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1	Introduction
This TP provides summary of LP-WUS RF studied in RAN4.
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[bookmark: _Toc144508467][bookmark: _Toc149557219]9.1	Power/latency/coverage/overhead/network energy
RAN1 has identified use cases of LP-WUS/WUR for power sensitive devices including IoT, wearable and eMBB, and for both IDLE/INACTIVE and CONNECTED mode usage. RAN1 has identified the performance metrics and KPIs for the studies of LP-WUS/WUR including UE power consumption, coverage, latency and UPT as well as metrics and KPIs for network impact including the impact to system overhead, system capacity (XR traffic), and network energy consumption.
RAN1 has developed evaluation methodologies for the study of LP-WUS/WUR including power models for LR and MR, traffic characteristics, coverage targets, LR clocks and oscillator assumptions, etc. 
RAN1 has carried out system level evaluations for the UE power saving and latency benefit of using LP-WUS/WUR for IDLE/INACTIVE UEs.
-	UE power saving gain cannot be observed if the existing Rel-18 MR RRM measurement periodicity for serving and neighbour cells are applied and UE MR enters in ultra-deep sleep during LP LP-WUS monitoring, therefore MR serving and neighbour cell measurement with further time domain relaxation than that is allowed in Rel-18 specification for IDLE/INACTIVE and/or at least serving cell RRM offloaded from MR to LR are beneficial. 
-	Compared with existing I-DRX operation, 
-	Significant UE power saving gain (up to more than 90%) is observed by using LP-WUS/WUR to trigger UE MR paging monitoring compared with existing I-DRX operation (with and without PEI), if sufficient relaxation to MR RRM measurement is applied. 
-	For duty-cycled LP-WUS monitoring and same duty ratio, higher power saving gain is observed if the relative power consumption of LP-WUR ON for LP-WUS monitoring is lower.
-	For continuous LP-WUS monitoring, UE power saving gain is only observed if the relative power consumption of LP-WUR ON for LP-WUS monitoring is lower, e.g. no larger than 1 unit. 
-	If the MR enters ultra deep sleep while monitoring LP-WUS, compared with legacy I-DRX operation with same I-DRX cycle, moderate paging latency increase (e.g. ~400ms) is observed by using LP-WUS/WUR, due to the ramp up and re-sync procedure of MR from ultra-deep sleep state and if legacy paging occasion is reused. From RAN1 perspective, potential techniques to decrease the latency e.g. using shorter I-DRX cycles, dynamic paging occasion determination, UE MR transmit PRACH directly after wake-up by LP-WUS, UE MR entering deep sleep during LP LP-WUS monitoring, were proposed and evaluated. 
-	Compared with existing eDRX operation, significant paging latency reduction and moderate UE power saving gain is observed, if LP-WUS monitoring and the corresponding paging monitoring after MR wake-up is performed not restricted within existing PTW of eDRX. Significant UE power gain and moderate paging latency increase is observed if LP-WUS monitoring is restricted within existing PTW of eDRX and existing paging occasion determination is reused.  
RAN1 has carried out system level evaluations for the UE power saving and UPT benefit of using LP-WUS/WUR for CONNETED mode UEs with different traffic types including XR, FTP and IM. Existing power saving techniques, including Rel-15 long/short C-DRX cycle, Rel-16 DCP, Rel-17 PDCCH skipping/SSSG switching and Rel-18 enhanced C-DRX for non-integer periodicities are used for in the evaluation comparison. 
-	For XR traffic and LP-WUS to trigger the UE MR PDCCH monitoring, 
-	Moderate UE power saving gain (up to more than 10%) across different types of XR traffic and system load scenarios can be observed, larger UE power saving gain can be observed if the UE MR can enter light sleep instead of micro sleep during LP-WUS monitoring by LR. 
-	The impact to the XR capacity is marginal for low load scenarios. For high load scenarios, the impact to the XR capacity is also marginal when the UE MR enters the micro sleep state and relatively larger when MR enters the light sleep state during LR LP-WUS monitoring.
-	For FTP and IM traffic,
-	For the usage of LP-WUS to trigger the UE MR PDCCH monitoring, 
-	Compared with existing UE power saving techniques, significant UE power saving gain (up to more than 60%) and moderate UPT improvement (up to more than 10%) when the UE MR enters deep sleep state during LR LP-WUS monitoring, larger UPT improvement (up to more than 180%) is observed for traffic with small packets, e.g. IM. Relatively lower or no UE power saving gain can be observed when the UE MR enters light sleep during LR LP-WUS monitoring, but the UPT improvement is higher (up to more than 50%). 
-	Compared with UE MR always-on PDCCH monitoring, significant UE power saving gain (up to more than 40%) and similar UPT performance can be observed, when UE MR enters micro sleep during LR LP-WUS monitoring. 
-	For the usage of LP-WUS as the wake-up mechanism of C-DRX similar to DCP
-	Significant UE power saving gain (up to more than 30%) and moderate degradation to the UPT (less than 10%) can be observed, especially when the C-DRX cycle is shorter (e.g. 40ms) .
RAN1 has carried out coverage evaluation to compare the MIL performance of LP-WUS with that of legacy NR channels (e.g. PUSCH for MSG3, PDCCH for Paging). It is observed that for LP-WUS can achieve comparable MIL performance with that of NR PUSCH MSG3, with the assumed resource for each LP-WUS transmission is as the following, in which RedCap and non-RedCap UE cases are not further distinguished. 
-	For Urban scenario and single PUSCH MSG3 transmission 
-	For OOK-based LP-WUS, the required resource reported is 0.9~17.28 MHz*Symbol/bit 
-	For FSK-based LP-WUS, the required resource reported is 4.32~25.92 MHz*Symbol/bit 
-	For OFDM-based LP-WUS, the required resource reported is 0.31~4.32 MHz*Symbol/bit
-	For Urban scenario and PUSCH MSG3 transmission with two retransmissions (one source)
-	For OOK-based LP-WUS, the required resource reported is 241.92 MHz*Symbol/bit 
-	For OFDM-based LP-WUS, the required resource reported is 2.16 MHz*Symbol/bit
-	For Rural scenarios and single PUSCH MSG3 transmission 
-	For OOK-based LP-WUS, the required resource reported is 0.72~4.32 MHz*Symbol/bit 
-	For FSK-based LP-WUS, the required resource reported is 4.32 MHz*Symbol/bit (one source)
-	For OFDM-based LP-WUS, the required resource reported is 0.62~4.36 MHz*Symbol/bit
-	Note the above OFDM symbol assumes subcarrier spacing 30kHz
-	In general, it is much more challenging for LP-WUS to reach comparable MIL as legacy PDCCH with AL16/AL8, more resources occupancy and/or coverage enhancement techniques for LP-WUS transmission would be required to reach such challenging MIL target. 
For the overhead of LP-WUS used for RRC IDLE/INACTIVE UEs, it depends on the number of information bits, time-frequency occupation, traffic inter-arrival time, number of beams, system BW.
-	For 5MHz LP-WUS with single PUSCH MSG 3 as MIL target
-	For OFDM based LP-WUS carrying information of up to 24bits, the overhead is marginal (up to 0.16%) for 20MHz or 100MHz system BW
-	For OOK/FSK-2 based LP-WUS carrying information up to 24bit, the overhead is marginal (up to 1.98%) for 20MHz. Note that in this case, the overhead evaluation in some sources includes LP-WUS and LP-SS. The reported maximum payload and maximum overhead are from different sources and are not corresponds to each other.
-	For 5MHz LP-WUS with paging PDCCH (AL8/AL16) as the MIL target and 20MHz system BW,
-	For OFDM based LP-WUS carrying information up to 8bits, the overhead is marginal (up to 0.19%) (one source)
-	For OOK-based LP-WUS carrying information up to 48bits, the overhead can be significant (up to 21%). Note that in this case, the overhead evaluation in some sources includes LP-WUS and LP-SS
For the overhead of LP-WUS used RRC CONNECTED mode (One source)
-	For XR and 10 UEs per cell (maximum system capacity) and 100MHz system BW, the overhead of OOK-based LP-WUS carrying up to 12bits information bits is small (up to 4.3%);
-	For FTP3 traffic and 10 UEs per cell, RU 40%, 100MHz system BW, the overhead of OOK-based LP-WUS carrying up to 12 information bits is marginal (up to 0.36%); 
For OOK based LP-SS with 5MHz, 8 beams and 20MHz system bandwidth, the overhead is 0.4% for 320ms LP-SS periodicity and 1 slot (30kHz) duration per beam, and 0.3% for 1280ms LP-SS periodicity and 3 slots (30KHz) duration per beam. The overhead of other configurations can be derived by scaling accordingly. 
The additional increased network power consumption due to LP-SS is also studied assuming LP-SS is an additional signal transmission than the existing NR signal/channels. When 320ms LP-SS periodicity, 4 or 8 beams and no more than 14 symbols LP-SS duration is assumed, the additional increased network power consumption rate is marginal (0.06%~3.9%), (0.07%~2.716%), (0.388%~1.076%) for zero load, low load and medium load respectively. For 320ms LP-SS periodicity, 8 beams and 42 symbols LP-SS duration, one source shows the additional increase network power consumption rate is 11.4%.
Lower impact to the network power consumption is expected when LP-SS is transmitted FDM with NR SSB/SIB-1.
[bookmark: _Toc144508468][bookmark: _Toc149557220]9.2	LP-WUR architecture
For the LP-WUR architecture, 
-	For OOK waveform, 3 types of receiver architectures have been considered: RF envelope detection, heterodyne architecture with IF envelope detection, and homodyne/zero-IF architecture with baseband envelope detection.
-	For RF envelope detection, the reported relative power consumption for ON state is in the range of 0.01~0.2, and the reported noise figure is in the range of 12~22 dB.
-	For heterodyne architecture, the reported relative power consumption for ON state is in the range of 0.1~4, and the reported noise figure is in the range of 9~15 dB.
-	For homodyne/zero-IF architecture, the reported relative power consumption for ON state is in the range of 0.05~4, and the reported noise figure is in the range of 10~16 dB.
-	For FSK waveform, the architectures with parallel OOK receivers and with frequency to amplitude conversion have been considered. Among the architectures that have more than 2 sources providing the analysis,
-	For parallel heterodyne architecture, the reported relative power consumption for ON state is in the range of 0.1~1, and the reported noise figure is in the range of 9~15 dB.
-	For parallel homodyne/zero-IF architecture, the reported relative power consumption for ON state is in the range of 0.1~1, and the reported noise figure is in the range of 10~16 dB.
-	For OFDMA-based signals, sequence-based signals have been considered, where the LP WUR performs either time-domain correlation without FFT or frequency-domain correlation after FFT.
-	For time-domain correlation, the reported relative power consumption for ON state is in the range of 0.15~10/30, and the reported noise figure is in the range of 7~25.
-	For frequency-domain correlation, the reported relative power consumption for ON state is in the range of 1~30, and the reported noise figure is in the range of 7~12.
-	Note that:
-	Some of the inconsistent ranges for the architectures for OOK and FSK waveforms (e.g., power consumption for the homodyne/zero-IF architecture for OOK and the parallel homodyne/zero-IF architecture for FSK) is due to the fact that not all sources provided analysis for all the architectures.
-	For each individual source, the power consumption for FSK is similar as or slightly higher than the power consumption for OOK with the same architecture type.
-	Note that some of the wide ranges for the different architectures is due to the fact that different sources made different assumptions and there is a tradeoff between power consumption and noise figure.
[bookmark: _Toc144508469][bookmark: _Toc149557221]9.3	LLS performance and LP-WUS design/L1 procedure
RAN1 studied robustness of OOK-1, OOK-2, OOK-3, OOK-4, FSK-1, FSK-2 and OFDMA waveform to time and frequency offset in Clauses 8.3.1, and 8.3.2 resp. and observed the following:
-	OOK/FSK waveform with longer time segment and with a single or multiple frequency segments is comparable (0 us) or more robust (by 4us) to timing error than waveform with shorter time segment.  
-	One source shows that without sliding window, OFDMA tolerates up to 4us timing error, when SCS <=30kHz, and receiver did not perform FFT.   
-	For OFDMA, tolerance to timing error varies with sliding window size assumed by a receiver and was shown to tolerate timing error up to 4us if proper sliding window size is assumed by a receiver.
-	Single frequency segment OOK (except OOK3) waveform is more robust to frequency error (of 390kHz) than OOK/FSK waveforms with multiple frequency segments (depending on guard-band size between segments) and both are more robust than OFDMA waveform assuming no frequency compensation/synchronization.  
-	One source showed that single frequency segment FSK-envelop-IF waveform is more robust to frequency error (of 260 kHz) than OOK/FSK waveforms with multiple frequency segments (depending on guard-band size between segments) and both are more robust than OFDMA waveform assuming no frequency compensation/ synchronization. 
In RAN1 also the impact of sampling rate on performance has been studied.
RAN1 studied spectral efficiency of OOK-1, OOK-2, OOK-3, OOK-4, FSK-1, FSK-2 and OFDMA waveform, where the best results (of spectral efficiency) from results reported by each company for each waveform are summarized in Clause 8.3.3. Results among companies were combined across different receiver types, different power pooling assumption, different sampling rates, different tx antenna configurations, FAR target for the same waveform.
RAN1 studied RSRP and RSRQ measurement accuracy based on LP-SS (based on OOK which can be received by envelop detector) assuming TDL-C channel and observed that depending on SNR target X= {-3, -6, -9, -11} dB as seen by LP-WUR, and depending on 90% accuracy of 3 or 5 dB, different number symbols (1 -70) spread over 1-5 periods is required. Timing and frequency impairments were also considered. RAN1 studied RSRP and RSRQ measurement accuracy based on LP-SS (based on OOK which can be received by envelop detector) assuming AWGN channel and observed that depending on SNR target X= {-9, -11} dB as seen by LP-WUR, and depending on 90% accuracy of 3 or 5 dB, different number symbols (1 -20) spread over 1-3 periods is required. Timing and frequency impairments were also considered. Corresponding SNR observed by MR and LR is different due to NF difference between them. Accuracy of RSRP and RSRQ measurement depends on sampling rate.
RAN1 studied RSRP measurement accuracy based on SSS (OFDMA received by I/Q detector) and observed that depending on SNR target X= [-3, -6] dB as seen by LP-WUR, and depending on 90% accuracy of 3dB, 1 OFDMA symbol in 1 period is required, assuming TDL-C. Timing and frequency impairments were also considered. 
For waveform generation of OOK/FSK the following observations were 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. Sequence(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performances. Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches.
Pre-storing of the generated frequency domain samples to be mapped to LP-WUS sub-carrier segment of iFFT at gNB may reduce complexity of waveform generation at gNB with memory requirement depending on number of possible combinations. The number of combinations is function of number of supported LP-WUS bandwidth sizes, supported values of M for OOK-4, etc. Pre-storing of the generated frequency domain samples may be up to gNB implementation. For OOK4, Manchester coding will reduce the number of combinations for OOK-4 given the same time/frequency resource. 
RAN1 studied LP-WUS bandwidth, at least for IDLE/Inactive mode, at least one BW-size smaller or equal to 5MHz is recommended to be supported for FR1. Other BW sizes are not precluded, however if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz. LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs. From RAN1 perspective, LP-WUS and signals/channels by MR can be at least on the same carrier in the same band. From RAN1 perspective, for multiplexing with other NR signals and channels, it is beneficial if LP-WUS can be flexibly configured within a carrier. 
RAN1 studied synchronization of LP-WUR. At least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionalities: (a) RRM measurements by LP-WUR, if supported (b) At least coarse time synchronization of LP-WUR. (c) At least coarse frequency synchronization of LP-WUR. Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, number of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce the overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and 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.
OFDMA waveform can provide coverage for LP-WUS with lower resource overhead. LP-WUR receiving OFDMA waveform can reuse PSS/SSS to perform RRM measurement and synchronization avoiding the introduction of periodic LP-SS within the carrier. Timing error robustness can be further improved using a sliding window at the receiver. 
Single frequency segment OOK-1/OOK-4 can provide a range of spectral efficiencies while being the most robust waveform to frequency error while robustness to timing error decreases with the increasing of M, but could be addressed by using a sliding window at the receiver or by pulse shaping in time domain. OOK-4 with variable M can provide a flexible range of spectral efficiencies for a fixed LP-WUS resource. Sequences to generate ON duration in OFDMA transmitter, if specified, can help receiver (with I/Q branches) performance.
FSK-2 can provide a range of spectral efficiencies by varying M while having good robustness to frequency error and moderate robustness to timing error. Frequency error robustness can be further improved using frequency error correction (i.e., utilizing 2^M parallel receiver structure or frequency domain sliding window), larger guard band between segments at the expense of less frequency diversity, and/or single frequency segment FSK2-envelope IF. Timing error robustness can be further improved using a sliding window or by pulse shaping in the time domain. Uniform distribution of frequency spectrum density can be achieved using single frequency segment FSK2-envelope IF which can provide robustness against frequency fading. Sequences to generate ON duration in OFDMA transmitter, if specified, can help receiver (with I/Q branches) performance.
9.4	Conclusion of RAN4 RF study
During the SI study for LP-WUS/WUR, RAN4 had discussed and analysed the RF related issues, some of the key issues are listed as following:
· LP-WUR UE architectures including the variant implementations
· Guard RBs for ACS and ASCS cases with RF impairments (e.g., CFO, phase noise, non-linearities) for RAN1 assumed LP-WUS waveforms
· Guard RB definition and placement for ACS and ASCS cases
· gNodeB RF impacts including BS in-band power boosting for LP-WUS
· Operating bands (same band or different bands) for LP-WUS
· LP-WUS channel bandwidth
· Link-level simulation and filter suppression level analysis regarding the guard RBs analysis
· Noise figure for lower LP-WUR
· REFSENS for the assumed coverage target
· Multi-band capability
Based on the study, RAN4 reached the following conclusions:
· RAN4 studied ACS and ASCS of LP-WUS, RAN4 concluded that the LP-WUS signal can coexist with existing NR signal/channels in the same channel, or in an adjacent channel(s) with proper number of guard RBs. 
· It is beneficial to enable 3dB or 6 dB power boosting for LP-WUS to improve the WUS signal coverage. The supporting of LP-WUS power boosting and boosting level can be declared by manufacture.
· RAN4 discussed band operation for LP-WUS and concluded that the operating band for the low-power radio (LR) and main radio (MR) can be the same or different. 
Besides the above conclusions, RAN4 also identified some issues which could be further discussed in WI phase, e.g., 
· Specifying at least the REFSENS, ACS and ASCS requirements with consideration of possible new methodology
· Impacts of different architecture on RF requirements
· Specific guard RBs for ACS and ASCS cases
· Specify BS power boosting value/range for LP-WUS 
· Specific IMT operating band(s) for LP-WUS if necessary
· Possible testability issues
It is noted that all above issues to be considered in WI stage are all based on the final agreed waveforms decided by RAN1/RAN-P.
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