simulation assumptions are listed in Appendix A Table 7. 
a) [bookmark: OLE_LINK4][bookmark: OLE_LINK5]ADC bit width
[image: ]
Figure 15. Performance of sequence based modulation waveform with different ADC bit lengths
It can be observed that the performance with 4bits ADC almost matches the performance with ideal ADC, which is similar to OOK waveform.
[bookmark: OB26]Observation 26: For OFDM sequence based  LP-WUS, 4bits ADC can achieve  similar performance as ideal ADC. 
b) Sampling rate
[image: ]
Figure 16. Performance of sequence based modulation waveform with different sampling rates
It can be observed that if the sampling rate is 3.84MHz, the performance would suffer almost 2.5dB loss at 1% BLER, and 7.68MHz would be suitable sampling rate for this waveform with such configuration.
[bookmark: OB27]Observation 27: For OFDM sequence based LP-WUS, the performance would suffer almost 2.5dB loss at 1% BLER target due to down sampling rate to 3.84MHz.
c) Timing error
[image: ]

Figure 17. Performance of OFDM sequence based LP-WUS with different timing error
In order to lower complexity and more practical, 4bits ADC is considered instead of ideal ADC. It can be observed that the performance of the cases with 1us or 2us timing error approaches the one without timing error, and the performance of the case with 4us timing error suffers 0.6dB loss.
[bookmark: OB28]Observation 28: For OFDM sequence based LP-WUS, the performance degrades around 0.6dB with 4us timing.
d) Phase noise
[image: ]
Figure 18. Performance of OFDM-sequence based LP-WUS with different phase noise
[bookmark: _Hlk135042659]In this evaluation, we choose phase noise model referring [6], with power consumption of LO as 120uW and 1mW,  taking c=0.24*e-15 and c=2.93*e-17, respectively. As seen in Figure 18, the performance loss  reaches almost 2.5dB at 1% BLER for the case with phase noise taking c=0.24*e-15 than without phase noise. While, the performance loss of the case with phase noise taking c=2.93*e-17 is marginal. Therefore, the detection performance of OFDM-sequence based LP-WUS can be significantly impacted by phase noise for candidate sequences with different roots, and the performance loss is almost 2.5dB.
[bookmark: OB29]Observation 29: For OFDM-sequence based LP-WUS, the detection performance  degrades around 2.5dB by phase noise for candidate sequences with different roots.

e) Frequency offset & timing error
[image: ]
Figure 19. Performance of OFDM-sequence based LP-WUS with different frequency offset & timing error
[bookmark: _Hlk135044162]In this evaluation, we compare the performance impact by frequency offset equal to 5ppm and timing error equal to 0/2/4 us. It can be observed that the performance loss due to frequency offset is significant, almost 3.5dB at 1% BLER for 0/2 us timing error and 2.2dB at 1% BLER for 4 us timing error. It is also observed that the detection performance of OFDM-sequence based LP-WUS is more sensitive to frequency offset than timing error. 
[bookmark: OB30]Observation 30: The detection performance of OFDM-sequence based LP-WUS degrades due to frequency error or time error, while the impact due to frequency error is larger. 
[bookmark: OB31]Observation 31: For OFDM-sequence based LP-WUS, e.g., ZC sequence, the detection performance is more sensitive to frequency error compared with OOK based LP-WUS. 

2.4.4. Comparison on the impacts on OOK-4 and OFDM sequence under different factors
As provided in section 2.5.1 and 2.5.2, the impacts on OOK-4 and OFDM sequence detection performance under different factors are discussed, which are summarized in following table. 
[bookmark: _GoBack]Comparison on the impacts on OOK-4 and OFDM sequence under different factors (ADC, time offset, phase noise, frequency error)
	
	OOK-4
	OFDM sequence

	ADC: resolution, sampling rate
	4-bit resolution, 7.68MHz sampling rate
	4-bit resolution, 7.68MHz sampling rate

	Time offset
	Insensitive with preceded sequence for sync
	Insensitive

	Phase noise
	insensitive
	Sensitive, e.g., 2.5dB performance loss at 1% BLER for 120uw free-running oscillator

	Frequency error
	insensitive
	Sensitive, e.g., 3.5dB at 1% BLER due to 5ppm 


2.5. Candidate scheme for Coverage enhancements for LP-WUS 
In RAN1#112 bis, candidate schemes for coverage enhancements for LP-WUS were discussed, and following agreements and intermediate proposals are made. In this section, we will provide our views for the candidate schemes.
	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.

FL5-Higher-Proposal-21a:
· Study techniques/mechanisms to enhance coverage performance of LP-WUS, in case enhancement is deemed needed, focus at least on 
· reducing payload size of LP-WUS 
· power boosting
· time domain solutions: repetition in time, interleaving in time
· frequency domain solutions: repetition in frequency, frequency-hopping
· channel coding
· code domain solutions: CDM between LP-WUSs
· FFS: increased number of receive antennas
· FFS: improve synchronization by reusing the existing NR reference signal
· For above, 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 is insufficient would be designed with coverage smaller than the coverage of NR
· 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. 


Power boosting is effective way to improve the coverage of physical channels. Besides, power boosting of LP-WUS may also overcome the interference impact from NR signals on adjacent sub-carriers.
Reducing information bits delivered by LP-WUS can also improve the coverage of LP-WUS. Configurable LP-WUS formats or payload size can be considered to allow trade-off between coverage, resource overhead and amount of information bits conveyed. NW can configure LP-WUS formats with minimum information bits to achieve better coverage of LP-WUS.
For time domain solutions, repetition in time is straightforward way at the expense of larger overhead and longer latency. Interleaving in time is also proposed in previous discussion, however it is typically used together with channel coding, suggest to discuss together with channel coding.
Channel coding is generally used to improve reliability/coverage of legacy NR channels. Considering the lower complexity of LP-WUR, channel coding schemes that allows low decoding complexity can be considered. Manchester code with or without repetition can be considered as a simple coding scheme.
For frequency domain solution, repetition in frequency domain can be supported by OOK-2. Larger BW can be allocated if LP-WUS transmission is repeated in frequency domain, which leads to higher transmission power and higher frequency diversity. However, UE should be capable of receiving LP-WUS with different BW, i.e., using filters with different BW or capable of receiving LP-WUS using multiple filters simultaneously. Frequency hopping is typically used together with time domain repetitions for ‘inter-slot’ frequency hopping, or channel coding should be supported for ‘intra-slot’ frequency hopping. Besides, whether there is frequency retuning gap between frequency hops should be carefully investigated.
The LP-WUR can detect the measurement signals (e.g., LP-SS or SSB) and trigger necessary procedure to indicate the main radio to wake-up and perform legacy operations. Conditions for triggering the necessary procedures can be e.g., signal strength of LP-SS and etc. 
[bookmark: PP10]Proposal 10: Following candidate solutions can be used to further improve the coverage of LP-WUS
· Power boosting
· Reduce the information bits carried by LP-WUS
· Channel coding schemes allowing low decoding complexity
· Time domain repetition and time interleaving
· Frequency repetition and frequency hopping

[bookmark: PP11]Proposal 11: capture the following TP in TR38.869. 
	TP for LP-WUS coverage
LP-WUS coverage can be considered to be extended by the following solutions, 
· Power boosting can be considered to improve the coverage of physical channels, and it can also reduce the impact of the interference from adjacent subcarriers.
· Configurable LP-WUS formats or payload size can be considered to allow trade-off between coverage, resource overhead and amount of information bits conveyed.
· Channel coding schemes support low decoding complexity, e.g., Manchester code, can be considered.
· LP-WUS repetition in frequency domain leads to higher transmission power and higher frequency diversity. However, UE should be capable of receiving LP-WUS with different BW, i.e., using filters with different BW or capable of receiving LP-WUS using multiple filters simultaneously.
· Frequency hopping is typically used together with time domain repetitions for ‘inter-slot’ frequency hopping, or channel coding should be supported for ‘intra-slot’ frequency hopping. Besides, whether there is frequency retuning gap between frequency hops should be carefully investigated.
In order to autonomously be aware of in or out of the LP-WUS coverage, the LP-WUR can detect a measurement signal(s) (e.g., LP-SS or SSB) and trigger necessary procedure to indicate the main radio to wake-up and perform legacy operations when the measurement is not satisfied by the pre-configured condition, e.g., out-of-discovery, bad signal strength/SINR, and etc.



3. Physical layer procedures of LP-WUS
3. 
3.1. Definition of LP-WUS transmission occasions
In last meeting, how to support duty cycled and continuous LP-WUS monitoring was discussed. The following proposals were discussed.
	FL5-Higher-Proposal-16:
· It is recommended to define LP-WUS periodic occasion(s), where a LP-WUS can only be transmitted from the starting location of a LP-WUS occasion. 
· FFS: periodicity
· FFS: granularity of starting location, e.g. symbol/slot
FL2-Higher-Proposal-16b: 
· It is recommended to define LP-WUS transmission occasion(s) with a periodicity, where a LP-WUS can be transmitted by gNB only in a occasion window within each period.  
· FFS: periodicity of configured occasion window
· FFS: granularity of starting location of occasion window, e.g. symbol/slot
· FFS: defining fix position of occasion(s) in occasion window or not


According to power evaluation in AI 9.11.1, both duty-cycled monitoring and continuous monitoring for LP-WUS can achieve power saving when the LP-WUR “ON” state power is low. 
For duty-cycled monitoring, LP-WUR switches between ON/OFF states, and the LP-WUS or LP-SS can only be received when LP-WUR is ON state. In this case, the false alarm rate and power consumption will decrease as the number of monitoring occasions of LP-WUS/LP-SS decreases. The power saving gain and latency varies with monitoring periodicity. There is a trade-off between power saving gain and latency. 
For continuous monitoring, there is more flexibility to send the LP-WUS or LP-SS in time domain. The false alarm rate and the power consumption will increase as the number of monitoring occasions of LP-WUS/LP-SS increases, but latency will decrease. To fulfil FAR target with reliable MDR performance, the more resource for LP-WUS is required, e.g., longer sequences or CRC attachments. 
Although UE may monitor LP-WUS continuously, it does not mean the gNB has the flexibility to start transmission of LP-WUS at any moment, e.g., starting transmission from any Ts sample. For better reusing existing hardware at gNB, at least symbol level time granularity should be followed. The longer of the time granularity for the starting position of LP-WUS transmission means less Attempts/Trials to detect the LP-WUS transmission in a reference time duration, leading to lower FAR. It is preferred that the LP-WUS transmission still follows the existing slot format, e.g., the lowest periodicity for LP-WUS monitoring can be 1 slot. While from UE perspective, continuous monitoring is performed by WUR due to such a short monitoring periodicity, UE has no chance to switch off the WUR. In other words, the continuous monitoring can be supported by defining LP-WUS occasions with short periodicity. The NW can flexibly configure the periodicity of LP-WUS monitoring occasions to achieve certain power saving and latency targets. Besides, further limiting the monitoring occasions in duty-cycled monitoring window can also be considered, as shown in Figure 20 (c).


[bookmark: _Ref135063146]Figure 20. Illustration of continuous monitoring and duty cycled monitoring for LP-WUS
[bookmark: PP12]Proposal 12: Define LP-WUS occasion(s), where a LP-WUS can only be transmitted from the start of a LP-WUS occasion.
· The start of LP-WUS occasion  follows existing symbol/slot grid.
· The periodicity of LP-WUS monitoring occasion is configurable by NW, FFS the values for periodicity.
· Monitoring the LP-WUS in multiple occasions within a periodic monitoring window is not precluded.
3.2. Measurements/synchronizations on WUR for RRC idle/inactive mode 
In previous meeting, the following agreements are made on RRM measurements. 
	Agreement
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 neighboring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)
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


In this section, we will further discuss the details on RRM measurements performed by LP-WUR.
3.2.1. RRM mechanisms to reduce power consumption
In RAN1#112 bis, RRM mechanisms to reduce power consumption were discussed, and following intermediate proposals were made without consensus.
	FL5-Higher-Proposal-9:
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR and relaxation of RRM measurements of serving cell (neighbor cell with second priority) in MR considering
· periodic reference signal(s) is/are used for measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, [LP-WUS-waveform based sequence / sequence based on LP-WUS-waveform ] (LP-SS)
· FFS: periodicity, content, e.g. cell ID in case SSB is not used
· FFS: periodic reference signal(s) is/are cell dependent.
· MR performs serving cell and (neighbor cell with second priority) measurements 
· Alt1: with relaxed periodicity if RRM measurement in MR is relaxed.
· Alt2a: only when reference signal(s) based measurements 
· are below a threshold if RRM measurement is offloaded to LP-WUR. FFS threshold based on LP-WUS metric.
· Alt2b: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Note: the case where serving cell measurements are always performed by LP-WUR even if MR is ON, e.g. WUR and MR coverage is equal case, is not precluded.
· Other alternatives are not precluded
· Opt1: Note: RRM measurements of neighbor cells by LP-WUR is not precluded by this agreement and can be further studied.
· Opt2: FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR


The most controversial issue in the above proposal is whether relaxation of RRM measurements for neighboring cell should be equally prioritized with RRM relaxation of serving cell. 
According to the RRM evaluation results in our contribution R1-2304500, it has been shown that LP-WUR/WUS cannot bring UE power saving benefit if the MR performs RRM measurement as in legacy behaviors. Therefore, methods to reduce the MR RRM measurement activities should be considered. 
One way to reduce RRM power consumption is to offload serving cell RRM measurements to LP-WUR, and performing serving cell measurements on LP-WUR is feasible according to evaluation in section 3.2.3. However, feasibility of performing neighbor cell measurements on LP-WUR still need to be further investigated, since it may require design and implementation complexity of LP-WUR/WUS . Hence, neighbor cell measurements may still be performed on MR. In this case, the neighbor cell RRM measurement by MR shall be relaxed in order to achieve power saving benefit of LP-WUS feature. 
Following options can be considered to reduce RRM power consumption for UE with WUR.
· Opt-1: Offload RRM measurements of serving cell to WUR and no RRM measurements on MR.
· Opt-2: Relaxation of RRM measurements of serving cell and neighbor cell on MR, and no RRM measurements on WUR.
· Opt-3: RRM measurements are performed on WUR, and Relaxed RRM measurements are performed on MR.
For Opt-1, the RRM measurements can be fully offload to WUR to reduce power if certain conditions are met. For example, if the measurement results from main radio is higher than a first threshold, good channel condition can be assumed, and UE is less likely to reselect to a new cell quickly. In this case, RRM measurements can be totally offload to WUR to save power. If the measurement results obtained from WUR is lower than a second threshold, UE can exit RRM on WUR and turn on MR to perform RRM measurements to ensure the mobility performance.
For Opt-2, the RRM measurement is still performed on MR, but in Relaxed manner to save power. The relaxation should be supported for both serving cell measurement and neighbor cell measurement. Similar to R17 RRM relaxation, the criterion to enter and exit the RRM relaxation can be based on the measurement results from Main radio, UE can determine whether the conditions for enter and exit RRM relaxation are met based on the measurement results of serving cell and/or neighbor cell.
For Opt-3, measurements on WUR can be enabled together with RRM relaxation on main radio, the measurements on WUR can be performed with shorter periodicity, and used as a supplement to relaxed measurements on MR. UE obtains channel condition according to the measurement results from WUR and/or MR, if the channel condition is not met, UE can switch back to RRM measurements on MR without relaxation.
[bookmark: PP13]Proposal 13: For Idle/Inactive mode, consider the following options to reduce power consumption for RRM measurements when channel condition is good
· Opt-1: Offload RRM measurements of serving cell to LP-WUR and no RRM measurements on MR 
· If the measurement results on LP-WUR is lower than an pre-configured threshold, UE starts RRM measurements on MR.
· No neighbour cell measurements, or relaxed neighbour cell measurements performed by MR. 
· Opt-2: Relaxation of RRM measurements of serving cell and neighbour cell on MR, and no RRM measurements on LP-WUR.
· UE determines whether to exit RRM relaxation based on measurement results for the serving cell and neighbour cell.
· Opt-3: Serving cell RRM measurements are performed on LP-WUR, and  Relaxed RRM (for serving and/or neighbour cells) measurements are performed on MR.
· UE switch back to RRM measurements on MR without relaxation, if the measurement results from MR and/or LP-WUR is lower than an pre-configured threshold(s). 

3.2.2.   Measurement quantity for RRM measure on WUR 
	FL5-Higher-Proposal-10: (as Working assumption)
For at least RRM serving cell measurement performed by LP-WUR based on reference signals(s), RAN1 identified at least the following metrics for further study and evaluation
· LP-RSSI or Energy detection: linear average of received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· FFS: LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI 
· FFS: N, if any
· FFS: Detection rate of always ON periodic reference signal(s) and/or LP-WUS 
· FFS how to calculate/define detection rate
FFS: Feasibility of different receiver architectures to support the above metrics. e.g. need for ADC, AGC, with different reference signal(s).
Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence (LP-SS)
Note: The definition of metrics could be further refined based on future study



For non-coherent detection via envelop detector, the signal power and the interference & noise power can be estimated, according to [7]. Various SNR estimation techniques have been discussed in the literature and it is observed that the bit error rate (BER) performance of those estimation methods is well aligned with the analytically evaluated BER. For illustration, a simplified OOK receiver model with SNR estimation is used as shown in Figure 21.


[bookmark: _Ref131793469]Figure 21. OOK receiver model with SNR estimation
Generally, SNR estimation techniques can be classified into data aided (DA) and non-data aided (NDA) schemes [7]. In this contribution, we discuss DA estimation based on  estimator and NDA estimation based on  estimator. Take the signal structure shown in Figure 22 as an example for illustration, the total packet length is N bits, where the first K bits are the preamble and the next N - K bits are the payload. Let  represent the transmitted signal, and  represents the transmitted binary sequence corresponding to the preamble and . Let  represent the received baseband signal.  represents the received baseband signal sequence corresponding to the preamble and .


[bookmark: _Ref131793789]Figure 22. The data packet structure with K preamble bits and N-K payload bits
· DA estimation based on  estimator
The DA estimation is carried out in the case of known preamble structure .  estimator is based on the first moment () and the first central moment () of . For a known symbol sequence , the pdf of  follows non-central Chi-square distributed function and thus, the joint pdf of  is obtained as,
                           (eq.1)
 and  for the non central Chi-square distributed random variable  is known as,
                                   (eq.2)
                                 (eq.3)
Where A is the amplitude of the signal and  is the noise variance.
Accordingly,  estimator contains 2 steps.
· Step1: obtain the estimated values of   and  of , where the estimated values of   and  are average value and variance of , respectively.
· Step2: calculate for A and  according to eq.2 and eq.3.
Finally, the SNR is obtained from amplitude of the signal and noise variance.
· NDA estimation based on  estimator
The NDA estimation is carried out in the case of unknown preamble structure. Let  be the unknown data sequence. The unconditional pdf of  can be expressed as,

Where  is the zeroth order modified bessel function of the first kind,  is the probability of ‘’ and  is the probability of ‘’.
The  order true moment of a random variable q with a pdf f(q) is given as,

The , order true moment of  are obtained using functions above,


 estimator is based on the second and third moments of the elements of . Considering equiprobable symbol condition 


According to analysis above, we give some simulation results for SNR and RSRP estimation as below,    based on simulation assumptions in Appendix A Table 8. It is noted that estimator with all ‘0’ training means half of preamble sequence consisting of ‘0’ while another half consisting of ‘0’ or ‘1’ with uniform probability distribution, which can be used as training sequence to estimate the noise power. 
[image: ][image: ]
(a) M1V estimator                           (b) M2M3 estimator
Figure 23. Results of estimated SNR with different algorithms under AWGN
It can be observed that better estimation performance is separately obtained in low SNR region for M1V estimator, while in high SNR region for M1V estimator with all ‘0’ training. The performance of M2M3 estimator with all ‘0’ training is almost close to theoretical SNR in the whole SNR region.  

 
[image: ]
Figure 24. Results of estimated RSRP with different algorithms under TDL-A
According to figure 24, the RSRP accuracy of OOK with 1Rx adopting M2M3 estimator with all ‘0’ training is comparable with SSB RSRP with 1Rx, under the channel model of TDL-A. 
Additionally, such estimation can be extended to estimate the interference power. Consequently, the desired signal power as well as the noise and interference power can be derived, the RSRP, RSRQ and SINR can be derived for LP-WUR. 
Also, a simple way to evaluate the link quality can be detection error rate. UE can calculate the detection error rate in certain duration. If the error rate is higher than certain threshold, it means channel quality is getting worse. Thus, measurements for signal power or noise/interference power may not needed. Additional mechanisms based on this new metric can be further studied.
[bookmark: OB32]Observation 32: It is feasible to measure RSRP/RSRQ/SINR with acceptable accuracy based on OOK-based LP-SS, by envelop detector. 
[bookmark: PP14]Proposal 14: Following measurement metrics are supported for measurement performed by LP-WUR based on envelop detector. 
· LP-RSRP;
· LP-RSRQ;
· LP-SINR; 
· Detection error rate. 
3.3. Coexistence for RRC idle/inactive and connected modes
One objective for low-power wake-up signal is to study the system impact on the coexistence with non-low-power-WUR UEs. More specifically, for LP-WUS in band transmission, how to multiplex between LP-WUS and the legacy signals/channels. As agreed in the RAN1#112 meeting that both TDMed and FDMed multiplexing with other NR transmissions should be studied for MC-ASK or MC-FSK waveform generation. TDMed multiplexing can be used for a carrier with smaller bandwidth, and FDMed multiplexing between LP-WUS and legacy signals/channels is beneficial for a carrier with large bandwidth.   
For FDMed multiplexing, the legacy DL signals/channels maybe located on both sides of the LP-WUS, given the RF filter for LP-WUR is not ideal, to reduce the interference from the legacy signals/channels, some resources need to be reserved as guard RBs for LP-WUS. The amount of guard RBs highly depends on the receiver requirements on adjacent channel and adjacent subcarrier interference rejection and filter characteristics, which should be decided by RAN4. 
For coexistence between the LP-WUS and NR legacy signals/channels, it can always rely on gNB implementation to void configuring or scheduling the overlapped resource in both frequency and time-domain between the LP-WUS and legacy signals/channels. To improve the resource multiplexing efficiency, for coexistence between the LP-WUS and the PDSCH, current mechanism of semi-static and dynamic RB-symbol-level rate-matching pattern(s) that fit with the resources occupied by LP-WUS can be used. Note that the function of semi-static rate-matching resource set is UE mandatory capability and the function of dynamic rate-matching resource set is UE optional capability since Rel-15, hence it works well for legacy UEs with different capabilities. In addition, in case the LP-WUS is not transmitted, the LP-WUS resources should be reusable by the network to transmit legacy signals/channels. 
[bookmark: OB33]Observation 33: For coexistence between legacy PDSCH and LP-WUS, 
· Semi-static resource sharing by configuring RB-symbol-level or RE-level rate-matching patterns covering LP-WUS related signals can be used to improve the spectral efficiency.  
· Dynamic resource sharing can be used if PDSCH is scheduled by DCI format 1_1; If PDSCH is not scheduled by DCI format 1_1, it is up to gNB implementation whether and how LP-WUS related signal is transmitted in PDSCH resource.
[bookmark: PP15]Proposal 15: LP-WUS and legacy signals/channels are TDM and FDM multiplexing with both semi-static and dynamic manner in the same carrier.
[bookmark: PP16]Proposal 16: Reusing the LP-WUS resources for other NR signal/channel transmissions should be allowed.
3.4. Procedures for MR upon wake-up from ultra-deep sleep for RRC idle/inactive mode
During the discussion in the last meeting, there are different candidate procedures after UE is woken up by LP-WUS. From our point of view, the basic functionality of LP-WUS is to wake up UE for PO monitoring. We can further consider the need of grouping information to be carried in LP-WUS so that the false alarm rate of LP-WUS can be reduced. 
	Procedure after MR woken up by LP-WUS
	Pros
	Cons

	Perform PO monitoring
	The basic function which is expected for the design of LP-WUS.
Required LP-WUS content [Note 1]: grouping indication.
Medium latency: wake-up latency [ Note 2] + paging latency
	

	Perform PEI monitoring
	
	largest latency: wake-up latency + PEI monitoring latency + paging latency
Once grouping indication is carried by LP-WUS, UE does not need to monitoring PEI.

	Transmit PRACH for initial access
	Lowest latency: wake-up latency
	Plenty of spec impact and workload.
Required LP-WUS contents: all paging message carried in paging DCI and paging PDSCH. SI update info etc.

	Notes: 
1, larger LP-WUS content, larger false detection rate of LP-WUS. 
2, wake-up latency includes 1) the delay caused by LP-WUS duty cycle 2) MR transition time (ramp up time and sync/re-sync time).



[bookmark: PP17]Proposal 17: UE performs PO monitoring after main radio is waken up from ultra-deep sleep.
3.5. Procedures of entering or exiting LP-WUS monitoring for RRC idle/inactive mode

	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.
FL5-Lower-Proposal-18: From RAN1 point of view, LP-WUS monitoring can be activated semi-statically and/or dynamically through MR. 
· FFS broadcast or UE-specific signalling
· FFS need for UE confirmation of gNB activation
· FFS activation by gNB based on UE request
· FFS: UE being able to autonomously decide whether to monitor PO or LP-WUS
·  FFS: need for informing gNB about change of monitoring
· FFS: UE following criteria to determine whether PO or LP-WUS is monitored. 
FFS: need for informing gNB about change of monitoring



A UE can start LP-WUS monitoring according to an explicit indication from gNB e.g., SIB or dedicated RRC signaling. For example, LP-WUS monitoring is activated right after gNB configure LP-WUS monitoring parameters. Besides, another method can be that a UE can automatically enter LP-WUS monitoring when some pre-configured conditions are satisfied. For example, a UE can decide to start LP-WUS monitoring when its current channel quality is higher than a pre-defined threshold. 
In addition, for the procedure of UE exiting LP-WUS monitoring, it can also be achieved by two ways. One is UE exit LP-WUS monitoring UE exits LP-WUS monitoring via explicit network indication e.g., when UE receives LP-WUS which indicates the UE to wake up etc. Moreover, a UE can also decide to exit LP-WUS monitoring autonomously when pre-configured condition(s) are fulfilled e.g., UE moves out of coverage of LP-WUS. Upon this method, whether UE needs to inform gNB its LP-WUS monitoring state i.e., enter or exit LP-WUS monitoring should be further discussed. After UE exits LP-WUS monitoring, it should fallback to legacy paging monitoring behaviors.
[bookmark: PP18]Proposal 18: For RRC idle/inactive mode, UE enters LP-WUS monitoring
· Alt-1: via explicit network indication;
· Alt-2: autonomously when pre-configured condition(s) are fulfilled. 
[bookmark: PP19]Proposal 19: For RRC idle/inactive mode, UE exits LP-WUS monitoring
· Alt-1: via explicit network indication e.g., when UE receives LP-WUS which indicates the UE to wake up;
· Alt-2: autonomously when pre-configured condition(s) are fulfilled e.g., UE moves out of coverage of LP-WUS/LP-SS. 
[bookmark: PP20]Proposal 20: A UE fallbacks to legacy paging monitoring behaviors when it exits LP-WUS monitoring.
3.6. Procedures of LP-WUS monitoring for RRC connected mode 
	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.

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.



· LP-WUS functionality/purpose
Based on the agreement for the content of LP-WUS, it can be implied that at least the functionality of LP-WUS is to indicate target UE to wake up for PDCCH monitoring. In this sense, the potential benefits of LP-WUS monitoring for RRC connected mode would be to reduce the unnecessary PDCCH monitoring for power saving and/or promptly resume PDCCH monitoring from micro/light/deep sleep states for latency reduction. The use cases for applying LP-WUS in RRC connected mode includes XR and eMBB e.g., FTP3. In our companions contribution [X], it have been proven to achieve significant power saving gain and/or UPT gain by adopting LP-WUS compared to existing power saving techniques.
[bookmark: PP21]Proposal 21: For RRC connected mode, LP-WUS is supported at least to indicate target UE to wake up for PDCCH monitoring. 
· LP-WUS activation/deactivation procedures
The keys of LP-WUS activation/deactivation procedures are the triggering conditions for entering/exiting LP-WUS monitoring. A UE enters LP-WUS monitoring via an explicit indication from gNB e.g., RRC signaling or L1/L2 LP-WUS activation signaling. For example, a UE enters LP-WUS monitoring for the first time after receiving RRC signaling with LP-WUS monitoring configuration. Additionally, a L1/L2 LP-WUS activation signaling on the basis of RRC LP-WUS configuration can also be considered so that the UE will start LP-WUS monitoring after the L1/L2 signaling. 
Regarding the procedure of UE exiting LP-WUS monitoring, RRC reconfiguration is a basic way. Besides, it can also be achieved by L1/L2 LP-WUS activation signaling considering its flexibility. Moreover, a UE can also decide to exit LP-WUS monitoring automatically when pre-configured condition(s) are fulfilled e.g., poor LP-WUS reception performance. For RRC connected mode, after UE exits LP-WUS monitoring, it needs to resume PDCCH monitoring according to legacy power saving techniques e.g., CDRX, R17 PDCCH monitoring adaptation etc.
[bookmark: PP22]Proposal 22: For RRC CONNECTED mode UEs, LP-WUS monitoring can be activated via:
· Option 1: RRC signaling
· Option 2: L1/L2 LP-WUS activation signaling.
[bookmark: PP23]Proposal 23: For RRC CONNECTED mode UEs, LP-WUS monitoring can be deactivated via:
· Option 1: RRC signaling
· Option 2: L1/L2 LP-WUS deactivation signaling. 
· Option 3: autonomously by UE if pre-configured condition(s) is fulfilled
[bookmark: PP24]Proposal 24: A UE resumes PDCCH monitoring according to legacy power saving techniques e.g., CDRX when it exits LP-WUS monitoring.
· LP-WUS monitoring procedures and the relationship between LP-WUS and legacy UE power saving techniques
LP-WUS with the functionality of triggering UE resume PDCCH monitoring can be considered to interact with the existing UE power saving techniques which are all essentially PDCCH monitoring adaptation e.g., R15/16 CDRX, R17 PDCCH skipping and SSSG switching.
For XR use case, considering LP-WUS in conjunction with CDRX config. with long DRX onduration to cover the jitter range, a potential applying procedures of LP-WUS monitoring for power saving purpose is: a UE starts to monitor LP-WUS instead of PDCCH from the beginning of DRX onduration. Once LP-WUS is detected, the UE resume PDCCH monitoring from micro or light sleep of MR. After the finishing of data transmission, the UE can enter sleep state by the expiry of DRX timer or via R17 PDCCH skipping indication (if configured). 
Apart from applying LP-WUS during DRX onduration, the LP-WUS can also be configured to monitor during the PDCCH skipping period. As such, the long scheduling latency caused by such as CDRX off can be reduced accordingly.
Without CDRX configuration, PDCCH monitoring adaptation can also be achieved by applying LP-WUS and R17 PDCCH skipping simultaneously. This method can provide an ideal trade-off between latency and power consumption. Moreover, LP-WUS can also interact with R17 SSSG switching. For example, a UE can resume the PDCCH monitoring in a target SSSG after triggered by LP-WUS. However, since the same functionality of LP-WUS and DCP without dormancy indication, there seems no need to configure both of them. And actually, due to the lower monitoring power consumption, LP-WUS can obtain better power saving effect than that of DCP.
[bookmark: PP25]Proposal 25: For RRC connected mode, a UE resumes PDCCH monitoring from micro/light/deep sleep of MR once LP-WUS is detected.
[bookmark: PP26]Proposal 26: For RRC connected mode, LP-WUS can be interacted with the existing UE power saving techniques including at least CDRX, R17 PDCCH skipping and R17 SSSG switching.

4.  Conclusion
In this contribution, we provide our views on LP-WUS physical signal design, related functionalities and procedures. The observations and proposals are provided as follows.
Observation 1: For OOK-1, the data rate/chip rate of LP-WUS highly depends on the SCS of OFDM symbol used for LP-WUS generation.
Observation 2: For OOK-1, separate IFFT branch corresponding to higher SCS than that of NR signal can be used to achieve higher data rate, with the cost of additional gNB implementation complexity. 
Observation 3: For OOK-1, uniformly distributed frequency spectrum density can be achieved.
Observation 4: OOK-2 provides additional ways to exploit more frequency resources for higher data rate or frequency diversity.
Observation 5: OOK-3 is susceptible to frequency error.
Observation 6: OOK-3 may not fulfill RAN4 requirement on gNB Tx RE dynamic range.Observation 7: OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS.
Observation 8: Regarding the block ‘signal generation and modification’ in OOK-4, signal modification can be used to make the PSD of LP-WUS flatter to ensure good detection performance in frequency selective channels and intercell interference mitigation/randomization.
Observation 9: No additional handling of CP part is needed at gNB transmitter for OOK4, the impact of CP part can be avoided with proper UE implementation.
Observation 10: It is feasible for WUR to receive LP-WUS in a different carrier/band than that for NR.
Observation 11: If LP-WUS and NR are operated on different band/carrier
· MR may have to perform relaxed RRM measurements to maintain the NR serving cell link in a power efficient way. 
· LP-WUR may also need to perform measurement at least for fallback purpose. 
Observation 12: For LP-WUS generated by reusing OFDM generator, the SINR can be defined per RE level, same as NR signal/channels.
Observation 13: For OOK-1, assuming ‘on’ and ‘off’ chips are equally distributed, the power allocated to ‘on’ chip can be two times of the average RE power to achieve certain average SINR. However, this may not be possible in gNB implementation due to no power pooling across OFDM symbols. 
Observation 14: For OOK-4, if ‘on’ and ‘off’ chips are equally distributed within one OFDM symbol, the amplitude/power for ‘on’ chip is consistent across OFDM symbols, the SINR in each OFDM symbol is equivalent to average SINR.
Observation 15: For OOK-4, if ‘on’ and ‘off’ chips are not equally distributed within one OFDM symbol, the amplitude/power for ‘on’ chip is not consistent across OFDM symbols, additional power scaling on each OFDM symbol is needed to align the amplitude/power for ‘on’ chip, which increases the complexity of gNB power allocation. 
Observation 16: For LP-WUS structure with preamble part using OOK waveform, the preamble part with at least 16 chips can achieve reliable synchronization performance.
Observation 17: OOK-4 waveform is insensitive to phase noise.
Observation 18: OOK-4 waveform with envelop detector is insensitive to frequency error.Observation 19: OOK-4 with 4 bit ADC can achieve good detection performance.
Observation 20: For OOK-4, the sampling rate of 7.68MHz is a good tradeoff between performance and receiver power consumption. 
Observation 21: For OOK based LP-WUS, power boosting is an effective way to improve coverage. Observation 22: OOK-4 based LP-WUS with 1/4 Manchester coding can bring a 2dB gain compared with 1/2 Manchester coding assuming ideal synchronization. However, the gain is reduced to 1dB for non-ideal synchronization case. 
Observation 23: When comparing different LP-WUS configurations, if same time-frequency domain resources is assumed, different chip rates or Manchester coding rates does not have a significant impact to the link level performance. 
Observation 24: Given the same size of time-frequency domain resources, there is almost 3dB link performance loss at BLER 1%, when the payload size is double.
Observation 25: Each repetition of frequency domain resources can bring about 3dB performance gain.
Observation 26: For OFDM sequence based  LP-WUS, 4bits ADC can achieve  similar performance as ideal ADC. 
Observation 27: For OFDM sequence based LP-WUS, the performance would suffer almost 2.5dB loss at 1% BLER target due to down sampling rate to 3.84MHz.
Observation 28: For OFDM sequence based LP-WUS, the performance degrades around 0.6dB with 4us timing.
Observation 29: For OFDM-sequence based LP-WUS, the detection performance  degrades around 2.5dB by phase noise for candidate sequences with different roots.
Observation 30: The detection performance of OFDM-sequence based LP-WUS degrades due to frequency error or time error, while the impact due to frequency error is larger. 
Observation 31: For OFDM-sequence based LP-WUS, e.g., ZC sequence, the detection performance is more sensitive to frequency error compared with OOK based LP-WUS. 
Observation 32: It is feasible to measure RSRP/RSRQ/SINR with acceptable accuracy based on OOK-based LP-SS, by envelop detector. 
Observation 33: For coexistence between legacy PDSCH and LP-WUS, 
· Semi-static resource sharing by configuring RB-symbol-level or RE-level rate-matching patterns covering LP-WUS related signals can be used to improve the spectral efficiency.  
· Dynamic resource sharing can be used if PDSCH is scheduled by DCI format 1_1; If PDSCH is not scheduled by DCI format 1_1, it is up to gNB implementation whether and how LP-WUS related signal is transmitted in PDSCH resource.
Proposal 1: To capture the following observations for OOK-1 in TR38.869. 
	TP for OOK-1.
For OOK-1, the data rate/chip rate of LP-WUS highly depends on the SCS of OFDM symbol used for LP-WUS generation. Separate IFFT branch corresponding to higher SCS than that of NR signal can be used to achieve higher data rate, with the cost of additional gNB implementation complexity. Uniformly distributed frequency spectrum density can be achieved.


Proposal 2: To capture the following observations for OOK-2 in TR38.869. 
	TP for OOK-2.
For OOK-2, OOK waveform are generated by multiple parallel OOK generation branches. In each branch, the OOK waveform can be generated by either OOK-1 or OOK-4. Hence, OOK-2 provide additional ways to exploit more frequency resources for higher data rate or frequency diversity. To achieve the benefits from OOK-2, multiple parallel OOK receiver branches are required.


Proposal 3: OOK-3 is not considered further. 
Proposal 4: To capture the following observations for OOK-3 in TR38.869. 
	TP for OOK-3
OOK-3 is not considered further for LP-WUS, due to following reasons. OOK-3 is susceptible to frequency error. OOK-3 may not fulfill RAN4 requirement on gNB Tx RE dynamic range. OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS.


Proposal 5: To capture the following observations for OOK-3 in TR38.869.
	TP for TR38.869 on OOK-4 optimization for PSD flattening
For OOK-4, signal modification can be used to adjust the spectral shape of LP-WUS for a flatter power spectral density, to ensure good detection performance in frequency selective channels and intercell interference mitigation/randomization. The possible signal modification methods to adjust the spectral shape of LP-WUS may include multiplying a ZC sequence on each up-sampled chip before pre-DFT module or pre-distortion module. No additional handling of CP part is needed at gNB transmitter for OOK4, the impact of CP part can be avoided with proper UE implementation.


Proposal 6: It is not urgent to discuss the relationship between LP-WUS and BWP, and this issue can be left to WI.
Proposal 7: It is recommended to support a LP-WUS structure with wake-up information preceded by one or more pre-known sequence(s).
Proposal 8: It is recommended to support a unified periodic signal with sparse periodicity (LP-SS) for LP-WUR synchronization and measurement purposes. Potential alternatives of LP-SS structure could be: 
· Alt 1: sequence(s) 
· Alt 2: sequence(s) followed by encoded bits (with CRC)  
Proposal 9: For OOK-4, an equal number of “ON” and “OFF” chips within each OFDM symbol should be supported. 
Proposal 10: Following candidate solutions can be used to further improve the coverage of LP-WUS
· Power boosting
· Reduce the information bits carried by LP-WUS
· Channel coding schemes allowing low decoding complexity
· Time domain repetition and time interleaving
· Frequency repetition and frequency hopping
Proposal 11: capture the following TP in TR38.869. 
	TP for LP-WUS coverage
LP-WUS coverage can be considered to be extended by the following solutions, 
· Power boosting can be considered to improve the coverage of physical channels, and it can also reduce the impact of the interference from adjacent subcarriers.
· Configurable LP-WUS formats or payload size can be considered to allow trade-off between coverage, resource overhead and amount of information bits conveyed.
· Channel coding schemes support low decoding complexity, e.g., Manchester code, can be considered.
· LP-WUS repetition in frequency domain leads to higher transmission power and higher frequency diversity. However, UE should be capable of receiving LP-WUS with different BW, i.e., using filters with different BW or capable of receiving LP-WUS using multiple filters simultaneously.
· Frequency hopping is typically used together with time domain repetitions for ‘inter-slot’ frequency hopping, or channel coding should be supported for ‘intra-slot’ frequency hopping. Besides, whether there is frequency retuning gap between frequency hops should be carefully investigated.
In order to autonomously be aware of in or out of the LP-WUS coverage, the LP-WUR can detect a measurement signal(s) (e.g., LP-SS or SSB) and trigger necessary procedure to indicate the main radio to wake-up and perform legacy operations when the measurement is not satisfied by the pre-configured condition, e.g., out-of-discovery, bad signal strength/SINR, and etc.


Proposal 12: Define LP-WUS occasion(s), where a LP-WUS can only be transmitted from the start of a LP-WUS occasion.
· The start of LP-WUS occasion  follows existing symbol/slot grid.
· The periodicity of LP-WUS monitoring occasion is configurable by NW, FFS the values for periodicity.
· Monitoring the LP-WUS in multiple occasions within a periodic monitoring window is not precluded.
Proposal 13: For Idle/Inactive mode, consider the following options to reduce power consumption for RRM measurements when channel condition is good
· Opt-1: Offload RRM measurements of serving cell to LP-WUR and no RRM measurements on MR 
· If the measurement results on LP-WUR is lower than an pre-configured threshold, UE starts RRM measurements on MR.
· No neighbour cell measurements, or relaxed neighbour cell measurements performed by MR. 
· Opt-2: Relaxation of RRM measurements of serving cell and neighbour cell on MR, and no RRM measurements on LP-WUR.
· UE determines whether to exit RRM relaxation based on measurement results for the serving cell and neighbour cell.
· Opt-3: Serving cell RRM measurements are performed on LP-WUR, and  Relaxed RRM (for serving and/or neighbour cells) measurements are performed on MR.
· UE switch back to RRM measurements on MR without relaxation, if the measurement results from MR and/or LP-WUR is lower than an pre-configured threshold(s). 
Proposal 14: Following measurement metrics are supported for measurement performed by LP-WUR based on envelop detector. 
· LP-RSRP;
· LP-RSRQ;
· LP-SINR; 
· Detection error rate. 
Proposal 15: LP-WUS and legacy signals/channels are TDM and FDM multiplexing with both semi-static and dynamic manner in the same carrier.
Proposal 16: Reusing the LP-WUS resources for other NR signal/channel transmissions should be allowed.
Proposal 17: UE performs PO monitoring after main radio is waken up from ultra-deep sleep.
Proposal 18: For RRC idle/inactive mode, UE enters LP-WUS monitoring
· Alt-1: via explicit network indication;
· Alt-2: autonomously when pre-configured condition(s) are fulfilled. 
Proposal 19: For RRC idle/inactive mode, UE exits LP-WUS monitoring
· Alt-1: via explicit network indication e.g., when UE receives LP-WUS which indicates the UE to wake up;
· Alt-2: autonomously when pre-configured condition(s) are fulfilled e.g., UE moves out of coverage of LP-WUS/LP-SS. 
Proposal 20: A UE fallbacks to legacy paging monitoring behaviors when it exits LP-WUS monitoring.
Proposal 21: For RRC connected mode, LP-WUS is supported at least to indicate target UE to wake up for PDCCH monitoring. 
Proposal 22: For RRC CONNECTED mode UEs, LP-WUS monitoring can be activated via:
· Option 1: RRC signaling
· Option 2: L1/L2 LP-WUS activation signaling.
Proposal 23: For RRC CONNECTED mode UEs, LP-WUS monitoring can be deactivated via:
· Option 1: RRC signaling
· Option 2: L1/L2 LP-WUS deactivation signaling. 
· Option 3: autonomously by UE if pre-configured condition(s) is fulfilled
Proposal 24: A UE resumes PDCCH monitoring according to legacy power saving techniques e.g., CDRX when it exits LP-WUS monitoring.
Proposal 25: For RRC connected mode, a UE resumes PDCCH monitoring from micro/light/deep sleep of MR once LP-WUS is detected.
Proposal 26: For RRC connected mode, LP-WUS can be interacted with the existing UE power saving techniques including at least CDRX, R17 PDCCH skipping and R17 SSSG switching.
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Appendix A –Simulation assumptions
[bookmark: _Ref53480048]Table 1. Assumptions for link level simulation for Figure4
	[bookmark: _Hlk127439623]Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	Config1-56kcps 
	Config1-112kcps 

	Channel structure
	sync: 16/8 chips
data: 12 bits (24 chips)
CRC: 8 bits (16 chips)
	sync: 16/8 chips
data: 40 bits (80 chips)
CRC: 8 bits (16 chips)

	Chip rate
	56kcps(cps,chip per second)
(1 OFDM symbol 2 chip)
	112kcps
(1 OFDM symbol 4chip)

	WUS duration
	 2 slots

	Waveform
	OOK -4

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Time error
	RTC 20ppm

	Frequency error
	{200 ppm,0.1ppm/s} , in saturated region

	Beacon periodicity
	1.28 sec
Note: beacon periodicity is used to calculate the time drift for WUS monitoring

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ASCI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	3.84 MHz 

	ADC bit width
	4 bits ADC

	Phase noise
	unable

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}


Table 2. Assumptions for link level simulation for Figure 5~10
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	option OOK-4 waveform
(payload+CRC)
	option OOK-4 waveform
(Sequence only)

	Channel structure
	sync: 16 chips
data: 12 bits (24 chips)
CRC: 8 bits (16 chips)
	sync: 28 chips


	WUS duration
	 2 slots
	1 slot

	Chip rate
	56kcps
(1 OFDM symbol 2 chip)

	Waveform
	OOK -4

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Time error
	RTC 20ppm

	Frequency error
	{200 ppm,0.1ppm/s} , {5,10,50 ppm,0.1ppm/s}(Figure 8),in saturated region

	Beacon periodicity
	1.28 sec
Note: beacon periodicity is used to calculate the time drift for WUS monitoring

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ASCI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	3.84 MHz , 15.36/7.68/1.92 MHz(Figure 10)

	ADC bit width
	4 bits ADC , 1/2/8 bits (Figure 9)ADC

	Phase noise
	unable/enable (Figure 7const c=2.42*10^-16 / const c=2.93*10^-17

	Power boosting
	0dB,3/6dB(Figure 11)

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}



Table 3. Assumptions for link level simulation for Figure 11
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	option OOK-4 waveform

	Channel structure
	sync: 16 chips
data: 12 bits 
CRC: 8 bits 

	Chip rate
	56 kcps
(1 OFDM symbol 2 chip)

	Waveform
	OOK -4

	Coding
	No coding/ 1/2 rate Manchester coding / 1/4 rate Manchester coding

	WUS duration
	 15/28/43 OFDM symbols

	Time error
	RTC 20ppm

	Frequency error
	{200 ppm,0.1ppm/s} , in saturated region

	Beacon periodicity
	1.28 sec
Note: beacon periodicity is used to calculate the time drift for WUS monitoring

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ASCI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	3.84 MHz 

	ADC bit width
	4 bits ADC

	Phase noise
	unable

	Power boosting
	0dB

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}



Table 4. Assumptions for link level simulation for Figure 12
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	option OOK-4 waveform

	Chip rate
	28kcps
	56kcps
	112kcps

	Channel structure
	sync: 6chips
data: 12 bits (24 chips)
CRC: 8 bits (16 chips)
	sync: 16 chips
data: 12 bits (24 chips)
CRC: 8 bits (16 chips)
	sync: 32 chips
data: 12 bits (24 chips)
CRC: 8 bits (16 chips)

	Coding
	NO coding
	1/2 rate 
Manchester coding
	1/4 rate 
Manchester coding

	WUS duration
	 2 slots

	Waveform
	OOK -4

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Time error
	RTC 20ppm

	Frequency error
	{200 ppm,0.1ppm/s} 

	Beacon periodicity
	1.28 sec
Note: beacon periodicity is used to calculate the time drift for WUS monitoring

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ASCI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	3.84 MHz 

	ADC bit width
	4 bits ADC 

	Phase noise
	unable

	Power boosting
	0dB

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}



Table 5. Assumptions for link level simulation for Figure 13
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	option OOK-4 waveform-56kcps
	option OOK-4 waveform-112kcps

	Channel structure
	Ideal sync
data: 6/20/48 bits 
CRC: 8 bits 

	Chip rate
	56kcps
	112kcps

	WUS duration
	 4 slots
	2 slots

	Waveform
	OOK -4

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Time error
	RTC 20ppm

	Frequency error
	{200 ppm,0.1ppm/s} , in saturated region

	Beacon periodicity
	1.28 sec
Note: beacon periodicity is used to calculate the time drift for WUS monitoring

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ASCI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	3.84 MHz 

	ADC bit width
	4 bits ADC

	Phase noise
	unable

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}



Table 6. Assumptions for link level simulation for Figure 14
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	option OOK-4 waveform-56kcps
	option OOK-4 waveform-112kcps

	Channel structure
	Ideal sync
data: 12 bits 
CRC: 8 bits
	Ideal sync
data: 40 bits 
CRC: 8 bits

	Chip rate
	56 kcps
	112 kcps

	WUS duration
	 2 slots

	Waveform
	OOK -4

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Time error
	RTC 20ppm

	Frequency error
	unable

	Beacon periodicity
	1.28 sec
Note: beacon periodicity is used to calculate the time drift for WUS monitoring

	SCS
	30kHz

	gNB Channel BW 
	20MHz (56 RB)

	WUS BW
	12RB ~4.32MHz
24RB ~8.64MHz(repeat 2times)
48RB ~17.28MHz(repeat 4 times)

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ASCI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	3.84 MHz 

	ADC bit width
	4 bits ADC

	Phase noise
	unable

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}



Table 7. Assumptions for link level simulation for sequence-based modulation waveform
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Channel structure
	data: 32 bits + CRC: 8 bits, no channel coding

	Chip rate
	56kcps (1 OFDM symbol 2 chip)

	WUS duration
	2 slots

	frequency error
	5 ppm

	Timing error
	1us

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RBs)

	WUS BW
	12RBs

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	Sequence
	ZC sequence, with 4 different roots, 12RBs with sequence length 143

	Phase Noise
	enable/unable
modelled as 802.11ba
white frequency noise coefficient c=0.24 fs (minimum power consumption of ring oscillator = 120µW), and c=0.0293 fs (minimum power consumption of ring oscillator = 1mW)

	ADC bit width
	ideal ADC, 1/2/4/8 bits ADC

	Channel Model
	TDL-C 300

	FAR
	0.1%



Table 8. Assumptions for link level simulation for DA and NDA estimation
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Channel structure
	Preamble: 56bits with uniform probability distribution
Preamble with all ’0’ training: 28bits ’0’ + 28bits with uniform probability distribution

	Chip rate
	28kbps (1 OFDM symbol 1 chip)

	WUS duration
	4 slots

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RBs)

	WUS BW
	12RBs

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	Sequence
	ZC sequence with sequence length 143

	ADC bit width
	ideal ADC, 8 bits ADC

	Sampling rate
	3.84MHz

	Channel Model
	AWGN, TDL-A

	FAR
	0.1%
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3GPP TSG RAN WG1 #11 3     R1 - 230 4502   Incheon, Korea, May 22nd  –   May 26th, 2023     Source:   vivo   Title:   Discussion on physical signal and procedure for low power WUS   Agenda Item:   9.1 1 .3   Document for:   Discussion   and Decision   1.   Introduction   In RAN1# 11 2   meeting, physi cal signal design and procedure for low power WUS was discussed, and some  agreements were made  [1] .   In this contribution,  w e will provide our  further  considerations on the physical channel  design, and potential functionalities  and procedures for LP - WUS.   2.   Physical signal  Design   2.1.   Waveform/Modulation     I n   last   previous meetings, four OOK waveform generation methods were agreed. In this section, we will further  discuss the details of these 4  methods .      OOK - 1: Single - bit in 1 OFDM symbo l   For  OOK - 1 ,   one   on/off chip  is mapped  to  one  OFDM symbol. A predefined sequence, e.g., ZC sequence, can be  mapped to REs to modulate ‘ o n’  chip   in time domain, and zeros are mapped to the R E s to modulate ‘ o ff’  chip .  The  SCS of OFDM symbol used for LP - WUS g eneration can be the same as  the  SCS used for other NR  transmissions . Hence, LP - WUS  with OOK - 1  can well co - exist with legacy NR DL channels, and the impact on  existing NR OFDM generator is  marginal . However, the chip rate of the OOK signal   in  OOK - 1   highly  depends on  the  SCS   of   OFDM symbol used for LP - WUS generation . For example, if the SCS is 30kHz, the chip rate of the  OOK signal is less than 28k chips/sec. The data rate of LP - WUS is even lower if additional overhead (e.g.,  Manchester code, CRC bits, and e tc.), is considered.   Observation  1 :  For  OOK - 1 ,   t he data rate/chip rate  of LP - WUS  highly depends on the  SCS of OFDM symbol  used for LP - WUS generation .   In 802.11 ba   [4] , the OOK   signal   is generated by   mapping sequences on a set of REs in comb pattern in frequency  domain. The time domain signal is repeated within a n   OFDM symbol. Multiple on/off chips can be generated by  setting part of the time domain repetitions to zero. In 802.11ba, the wake - up signal   is not  designed to be  FDMed  with other DL signals, erasing part of  the  time domain signal would not lead to any co - existence issues.  However,  m ultiplexing  of   LP - WUS and legacy NR DL signals  in FDM manner  should be supported for better resource  efficiency   in cellular system . Erasing the time domain signal is not feasible.   A lternatively, to  increase the data/chip rate of OOK,  higher SCS can be used to generated shorter on/off chips. As  shown in   Figure  1 , additional IFFT is introduce d to generate the OOK waveform, and the time domain signal of  the OOK signal is  multiplexed   afterwards  with that for the legacy DL channels. Thus, the LP - WUS can be  FDM ed  multiplexing   with NR signals   of different SCS, with additional gNB implementation com plexity.     
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