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1. Introduction
In RAN1#111 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 considerations on the physical channel design, and potential functionalities and procedures for LP-WUS.
2. Physical signal Design
1. 
2. 
In last meeting, the following agreements were made on waveform generation. 
	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance



We will further discuss the details on signal design in this section.
2.1. Waveform/Modulation
LP-WUR is targeting for a ultra-low power consumption. While reception of existing OFDM based signals relies on complex receiver, e.g., accurate oscillator, OFDM demodulator. Hence, LP-WUS based on existing signals requires high receiver complexity and power consumption, e.g., tens of mw [2], which cannot achieve remarkable power consumption reduction.
[bookmark: OB1][bookmark: DocumentFor]Observation 1: Detection of existing OFDM signal cannot achieve remarkable power consumption reduction at receiver.
As summarized in [3], OOK is the most widely used waveform for low power wake up signal. OOK waveform can be detected through components with lower power consumptions, e.g., envelop detector, simple digital processor. Besides, ASK can be considered to achieve higher data rates. However, the existing NR DL channels are all based on OFDM waveform and generated based on OFDM generator, the WUS waveform also needs to be compliant with the transmission principles of the standard in which it is embedded. To better coexistence with legacy NR DL channels, the WUS design needs to support orthogonality in the same way as NR DL channels, despite being based on different modulation principles.
In RAN1#111, it is agreed that,
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· Study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
According to [4] and [5], we see there are generally two ways to generate OOK waveform with OFDM generator. 
· Opt-1: CP-OFDM based MC-OOK (Sequences mapped to REs before IFFT to generate MC-OOK), i.e., M=1
· Opt-2: DFT-S-OFDM based MC-OOK (pre-DFT/pre-Distortion before IFFT), i.e., M>=1


[bookmark: _Ref115185483]Figure 1. Example of OOK/ASK waveform generated by OFDM generator[5]
· Opt-1: CP-OFDM based MC-OOK (Sequences mapped to REs before IFFT to generate MC-OOK) , i.e., M=1
The simplest way to generate OOK wave form is to map each on/off chip to each DL OFDM symbol. A predefined sequence, e.g., ZC sequence, can be mapped to REs to modulate ‘On’ state in time domain, and zeros are mapped to the REs to modulate ‘Off’ state. The REs for the OOK signal is modulated with the same SCS as legacy NR DL signals. Hence, the LP-WUS can be well co-existed with legacy NR DL channels, and the impact on existing NR OFDM generator is limited. However, the chip rate of the OOK signal is limited by NR DL SCS. For example, if the SCS for the DL signals 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: OB2]Observation 2: The data rate/chip rate may be limited by the SCS of NR DL signals/channels if the same IFFT module for NR DL signal is reused for LP-WUS generation.
In 802.11ba [4], the OOK is generated by mapping sequences on a set of REs in comb pattern in frequency domain. The time domain signal is repeated within a 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 co-existed, i.e., not FDMed with other DL signals, erasing part of time domain signal would not leading to any co-existence issues. However, FDMed multiplexing between LP-WUS and legacy NR DL signals should be supported for better resource efficiency. Erasing the time domain signal is not feasible.
Alternatively, to generate OOK waveform with multiple on/off chips within a OFDM symbol duration for NR DL channels, higher SCS can be used to generated shorter on/off chips. As shown in Figure 2, additional IFFT is introduced to generate the OOK waveform, and the time domain signal of the OOK signal is added with that for the legacy DL channels. Thus, the LP-WUS can be FDMed multiplexing with NR signals. However, Additional signal generation branch is required.


[bookmark: _Ref127562289]Figure 2. Generation high chip rate MC-OOK waveform using additional IFFT module
[bookmark: OB3]Observation 3: New IFFT branch with higher SCS may be needed to achieve higher data/chip rate.
Based on above discussion, it is necessary further study methods to achieve flexible chip rate while reusing existing NR CP-OFDM generator.
[bookmark: PP1]Proposal 1: Further study methods to achieve flexible chip rates while reusing existing NR CP-OFDM generator.
· Opt-2: DFT-S-OFDM based MC-OOK (pre-DFT/pre-Distortion before IFFT) , i.e., M>=1
In [5], another method to generate multiple on/off chips within one OFDM symbol is proposed. A binary sequence, corresponding to the expected OOK waveform, is input to a pre-processing module before IFFT. The pre-processing module can be a pre-DFT module or a pre-distortion module, depending on the input sequence length and the number of REs allocated in frequency domain. The principle of this option is quite similar to DFT-S-OFDM for NR uplink channels, and the impact on the OFDM generator can be minimized.



[bookmark: _Ref127520431]Figure 3. pre-DFT, pre-Distortion before IFFT for MC-OOK generation
[bookmark: OB4]Observation 4: OOK waveforms can be generated by pre-DFT/pre-Distortion before IFFT
· A on/off time domain sequence is inputted to a pre-DFT/pre-Distortion before IFFT.
Similar to the DFT-S-OFDM, single frequency properties can be observed for signal generated in this option. As shown in Figure 4, the power spectrum density in frequency domain is centralized in a far narrower bandwidth than the actually allocated bandwidth. As shown in following figure, for a LP-WUS with 144 REs, the power is centralized within about 20 REs.
The number of segments (i.e., bits/chips) M that can be transmitted in one OFDM symbol, should be determined by the expected data rate, coverage, and overhead.
[image: ] 
[bookmark: _Ref127520512]Figure 4. PSD and time domain waveform of MC-OOK signal generated through Opt-2
[bookmark: OB5]Observation 5: The PSD is centralized in middle of the bandwidth allocated for LP-WUS if DFT- S-OFDM generated based MC-OOK generation is used.
Since the PSD is centralized in the middle of the BW for LP-WUS, as shown in Figure 4, the detection performance may be sensitive to the frequency selectivity. Hence, additional mechanisms should be studied to make the PSD more dispersed in the allocated BW, while the OOK characteristics should be maintained as much as possible.
[bookmark: OB6]Observation 6: Additional mechanisms should be studied to make the PSD flatter in the allocated BW, while the OOK waveform characteristics should be maintained as much as possible for DFT-S-OFDM based MC-OOK generation.
Considering WUS message part which carries more bits with OOK detection, it is expected that some coding schemes are adopted to provide better performance. It is worth noting that lower decoding complexity and power consumption should also be considered. Candidate schemes such as Manchester code, which has been used in the IEEE 802.11ba WUS technique, can be considered. 
[bookmark: PP2]Proposal 2: Manchester code can be considered as a start point for WUS message part to improve the decoding performance with low complexity and power consumption.
2.2. LP-WUS bandwidth
Following agreements were made on LP-WUS bandwidth [1].
	Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI


· Whether BW of LP-WUS is configurable
In last meeting, the question whether the bandwidth of LP-WUS is configurable was raised. According to discussion in AI 9.13.2, BPF is needed in homodyne/zero-IF architecture with baseband envelope detection and heterodyne architecture with IF envelope detection, to exclude the interference from adjacent NR signals. In our understanding, different bandwidth may imply different components in WUR to adapt each bandwidth. If the BW of LP-WUS is configurable, BPFs with different bandwidth should be implemented to better reject the interference, but resulting in higher receiver complexity.
[bookmark: OB7]Observation 7: If the BW of LP-WUS is configurable, BPFs with different bandwidth should be implemented to better reject the interference, causing higher receiver complexity.
· Size of guard band
For MC-OOK based LP-WUS waveforms, a guard band is needed between LP-WUS and other NR signals to avoid adjacent channel interference. But the size of guard band depends on frequency spectrum of the LP-WUS. For example, for LP-WUS generated by MC-OOK opt-2, as discussed in section 2.1, the frequency spectrum of signal is mainly distributed in middle of the allocated RB, and the RBs/REs with low PSD on both sides of the WUS bandwidth, can be used as guard band. Hence, the filter bandwidth can be narrower than the allocated signal BW. No additional guard band is needed if it is already covered by the WUS signal bandwidth.
While for MC-OOK opt-1 WUS, the power spectrum is uniformly distributed in frequency domain. Hence, additional guard band maybe needed to reject the interference from co-existed DL channels.
In summary, the size of the guard band may include,
For avoid interference, i.e., 
· from the neighboring subcarriers from NR signal or adjacent carrier interference 
· avoiding LP-WUS signal interferes neighboring subcarriers which used for NR signals
For avoid frequency uncertainty for receiving the LP-WUS, i.e. by frequency error
Whether the guard band is within or outside WUS bandwidth depends on the definition of LP-WUS BW. We prefer to define the LP-WUS BW includes guard band for simplicity and the guard band size is only relevant to the LP-WUS occupied subcarriers. This is also typical way to define NR carrier BW which the guard bandwidth only related to carrier BW.
[bookmark: OB8]Proposal 3: 
· Whether the guard band is within or outside WUS bandwidth depends on the definition of LP-WUS BW. Prefer to be included in the LP-WUS BW.
· The size of the guard band should be determined at least based on the factors, i.e., interference avoidance between WUS and NR signals and the frequency uncertainty for LP-WUR.
· Whether different LP-WUS bandwidth for different RRC states
LP-WUS can be used for different RRC states to achieve benefits for under different traffic. As discussed previously, supporting configurable(variable) channel bandwidth may imply higher receiver complexity, that is BPFs with different bandwidth should be implemented to better reject the interference. Hence, different bandwidth configuration for different RRC states is not preferred.
[bookmark: OB9]Observation 8: If the BW of LP-WUS can be different for each RRC states, BPFs with different bandwidth should be implemented to better reject the interference, causing higher WUR complexity.
Proposal 4: The same BW of LP-WUS should be designed for different RRC states for simple implementation
2.3. [bookmark: _Ref115367481]Signal/channel structure for LP-WUS and LP-SS
1. 
2. 
2.1. 
2.2. 
2.3. 
LP-WUS is expected to be able to wake up an individual UE, a subgroup of UE or all the UEs depending on wake-up purpose. Thus, the wake-up indication, i.e, the identification information of the target UE(s) should be carried. Besides, some information, other than wake-up indication, can also be carried in LP-WUS, e.g., necessary information to be handled in main radio but carried by LP-WUS and agnostic to LP-WUR, which facilitate main radio’s reception, e.g., system information modification. Such payload information can be carried by sequence(s) selection or encoded bits with CRC or both of them. The suitable channel structure of LP-WUS may vary when different number of payload information bits are delivered. Further, the channel structure of LP-WUS also depends on the synchronization requirements. If LP-WUR takes a low accuracy clock to keep lower power consumption, it may not keep synchronization to the TX side very precisely, and thus, at least a preamble should be included in LP-WUS channel structure, which can facilitate LP-WUR to reliably determine the start timing for the payload part. On the other hand, if LP-WUR can keep synchronization to the TX side very well, a preamble may not be needed. Therefore, the following structure of LP-WUS can be studied as starting point:
· Alt 1: WUS payload only 
· Alt 1a: WUS payload information is carried by sequence(s) selection
· Alt 1b: WUS payload information is carried by encoded bits (with CRC)
· Alt 2: a preamble (for sync) followed by WUS payload
· Alt 2a: WUS payload information is carried by sequence(s) selection
· Alt 2b: WUS payload information is carried by encoded bits (with CRC) 
[bookmark: PP3]Proposal 5: Study LP-WUS signal structure including:
· Alt 1: WUS payload only 
· Alt 1a: WUS payload information is carried by sequence(s) selection
· Alt 1b: WUS payload information is carried by encoded bits (with CRC)
· Alt 2: a preamble (for sync) followed by WUS payload
· Alt 2a: WUS payload information is carried by sequence(s) selection
· Alt 2b: WUS payload information is carried by encoded bits (with CRC) 
LP-WUS is transmitted on demand for waking up purpose. When a UE doesn’t detect a LP-WUS successfully for a period, it may not determine whether WUS is not transmitted, or the channel quality of low power link is poor for reception. Therefore, a reference signal transmitted periodically can be considered for RRM purpose. Furthermore, such signal can be also used to provide timing for LP-WUS reception. Therefore, a periodic signal at least for RRM and sync purpose can be also studied, e.g., low-power synchronization signal (LP-SS). The following structure of LP-SS can be studied as starting point:
· Alt 1: sequence(s) 
· Alt 2: sequence(s) followed by additional message
· Alt 2a: additional message is carried by sequence(s) selection
· Alt 2b: additional message is carried by encoded bits (with CRC)
[bookmark: PP4]Proposal 6: Study LP-SS signal structure including:
· Alt 1: sequence(s) 
· Alt 2: sequence(s) followed by additional message
· Alt 2a: additional message is carried by sequence(s) selection
· Alt 2b: additional message is carried by encoded bits (with CRC)
2.4. 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 suffer from the interference.
[image: ][image: ]
(a)  Config1-56kbps chiprate         (b) 	Config1-112kbps chiprate
Figure 5. Performance of LP-WUS with different preamble length
[bookmark: OB10]Observation 9: For LP-WUS structure with preamble using OOK waveform, the preamble with at least 16 chips can achieve reliable synchronization performance.
The preamble sequence may be transmitted across multiple OFDM symbols, with CP part every M chips, where M is the number of segments within one OFDM symbol. To avoid impacted by the CP parts when performing synchronization at WUR, the local sequence used for correlation with the received signal, can be padded with a number of zeros samples corresponding to the CP length. Thus, the impact of CP part in timing search can be eliminated.
2.5. Adaptive scalable sampling rate
The increased LP-WUS sampling rate could lead to higher power consumption to ADC, digital processing and etc. These aspects contribute as one of the main power consuming components. Hence, it is always beneficial to lower down the sampling rate. However, without enough feedback to the gNB, it is not easy to let the gNB indicate UE the received signal sampling rate. A more sophisticated way is to let the LP-WUS receiver decide which sampling rate is enough to decode. This can be based on the aforementioned ‘LP-SS’ signal to provide the ability to let the LP-WUS receiver autonomously detect the appropriate sampling rate, which can be then used for detecting LP-WUS preamble and message(s) part.
For example, the LP-WUS receiver can under sampling the ‘LP-SS’ sequence to save power. However, such operation requires the sequence for the ‘LP-SS’ signal having special characteristics, i.e., for different under sampling rate, the sequences of length s for which the autocorrelations are collectively as small as possible.
[bookmark: PP5]Proposal 7: Study LP-WUS receiver autonomously determine the sampling rate, which can be beneficial from reducing power consumption perspective.
3. Physical functionalities and procedures
3. 
3.1. DRX reception 
DRX is one basic configuration for power saving, for example DRX cycle for idle/inactive UEs is at least 320ms. In 802.11ba, the beacon period defaults to 100ms. In NR R18, LP-WUS can also be transmitted periodically or on demand. So LP-WUS or LP-SS transmission using DRX operation can be considered to further reduce power consumption of wake-up receiver.
For example, as illustrated in Figure 6, wake-up receiver may monitor the WUS or LP-SS discontinuously using the DRX operation. The LP-WUS or LP-SS can be accurately received while further decreasing power consumption as long as the ‘DRX onduration’ for WUR covers the potential location of LP-WUS or LP-SS.


[bookmark: _Ref115204703]Figure 6. LP-WUS/beacon transmission using DRX operation
As illustrated in Figure 7, when in RRC_IDLE/INACTIVE, if extended-DRX is configured, main radio monitors the paging channel in the PTW (i.e., paging time window), and main radio is in the sleep state in the rest time. Apparently, existing extended-DRX and PTW mechanism may cause significant latency. One potential solution is to receive the LP-WUS signal using DRX operation when main radio is in the sleep state. For higher latency requirements, wake-up indication can further reduce the network access latency with the decrement of DRX periodicity.


[bookmark: _Ref115204712]Figure 7. LP-WUS/LP-SS transmission using DRX operation in RRC_IDLE/INACTIVE
[bookmark: PP6]Proposal 8: Study both LP-WUS/LP-SS monitoring using DRX operation and continuously monitoring.
3.2. Measurements on UE with WUR
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)


In this section, we will further discuss the details on RRM measurements with WUR introduced.
· RRM mechanisms to reduce power consumption
In last meeting, reducing power consumption in RRM measurements were proposed by many contributions, since measurement on SSBs should resort to main radio, and it becomes the bottleneck in power saving after LP-WUR is introduced for power saving for paging reception.
Some enhancements on RRM measurements are proposed to reduce the power consumption on RRM measurements after LP-WUR is introduced, including following.
· Alt 1: LR performs LP-RRM, 
· Alt 1a: MR performs relaxed RRM for serving and possibly neighboring cells
· Alt 1b: MR does not perform RRM
· Alt 2: LR does not perform measurement, 
· MR performs relaxed RRM for serving and neighboring cells
If the power consumption is totally offload to WUR, the most power saving gain can be achieved. When the link quality gets worse, the MR can be used to perform RRM measurements. The RRM measurements on the main radio performed in relaxed periodicity, together with measurements in WUR, to assist the channel quality determination. According to our evaluation [6], 88%~93% additional power saving gain can be achieved when RRM measurement is totally offloaded to WUR, compared to RRM performed in main radio but in a relaxed manner, together with WUR RRM measurements.
[bookmark: PP7]Proposal 9: It is beneficial to support RRM measurements on WUR, and following enhancements can be considered.
· RRM measurements are totally offloaded to WUR
· RRM measurements are performed by WUR, and also performed by main radio with relaxed periodicity.
· Measurement quantity for RRM measure on WUR
Signal power and interference & noise power can be calculated by envelop detector, according to [7]. Various SNR estimation techniques have been discussed in the literature. Generally, SNR estimation techniques can be broadly classified as data aided (DA) and non-data aided (NDA) schemes. In [7], several estimation methods are proposed and it is found that the bit error rate (BER) performance of those estimation methods is well aligned with the analytically evaluated BER. Also, those estimation techniques are extended to estimate the interference power along with the desired signal and noise power. Since, the desired signal power and noise and interference power can be derived, the RSRP, RSRQ and SINR can also be derived for WUR. 
Alternatively, a simple way to evaluate the link quality is 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: PP8]Proposal 10: Following measurement metrics can be considered for measurement using WUR
· LP-RSRP;
· LP-RSRQ;
· LP-SINR;
· Detection error rate.
3.3. Coexistence
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. Both TDMed and FDMed multiplexing can be studied. FDMed multiplexing between LP-WUS and legacy signals/channels is beneficial for a carrier with large bandwidth.   
[bookmark: PP12][bookmark: PP9]Proposal 11: Study both TDM and FDM multiplexing for co-existence between LP-WUS and legacy signals/channels, with both semi-static and dynamic manner.
[bookmark: _Hlk114824285]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 band for LP-WUS. The amount of guard band depends on the different LP-WUR architectures, LP-WUS signal flow and LP-WUS waveform design etc. Study is necessary to find the best tradeoff among all factors like minimizing the guard band overhead, ensuring LP-WUS detection performance, low power consumption and low complexity for LP-WUR/WUS design etc. As analyzed in section 2.2aa, further study is needed on the number of PRBs used as guard band to mitigate the inband interference from legacy signals/channels to LP-WUS. 
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, 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: OB11]Observation 10: 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: PP13][bookmark: PP10]Proposal 12: Reusing the LP-WUS resources for other NR signal/channel transmissions should be allowed.  
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: Detection of existing OFDM signal cannot achieve remarkable power consumption reduction at receiver.
Observation 2: The data rate/chip rate may be limited by the SCS of NR DL signals/channels if the same IFFT module for NR DL signal is reused for LP-WUS generation.
Observation 3: New IFFT branch with higher SCS may be needed to achieve higher data/chip rate.
Proposal 1: Further study methods to achieve flexible chip rates while reusing existing NR CP-OFDM generator.
Observation 4: OOK waveforms can be generated by pre-DFT/pre-Distortion before IFFT
· A on/off time domain sequence is inputted to a pre-DFT/pre-Distortion before IFFT.
Observation 5: The PSD is centralized in middle of the bandwidth allocated for LP-WUS if DFT- S-OFDM generated based MC-OOK generation is used.
[bookmark: _GoBack]Observation 6: Additional mechanisms should be studied to make the PSD flatter in the allocated BW, while the OOK waveform characteristics should be maintained as much as possible for DFT-S-OFDM based MC-OOK generation.
Proposal 2: Manchester code can be considered as a start point for WUS message part to improve the decoding performance with low complexity and power consumption.
Observation 7: If the BW of LP-WUS is configurable, BPFs with different bandwidth should be implemented to better reject the interference, causing higher receiver complexity.
Proposal 3: 
· Whether the guard band is within or outside WUS bandwidth depends on the definition of LP-WUS BW. Prefer to be included in the LP-WUS BW.
· The size of the guard band should be determined at least based on the factors, i.e., interference avoidance between WUS and NR signals and the frequency uncertainty for LP-WUR.
Observation 8: If the BW of LP-WUS can be different for each RRC states, BPFs with different bandwidth should be implemented to better reject the interference, causing higher WUR complexity.
Proposal 4: The same BW of LP-WUS should be designed for different RRC states for simple implementation
Proposal 5: Study LP-WUS signal structure including:
· Alt 1: WUS payload only 
· Alt 1a: WUS payload information is carried by sequence(s) selection
· Alt 1b: WUS payload information is carried by encoded bits (with CRC)
· Alt 2: a preamble (for sync) followed by WUS payload
· Alt 2a: WUS payload information is carried by sequence(s) selection
· Alt 2b: WUS payload information is carried by encoded bits (with CRC) 
Proposal 6: Study LP-SS signal structure including:
· Alt 1: sequence(s) 
· Alt 2: sequence(s) followed by additional message
· Alt 2a: additional message is carried by sequence(s) selection
· Alt 2b: additional message is carried by encoded bits (with CRC)
Observation 9: For LP-WUS structure with preamble using OOK waveform, the preamble with at least 16 chips can achieve reliable synchronization performance.
Proposal 7: Study LP-WUS receiver autonomously determine the sampling rate, which can be beneficial from reducing power consumption perspective.
Proposal 8: Study both LP-WUS/LP-SS monitoring using DRX operation and continuously monitoring.
Proposal 9: It is beneficial to support RRM measurements on WUR, and following enhancements can be considered.
· RRM measurements are totally offloaded to WUR
· RRM measurements are performed by WUR, and also performed by main radio with relaxed periodicity.
Proposal 10: Following measurement metrics can be considered for measurement using WUR
· LP-RSRP;
· LP-RSRQ;
· LP-SINR;
· Detection error rate.
Proposal 11: Study both TDM and FDM multiplexing for co-existence between LP-WUS and legacy signals/channels, with both semi-static and dynamic manner.
Observation 10: 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 12: Reusing the LP-WUS resources for other NR signal/channel transmissions should be allowed.  
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Appendix A –Simulation assumptions
[bookmark: _Ref53480048]Table 1. Assumptions for link level simulation for LP-WUS
	[bookmark: _Hlk127439623]Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Case name
	Config1-56kbps
	Config1-112kbps

	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
	56kbps
(1 OFDM symbol 2 chip)
	112kbps
(1 OFDM symbol 4chip)

	WUS duration
	 2 slots

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

	maximum frequency error
	200 ppm

	Frequency drifting
	1 ppm/s

	Beacon periodicity
	1 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

	Channel Model
	TDL-C 300

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


 


Introduction


 


In RAN1#111 meeting, physical signal design and procedure for low power WUS was discussed, and some 


agreements were made 


[1]


.


 


In this contribution, 


w


e will provide our considerat


ions on the physical channel design, 


and potential functionalities and procedures for LP


-


WUS.


 


2.


 


Physical signal 


Design


 


In last meeting, the following agreements were made on waveform generation. 


 


Agreement


 


·


 


Study generation and link performance of multi


-


car


rier (MC)


-


ASK (including OOK) waveform


 


o


 


study techniques to generate waveform by modulating sub


-


carriers of CP


-


OFDM symbol, 


consider up to M bits transmitted per OFDM symbol, where M is FFS. 


 


§


 


Note that above does not preclude DFT


-


S


-


OFDMA 


 


·


 


Study generation a


nd link performance of multi


-


carrier (MC)


-


FSK waveforms


 


o


 


study techniques to generate waveform by modulating sub


-


carriers of CP


-


OFDM symbol


, 


consider up to M bits transmitted per OFDM symbol, where M is FFS.


 


·


 


Study link performance of OFDMA


-


based sign


als/channels considering at least the existing 


signal/channel structure (e.g. CSI


-


RS, SSS)


 


o


 


Other signal/channel structures are not precluded


 


·


 


For next meeting, companies to provide input on aspects to consider that might impact link 


performance


 


 


We will fu


rther discuss the details on signal design in thi


s


 


section.


 


2.1.


 


Waveform/Modulation


 


LP


-


WUR is targeting for a 


ultra


-


low


 


power consumption. While reception of existing OFDM based signals relies 


on complex receiver, e.g., accurate oscillator, OFDM demodulator. H


ence, LP


-


WUS based on existing signals 


requires high receiver complexity and power consumption, e.g., tens of mw 


[2]


, which 


cannot


 


achieve remarkable 


power consumption reduction.


 


Observation 


1


: Det


ection of existing OFDM signal 


cannot


 


achieve remarkable power consumption 


reduction 


at


 


receiver


.


 


As summarized in 


[3]


,


 


OOK is the most widely used waveform for low power wake up signal. OOK waveform 


can be dete


cted through components with lower power consumptions, e.g., envelop detector, simple digital 


processor. Besides, ASK can be considered to achieve higher data rates. However, the existing NR DL channels 


are all based on OFDM waveform and generated based on


 


OFDM generator, the WUS waveform also needs to be 


compliant


 


with the transmission principles of the standard in which it is


 


embedded. To better coexistence with 


legacy NR DL channels, the WUS design needs to support orthogonality in the


 


same way as NR DL 


channels, 


despite being based on


 


different modulation principles.


 


In


 


RAN


1#111, it is agreed that,


 


·


 


Study generation and link performance of multi


-


carrier (MC)


-


ASK (including OOK) waveform


 


o


 


Study techniques to generate waveform by modulating sub


-


carriers of C


P


-


OFDM


 


symbol, consider up to 


M bits transmitted per OFDM symbol, where M is FFS. 


 


§


 


Note that above does not preclude DFT


-


S


-


OFDMA 


 


According


 


to 


[4]


 


and 


[5]


, we see th


ere are generally two ways to generate OOK waveform with OFDM generator. 
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