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Introduction
[bookmark: OLE_LINK3][bookmark: OLE_LINK91][bookmark: OLE_LINK56]In RAN #103 meeting, a new WID on low-power Wake-up Signal and Receiver for NR was approved in [1]. In RAN1 #116bis meeting, the following agreements were made in [2].
	Agreement
For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· FFS whether value of M depends on SCS
· FFS M=1 for OOK-4
Agreement
For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s), including:
· Sequence(s) generation and how sequence(s) map in time or frequency domain (including any details with multiplexing and IFFT).
· Number of candidate overlaid OFDM sequences used for information conveying
· Including details on whether the number of candidate overlaid sequences is per OFDM symbol or per OOK symbol
· How the proposed sequence design is processed by OFDM-based LP-WUR, e.g., in time domain or in frequency domain or in both time and frequency domain.
Agreement
Support to specify multiple binary LP-SS sequences for the ‘ON-OFF’ pattern:
· The LP-SS sequence used in a cell is
· Option 1: a sequence is configured
· Option 2: a sequence is determined by predefined rule
· FFS: Whether both options will be supported or only one will be supported
· FFS: the number of LP-SS sequences
· Note: Multiple sequences are used to differentiate LP-SS from different cells
Agreement
From RAN1 perspective, support X PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz
· X to be down-selected between 11 and 12 PRBs 
· FFS the number of PRBs for 15kHz
· FFS if other number of PRBs needed, for LP-SS and LP-WUS with a channel bandwidth equal or less than 5MHz
· FFS: Whether the above is applicable to FR2
Agreement
For timing error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of RTC/oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction/clock calibration by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.
Agreement
For frequency error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.
Working Assumption
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4, FFS:1,8,16
· FFS whether value of M depends on SCS
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS how OOK-1 and OOK-4 are specified 
Agreement
Regarding the LP-WUS information for idle/inactive UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] subgroups
· Option 2: A codepoint value corresponding to one or more subgroup(s)
· Option 3: Multiple codepoint values with each corresponding to one or more subgroup(s)
· Combination of above options are not precluded
· FFS how to carry LP-WUS information, e.g., by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences.
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· Other options are not precluded
Agreement
Regarding the LP-WUS information to trigger PDCCH monitoring of RRC connected UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] UEs
· Option 2: A codepoint value corresponding to one or part of UE identity, e.g., C-RNTI
· Option 3: A codepoint value corresponding to [one or more] UEs
· Option 4: Multiple codepoint values with each corresponding to [one or more] UE(s)
· Option 5: Multiple bit blocks with each corresponding to [one or more] UE(s)
· Combination of above options are not precluded.
· FFS how to carry LP-WUS information, e.g, by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences. 
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· FFS details of LP-WUS information to trigger PDCCH monitoring (e.g. whether above is applicable to one or more serving cells)
Conclusion: 
For calibration purposes, companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3, at least with the following assumptions: 
· Carrier frequency: 2.6 GHz
· The number of Tx chains: 1
· MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for non-redcap UE
· Transmit antenna gain correction factors for WUS: up to company report
· Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to be reported, SNR for different assumptions on NF are determined separately
Agreement
For the purpose of further study and evaluation in RAN1, the following candidate sequences for the overlaid OFDM sequence are considered:
· Gold sequence
· M-sequence
· ZC sequence
· Chirp sequence
· Walsh sequence
· Golay sequence
· Kasami sequence
· Low density sequence
· DFT/FFT sequence
· QAM symbol-based sequence
· Combinations and optimizations of above are not precluded
Companies are encouraged to provide an assessment on performance, required complexity, and power consumption to support their preferred sequence. Companies are encouraged to provide details on their preferred sequence (e.g. references).
Agreement
Regarding the overlaid OFDM sequence(s) of LP-WUS, consider the following options:
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the OOK ON/OFF pattern.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
· Option 3: One sequence is selected from multiple candidates overlaid OFDM sequences on one or more OOK ‘ON’ symbols, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). 
· Option 4: Use of modulated overlay sequence with constellation point: overlay sequence acting as a spreading sequence and constellation point carrying information for OFDM-based LP-WUR. 
Other options are not precluded.


[bookmark: OLE_LINK22][bookmark: OLE_LINK87]In this contribution, issues on waveform design and signal structure for LP-WUS/LP-SS are discussed.
Waveform and coding design
OOK based waveform
[bookmark: OLE_LINK93][bookmark: OLE_LINK131]Time domain based waveform generation
· [bookmark: OLE_LINK7]OOK-4
[bookmark: OLE_LINK8][bookmark: OLE_LINK40]Based on discussion during SI phase and summary in TR38.869, time domain based OOK-4 waveform generation mechanism is shown in Figure 1.
[image: ]
[bookmark: OLE_LINK118]Figure 1: OOK-4 waveform generation mechanism
[bookmark: OLE_LINK119]The detailed descriptions are as below. 
[bookmark: OLE_LINK41][bookmark: OLE_LINK127][bookmark: OLE_LINK21][bookmark: OLE_LINK101][bookmark: OLE_LINK112][bookmark: OLE_LINK400][bookmark: OLE_LINK122]Step 1: Encoded information bits carried in M OOK symbols are , where .
[bookmark: OLE_LINK100][bookmark: OLE_LINK102][bookmark: OLE_LINK103]For example, if 4 OOK symbols are generated in one OFDM symbol, that is M=4 for this case. When Manchester code = [1 0 1 0] for bit “1” and Manchester code = [0 1 0 1] for bit “0”, then one information bit is transmitted in a OFDM symbol, and  is expressed as  for information bit “1” and  for information bit “0”. 
[bookmark: OLE_LINK17][bookmark: OLE_LINK19][bookmark: OLE_LINK110][bookmark: OLE_LINK401][bookmark: OLE_LINK14]Step 2: Data sequence  is generated from  by the following sub-steps：
[bookmark: OLE_LINK10][bookmark: OLE_LINK20]Step 2-1: Data sequence  is generated from  by Formula 2-1,
[bookmark: OLE_LINK106]                          (2-1)
[bookmark: OLE_LINK105]Where, A is up-sampling times for each coded bit .

[bookmark: OLE_LINK6][bookmark: OLE_LINK108]Step2-2: In order to flatten PSD or carry information, for OOK symbol carrying , the corresponding  can be further multiplied by one OFDM sequence by Formula 2-2,
               (2-2)
[bookmark: OLE_LINK43][bookmark: OLE_LINK42]Where,is an OFDM sequence with length of A. The sequence can be ZC sequence, PN sequence，M-sequence or a constant amplitude sequence with phase randomization. 

Step2-3：Finally,  is generated by Formula 2-3，
               (2-3)
[bookmark: OLE_LINK37]Take  for example, the expression of  is

[bookmark: OLE_LINK27][bookmark: OLE_LINK29][bookmark: OLE_LINK45][bookmark: OLE_LINK34][bookmark: OLE_LINK114]Step 3: Perform K-point DFT operations on data sequence to generate a data sequence  with data length of K, and define 
[bookmark: OLE_LINK111][bookmark: OLE_LINK116]In step 3, a FFTSHIFT operation is applied to data sequence  considering that in step 5 a corresponding FFTSHFIT operation is also required in the operation of N-point IDFT to generate an OFDM symbol in legacy NR system.
[bookmark: OLE_LINK31][bookmark: OLE_LINK35][bookmark: OLE_LINK120][bookmark: OLE_LINK30][bookmark: OLE_LINK39]Step 4: Data sequence  is filled in the allocated sub-carriers of LP-WUS as shown in Figure 2. If the number of sub-carriers configured for the LP-WUS is not equal to K, data sequence padding or truncating to K is necessary for data sequence .
[image: ]
Figure 2: Data sequence filling in the allocated sub-carriers of LP-WUS
[bookmark: OLE_LINK32][bookmark: OLE_LINK36][bookmark: OLE_LINK113]Step 5: Legacy N-point IDFT operation is applied to data sequence  to generate a time domain signal  for an OFDM symbol, and define .Wherein, a FFTSHFIT operation is required before the operation of N-point IDFT.
Step 6: Add CP to the time domain signal  to generate a (N+Ncp) sampling point time domain signal , where .
[bookmark: OLE_LINK137]Proposal 1: Time domain based OOK-4 waveform generation mechanism should be specified according to at least step1~step6.
Frequency domain based waveform generation
· OOK-4
[bookmark: OLE_LINK142][bookmark: OLE_LINK135][bookmark: OLE_LINK50]According to the time domain based waveform generation of OOK-4, in step 4 a data sequence  with data length of K is filled in K subcarriers in frequency domain. Therefore, for OOK-4 if frequency domain based waveform generation is adopted, the data sequence  should be prestored and is used for frequency domain based waveform generation of OOK-4.
However, regarding frequency domain based OOK-4 waveform generation,
· [bookmark: OLE_LINK129][bookmark: OLE_LINK121]For M OOK symbols within one OFDM symbol, different information bits value carried by the M OOK symbols lead to different data sequence . It is necessary to prestore all potential data sequence .
· [bookmark: OLE_LINK132][bookmark: OLE_LINK134]If OFDM sequences are overlaid on OOK-ON symbols for carrying LP-WUS information bits, multiple OFDM sequences are necessary. Thus, different OFDM sequence will also lead to different data sequence . It will subsequently increase the amount of data sequence  that need to be prestored.   
· [bookmark: OLE_LINK67][bookmark: OLE_LINK130][bookmark: OLE_LINK53]Moreover, considering Inter-cell interference mitigation, different cells may use different set of OFDM sequences to carry LP-WUS information bits. This can lead to significant resource overhead in terms of prestoring the necessary data sequence .
Observation 1: For frequency domain based OOK-4 waveform generation, a straightforward way to generate data sequence which is filled in LP-WUS subcarriers is data sequence  that is generated during time domain based waveform generation of OOK-4.
[bookmark: OLE_LINK143]Observation 2: For frequency domain based OOK-4 waveform generation, value of M, carried information bits value, amount of overlaid OFDM sequence on OOK-ON symbol, whether to mitigate inter-cell interference for the overlaid OFDM sequence will have significant impact on storage overhead in terms of prestoring the necessary data sequence .
The main differences between time domain and frequency based OOK-4 generation is whether K-point DFT operations are performed. However, even K-point DFT block is specified, it does not prevent the gNB to implement this based on frequency domain. For the UE, it does not care how gNB implement it but care the received waveform has the same performance. 
Observation 3: Even if DFT block is specified, it does not prevent gNB implement the generation based on frequency domain.
· OOK-1
Based on discussion during SI phase and summary in TR38.869, OOK-1 waveform generation mechanism is in frequency domain, and is shown in Figure 3.
[image: ]
Figure 3: OOK-1 waveform generation mechanism
The detailed descriptions are as below. 
Step 1: Data sequence  is filled in the allocated sub-carriers of LP-WUS as shown in Figure 4. If the number of sub-carriers configured for the LP-WUS is not equal to K, data sequence padding or truncating to K is necessary for data sequence .
[image: ]
Figure 4: Data sequence filling in the allocated sub-carriers of LP-WUS
Step 2: Legacy N-point IDFT operation is applied to data sequence  to generate a time domain signal  for an OFDM symbol, and define .Wherein, a FFTSHFIT operation is required before the operation of N-point IDFT.
Step 3: Add CP to the time domain signal  to generate a (N+Ncp) sampling point time domain signal , where .
[bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK138]It can be seen that OOK-1 waveform generation steps are just part of OOK-4 time domain based waveform generation steps when M equals to 1. 
Observation 4: OOK-1 waveform can be generated by OOK-4 time domain based waveform generation steps when M equals to 1.
In order to have a common waveform generation of OOK-1 and OOK-4 to reduce gNB complexity, it is preferred to use time domain waveform generation for both OOK-1 and OOK-4 waveform generation. 
Proposal 2: Unified time domain waveform generation for OOK-1 and OOK-4 should be supported.
OFDM sequence based waveform
Considering that one OOK symbol can transmit either high level power or low level power, if OFDM sequences need to be overlaid on OOK symbols, the OOK symbols can only be with high level power, i.e., OOK-ON symbols.
Proposal 3: OFDM sequence can only be overlaid on the OOK-ON symbols.
· For time domain based OOK-1/OOK-4 waveform generation
As description in section 2.1, in the procedure of time domain based waveform generation, OFDM sequences can be added in Step 2-2 and the OFDM sequences can be used for scrambling codes or carrying information.
	Step 2-2: In order to flatten PSD or carry information, for OOK symbol carrying , the corresponding  can be further multiplied by one OFDM sequence by Formula 2-2,
      (2-2)
Where,is an OFDM sequence with length of A. The sequence can be ZC sequence, PN sequence, M sequence or a constant modulus sequence with phase randomization. 


Proposal 4: For time domain based OOK-1/OOK-4 waveform generation, OFDM sequence should be added before DFT operation and it is generated per OOK-ON symbol.
· Detection implementation
For OFDM sequence based LP-WUR, two kind of LP-WUR are mentioned in SI, one is OFDM sequence based receiver with FFT, another is OFDM sequence receiver without FFT. It can be up to UE implementation to decide which kind of receiver is used for OFDM sequence based LP-WUS reception. 
[bookmark: OLE_LINK269][bookmark: OLE_LINK90]However, for OFDM sequence receiver without FFT,
· [bookmark: OLE_LINK270]Significant resource overhead in terms of prestoring the necessary sequences for OFDM sequence detection 
· [bookmark: OLE_LINK259]It is necessary to prestore potential OFDM sequences representation in the time domain. The number of carried information bits in one OOK-ON symbol directly determines the number of required OFDM sequences, which subsequently increases the number of OFDM sequences representation in the time domain that need to be prestored. This is crucial for LP-WUR storage capacity.
· [bookmark: OLE_LINK265]The configuration parameters of LP-WUS in the frequency domain, including the number of subcarriers, subcarriers index, value off SCS, allocated DL BWP size, and the downsampling factor, will have impact on the OFDM sequence representation in time domain. This can lead to significant resource overhead in terms of prestoring the necessary sequences.
· [bookmark: OLE_LINK271]This kind of OFDM sequence receiver implementation also impacts the RRM/RF requirement discussion in RAN4. A new performance requirement may be necessary. 
· [bookmark: OLE_LINK136]Additionally, if not using detection within a sliding window, the OFDM sequence detection performance of this receiver is far worse than OFDM sequence receiver with FFT. 
· [bookmark: OLE_LINK266]OOK-1 with 4 ZC sequences carrying 2bits is take as an example, the OFDM sequence detection results are shown in Figure 5. It can be seen that:
· [bookmark: OLE_LINK272]The OFDM sequence detection performance by the OFDM sequence receiver without FFT/sliding window is about 8dB worse than OFDM sequence receiver with FFT.
· [bookmark: OLE_LINK267][bookmark: OLE_LINK268]The OFDM sequence detection performance by the OFDM sequence receiver without FFT but with sliding window is about 0.4dB worse than OFDM sequence receiver with FFT. But it should be notes that in this case the UE power consumption is multiply increased with the length of sliding window. There power saving gain compared to OFDM sequence receiver with FFT is nearly negligible.
[image: ]
Figure 5: OFDM sequence detection performance results.
Observation 5: For OFDM sequence receiver without FFT, significant resource overhead in terms of prestoring the necessary sequences for OFDM sequence detection should be considered.
Observation 6: The implementation OFDM sequence receiver without FFT impacts the RRM/RF requirement discussion in RAN4. A new performance requirement may be necessary. 
Observation 7: The OFDM sequence detection performance by the OFDM sequence receiver without FFT/sliding window is far worse than OFDM sequence receiver with FFT.
Observation 8: The OFDM sequence detection performance by the OFDM sequence receiver without FFT but with sliding window has nearly the same performance with OFDM sequence receiver with FFT. But the UE power consumption is multiply increased with the length of sliding window. The power saving gain compared to OFDM sequence receiver with FFT is nearly negligible.
Furthermore, by adopting the OFDM sequence receiver with FFT as the baseline for simulation evaluation, we can establish a common ground for comparing the performance of different companies' implementations. This approach allows for a more objective and consistent evaluation of the OFDM sequence based LP-WUS design.
Considering the issues mentioned above, it is recommended that adopting OFDM sequence receiver with FFT as a baseline for simulation evaluation to facilitate performance comparison among different companies.
Proposal 5: For OFDM sequence based LP-WUS, adopting the OFDM sequence receiver with FFT as the baseline for detection performance evaluation.
BW and SCS 
[bookmark: OLE_LINK189][bookmark: OLE_LINK186][bookmark: OLE_LINK92]Case 1: If LP-WUS resource allocation is associated with DL BWP
[bookmark: OLE_LINK187]When LP-WUS is configured in the initial DL BWP, the SCS of LP-WUS is configured in accordance with that of the initial DL BWP.
Considering that LP-WUS BW may reach to 5 MHz, if it is restricted to be configured in initial DL BWP only, the collision with SSBs and legacy NR DL channels in the initial DL BWP may happen. Additionally, if the LP-WUR should be kept within the bandwidth of MR, e.g., CORESET0, then the same SCS should be assumed for MR and LP-WUR, which means: The LP-WUS and LP-SS are transmitted with SSB, paging, RACH, in the same CORESET#0 in RRC_IDLE mode, which would bring a serious blocking issue, wherein RedCap introduced the separate initial BWP to solve this issue.
Case 2: If LP-WUS resource allocation is NOT associated with DL BWP
If the LP-WUR is located in a same band as MR, but with different frequency location of the band, the different SCS with MR could be possible. For LP-SS measurement, it could be a little different with SSB, but is is still under control by setting the threshold by the NW.
[bookmark: OLE_LINK188]However, for OFDM sequence based LP-WUR, the LP-WUR is required to retune from LP-WUS frequency to PSS/SSS frequency for measurement. This may require the OFDM sequence based LP-WUR to retune appropriately or gNB to configure LP-WUS and SSB non-overlapping.
In this case, the LP-WUR frequency location could be configured by the NW, and the SCS could be separately configured. Therefore, it is better to have a configurable SCS. Even LP-WUS is within a BWP, the MR may camp on a different SSB, which requires the WUR also operate in the corresponding frequency location with a SCS.
Proposal 6: For SCS of LP-WUS, it could be configurable and
· If LP-WUS resource allocation is associated with DL BWP, the SCS of LP-WUS is the same as that of the DL BWP
· If LP-WUS resource allocation is NOT associated with DL BWP, a separate SCS can be configured for LP-WUS
[bookmark: OLE_LINK145]As definition in TS38.101-2, the maximum transmission bandwidth configuration NRB for each UE channel bandwidth and subcarrier spacing is specified in Table 5.3.2-1. Moreover, the minimum guardband for each UE channel bandwidth and SCS is specified in Table 5.3.3-1,
[bookmark: _Hlk497144372][bookmark: _Hlk505013260]Table 5.3.2-1: Maximum transmission bandwidth configuration NRB
	SCS (kHz)
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50 MHz
	60 MHz
	70 MHz
	80 MHz
	90 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	160
	216
	270
	N/A
	N/A
	N/A
	N/A
	N/A

	30
	11
	24
	38
	51
	65
	78
	106
	133
	162
	189
	217
	245
	273

	60
	N/A
	11
	18
	24
	31
	38
	51
	65
	79
	93
	107
	121
	135


Table 5.3.3-1: Minimum guardband for each UE channel bandwidth and SCS (kHz)
	SCS (kHz)
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50 MHz
	60 MHz
	70 MHz
	80 MHz
	90 MHz
	100 MHz

	15
	242.5
	312.5
	382.5
	452.5
	522.5
	592.5
	552.5
	692.5
	N/A
	N/A
	N/A
	N/A
	N/A

	30
	505
	665
	645
	805
	785
	945
	905
	1045
	825
	965
	925
	885
	845

	60
	N/A
	1010
	990
	1330
	1310
	1290
	1610
	1570
	1530
	1490
	1450
	1410
	1370



From the above two tables, for the case of 5MHz transmission bandwidth, the maximum value of NRB is 11 with SCS=30kHz, but in this case the minimum guardband is 505kHz at each side which is larger than 1PRB, thus, 12PRBs can also be configured to LP-WUS with a few subcarriers filled in the guradband. For SCS of 15kHz, 12*2=24PRBs are allocated for LP-WUS and LP-SS.
Proposal 7: Support 12 PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz
· 24 PRBs for SCS=15kHz
[bookmark: OLE_LINK33]Channel coding
[bookmark: OLE_LINK81][bookmark: OLE_LINK59][bookmark: OLE_LINK82]For channel coding, the OOK based LP-WUS coverage performance of LP-WUS with Manchester code is sufficiently evaluated in section 8.2 of TR38.869. It can achieve comparable MIL performance with that of NR PUSCH MSG3 with at least Manchester code 1/2 and 1/4. Therefore, it is recommended that Manchester code with code rate of at least 1/2 and 1/4 should be supported.
Proposal 8: For OOK based LP-WUS, Manchester code with code rate of at least 1/2 and 1/4 should be supported.
[bookmark: OLE_LINK86]Time error evaluation
In RAN1#116bis meeting, an agreement on simulation assumptions for timing error evaluation was agreed and listed below. 
	Agreement
[bookmark: OLE_LINK171][bookmark: OLE_LINK153]For timing error evaluation purpose, the following two options for residual frequency error are considered:
· [bookmark: OLE_LINK150]Option 1: The maximum frequency error (Fe) of RTC/oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· [bookmark: OLE_LINK148]Option 2: The residual frequency error (Fr) after frequency error correction/clock calibration by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.


In the following two subsections, the timing error evaluation results and corresponding analysis are discussed.
[bookmark: OLE_LINK69]Option 1
As in TR38.869, some types of frequency error/drifting are defined and is shown in the following table.
Table 6.2-3. Frequency error/drifting
	Parameter
	Value

	Oscillator max frequency error [ppm], Oscillator frequency drift [ppm/s]
	option 1: (200, 0.1)
option 2: (50, 0.1)
option 3: (10, 0.05)
option 4: (5, 0.05)
Other values are not precluded for studying, reported by companies

	RTC max frequency error [ppm]
	20
RTC drift report by company



[bookmark: OLE_LINK151][bookmark: OLE_LINK73][bookmark: OLE_LINK157]Therefore, for Option 1 the maximum frequency error (Fe) of RTC is 20ppm, and for center frequency of 2.6GHz, Fe =20*10^-6*2.6*10^9=52kHz. Then, based on the following assumptions, the corresponding timing error evaluation results are calculated.
· Simulation assumptions
· RTC max frequency error: 20ppm
·  Time duration is [320,640, 1280, 2560]ms 
· Time error is calculated based on the formula defined in TR38.869 which is listed as bellow:
[bookmark: OLE_LINK230]The relationship between the maximum frequency error (Fe) and corresponding timing drift (ΔT) over a time(T) is ΔT = ±Fe * T (linear region)
· Simulation results

Figure 6: Time error evaluation results when maximum frequency error (Fe) of RTC is 20ppm
[bookmark: OLE_LINK154]It can be seen that even with much short time duration, e.g.,320ms, time error is still much larger than the length of CP.
[bookmark: OLE_LINK48][bookmark: OLE_LINK155][bookmark: OLE_LINK196]Observation 9: When the residual frequency error is assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm, even with much short time duration, e.g., 320ms, the time error caused by residual frequency error is still much larger than the length of CP.
Option 2
[bookmark: OLE_LINK61][bookmark: OLE_LINK158]For option2, residual frequency error can be divided to the following cases:
[bookmark: OLE_LINK159][bookmark: OLE_LINK180][bookmark: OLE_LINK168]Case 1: The residual frequency error (Fr) after assistance from MR is assumed
[bookmark: OLE_LINK165][bookmark: OLE_LINK181][bookmark: OLE_LINK182]The corresponding Fr is assumed as 0.1ppm or 0.5ppm. But for this case, the power consumption of MR wake-up is huge and there is no significant power saving gain.
[bookmark: OLE_LINK178][bookmark: OLE_LINK162][bookmark: OLE_LINK184]Case 2: The residual frequency error (Fr) after frequency error correction/clock calibration by LR is assumed
[bookmark: OLE_LINK161][bookmark: OLE_LINK185][bookmark: OLE_LINK149]In this case, OFDM sequence receiver with FFT is assumed since OFDM sequence receiver without FFT or OOK receiver cannot be used for frequency error correction with simple implementation solutions.
[bookmark: OLE_LINK192][bookmark: OLE_LINK167]The corresponding Fr is assumed as 1ppm or 5ppm since the OFDM sequence receiver with FFT is a simplified receiver compared with MR receiver.
[bookmark: OLE_LINK194][bookmark: OLE_LINK220]For OFDM sequence receiver without FFT or OOK receiver, the residual frequency error should be assumed as Option 1 described in subsection 3.1.
[bookmark: OLE_LINK183][bookmark: OLE_LINK222]Observation 10: For the case of frequency error correction by the assistance from MR, the residual frequency error (Fr), is assumed as 0.1ppm or 0.5ppm, but the power consumption of MR wake-up is huge and there is no significant power saving gain.
[bookmark: OLE_LINK193]Observation 11: For the case of frequency error correction/clock calibration by LR, OFDM sequence receiver with FFT should be supported for LR, and the corresponding Fr is assumed as 1ppm or 5ppm.
Observation 12: For OFDM sequence receiver without FFT or OOK receiver, the residual frequency error should be assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm.
Based on the following assumptions, the time error evaluation results for option 2 are calculated.
· [bookmark: OLE_LINK70]Simulation assumptions
· There are two sets of {oscillator frequency drift [ppm/s], residual frequency error[ppm]}
· [bookmark: OLE_LINK80][bookmark: OLE_LINK44][bookmark: OLE_LINK88]Set 1: oscillator frequency drift [ppm/s] = 0.1ppm/s, residual frequency error[ppm] = 1ppm or 5ppm；
· Set 2: oscillator frequency drift [ppm/s] = 0.05ppm/s，residual frequency error[ppm] = 0.1ppm or 0.5ppm；
·  Time duration is [320,640, 1280, 2560]ms 
· Time error is calculated based on the formula defined in TR38.869 which is listed as bellow:
[bookmark: OLE_LINK232]The relationship between a frequency drift (F’), and corresponding timing drift(ΔT) over a time(T) is ΔT = Fr*T ±0.5 * F’ *T2 (transient region)
· [bookmark: OLE_LINK77]Simulation results
· For Set 1 of {oscillator frequency drift [ppm/s], residual frequency error[ppm]}
	

	


[bookmark: OLE_LINK55]Figure 7: Time error when frequency drift=0.1ppm/s
For the configuration of FR1, SCS=30kHz, FFT point=1024, BW=20MHz, sampling time interval Ts= 32.55ns. The length of normal CP is 2.343us or 2.604us which contains 72 or 80 sampling points.
From Figure 7, it can be seen that:
(1) [bookmark: OLE_LINK84][bookmark: OLE_LINK58]For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=1ppm, when the time duration is larger than 2.56s, time error will be larger than CP length.
(2) [bookmark: OLE_LINK125]For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=5ppm, when the time duration is larger than 0.32s, time error will be larger than CP length.
Observation 13: Based on time error evaluation,
(1) For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=1ppm, when the time duration is larger than 2.56s, time error will be larger than CP length
(2) For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=5ppm, when the time duration is larger than 0.32s, time error will be larger than CP length

· For Set 2 of {oscillator frequency drift [ppm/s], residual frequency error[ppm]}
	

	


Figure 78: Time error when frequency drift=0.05ppm/s
For the configuration of FR1, SCS=30kHz, FFT point=1024, BW=20MHz, sampling time interval Ts is 32.55ns. The length of normal CP is 2.343us or 2.604us which contains 72 or 80 sampling points.
From Figure 8, it can be seen that:
(1) [bookmark: OLE_LINK98][bookmark: OLE_LINK95]For the case of oscillator frequency drift=0.05ppm/s and residual frequency error=0.1ppm, even time duration is configured to 2.56s, time error will be much smaller than CP length;
(2) For the case of oscillator frequency drift=0.05ppm/s and residual frequency error=0.5ppm, even time duration is configured to 2.56s, time error will be much smaller than CP length;
[bookmark: OLE_LINK51]Observation 14: Based on time error evaluation,
(1) For the case of oscillator frequency drift=0.05ppm/s and residual frequency error=0.1ppm, even time duration is configured to 2.56s, time error will be much smaller than CP length
(2) For the case of oscillator frequency drift=0.05ppm/s and residual frequency error=0.5ppm, even time duration is configured to 2.56s, time error will be much smaller than CP length
Signal design
[bookmark: OLE_LINK133][bookmark: OLE_LINK96]LP-SS
Carried binary sequence
As in RAN1#116bis meeting, an agreement on binary sequence carried by LP-SS was made as follows:
	Agreement
Support to specify multiple binary LP-SS sequences for the ‘ON-OFF’ pattern:
· The LP-SS sequence used in a cell is
· Option 1: a sequence is configured
· Option 2: a sequence is determined by predefined rule
· FFS: Whether both options will be supported or only one will be supported
· FFS: the number of LP-SS sequences
· Note: Multiple sequences are used to differentiate LP-SS from different cells


In this section, some principles for binary sequence selection are listed as follows:
(1) [bookmark: OLE_LINK49][bookmark: OLE_LINK57]Good auto-correlation and lower cross-correlation features
[bookmark: OLE_LINK54]LP-SS should be used for timing error estimation, binary sequence carried by LP-SS has good auto-correlation and lower cross-correlation features has benefit on improving timing error correction performance.
(2) [bookmark: OLE_LINK94][bookmark: OLE_LINK124][bookmark: OLE_LINK68][bookmark: OLE_LINK190]At least one OOK-ON symbol (carrying bit “1”) is transmitted during the M OOK symbols within one OFDM symbol
[bookmark: OLE_LINK99]In order to keep the overall LP-SS transmitting power unchanged, at least one OOK-ON symbol is transmitted in M OOK symbols within one OFDM symbol. In this case, power boosting can be used to boost the OOK-ON symbol(s) within the OFDM symbol to keep the power of the OFDM symbol to the same level of the overall LP-SS transmitting power. 
(3) [bookmark: OLE_LINK144]Restricted the number of consecutive OOK-OFF symbols (carrying bit “0”)
In order to ensure the AGC performance, the number of consecutive OOK-OFF symbols should be restricted.
Proposal 9: For binary sequence carried by LP-SS, at least the following design principles should be considered:
· Good auto-correlation and lower cross-correlation features
· At least one bit ”1” is transmitted in M OOK symbols within one OFDM symbol
· Restricted the length of consecutive bit “0”
[bookmark: OLE_LINK46][bookmark: OLE_LINK60]LP-SS structure
Since one of the main functions of LP-SS is DL synchronization for LP-WUS, the binary sequence used for LP-SS should have good auto-correlation and very low cross-correlation performance with its cyclic shifted binary sequences. In addition, in order to improve the accuracy of DL synchronization, LP-SS detection with sliding window is necessary.
Proposal 10: For the design of LP-SS, the binary sequence used for LP-SS should have good auto-correlation and very low cross-correlation performance with its cyclic shifted binary sequences. 
Proposal 11: LP-SS detection with sliding window should be used as baseline for evaluating the detection performance.
[bookmark: OLE_LINK197]A diagram of LP-SS detection with sliding window for OOK-1 or OOK-4 with M=1 is shown in Figure 9.
[image: ]
[bookmark: OLE_LINK201][bookmark: OLE_LINK195]Figure 9: A diagram of LP-SS detection with sliding window for OOK-1 or OOK-4 with M=1
[bookmark: OLE_LINK202]From Figure 9 it can be seen that from the time of “Starting point for the peak value of sequence correlation” to “Ending point for the peak value of sequence correlation”, when sequence correlation is implemented, peak value will always appear, which makes it impossible to estimate the correct time offset by LP-SS. A simulation for OOK-1 or OOK-4 with M=1 based LP-SS is made, and the simulation assumptions is as following:
· [bookmark: OLE_LINK160][bookmark: OLE_LINK146]Simulation assumptions
· [bookmark: OLE_LINK260]Binary sequence is 64-length M sequence
· BW=12PRBs (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=1
· No Manchester code
· Envelope detection with sliding window in LP-SS receiver
· No Adjacent subcarrier interference
· Higher SNR is assumed, SNR=10dB
· Phase randomized Gold sequence (defined in section 4.4) is used as scrambling code to improve detection performance
· Other simulation assumptions refer to Appendix A
· Simulation results
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[bookmark: OLE_LINK206][bookmark: OLE_LINK203]Figure 10: Detection with sliding window for OOK-1 or OOK-4 with M=1 based LP-SS
[bookmark: OLE_LINK208][bookmark: OLE_LINK204][bookmark: OLE_LINK205]From the above simulation result, it can be seen that the time offset estimation performance of OOK-1 or OOK-4 with M=1 based LP-SS is far from meeting the DL synchronization requirement.
[bookmark: OLE_LINK199]Observation 15: For OOK-1 or OOK-4 with M=1 based LP-SS, its time offset estimation performance is far below the DL synchronization requirement.
[bookmark: OLE_LINK224][bookmark: OLE_LINK221][bookmark: OLE_LINK223]Moreover, for OOK-1 or OOK-4 with M=1 based LP-SS or LP-WUS, the whole signal in one OOK symbol (OFDM symbol) can be an empty signal when bit “0” is transmitted. It will cause the whole power of the whole LP-SS or LP-WUS is lower than OOK-4 with M>1 based LP-SS or LP-WUS since the boosting of power across NR OFDM symbol may not be allowed.
Observation 16: The whole power of OOK-1 or OOK-4 with M=1 based LP-SS or LP-WUS is lower than OOK-4 with M>1 based LP-SS or LP-WUS since the boosting of power across NR OFDM symbol may not be allowed.
Proposal 12: For synchronization, the binary sequence of LP-SS based on OOK-1 or OOK-4 with M=1 is not suggested due to the worse sync performance.
Furthermore, OOK-4 with M=2,4,8,16 based LP-SS are also evaluated, and the simulation results are shown in Figure 11 to Figure 15.
· Simulation assumptions
· Binary sequence is M sequence with length of 32,64,128,256
· BW=12PRBs (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=2,4,8,16,
· No Manchester code
· Envelope detection with sliding window in LP-SS receiver
· No Adjacent subcarrier interference
· SNR= -3dB, 10dB
· Phase randomized Gold sequence defined in section 4.4 is used as scrambling code to improve detection performance
· [bookmark: OLE_LINK78]Other simulation assumptions refer to Appendix A
[bookmark: OLE_LINK209][image: ]
[bookmark: OLE_LINK207][bookmark: OLE_LINK198]Figure 11: Detection with sliding window for OOK-4 with M=2 based LP-SS, SNR=10dB
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Figure 12: Detection with sliding window for OOK-4 with M=4 based LP-SS, SNR=10dB
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Figure 13: Detection with sliding window for OOK-4 with M=8 based LP-SS, SNR=10dB
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Figure 14: Detection with sliding window for OOK-4 with M=2,4,8,16 based LP-SS, SNR= - 3dB

[image: ]
[bookmark: OLE_LINK179]Figure 15: Detection with sliding window for OOK-4 with M=2,4,8,16 based LP-SS, SNR=10dB
From the above simulation results, it can be seen that
1) [bookmark: OLE_LINK212][bookmark: OLE_LINK210]LP-SS with scrambling code has better time estimation performance than that without scrambling code
2) [bookmark: OLE_LINK211]OOK-4 with M =8,16 has better time estimation performance than that with M=2,4
3) OOK-4 with M =8,16 has almost the same time estimation performance
4) [bookmark: OLE_LINK219]LP-SS with lower SNR cannot meet the DL synchronization requirement  
Observation 17: For OOK-4 with M =2,4,8,16 based LP-SS, 
· LP-SS with scrambling code has better time estimation performance than that without scrambling code
· OOK-4 with M =8,16 has better time estimation performance than that with M=2,4
· OOK-4 with M =8,16 has almost the same time estimation performance
· LP-SS with lower SNR cannot meet the DL synchronization requirement  
Proposal 13: For the design of LP-SS, the following structures are prioritized
· [bookmark: OLE_LINK147]SCS=30kHz, OOK-4 with M=8, 128-length M sequence
· SCS=30kHz, OOK-4 with M=16, 256-length M sequence
· Phase randomized Gold sequence is used as scrambling code to improve detection performance
In RAN1#116 meeting the following agreement on overlaid OFDM sequence(s) for LP-SS was made as follows:
	Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.


[bookmark: OLE_LINK233][bookmark: OLE_LINK252]First, as shown in the above LP-SS simulation results, OFDM sequence based scrambling code can improve LP-SS detection performance. Therefore, Option 2 needs to be supported. In this case, DL synchronization or RRM measurement for OFDM sequence based LP-WUR can be implemented by legacy NR SSB. That is, in this case, LP-SS does not support DL synchronization or RRM measurement for OFDM sequence based LP-WUR.
Moreover, if LP-SS needs to carry information, for example, LP-SS needs to carry cell-specified information, then OFDM sequence based LP-WUR also needs to detect the same information from LP-SS. In this case, OFDM sequence needs to carry information. Moreover, OFDM sequence based LP-WUR can perform DL synchronization or RRM measurement based on the LP-SS or legacy NR SSB, that is, Option 2 or Option 3 is supported.
Proposal 14: For the overlaid OFDM sequence(s) for LP-SS, if LP-SS does not need to carry information, Option 2 is supported, otherwise, Option 2 or Option 3 is supported.
[bookmark: OLE_LINK123]Periodicity for LP-SS
[bookmark: OLE_LINK83]For RRM measurement cycle, {320ms, 640ms, 1280ms, 2560ms} are the candidate values. Therefore, to align with the RRM measurement, at least the above values could be considered. Additionally, since the serving cell measurement will offload to WUR, if the same measurement cycle is assumed for LP-SS, we do not think it is appropriate for mobility management.
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Figure 16: Same LP-SS periodicity as legacy measurement cycle
If same LP-SS periodicity as legacy measurement cycle is configured, the UE can offload the serving cell measurement to WUR and the measurement performance will be worse due to lower sampling rate for measurement in a time duration. Therefore, to achieve the similar RRM performance, at least a smaller periodicity value, e.g.,160ms should be considered.
Observation 18: If LP-SS periodicity is the same as legacy measurement cycle, the RRM measurement performance might be degraded when offloading the serving cell measurement to WUR.
Proposal 15: At least {160,320,640,1280,2560}ms should be considered for LP-SS periodicity.
[bookmark: OLE_LINK126]Carried information
For LP-WUS in the SI stage, the following information is considered.
	-	For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
-	information on which user(s) is/are targeted by the LP-WUS
-	e.g. UE-group, -subgroup or -ID
-	FFS: cell information 
-	FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
-	For CONNECTED mode, study at least following candidates for content of LP-WUS
-	information on which user(s) is/are targeted by the LP-WUS
-	e.g UE-group, -subgroup or -ID
-	indication to wake-up to PDCCH monitoring.
-	Other information candidates are not precluded
-	Study pros and cons of including above information to LP-WUS. 
-	Note: the information may be explicitly or implicitly indicated.


For the above potential information, some information is cell specific. If it is carried by UE specific or UE group specific LP-WUS, the overhead is significant since the gNB would need to send the information to all UEs or UE groups. Considering that LP-SS is cell specific transmitted, it is recommended to carry some cell specific information in LP-SS to minimize overhead. Moreover, UE needs to monitor LP-SS for RRM measurement and synchronization, the cell specific information will not be missed with a proper design of LP-SS. 
[bookmark: OLE_LINK63]Therefore, SI change and ETWS/CMAS information can be carried via LP-SS. If the UE anyway is required to monitor PO after wake-up, there is no need to differentiate SI change or ETWS/CMAS information in LP-WUS since the paging indication would inform the UE which specific cell specific information is updated. In this case, a cell specific wake-up is preferred.
However, if cell specific information is carried by LP-SS, the detection complexity of LP-SS is increased and the RRM measurement performance is affected. Therefore, the carried information size via LP-SS should be minimized wherever possible.
Proposal 16: Cell specific information can be carried via LP-SS.
LP-Preamble
The most important function of LP-Preamble is further time error correction before LP-WUS detection. 
[bookmark: OLE_LINK191][bookmark: OLE_LINK115][bookmark: OLE_LINK225]Based on time error evaluation in section 3, for OFDM sequence receiver without FFT or OOK receiver which cannot do residual frequency error correction with simple solutions, the residual frequency error is assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm, even with much short time duration, e.g.,320ms, the time error caused by residual frequency error still much larger than the length of CP. In this case, LP-Preamble is necessary added before LP-WUS to ensure the detection performance of LP-WUS.
[bookmark: OLE_LINK226]Observation 19: For LP-WUR without frequency error correction, the residual frequency error is assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm, even with much short time duration, e.g.,320ms, the time error caused by residual frequency error still much larger than the length of CP. In this case, LP-Preamble is necessary added before LP-WUS to ensure the detection performance of LP-WUS.
For the cases of LP-WUR with frequency error correction, based on time error evaluation in section 3, 
· For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=5ppm, when the time duration is larger than 0.32s, time error will be larger than CP length.
[bookmark: OLE_LINK227]In the above case, only when LP-SS periodicity is smaller than 320ms can ensure the time error smaller than the length CP. In order to ensure better detection performance of LP-WUS, the LP-SS periodicity should be configured much smaller than 320ms in practice. Therefore, the resource overhead of LP-SS becomes much larger and its resource scheduling flexibility by gNB is limited. Therefore, it is necessary to introduce LP-Preamble before LP-WUS in this case.
Proposal 17: LP-Preamble is supported and can be added before LP-WUS for further time error correction.
[bookmark: OLE_LINK28][bookmark: OLE_LINK62][bookmark: OLE_LINK139]LP-WUS
OOK based structure
[bookmark: OLE_LINK243]In RAN1#116bis meeting, the following agreement on OOK-4 was made
	Agreement
[bookmark: OLE_LINK231]For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· FFS whether value of M depends on SCS
· FFS M=1 for OOK-4


[bookmark: OLE_LINK236]In this section some simulation are made to evaluate M value of OOK-4. 
· [bookmark: OLE_LINK254]Simulation assumptions
· 8 bits Payload size+8bit CRC
· LP-WUS BW=12RB (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=1,2,4
· Manchester 1/2
· Not support envelope detection with sliding window in LP-WUS receiver
· Other simulation assumptions refer to Appendix A
· Simulation results
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Figure 17: LP-WUS detection performance with BW of 12RBs
The simulation results are shown in Figure 17, and is summarized in Table 1.
Table 1: OOK detection performance with different configuration
	SNR@BLER=1% (dB)
	OOK-1 or OOK-4 with M=1
	OOK-4 with M=2
	OOK-4 with M=4

	BW = 12RBs
	3.21
	0.85
	0.86

	Note1: For OOK-1 or OOK-4 with M=1, Tx power of OFDM symbol on which OOK-OFF symbol is transmitted is set to zero power, power boosting cannot be used for the corresponding OFDM symbol.
Note 2: Since Manchester code 1/2 is used when OOK-4 with M =2 or 4 is transmitted, there is no signal transmitted on half time of an OFDM symbol. Therefore, in simulation Tx power boosting of 3 dB is used to keep the actual LP-WUS SNR on an OFDM symbol is the same with simulation assumption.


From Table 1, it can be seen that:
(1) For OOK4 with M =2 and M=4, they have almost the same detection performance;
(2) OOK4 with M =2 and M=4 have better detection performance than OOK-1/OOK4 with M =1; 
Observation 20: For OOK-1 and OOK-4 with envelope detection
(1) For OOK4 with M =2 and M=4, they have almost the same detection performance
(2) OOK4 with M =2 and M=4 have better detection performance than OOK-1/OOK4 with M =1
Proposal 18: For OOK based LP-WUS, at least OOK-4 with M=2 and M=4 are supported.
[bookmark: OLE_LINK228][bookmark: OLE_LINK237][bookmark: OLE_LINK229][bookmark: OLE_LINK234]During the study of Rel-18 LP-WUS SID, it is a common understanding by most companies that OOK-1 or OOK-4 with M=1 has better tolerant to time error than OOK-4 with M>1 since each OOK symbol has one CP to suppress the time error at least cause by the frequency drift of oscillator of LP-WUR. But from our perspective view, frequency drift of oscillator has two directions, it can cause the corresponding timing drift(ΔT) over a time(T) with also two directions, as in TR 38.869 the formula of ΔT is defined as ΔT = Fr*T ±0.5 * F’ *T2 (transient region).
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Figure 18: A diagram of OOK-1 based LP-WUS detection with time error
[bookmark: OLE_LINK235]As shown in the above figure, CP of OOK-1 can solve the time error with negative value, the detection performance will not be decreased. But for the case of time error with positive value, the CP cannot solve it, and the detection performance will be decreased.
Moreover, a simulation is made to evaluate OOK-1 performance with time error caused by the frequency drift of oscillator of LP-WUR.
· Simulation assumptions
· 8 bits Payload size+8bit CRC
· LP-WUS BW=12RB (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· OOK=1 or OOK-4 with M=1
· Manchester 1/2
· Not support envelope detection with sliding window in LP-WUS receiver
· Other simulation assumptions refer to Appendix A
· Simulation results
[image: ]
Figure 19: OOK-1 detection performance with time error
[bookmark: OLE_LINK238]The simulation results are shown in Figure 19, it can be seen that time error with positive value has significant impact on OOK-1 detection performance
Observation 21: Time error with positive value has significant impact on OOK-1 detection performance
Moreover, for OOK-4 with M>1, since only the first OOK has a CP, the time error with both positive and negative has significant impact on OOK-4 detection performance.
Proposal 19: How to solve the impact of time error caused by LP-WUR oscillator on OOK-1/OOK-4 detection performance should be studied.
[bookmark: OLE_LINK4][bookmark: OLE_LINK97]OFDM sequence based LP-WUS structure
[bookmark: OLE_LINK256]In RAN1#116bis meeting, the following agreement on overlaid OFDM sequence(s) of LP-WUS was made
	Agreement
[bookmark: OLE_LINK251]Regarding the overlaid OFDM sequence(s) of LP-WUS, consider the following options:
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the OOK ON/OFF pattern.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
· Option 3: One sequence is selected from multiple candidates overlaid OFDM sequences on one or more OOK ‘ON’ symbols, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). 
· Option 4: Use of modulated overlay sequence with constellation point: overlay sequence acting as a spreading sequence and constellation point carrying information for OFDM-based LP-WUR. 
Other options are not precluded.


For Option 1, since the sequence is the same across different OOK-ON symbols, the performance may be impacted for combating channel fading. Also, OFDM-based LP-WUR can obtain the whole information bits by OOK ON/OFF pattern, not only by the presence of the overlaid sequence, which is up to implementation.
For Option 1-2, since the sequence is the different across different OOK-ON symbols, it may has better performance for combating channel fading. Similar as option 1, OFDM-based LP-WUR can obtain the whole information bits not only by OOK ON/OFF pattern, but also by the presence of the overlaid sequence, which is up to implementation.
Proposal 20: Modify option 1 and option 1-2 as follows
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence or OOK ON/OFF pattern.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence or the OOK ON/OFF pattern.
For Option 2-1, the OFDM sequence correlation operation happens on part of OOK-ON symbols on which the OFDM sequence based LP-WUR assumes the OFDM sequences are overlaid. The OFDM sequence based LP-WUR determines not only information bits carried by the OFDM sequence but also information bits carried by the OOK-ON symobol and corresponding OOK-OFF symbols in accordance with the OFDM sequence correlation results. In this way, the probability of false detection is obviously increased compared with Option 2-2. The only advantage is that very limited OOK symbols (Maybe 1 or 2 OOK symbols) are not used to carry OFDM sequence information bits. 
[bookmark: OLE_LINK248][bookmark: OLE_LINK245]For Option 2-2, it is the most flexible solution for OOK based LP-WUR and OFDM sequence based LP-WUR to receiver LP-WUS information bits. The detection performance of the two types of receivers are independent. If coverage improvement schemes introduced, this option provides the simplest implementation to compatible with the coverage improvement schemes.
[bookmark: OLE_LINK246][bookmark: OLE_LINK249]For Option 3, if an OFDM sequence is overlaid on multiple OOK-ON symbols, since the multiple OOK-ON symbols are not consecutive on time domain, the OFDM sequence correlation detection performance will be degraded since phase discontinuous occurs between the multiple OOK-ON symbols.
[bookmark: OLE_LINK250]For Option 4, the detection of OFDM sequence based LP-WUR may only operate in frequency domain. This has great restrictions on the type of OFDM sequence based LP-WUR.
[bookmark: OLE_LINK253]Therefore, regarding the overlaid OFDM sequence(s) of LP-WUS, When OFDM sequence needs to carry information bits, option 2-2 is prioritized. When OFDM sequence does not need to carry information bits, option 1-2 is prioritized.
Proposal 21: Regarding the overlaid OFDM sequence(s) of LP-WUS, 
· When OFDM sequence needs to carry information bits, option 2-2 is prioritized.
· When OFDM sequence does not need to carry information bits, option 1-2 is prioritized.
How to carry information
In RAN1#116bis meeting, the following agreement on LP-WUS information for idle/inactive UEs was made
	Agreement
[bookmark: OLE_LINK257]Regarding the LP-WUS information for idle/inactive UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] subgroups
· Option 2: A codepoint value corresponding to one or more subgroup(s)
· Option 3: Multiple codepoint values with each corresponding to one or more subgroup(s)
· Combination of above options are not precluded
· FFS how to carry LP-WUS information, e.g., by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences.
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· Other options are not precluded


[bookmark: OLE_LINK258]As analysis in our companion paper [3], In a cell, consider to support up to 4096 subgroups to achieve power saving gain and acceptable system overhead. Therefore, Option 1 will cause much larger resource overhead of LP-WUS. Option 2 and Option 3 are prioritized.
Proposal 22: Regarding the LP-WUS information for idle/inactive UEs, Option 2 and Option 3 are prioritized.
· CRC
In addition, CRC is necessary for OOK based LP-WUS information transmission. The CRC can be used to guarantee FAR depending on the length of CRC bits. For example, if 10-bit CRC is used, the FAR is approximately equal to 0.1% and the FAR is approximately equal to 0.4% if CRC length is 8. Considering that at least wake-up information for at least one UE (group) is carried by LP-WUS, CRC is necessary to be added to reduce the unnecessary wake-up. 
For OFDM sequence based LP-WUS information transmission, a OFDM sequence selected from a OFDM sequence set is transmitted on one OOK symbol with “ON” state to carry a few bit information. In this way, LP-WUS information can be carried by several OOK symbols with “ON” state. In order to ensure a lower FAR, adding CRC is also necessary.
Proposal 23: Adding CRC for LP-WUS payload is necessary for both OOK based and OFDM sequence based LP-WUS transmission.
· 8-Length CRC is a starting point, for example,  for a CRC length of L=8
[bookmark: OLE_LINK52]If information bits need to be carried by OFDM sequences, ZC sequence and M sequence can be used for information transmission. In order to reduce complexity of sequence correlation and achieve good sequence detection performance, it is recommended that the number of OFDM sequences overlaid over one OOK-ON symbol should not be too large. For example, four OFDM sequences carrying 2-bit information could be considered. Also, the total number of blind decoding should not be large which brings more power consumption and decoding latency.
Proposal 24: When OFDM sequences are used for carrying information, ZC sequence and M sequence are preferred.
· Four OFDM sequences carrying 2 bits information is a starting point
[bookmark: OLE_LINK163][bookmark: OLE_LINK218]MIL of LP-WUS
[bookmark: OLE_LINK264]For evaluation, the following agreement is made
	Conclusion: 
For calibration purposes, companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3, at least with the following assumptions: 
· Carrier frequency: 2.6 GHz
· The number of Tx chains: 1
· MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for non-redcap UE
· Transmit antenna gain correction factors for WUS: up to company report
· Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to be reported, SNR for different assumptions on NF are determined separately


[bookmark: OLE_LINK263]In RRC_IDLE/INACTIVE mode, since SSBs can be used as reference for UL and DL beam selection, the performance loss of actual antenna beamforming compared to ideal antenna beamforming gain should be configured to the same value in the corresponding link budget table for Msg3 and LP-WUS if they have the same Rx chains and Tx chains respectively. 
However, if 153.51 dB for non-redcap UE as msg3 coverage is assumed, the Rx chains is also assumed as 4, which is different with the Tx chains for LP-WUS transmission. Therefore, different correction factors for WUS and msg3 may be assumed in this case. For msg3, based on our evaluation for coverage enhancement, the correction factor delta2=2.95dB. Then for LP-WUS, the additional correction factor or difference compared to msg3’s correction factor also would be less than 2.95dB. For companies who report the correction factor for msg3 is 0, we think the additional correction factor for LP-WUS also should be 0. 
Proposal 25: Compared to msg3, the additional correction factor candidates could be {0, 1, 2} dB for LP-WUS.
Overlaid OFDM sequence design
In RAN1#116bis meeting, the following agreement on overlaid OFDM sequence design was made
	Agreement
For the purpose of further study and evaluation in RAN1, the following candidate sequences for the overlaid OFDM sequence are considered:
· Gold sequence
· M-sequence
· ZC sequence
· Chirp sequence
· Walsh sequence
· Golay sequence
· Kasami sequence
· Low density sequence
· DFT/FFT sequence
· QAM symbol-based sequence
· Combinations and optimizations of above are not precluded
Companies are encouraged to provide an assessment on performance, required complexity, and power consumption to support their preferred sequence. Companies are encouraged to provide details on their preferred sequence (e.g. references).


Gold sequence, M-sequence, and ZC sequence are specified in current spec, it is nature to start with these sequences. For the other sequences, it is better to clarify what is it firstly.
Proposal 26: For overlaid OFDM sequence design, study with existing Gold sequence, M-sequence and ZC sequence as starting point. 
· Further clarify the definition for other candidates OFDM sequences if needed.
In this section, a phase randomized Gold sequence based on the Gold sequence defined in TS38.211 is introduced, including the following steps.
Step 1: Pseudo-random sequence generation based on TS38.211



Generic pseudo-random sequences are defined by a length-31 Gold sequence. The output sequence  of length, where, is defined by 






where  and the first m-sequence  shall be initialized with. The initialization of the second m-sequence, , is denoted by  with the value depending on the application of the sequence.
Step 2: From sequence c(n), take consecutive X*i to X*(i+1)-1 bits and convert them into decimal digits  . The random phase  is

Step 3: The phase randomized Gold sequence is 
In the following simulation, ZC sequence with different root index and phase randomized Gold sequence are evaluated to see the improvement for OOK based LP-WUR detection performance.
(1) [bookmark: OLE_LINK164]For OOK based LP-WUS detection 
· [bookmark: OLE_LINK255]Simulation assumptions
· 8 bits Payload size+8bit CRC
· LP-WUS BW=12RB (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=2,4
· Manchester 1/2
· [bookmark: OLE_LINK261]Phase randomized Gold sequence or ZC sequence is overlaid.
· Not support envelope detection with sliding window in LP-WUS receiver
· Other simulation assumptions refer to Appendix A
· Simulation results
[image: ]
[bookmark: OLE_LINK262]Figure 20: OOK-4, M=2, LP-WUS detection performance with different overlaid OFDM sequence.

[image: ]
[bookmark: OLE_LINK38]Figure 21: OOK-4, M=4, LP-WUS detection performance with different overlaid OFDM sequence.
[bookmark: OLE_LINK242]From the above simulation results, it can be seen that:
(1) [bookmark: OLE_LINK152][bookmark: OLE_LINK47]For OOK-4, M=2, phase randomized Gold sequence has at most 0.7dB performance gain@BLER=1% compared with ZC sequence 
(2) [bookmark: OLE_LINK241]For OOK-4, M=4, phase randomized Gold sequence has at most 1dB performance gain@BLER=1% compared with ZC sequence
Observation 22: For OOK-4 with M=2 or 4 based LP-WUS, phase randomized Gold sequence has at most [0.7dB,1dB] performance gain@BLER=1% compared with ZC sequence
(2) For OOK based LP-SS detection 
· Simulation assumptions
· Binary sequence is 128-length M sequence
· BW=12PRBs (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=8
· No Manchester code
· Envelope detection with sliding window in LP-SS receiver
· SNR= -3dB, 10dB
· Phase randomized Gold sequence or ZC sequence is overlaid.
· Other simulation assumptions refer to Appendix A
· Simulation results
[image: ]
Figure 22: OOK-4, M=8, SNR= -3dB, LP-SS detection performance with different overlaid OFDM sequence.

[image: ]
[bookmark: OLE_LINK128]Figure 23: OOK-4, M=8, SNR=10dB, LP-SS detection performance with different overlaid OFDM sequence.
From the above simulation results, it can be seen that:
(1) [bookmark: OLE_LINK247]For OOK-4 with M=8 based LP-SS, phase randomized Gold sequence has significant performance gain for time error correction compared with ZC sequence 
Observation 23: For OOK-4 with M=8 based LP-SS, phase randomized Gold sequence has significant performance gain for time error correction compared with ZC sequence. 
Proposal 27: Phase randomized Gold sequence should be supported for LP-WUS and LP-SS if the OFDM sequence is used to improve the OOK based LP-WUR detection performance. 
[bookmark: OLE_LINK65]Coverage improvement
In this section, some coverage improvement schemes are discussed and preliminary simulation results are also provided to show the detection performance gain.
Detection with sliding window
· [bookmark: OLE_LINK156]Simulation assumptions
· 8-bit payload size+8bit CRC
· LP-WUS BW=12RB (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=2
· Manchester 1/2
· Support envelope detection with sliding window in LP-WUS receiver
· Sliding window = [-72:12:72] sampling points
· Other simulation assumptions refer to Appendix A
· Simulation results
[image: ]
[bookmark: OLE_LINK213][bookmark: OLE_LINK177]Figure 24: OOK based LP-WUS detection performance with/without sliding window
Table 2: Summary of OOK based LP-WUS detection performance with/without sliding window
	SNR@BLER=1% (dB)
	OOK-4, M=2, No sliding window
	OOK-4, M=2, with sliding window

	BW = 12RBs
	1.89 
	0.61


[bookmark: OLE_LINK71]Observation 24: For OOK based LP-WUS, LP-WUR with sliding window can provide about 1.28dB coverage gain.
Repetition
· [bookmark: OLE_LINK169]Simulation assumptions
· 8-bit payload size+8bit CRC
· LP-WUS BW=12RB (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=2
· Manchester 1/2
· Not support envelope detection with sliding window in LP-WUS receiver
· LP-WUS transmission with repetitions
· Other simulation assumptions refer to Appendix A
· [bookmark: OLE_LINK170]Simulation results
[bookmark: OLE_LINK66]Case 1: Repetition is performed for the whole payload information
[image: ]
[bookmark: OLE_LINK214][bookmark: OLE_LINK215]Figure 25: OOK based LP-WUS detection performance with whole payload information repetition
Table 3: Summary of OOK based LP-WUS detection performance with whole payload information repetition
	[bookmark: OLE_LINK173]SNR@BLER=1% (dB)
	[bookmark: OLE_LINK172]OOK-4, M=2, 
	OOK-4, M=2, Repetition=2
	OOK-4, M=2, Repetition=4
	OOK-4, M=2, Repetition=8

	BW = 12RBs
	1.89 
	 0.72
	-0.82
	-2.26



Case 2: Repetition is performed per bit information
[image: ]
[bookmark: OLE_LINK216]Figure 26: OOK based LP-WUS detection performance with whole bit information repetition
Table 4: Summary of OOK based LP-WUS detection performance with whole payload information repetition
	[bookmark: OLE_LINK175]SNR@BLER=1% (dB)
	OOK-4, M=2,
	OOK-4, M=2, BitRepetition=2
	OOK-4, M=2, BitRepetition=4
	OOK-4, M=2, BitRepetition=8

	BW = 12RBs
	1.89
	0.21
	-1.82
	-3.75


[bookmark: OLE_LINK174][bookmark: OLE_LINK166]Observation 25: For OOK based LP-WUS, repetition can provide significant coverage gain.
Observation 26: For OOK based LP-WUS, bit repetition has better detection performance than whole payload repetition. 
Frequency hopping
· Simulation assumptions
· 8 bits payload size+8bit CRC
· LP-WUS BW=12RB (not including guardband)
· Guardband=1PRB
· SCS=30KHz
· M=2
· Manchester 1/2
· Not support envelope detection with sliding window in LP-WUS receiver
· LP-WUS transmission with repetitions 
· Frequency hopping for the repetitions of whole payload information
· Other simulation assumptions refer to Appendix A
· Simulation results
[image: ]
[bookmark: OLE_LINK217]Figure 27: OOK based LP-WUS detection performance with frequency hopping
Table 5: Summary of OOK based LP-WUS detection performance with frequency hopping
	SNR@BLER=1% (dB)
	OOK-4, M=2,
	[bookmark: OLE_LINK176]OOK-4, M=2, Repetition=2，FH
	OOK-4, M=2, Repetition=4，FH
	OOK-4, M=2, Repetition=8，FH

	BW = 12RBs
	1.89
	-1.09
	-2.6
	-3.55


Observation 27: For OOK based LP-WUS, frequency hopping with repetition can provide significant coverage improvement gain.
Proposal 28: For OOK based LP-WUS, at least the following coverage improvement schemes should be further studied:
· Detection with sliding window
· Repetition
· Whole payload repetition and bit repetition
· Frequency hopping
[bookmark: OLE_LINK2][bookmark: OLE_LINK5]Interaction between LP-WUS and LP-SS
For some configurations, the LP-SS and LP-WUS may be allocated with adjacent location. As shown in Figure 28, the LP-SS could be used as preamble part of LP-WUS.
[image: ]
Figure 28: LP-SS is transmitted together with LP-WUS
Based on that, the gNB does not need to transmit both LP-SS and preamble, and the resources for preamble part for LP-WUS could be saved. In this case, the payload detection performance would be better since the LP-SS could be used for AGC, sync and detection threshold determination.
Proposal 29: LP-SS could be used as a part of LP-WUS to save NW resources.
[bookmark: OLE_LINK26]Design differences for different RRC states 
Although the target of WID is to specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes, the structure of LP-WUS may have the following differences in two modes.
· Structure
[bookmark: OLE_LINK72]In IDLE/INACTIVE modes, LP-SS needs to be supported for DL synchronization and RRM Measurement. Furthermore, it is observed that time error caused by larger oscillator frequency drift may affect the detection performance of LP-WUS especially when it is close to the end of LP-SS periodicity, Hence, LP-Preamble is necessary to be transmitted before LP-WUS for further DL synchronization.
However, in CONNECTED modes, LP-SS and LP-Preamble are not required, and only LP-WUS is retained.
· Payload size
[bookmark: OLE_LINK75][bookmark: OLE_LINK74][bookmark: OLE_LINK76]The payload size may be different between IDLE/INACTIVE and CONNECTED modes. For example, in CONNECTED mode, UE specified LP-WUS is preferred. While in IDLE/INACTIVE mode, group specified LP-WUS is preferred. The wake-up indication size carried in these two modes may be different. In addition, the payload size in CONNECTED mode can be configured flexibly.
[bookmark: OLE_LINK89]Proposal 30: For LP-WUS, at least the design of structure, payload size and carried information should be considered separately for IDLE/INACTIVE and CONNECTED modes.
[bookmark: OLE_LINK1][bookmark: OLE_LINK15]Conclusions 
In this contribution, we have discussed issues on waveform design and signal structure for LP-WUS. We make the following observations and proposals:
Observation 1: For frequency domain based OOK-4 waveform generation, a straightforward way to generate data sequence which is filled in LP-WUS subcarriers is data sequence  that is generated during time domain based waveform generation of OOK-4.
Observation 2: For frequency domain based OOK-4 waveform generation, value of M, carried information bits value, amount of overlaid OFDM sequence on OOK-ON symbol, whether to mitigate inter-cell interference for the overlaid OFDM sequence will have significant impact on storage overhead in terms of prestoring the necessary data sequence .
Observation 3: Even if DFT block is specified, it does not prevent gNB implement the generation based on frequency domain.
Observation 4: OOK-1 waveform can be generated by OOK-4 time domain based waveform generation steps when M equals to 1.
Observation 5: For OFDM sequence receiver without FFT, significant resource overhead in terms of prestoring the necessary sequences for OFDM sequence detection should be considered.
Observation 6: The implementation OFDM sequence receiver without FFT impacts the RRM/RF requirement discussion in RAN4. A new performance requirement may be necessary. 
Observation 7: The OFDM sequence detection performance by the OFDM sequence receiver without FFT/sliding window is far worse than OFDM sequence receiver with FFT.
Observation 8: The OFDM sequence detection performance by the OFDM sequence receiver without FFT but with sliding window has nearly the same performance with OFDM sequence receiver with FFT. But the UE power consumption is multiply increased with the length of sliding window. The power saving gain compared to OFDM sequence receiver with FFT is nearly negligible.
Observation 9: When the residual frequency error is assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm, even with much short time duration, e.g.,320ms, the time error caused by residual frequency error is still much larger than the length of CP.
Observation 10: For the case of frequency error correction by the assistance from MR, the residual frequency error (Fr), is assumed as 0.1ppm or 0.5ppm, but the power consumption of MR wake-up is huge and there is no significant power saving gain.
Observation 11: For the case of frequency error correction/clock calibration by LR, OFDM sequence receiver with FFT should be supported for LR, and the corresponding Fr is assumed as 1ppm or 5ppm.
Observation 12: For OFDM sequence receiver without FFT or OOK receiver, the residual frequency error should be assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm.
[bookmark: OLE_LINK273]Observation 13: Based on time error evaluation,
(1) For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=1ppm, when the time duration is larger than 2.56s, time error will be larger than CP length
(2) For the case of oscillator frequency drift=0.1ppm/s and residual frequency error=5ppm, when the time duration is larger than 0.32s, time error will be larger than CP length
Observation 14: Based on time error evaluation,
(1) For the case of oscillator frequency drift=0.05ppm/s and residual frequency error=0.1ppm, even time duration is configured to 2.56s, time error will be much smaller than CP length
(2) For the case of oscillator frequency drift=0.05ppm/s and residual frequency error=0.5ppm, even time duration is configured to 2.56s, time error will be much smaller than CP length
Observation 15: For OOK-1 or OOK-4 with M=1 based LP-SS, its time offset estimation performance is far below the DL synchronization requirement.
Observation 16: The whole power of OOK-1 or OOK-4 with M=1 based LP-SS or LP-WUS is lower than OOK-4 with M>1 based LP-SS or LP-WUS since the boosting of power across NR OFDM symbol may not be allowed.
Observation 17: For OOK-4 with M =2,4,8,16 based LP-SS, 
· LP-SS with scrambling code has better time estimation performance than that without scrambling code
· OOK-4 with M =8,16 has better time estimation performance than that with M=2,4
· OOK-4 with M =8,16 has almost the same time estimation performance
· LP-SS with lower SNR cannot meet the DL synchronization requirement  
Observation 18: If LP-SS periodicity is the same as legacy measurement cycle, the RRM measurement performance might be degraded when offloading the serving cell measurement to WUR.
Observation 19: For LP-WUR without frequency error correction, the residual frequency error is assumed as the maximum frequency error (Fe) of RTC, e.g., 20ppm, even with much short time duration, e.g.,320ms, the time error caused by residual frequency error still much larger than the length of CP. In this case, LP-Preamble is necessary added before LP-WUS to ensure the detection performance of LP-WUS.
Observation 20: For OOK-1 and OOK-4 with envelope detection
(1) For OOK4 with M =2 and M=4, they have almost the same detection performance
(2) OOK4 with M =2 and M=4 have better detection performance than OOK-1/OOK4 with M =1
Observation 21: Time error with positive value has significant impact on OOK-1 detection performance
Observation 22: For OOK-4 with M=2 or 4 based LP-WUS, phase randomized Gold sequence has at most [0.7dB,1dB] performance gain@BLER=1% compared with ZC sequence
Observation 23: For OOK-4 with M=8 based LP-SS, phase randomized Gold sequence has significant performance gain for time error correction compared with ZC sequence. 
Observation 24: For OOK based LP-WUS, LP-WUR with sliding window can provide about 1.28dB coverage gain.
Observation 25: For OOK based LP-WUS, repetition can provide significant coverage gain.
Observation 26: For OOK based LP-WUS, bit repetition has better detection performance than whole payload repetition. 
Observation 27: For OOK based LP-WUS, frequency hopping with repetition can provide significant coverage improvement gain.

Proposal 1: Time domain based OOK-4 waveform generation mechanism should be specified according to at least step1~step6.
Proposal 2: Unified time domain waveform generation for OOK-1 and OOK-4 should be supported.
Proposal 3: OFDM sequence can only be overlaid on the OOK-ON symbols.
Proposal 4: For time domain based OOK-1/OOK-4 waveform generation, OFDM sequence should be added before DFT operation and it is generated per OOK-ON symbol.
Proposal 5: For OFDM sequence based LP-WUS, adopting the OFDM sequence receiver with FFT as the baseline for detection performance evaluation.
Proposal 6: For SCS of LP-WUS, it could be configurable and
· If LP-WUS resource allocation is associated with DL BWP, the SCS of LP-WUS is the same as that of the DL BWP
· If LP-WUS resource allocation is NOT associated with DL BWP, a separate SCS can be configured for LP-WUS
Proposal 7: Support 12 PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz
· 24 PRBs for SCS=15kHz
Proposal 8: For OOK based LP-WUS, Manchester code with code rate of at least 1/2 and 1/4 should be supported.
Proposal 9: For binary sequence carried by LP-SS, at least the following design principles should be considered:
· Good auto-correlation and lower cross-correlation features
· At least one bit ”1” is transmitted in M OOK symbols within one OFDM symbol
· Restricted the length of consecutive bit “0”
Proposal 10: For the design of LP-SS, the binary sequence used for LP-SS should have good auto-correlation and very low cross-correlation performance with its cyclic shifted binary sequences. 
Proposal 11: LP-SS detection with sliding window should be used as baseline for evaluating the detection performance.
Proposal 12: For synchronization, the binary sequence of LP-SS based on OOK-1 or OOK-4 with M=1 is not suggested due to the worse sync performance.
Proposal 13: For the design of LP-SS, the following structures are prioritized
· SCS=30kHz, OOK-4 with M=8, 128-length M sequence
· SCS=30kHz, OOK-4 with M=16, 256-length M sequence
· Phase randomized Gold sequence is used as scrambling code to improve detection performance
Proposal 14: For the overlaid OFDM sequence(s) for LP-SS, if LP-SS does not need to carry information, Option 2 is supported, otherwise, Option 2 or Option 3 is supported.
Proposal 15: At least {160,320,640,1280,2560}ms should be considered for LP-SS periodicity.
Proposal 16: Cell specific information can be carried via LP-SS.
Proposal 17: LP-Preamble is supported and can be added before LP-WUS for further time error correction.
Proposal 18: For OOK based LP-WUS, at least OOK-4 with M=2 and M=4 are supported.
Proposal 19: How to solve the impact of time error caused by LP-WUR oscillator on OOK-1/OOK-4 detection performance should be studied.
Proposal 20: Modify option 1 and option 1-2 as follows
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence or OOK ON/OFF pattern.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence or the OOK ON/OFF pattern.
Proposal 21: Regarding the overlaid OFDM sequence(s) of LP-WUS, 
· When OFDM sequence needs to carry information bits, option 2-2 is prioritized.
· When OFDM sequence does not need to carry information bits, option 1-2 is prioritized.
Proposal 22: Regarding the LP-WUS information for idle/inactive UEs, Option 2 and Option 3 are prioritized.
Proposal 23: Adding CRC for LP-WUS payload is necessary for both OOK based and OFDM sequence based LP-WUS transmission.
· 8-Length CRC is a starting point, for example,  for a CRC length of L=8
Proposal 24: When OFDM sequences are used for carrying information, ZC sequence and M sequence are preferred.
· Four OFDM sequences carrying 2 bits information is a starting point
Proposal 25: Compared to msg3, the additional correction factor candidates could be {0, 1, 2} dB for LP-WUS.
Proposal 26: For overlaid OFDM sequence design, study with existing Gold sequence, M-sequence and ZC sequence as starting point. 
· Further clarify the definition for other candidates OFDM sequences if needed.
Proposal 27: Phase randomized Gold sequence should be supported for LP-WUS and LP-SS if the OFDM sequence is used to improve the OOK based LP-WUR detection performance. 
Proposal 28: For OOK based LP-WUS, at least the following coverage improvement schemes should be further studied:
· Detection with sliding window
· Repetition
· Whole payload repetition and bit repetition
· Frequency hopping
Proposal 29: LP-SS could be used as a part of LP-WUS to save NW resources.
Proposal 30: For LP-WUS, at least the design of structure, payload size and carried information should be considered separately for IDLE/INACTIVE and CONNECTED modes.
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[bookmark: OLE_LINK240]Appendix A: Simulation assumptions for LP-WUS
[bookmark: OLE_LINK85][bookmark: OLE_LINK239]Table A-1. Simulation assumptions for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Waveform
	OOK, OFDM

	Channel structure
	For OOK, Payload+CRC is supported in LLS
For OFDM receiver, OFDM sequence based LP-WUS is supported in LLS.

	Payload size
	For OOK, 
· Case 1: 8bits + 8bits CRC
· Case 2: 24bits + 8bits CRC
For OFDM, 
· Case 1: 8bits + 8bits CRC
· Case 2: 24bits+ 8bits CRC

	Coder scheme
	Manchester coding 1/2, Manchester coding 1/4, Manchester coding 1/8, 

	SCS of OFDM generator for NR signal
	30kHz

	Configuration for LP-WUS signal
	For OOK waveform,
· M =1/2/4/8 for SCS = 30 kHz (same as NR signal)
For OFDM sequence based receiver, PN sequence as described in TS 38.211 with the length of 127 for 11RBs LP-WUS is simulated.

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

	MDR/FAR assumption
	· The miss-detection rate (MDR) of LP-WUS 1%,
· The false-alarm rate (FAR) of LP-WUS
· 0.1%
· FAR target is determined per single WUS attempt/trial


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

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
· 12 subcarriers with 30KHz SCSs are used for guardband on each side of LP-WUS

	Filter 
	5rd order Butterworth LPF

	[bookmark: OLE_LINK200]Adjacent subcarrier interference
	PDSCH with randomly modulated QPSK mapped on resources other than that for WUS and guard band; 
EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline

	Sampling Rate
	7.68 MHz

	ADC bit width
	4-bit

	Channel Model
	TDL-C 300ns

	Number of Rx for LP-WUS
	1 Rx

	UE speed
	3 km/h

	Inter-cell interference
	No

	Phase noise modeling
	No


[bookmark: _GoBack]
Max RTC frequency error=20ppm 


0.32	0.64	1.28	2.56	6.4	12.8	25.6	51.2	Target time(s)


Time error(us)



Frequency drift=0.1ppm/s, residual frequency error=1ppm 


0.32	0.64	1.28	2.56	0.32500000000000001	0.66	1.3620000000000001	2.8879999999999999	Target time(s)


Time error(us)



Frequency drift=0.1ppm/s, residual frequency error=5ppm 


0.32	0.64	1.28	2.56	1.605	3.22	6.4820000000000002	13.128	Target time(s)


Time error(us)



Frequency drift=0.05ppm/s, Residual frequency error=0.1ppm 


0.32	0.64	1.28	2.56	3.5000000000000003E-2	7.3999999999999996E-2	0.16900000000000001	0.42	Target time(s)


Time error(us)



Frequency drift=0.05ppm/s, Residual frequency error=0.5ppm 


0.32	0.64	1.28	2.56	0.16300000000000001	0.33	0.68100000000000005	1.444	Target time(s)


Time error(us)
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