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Introduction
Regarding L1 signal design and procedure for LP-WUS, RAN1#113 meeting achieved the agreements [1] listed in the appendix. 
In this contribution, we further provide our views on LP-WUS design and related procedures. Link level evaluation results are also provided to look into the performance of OOK and FSK waveform, with the impact from
· Timing error,
· Carrier frequency error, and
· Down sampling rate

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

On LP-WUS design

On sequence-based or encoded bits-based design
Regarding to use sequence detection/selection or encoded bits to carry the payload on LP-WUS, our views are:
· Sequence detection/selection may provide better coverage performance but may compromise the capacity and data rate. Depending on the design, from the experience of Rel.16 UE power saving study on sequence or PDCCH-based WUS design, sequence-based design may be more robust to frequency error.
· Using encoded bits may be more flexible to achieve higher throughput and accommodate payloads for possible functionalities, and forward compatibility. Although encoded bits may have less specification impact, for better coverage, CRC may lead to more overhead if the payload itself is small. In addition, channel encoding and whether and how to design the reference signal can also be normalization effects.
· We may capture all the observed pros/cons in the TR on each design alternative.

Observation 1: To capture in the TR that:
Using sequence detection/selection to carry the LP-WUS information may provide better coverage with compromised capacity and data rate and be more robust to frequency error. Using encoded bits is more straightforward and flexible to achieve higher throughput and accommodate payloads for more functionalities and forward compatibility. On the other hand, channel encoding, CRC and reference signal design need more standardization efforts.

RRM measurement
Regarding the RRM measurement performed by LP-WUR, the below agreement identifies metrics to study:
	Agreement
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total 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
· 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, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· 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 all the metrics LP-RSSI, LP-RSRP, LP-SINR and LP-RSRQ, either signal part measurement or interference part measurement or both (separately for SINR or jointly for RSSI/RSRQ) needs to be performed by LP-WUR. Then the resource for each part needs to be carefully checked with below consideration:
· The bandwidth needs to be equal or smaller than a lowest capable LP-WUR. So far, the operating bandwidth of LP-WUR, resource bandwidth of LP-WUS and LP-SS are still open, while BW<=5MHz is recommended to be supported for IDLE/INACTIVE mode for FR1. As we are not looking to design different reference signal for the RRM measurement of different bandwidth of LP-WUR/WUS, we propose that:

Proposal 1: To fix and limit the bandwidth of reference signal/resource for both signal and interference part RRM measurement to a minimum capability, e.g. 5MHz. 

· For the signal part, the types of candidate reference signals should not be too open, as the performance requirements are difficult to align with each other if different bandwidth and different waveforms of signals, e.g., SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence, LP-SS are all supported. 
· The SSB, especially the PBCH DMRS, can be easily beyond 5MHz with larger SCS like 30kHz.
· Mixing CP-OFDM and OOK/FSK waveform in the RRM measurement reference resource is not desirable, as the processing in receiver is essentially different. The RAN4 work can be tricky to achieve an aligned and uniformed requirement.
Thus, we propose that:
Proposal 2: For the signal part of the potential LP-WUR RRM measurement metrics, the reference resource should not consider legacy CP-OFDM waveform but only focus on the LP-WUS/LP-SS with uniformed waveform.

· For the interference part measurement, our thinking is:
· For LP-SINR measurement, the power interference and noise should be “clean” without power from signal part. To ease the LP-WUR processing complexity, zero power (ZP) resource may be considered.
· For LP-RSSI/RSRQ, only the linear averaged power needs to be measurement, which may include any of signal, interference, and noise. Thus, the LP-WUR processing complexity does not make difference from using ZP or NZP resource.
Therefore,
[bookmark: _Hlk142577841]Proposal 3: For the interference part of the potential LP-WUR RRM measurement metrics, both ZP and NZP resource can be considered.


On support of LP-SS
Regarding LP-SS, following agreement was made in RAN1#113 meeting:
	Agreement
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing PSS/SSS potentially assisted by PBCH DMRS/TRS for synchronization, existing PSS/SSS potentially assisted by PBCH DMRS/TRS may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.



As a essential function of LP-WUS, the wake up indication is the primary motivation, while the purpose of serving as a reference signal for time/frequency synchronization and RRM measurement should be secondary. 
The resource allocation, especially the periodicity of the LP-WUS, should be decided by the waking up function, e.g., paging indication in IDLE/INACTIVE mode or PDCCH monitoring indication in CONNECTED mode. But the periodicity of the potential LP-SS should depend on the requirement of the time/frequency synchronization, UE mobility and RRM measurement. Therefore, it is not reasonable to combine the two and only support LP-WUS to serve both functions which is similar with SSB putting SS and PBCH payload together. We need separate LP-SS from LP-WUS. But to facilitate the measurement and detection performance, linkage between LP-SS, LP-WUS and even SSB can be considered. Thus,
Proposal 4: LP-SS should be supported separately from LP-WUS, which potentially different periodicities. The potential linkage between LP-SS, LP-WUS and SSB could be considered for better measurement and detection performance.
On the frequency allocation of LP-SS, we think it would be reasonable to be either identical with LP-WUS, or to have limited options linked with LP-WUS to avoid frequent LP-WUR central frequency switching. To support the lowest capable receiver, the bandwidth should not be larger than LP-WUS.
Proposal 5: LP-SS bandwidth should not be larger than LP-WUS and the supported frequency location should have limited options associated with LP-WUS. 
On the waveform of LP-SS, we think it should follow that of LP-WUS (OOK/FSK), which keeps the receiver complexity lower and makes easier to design uniformed requirement, in case both LP-SS and LP-WUS can be reference signal for RRM measurement.
Proposal 6: Same waveform should be supported for LP-SS and LP-WUS for lower processing complexity and to facilitate defining uniformed RRM measurement requirements, in case both signals can be used for measurement reference signal.

Offloading of RRM measurement to LP-WUR
In the previous meeting, below agreements were achieved for RRM offloading to LP-WUR:
	Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR



The usage of the LP-WUR for RRM measurement can largely reduce the UE power consumption, as using MR for measurement is a rather power-hungry and necessary function for legacy UEs. However, the measurement accuracy and reliability are important for system operation stability, which impacts the UE IDLE/INACTIVE mode mobility performance, paging and access latency. Generally, using LP-WUR for RRM measurement can be deemed less accurate and reliable than using MR. Thus, in addition to the falling back to MR operation in the current agreement, it is proposed that:
Proposal 7: The conditions to offload RRM measurement to LP-WUR should be studied, in addition to the condition for falling back to MR-based measurement. The switching conditions may have some correspondence, e.g. the measurement is higher/lower than a threshold. For more system stability, it should also be allowed that UE performs RRM measurement using both LP-WUR and MR in a transition state.

LP-WUS activation/deactivation
In the previous meeting, below agreements were achieved for LP-WUS activation/deactivation.
	Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.


For a gNB to activate/deactivate the LP-WUS, following factors should be considered for a reasonable network operation:
· How dynamic should a gNB switch LP-WUS ON/OFF. 
· For IDLE/INACTIVE mode, we do not see a strong need to adapt the LP-WUS ON/OFF with full dynamic and flexibility. Being similarly dynamic as Rel.17 additional TRS for IDLE/INACTIVE mode can be sufficient, in our current view.
· The LP-WUS is switched ON/OFF to a certain UE, UE group, all the UEs served by a cell or UEs within a registration area
· As the LP-WUS/LP-SS can potentially support cell identification, UE identification, it is important to consider how the activation/deactivation should be performed by gNB to handle either smaller groups or larger groups of UEs. How the UE ID is communicated to the gNB should also be considered if the activation/deactivation is not simply cell level ON/OFF.
· Based on what reason, gNB switches LP-WUS ON/OFF, e.g., the arrival or departure of LP-WUS capable UE(s), system resource availability, or adapting the coverage area and so on.
· This part is still not so clear to us so we propose to further study, as the support of the LP-WUS feature should automatically mean the LP-WUS can be configured in SIB and transmitted for IDLE/INACTIVE UEs. However, if network wants to switch it ON/OFF, due to the reasons mentioned above, the procedure and gNB operation should be clear, in order to introduce the feature of activation/deactivation.
· Whether LP-SS is also adapted together with LP-WUS.
· We are also open for now but from gNB perspective, the overhead should be as less as possible, if the performance requirement is met. Thus, this really depends on the couplings of the functionalities of LP-SS and LP-WUS during the design in the WI phase.
· Whether/How UE monitoring behaviour be decoupled with LP-WUS ON/OFF, i.e., when LP-WUS is ON, UE could choose not to monitor is based on implementation or certain criteria like Alt 1a/1b in the agreement.
· As already mentioned by the agreement, if UE behaviour can be not to monitor LP-WUS but it is activated by network, it may cause wasted system overhead and should be avoided as much as possible. Thus potential new UE assistance information/procedure can be helpful for gNB to understand how the LP-WUS should be adapted.
Based on above open discussion, we have the following proposal to be captured in the TR:
Proposal 8: Regarding LP-WUS activation/deactivation, it is proposed to consider below factors in the observation of TR, for more complete understanding of the technical benefits:
· How dynamic should a gNB switch LP-WUS ON/OFF.
· The LP-WUS is switched ON/OFF for a certain UE, UE group, all the UEs served by a cell or UEs within a registration area
· Based on what reason, gNB switches LP-WUS ON/OFF, e.g., the arrival or departure of LP-WUS capable UE(s), system resource availability, or adapting the coverage area and so on.
· Whether LP-SS is also adapted together with LP-WUS.
· Whether/How UE monitoring behaviour be decoupled with LP-WUS ON/OFF, i.e., when LP-WUS is ON, UE could choose not to monitor.


Prioritization between RRC CONNECTED and IDLE/INACTIVE modes
Although we agreed on the following for RRC CONNECTED mode, our view is to prioritize the IDLE/INACTIVE mode study.
	Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.


We are open to study CONNECTED, although it can be put lower priority in our preference. On the other hand, the study in Rel.16 regarding sequence-based WUS to wake up UE for PDCCH monitoring should be considered, which we think similar design philosophy is applicable for LP-WUR.
Proposal 9: Rel.16 sequence-based WUS study should be taken into account for possible study of LP-WUS in the CONNECTED mode, although we think the IDLE/INACTIVE mode should have higher priority than CONNECTED mode.


Link evaluations of LP-WUS design
In sections 2.3.2, 2.3.2 and 2.3.4, we provide our LLS results and derived observations for:
· Impact of lower sampling rate
· Impact of carrier frequency error
· Impact of timing error.
Moreover, LLS result for more complicated setting up can be found in the appendix for reference to investigate potential impact:
· from more than one non-ideal factors as above 
· different sizes of outer GB between LP-WUS and PDSCH

Simulation assumptions
In this section, we provide the link level performances of OOK-1/2 with Manchester code and FSK-1/2, to check the performance sensitivity to timing error, carrier frequency error and lower sampling rate The evaluation assumptions are shown in Table.1 and some specific assumptions are listed as follow:
· For OOK-1/2, the raw bits are encoded by Manchester code with coding rate of 1/2, and ZC sequence-based modulated signal is transmitted when coded bit is ‘1’ at each segment. We assume 12 PRBs (144 SCs with 30 kHz SCS) for LP-WUS bandwidth including potential guard-bands (GB), and inner GB between segments and outer GB between LP-WUS and interfering signal is 6 SCs and 3 SC, respectively. One LP-WUS block consists of 14 symbols, and at receiver side, received bits are detected from Manchester coded signal by using envelope detection with blind symbol timing estimation in time domain.
· For FSK-1/2, ZC sequence-based modulated signal is transmitted at either high or low segment following row bits ‘0’ or ‘1’. Number of PRBs for LP-WUS bandwidth, SCs for inter GB and outer GB are same as for OOK-1/2. Additionally, the results with larger outer GB of 15 SCs are also provided in the appendix, but not in Section 2.3. Number of OFDM symbols in a LP-WUS block is also same as OOK-1/2. At receiver side, received bits are detected by using envelope detection with blind frequency error estimation in frequency domain.
· As an interference signal, we assume PDSCH mapped on whole system bandwidth other than resource used by LP-WUS and GB. PDSCH interference is modelled as constant.
· TDL-C channel is used for OOK-1/2 and FSK-1/2.
· ADC is not modelled and assumed ideal.
Sampling rate at transmitter and channel is assumed to be 30.72 MHz, and at receiver, operation after BPF performs with lower sampling rate, such as 7.68/3.84/1.92/0.96 MHz.
Table. 1 Simulation Assumptions 
	Carrier Frequency
	2.6 GHz

	Channel structure
	Sequence modulation (ZC sequence-based signal)
- information bit length:
   7*M bits for OOK-1/2
14*M bits for FSK-1/2

	Waveform
	- OOK-1 w/ Manchester coding (R=1/2)
- OOK-2 w/ Manchester coding (R=1/2)
- FSK-1/2

	SCS of OFDM generator for NR signal
	same as LP-WUS signal

	Configuration for LP-WUS signal
	- OOK-1: M=1 and SCSs = 30 kHz
- OOK-2: M=2,4 and SCSs = 30 kHz
- FSK-1/2: M=1,2 and SCSs = 30 kHz

	LP-WUS duration
	14 symbols

	gNB Channel BW 
	20 MHz

	LP-WUS BW
	
- 4.32 MHz (12 PRBs for 30 kHz SCS) for LP-WUS transmission including both inner and outer GB
· Inner GB between segments: 6 SCs 
· Outer GB between LP-WUS and adjacent PDSCH: 3 SCs

- 5.04 MHz (14 PRBs for 30 kHz SCS) for LP-WUS transmission including both inner and outer GB 
· LP-WUS transmission: 12 PRBs including inner GB (6 SCs) 
· Outer GB between LP-WUS and adjacent PDSCH: 15 SCs


	Filter 
	5-th Order Butterworth filter with Y MHz bandwidth
 - Y is same as BW for 1 segment of LP-WUS including GB

	Adjacent subcarrier interference
	PDSCH mapped on resources other than that for WUS and outer GB in Channel BW; 
EPRE of PDSCH is same with that of LP-WUS=ρ, where ρ=0 dB

	Sampling Rate
	- Tx: 30.72 MHz
- Rx: 7.68, 3.84, 1.92, 0.96 MHz

	ADC
	Ideal

	Channel Model
	TDL-C
- Delay spread: 300 ns
- UE velocity: 3 km/h

	Time / Frequency impairments
	- Residual time offset (TO): 0,1,2,4,10 (us)
- Residual frequency error offset (CFO): 0,1,2,5,10,50,100 (ppm)

	Detection at receiver
	Envelope detection
- performs in time domain for OOK-1/2
- performs in frequency domain for FSK-1


The impact of down sampling

Figure. 1 The LLS performance for timing error impact investigation
In Figure.1, the results to show the impact of timing error are provided, which includes OOK-1/2 and FSK-1/2. The colour of the curves can be used to identify the same transmission efficiency, such as OOK-2, M=2 with Manchester code and FSK-1/2, M=1.
It is noted that PSD boosting with 3dB is applied to FSK-2, M=2 by SNR shifting in each applicable figure. Then we can directly compare results of FSK-2 and FSK-1 or OOK-2, according to the agreed SINR calculation. The “Fs” in the figure means the sampling rate at the receiver side. The transmitter and channel modeling use fixed sampling rate of 30.72 MHz.
From the results, we have the following observation:
Observation 2: From the LLS results of lower sampling rates for all the waveforms:
· In all the waveform, certain performance degradation can be identified. But the sensitivity is different.
· OOK-1 and FSK-1 are more sensitive than OOK-2 and FSK-2. This is because the bandwidth of each segment is wider such that the lower sampling rate causes more energy loss and frequency aliasing.
· OOK-2 with M=4 and FSK-2 with M=2 has more constant and less degraded performance, as the segment size is sufficiently small considering the down-sampling rate.
· FSK-1/2 with M=1 is more sensitive to down-sampling than OOK-2 even when segment size is same, as the aliasing with PDSCH has stronger impact in the lower/upper segment detection for FSK than 0/1 symbol detection in OOK.
· In general, OOK outperforms FSK in most cases of lower sampling rate.
· When segment is small, both OOK (e.g., OOK-2, M=4) and FSK (e.g., FSK-2, M=2) can be robust against lower sampling rate and thus friendly to lower processing complexity receiver.


The impact of carrier frequency error

Figure.2 The LLS performance for carrier frequency error impact investigation
It is noted that, to focus on the investigation of impact from CFO, the fixed sampling rate of 7.68 MHz is used in all the curves in Figure.2, to avoid impact from loss of energy and aliasing due to down sampling. There is also no timing error utilized.
By the results, we may have the below observations.
Observation 3: From the LLS results with carrier frequency error:
· When CFO is less than 10 ppm, OOK-2, M=2 has close performance with that of FSK-1/2, M=1. Similarly, the performance of OOK-2, M=4 is also close relative to that of FSK-1, M=2. Thus, both OOK and FSK is not sensitive to the impact of CFO below 10 ppm, under the simulation assumptions used here.
· For OOK, when the segments get smaller, e.g., OOK-2, M = 2 and 4, it is more sensitive to the impact from larger CFO. For FSK, similar can be observed for FSK-1/2, M=2.
· For FSK-1, M=1, the performance is less sensitive to CFO (both SINR at 1% and 0.1% BLER) than that of FSK-1, M=2 and FSK-2, M=2, as the CFO is easier to be estimated at receiver envelop detection in frequency domain. 
· With smaller segments as of FSK-1, M=2 and FSK=2, M=2, it is more challenging for receiver to self-calibrate the CFO, even if CFO is small, due to frequency fading channel and Inter-carrier interference due to interfering PDSCH. Then error floor is formed in high SINR region.
· With larger carrier frequency error like CFO>=50 ppm, FSK-1 is more robust than OOK-2 due to that FSK-1 may self-calibrate CFO using the envelope detection in frequency domain.
· When the segment is sufficiently large, both OOK (e.g. OOK-1) and FSK (e.g. FSK-1, M=1) can be robust to CFO, within a certain CFO range.

It is also noted that, although CFO estimation and re-calibration is performed in our LLS for FSK, due to the imperfect pure energy detection algorithm with low complexity, leaked interference from PDSCH, fading channel and small outer GB=3 SCs, the performance trend of detection performance is not perfectly following the expected trend that lower CFO leads to better performance. When larger outer GB = 15 SCs is used, this imperfect trend is less obvious, as shown in the Figure.6 and 8 in the appendix, where we provided more results. However, we think such imperfect approach can manage the SINR degradation range to some extent, compared to receiver without such function. Therefore, the usefulness is valid to us, at least for relatively bigger segments of FSK, which is shown/proven by the results of FSK-1, M=1.

The impact of timing error
Figure.3 The LLS performance for timing error impact investigation
Similar with the cases to check carrier frequency error, the sampling rate is fixed to 7.68 MHz for all the cases in Figure.3. The CFO is set to zero. Our observations are as follows:
Observation 4: From the LLS results with timing error:
· OOK with Manchester code shows more robust performance than FSK in terms of combating against timing error. Because time domain envelop detection is able to estimate the TO and self-calibrate the timing error, which is benefited from the Manchester code property.
· As we are not performing any timing error estimation for FSK, FSK performance is rather sensitive to even small TOs. Thus, theoretically, FSK with Manchester code in time domain would improve the performance when timing error is assumed.

Conclusion
Based on the discussion, the following proposals and observations are highlighted: 
Observation 1: To capture in the TR that:
Using sequence detection/selection to carry the LP-WUS information may provide better coverage with compromised capacity and data rate and be more robust to frequency error. Using encoded bits is more straightforward and flexible to achieve higher throughput and accommodate payloads for more functionalities and forward compatibility. On the other hand, channel encoding, CRC and reference signal design need more standardization efforts.
Proposal 1: To fix and limit the bandwidth of reference signal/resource for both signal and interference part RRM measurement to a minimum capability, e.g. 5MHz. 
Proposal 2: For the signal part of the potential LP-WUR RRM measurement metrics, the reference resource should not consider legacy CP-OFDM waveform but only focus on the LP-WUS/LP-SS with uniformed waveform.
Proposal 3: For the interference part of the potential LP-WUR RRM measurement metrics, both ZP and NZP resource can be considered.
Proposal 4: LP-SS should be supported separately from LP-WUS, which potentially different periodicities. The potential linkage between LP-SS, LP-WUS and SSB could be considered for better measurement and detection performance.
Proposal 5: LP-SS bandwidth should not be larger than LP-WUS and the supported frequency location should have limited options associated with LP-WUS. 
Proposal 6: Same waveform should be supported for LP-SS and LP-WUS for lower processing complexity and to facilitate defining uniformed RRM measurement requirements, in case both signals can be used for measurement reference signal.
Proposal 7: The conditions to offload RRM measurement to LP-WUR should be studied, in addition to the condition for falling back to MR-based measurement. The switching conditions may have some correspondence, e.g. the measurement is higher/lower than a threshold. For more system stability, it should also be allowed that UE performs RRM measurement using both LP-WUR and MR in a transition state.
Proposal 8: Regarding LP-WUS activation/deactivation, it is proposed to consider below factors in the observation of TR, for more complete understanding of the technical benefits:
· How dynamic should a gNB switch LP-WUS ON/OFF.
· The LP-WUS is switched ON/OFF for a certain UE, UE group, all the UEs served by a cell or UEs within a registration area
· Based on what reason, gNB switches LP-WUS ON/OFF, e.g., the arrival or departure of LP-WUS capable UE(s), system resource availability, or adapting the coverage area and so on.
· Whether LP-SS is also adapted together with LP-WUS.
· Whether/How UE monitoring behaviour be decoupled with LP-WUS ON/OFF, i.e., when LP-WUS is ON, UE could choose not to monitor.
Proposal 9: Rel.16 sequence-based WUS study should be taken into account for possible study of LP-WUS in the CONNECTED mode, although we think the IDLE/INACTIVE mode should have higher priority than CONNECTED mode.
Observation 2: From the LLS results of lower sampling rates for all the waveforms:
· In all the waveform, certain performance degradation can be identified. But the sensitivity is different.
· OOK-1 and FSK-1 are more sensitive than OOK-2 and FSK-2. This is because the bandwidth of each segment is wider such that the lower sampling rate causes more energy loss and frequency aliasing.
· OOK-2 with M=4 and FSK-2 with M=2 has more constant and less degraded performance, as the segment size is sufficiently small considering the down-sampling rate.
· FSK-1/2 with M=1 is more sensitive to down-sampling than OOK-2 even when segment size is same, as the aliasing with PDSCH has stronger impact in the lower/upper segment detection for FSK than 0/1 symbol detection in OOK.
· In general, OOK outperforms FSK in most cases of lower sampling rate.
· When segment is small, both OOK (e.g., OOK-2, M=4) and FSK (e.g., FSK-2, M=2) can be robust against lower sampling rate and thus friendly to lower processing complexity receiver.

Observation 3: From the LLS results with carrier frequency error:
· When CFO is less than 10 ppm, OOK-2, M=2 has close performance with that of FSK-1/2, M=1. Similarly, the performance of OOK-2, M=4 is also close relative to that of FSK-1, M=2. Thus, both OOK and FSK is not sensitive to the impact of CFO below 10 ppm, under the simulation assumptions used here.
· For OOK, when the segments get smaller, e.g., OOK-2, M = 2 and 4, it is more sensitive to the impact from larger CFO. For FSK, similar can be observed for FSK-1/2, M=2.
· For FSK-1, M=1, the performance is less sensitive to CFO (both SINR at 1% and 0.1% BLER) than that of FSK-1, M=2 and FSK-2, M=2, as the CFO is easier to be estimated at receiver envelop detection in frequency domain. 
· With smaller segments as of FSK-1, M=2 and FSK=2, M=2, it is more challenging for receiver to self-calibrate the CFO, even if CFO is small, due to frequency fading channel and Inter-carrier interference due to interfering PDSCH. Then error floor is formed in high SINR region.
· With larger carrier frequency error like CFO>=50 ppm, FSK-1 is more robust than OOK-2 due to that FSK-1 may self-calibrate CFO using the envelope detection in frequency domain.
· When the segment is sufficiently large, both OOK (e.g. OOK-1) and FSK (e.g. FSK-1, M=1) can be robust to CFO, within a certain CFO range.
Observation 4: From the LLS results with timing error:
· OOK with Manchester code shows more robust performance than FSK in terms of combating against timing error. Because time domain envelop detection is able to estimate the TO and self-calibrate the timing error, which is benefited from the Manchester code property.
· As we are not performing any timing error estimation for FSK, FSK performance is rather sensitive to even small TOs. Thus, theoretically, FSK with Manchester code in time domain would improve the performance when timing error is assumed.


Reference
[1] RAN1 chairman’s notes of 3GPP RAN1 #113 meeting


Appendix

Agreements from RAN1 #113 meeting


Agreement
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total 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
· 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, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· 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 

Agreement
Power pooling between OFDM symbols is not assumed for evaluation purposes. Average EPRE is defined per OFDM symbol.



Agreement
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing PSS/SSS potentially assisted by PBCH DMRS/TRS for synchronization, existing PSS/SSS potentially assisted by PBCH DMRS/TRS may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.

Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR


Agreement
· For waveform generation the following observations are made
· Flat spectrum in frequency domain provides robustness against frequency selective fading compared to concentrated energy in frequency domain.
· for OOK-4, sequence before DFT/LS with variation in phase via such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches
· Further discuss the following potential observations for waveform generation:
· When DFT is employed in OOK-4 (M>=2), -1/1 alternation in time or frequency shift in frequency domain may be needed to match CP-OFDM generation.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB with memory requirement depending on number of possible combination. This may be up to gNB implementation.
· quantization of generated waveform in frequency domain to existing constellation (e.g. 64QAM) has low impact on performance and reduces complexity. This may be up to gNB implementation.
· Repetition of a sequence(s) used in LP-WUS generation in frequency can be used to improve diversity for MC-OOK and robustness against frequency offsets for MC-FSK.



For companies to consider for providing evaluation results

· Cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details
· For evaluation of LP-SS accuracy, assume SNR at [-3dB] and LP-WUR noise figure should be reported


Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code     
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.

Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.


Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.



LLS results of impact of lower sampling rate + timing error



Figure.4 LLS results of impact of lower sampling rate + timing error

LLS results of impact of lower sampling rate + carrier frequency error



Figure.5 LLS results of impact of lower sampling rate + carrier frequency error

LLS results of impact of lower sampling rate + different sizes of outer GB between LP-WUS and PDSCH. Only for FSK-1/2.
· w/o CFO and w/o TO

Figure.6 FSK-1/2, lower sampling rate + different sizes of outer GB between LP-WUS and PDSCH

· w/ TO


Figure.7 FSK-1/2, lower sampling rate + different sizes of outer GB between LP-WUS and PDSCH, with timing error


· w/ CFO


Figure.8 FSK-1/2, lower sampling rate + different sizes of outer GB between LP-WUS and PDSCH, with carrier frequency error
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