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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new work item on low-power wake-up signal and receiver for NR (LP-WUS/WUR) was approved in RAN#102 [1]. The work item includes the following objectives:
	· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported
· For IDLE/INACTIVE modes
· Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.
· Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)
· For CONNECTED mode, specify procedures to allow UE MR PDCCH monitoring triggered by LP-WUS including activation and deactivation procedure of LP-WUS monitoring (RAN2, RAN1)
· Check in RAN#105 for potential TU adjustment in RAN2
· Note: In CONNECTED mode, UE MR ultra-deep sleep is not considered, and UE RRM/RLM/BFD/CSI measurements are performed by MR
· Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
· Note: The optimization of LP-WUS signal design for idle/inactive mode is prioritized over the optimization for connected mode.
· Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
· This objective is to be further refined in RAN#103



In this contribution, we discuss some of the design options for LP-WUS based on OOK with overlaid OFDM sequence(s) and for LP-SS based on low density OOK sequences.  

Discussion
The discussion on LP-WUS design including structure and waveform options with and without overlaid OFDM sequences is captured in Section 1.1 whereas the discussion on LP-SS design is captured in Section 1.2.
1.1 [bookmark: _Ref157694805]LP-WUS Design
In this section, we discuss LP-WUS design details including structure in Section 1.1.1 and waveform in Section 1.1.2.
1.1.1. [bookmark: _Ref157694692]LP-WUS Structure
In TR38.869 [3], the content of LP-WUS is discussed where “UE-group, -subgroup or -ID” are given as potential example content in either RRC IDLE/INACTIVE or RRC CONNECTED modes as follows
	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.



It was noted during the evaluation of LP-WUS power saving gain that false paging and false alarms can have a negative impact, especially when the MR is configured to enter ultra-deep sleep state in RRC IDLE/INACTIVE state, due to unnecessary wake-up of the MR and associated transition energy from the sleep state to active state. Therefore, at least LP-WUS UE subgrouping with an adequate number of subgroups should be considered as concluded by RAN2 in TR38.869 [3] as
	RAN2 has studied and concluded to support subgrouping for LP-WUS, detailed design depends on the payload of LP-WUS.



[bookmark: _Ref157757556]Observation 1: LP-WUS support of an adequate number of subgroups in RRC Idle/Inactive is required to limit the impact of false paging and high transition energy on power saving gain. 

For LP-WUS to carry a UE-subgroup in RRC IDLE/INACTIVE mode, the existing UE-subgroup configuration in Rel-17 PEI or Rel-16 GWUS for NB-IoT/LTE-M may be considered as a starting point. Both Rel-17 PEI and Rel-16 GWUS support up to 8 subgroups per PO and mapping of up to 8 and 4 POs is supported by each of them, respectively. Further, the up to 8 POs supported in Rel-17 PEI can be mapped to up to 2 PFs. Rel-19 LP-WUS may then be designed to support at least a subset of the configurations for either Rel-17 PEI or Rel-16 GWUS, for example, up to 8 subgroups and mapping of up to 2 POs which will require up to 16 bits. The existing CN-assigned and UE-ID based subgrouping methods used for Rel-17 PEI can initially be reused for Rel-19 LP-WUS, e.g., if Rel-19 PEI is not concurrently configured with Rel-19 LP-WUS. 
For LP-WUS to carry a UE-ID in RRC IDLE/INACTIVE mode, a minimum of 24 bits are needed for the short I-RNTI (40 bits for full I-RNTI) supported in RRC INACTIVE mode whereas a 48-bit 5G-S-TMSI might be needed in RRC IDLE mode. On the other hand, a minimum of 16 bits are needed for the C-RNTI in RRC CONNECTED mode.

[bookmark: _Ref157757579]Observation 2: Rel-19 LP-WUS information size should support at least a subset of Rel-17 PEI subgrouping configuration, i.e., up to 8 subgroups and up to 8 POs per PEI. 

In TR38.869 [3], two alternatives for carrying LP-WUS information are discussed
	-	Study further following alternatives to carry the LP-WUS information using: 
-	Alt 1: by sequence(s) detection/selection  
-	FFS sequence type
-	Alt 2: by encoded bits 
-	FFS: what type of encoding scheme
-	FFS: with or without other bits (e.g. CRC/FCS)
-	Other alternatives are not precluded



The sequence-based design might limit the amount of information that can be transmitted by the LP-WUS since the sequence detection complexity can increase exponentially with the information size. Therefore, in order to support up to 16 bits for LP-WUS with UE-subgroup based addressing capability or up to 24 bits for LP-WUS with UE-ID based addressing capability in RRC INACTIVE state, at least the alternative to carry LP-WUS information using encoded bits should be supported. Further, for a target FAR 1%, a CRC with minimum length of 8 bits may be needed which can result in a FAR %. 

[bookmark: _Ref157757587]Observation 3: Carrying LP-WUS information using encoded bits may require an 8-bit CRC to target a FAR < 1% and the corresponding overhead may be minimized by considering up to 16 bits of information.

An LP-WUS design with 16 bit payload and 8 bit CRC based on OOK-4 waveform option with M=2 was shown in [2], see Appendix A for details, to achieve the target coverage of PUSCH for message3 when a SCS of 30 kHz, a 4.32 MHz LP-WUS bandwidth, and a 2.6 GHz Urban scenario (TDL-C 300) are considered.

[bookmark: _Ref157757599]Proposal 1: Support at least the alternative to carry up to 16 bits of LP-WUS information using encoded bits with an 8-bit CRC.

1.1.2. [bookmark: _Ref157607171]LP-WUS Waveform
The Rel-19 LP-WUS WI has defined OOK-1 and/or OOK-4 with overlaid OFDM sequence(s) over OOK symbols that can carry information as the possible waveform options. It is assumed that, at least in RRC Idle/Inactive state, the same information is delivered irrespective of the LP-WUR type, i.e., OFDM sequence(s) do not carry any additional information than the OOK symbols in the LP-WUS.
In Rel-18 LP-WUS study, waveform options OOK-1 and OOK-4 have been evaluated for LP-WUS. The OOK-1 and OOK-4 waveform options are characterized in the TR38.869 [3] conclusion as follows
	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.


 
Therefore, OOK-1 waveform option may be considered if robustness to timing errors and coverage are the target design of LP-WUS whereas OOK-4 waveform option may be considered if spectral efficiency is prioritized over coverage and timing error robustness, as also shown by link level simulation comparison of the two waveform options in Appendix B [4]. 
To provide the network with flexibility to trade-off spectral efficiency and LP-WUS coverage, LP-WURs may be required to support OOK-1 waveform option and OOK-4 waveform option with at least one value for M. It should still be noted that the lower robustness to timing errors associated with OOK-4 with higher values of M may correspond to a requirement of higher LP-SS transmission periodicity, a preamble/frame sync to precede LP-WUS, and/or limited flexibility in the time location of LP-WUS transmission occasions with respect to LP-SS transmission occasions. 

[bookmark: _Ref157757634]Observation 4: OOK-4 waveform option can provide better spectral efficiency than OOK-1 but may require higher LP-SS transmission periodicity, a preamble/frame sync to precede LP-WUS, and/or limited flexibility in the time location of LP-WUS transmission occasions.
[bookmark: _Ref157757623]Proposal 2: A LP-WUR-enable UE supports both OOK-1 and OOK-4 based LP-WUS design with one or more values of M to provide network deployment flexibility.

Further, based on LP-WUS WI objectives, LP-WUS design is to include OFDM sequence(s) overlaid over OOK symbols. It was concluded in TR38.869 [3] that OOK waveform generation with flat spectrum in frequency domain is desirable and that knowledge of the sequence(s) used in generation of the ON waveform may improve the performance of a LP-WUR with I/Q branches. This was captured by the following excerpt 
	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.



Zadoff-Chu (ZC) sequences are already supported in 3GPP as low-PAPR sequences [TS38.211, Section 5.2.2] and therefore they can be used to provide the frequency domain spectrum flatness required for robustness against frequency-selective fading as noted in TR38.869 [3] as well as the time-domain pulse shape flatness for both OOK-1 and OOK-4 based LP-WUS designs. Low-PAPR sequence generation type 1 is defined in TS38.211 as
	


The low-PAPR sequence  is defined by a cyclic shift  of a base sequence  according to 


where  is the length of the sequence. Multiple sequences are defined from a single base sequence through different values of  and . 





Base sequences  are divided into groups, where  is the group number and  is the base sequence number within the group, such that each group contains one base sequence () of each length ,  and two base sequences () of each length , . 


  
[bookmark: _Ref157757660]Proposal 3: Reuse existing definition of low-PAPR sequence to generate the overlaid OFDM sequence(s) over OOK symbols.

Depending on the considered waveform option, i.e., OOK-1 or OOK-4, and the way OFDM sequence(s) are overlaid over OOK symbols, the length of the ZC sequence(s) can be determined. Based on the ZC sequence length, a base ZC sequence is selected from one of the base sequence groups where the base sequence group may be selected based on cell ID, i.e., cell specific, to provide robustness against inter-cell interference for OFDM-based LP-WURs.

[bookmark: _Ref157757670]Observation 5: Selection of the ZC base sequence group for the overlaid OFDM sequence(s) over OOK symbols based on the cell identifier can provide robustness against inter-cell interference for OFDM-based LP-WURs.

Additionally, multiple cyclic shifts may be considered to convey the LP-WUS information in a shorter period of time for OFDM-based LP-WURs. The number of OOK symbols  needed to convey the same number of information bits , and therefore required to be monitored by the OFDM-based LP-WUR, depends on the LP-WUS coding rate  and number of considered cyclic shifts , which also depends on the sequence length, as 

where a fixed number of ON OOK symbols per codeword and one of the following assumptions are considered:
· only a single ON OOK symbol within a codeword of  OOK symbols 
· overlaid OFDM sequence(s) are repeated over all the ON OOK symbols within a codeword of  OOK symbols  
The overlaid OFDM sequence(s) carrying LP-WUS information can further be repeated over the remaining OOK symbols for further improvement of OFDM-based LP-WURs coverage.

OOK-1 based LP-WUS
For OOK-1 based LP-WUS design, the ZC base sequence length can be selected based on one of the following options
· Option 1-A: Allocated LP-WUS bandwidth (number of subcarriers )
· Option 1-B: Target low frequency envelope channel
The ZC base sequence length selection based on Option 1-A can help OFDM-based LP-WUR in handling narrowband interference and can also improve their handling of inter-cell interference through the selection of cell-specific base sequence group or the use of cell-specific base sequence group hopping. However, an ED-based LP-WUR will have limited capability of handling narrowband interference and/or inter-cell interference.

[bookmark: _Ref157757687]Observation 6: Selection of a cell-specific ZC base sequence group for the overlaid OFDM sequence(s) over OOK symbols does not provide robustness against inter-cell interference for ED-based LP-WURs.

Alternatively, the ZC sequence length may be selected to target a specific low frequency envelope channel (Option 1-B). The ZC sequence with the selected length may then be repeated over the allocated . This method utilizes the intrinsic characteristics of an envelope detector (e.g., self-mixing envelope detection) to enable it to behave similar to a receiver in a direct-sequence spread spectrum system without any additional complexity. Subsequently, the ED-based LP-WUR will have the capability to handle narrowband interference. Additionally, by randomizing the target low frequency envelope channel based on the cell identifier, the ED-based LP-WUR will also have more robustness against inter-cell interference. 

[bookmark: _Ref157757694]Observation 7: Selection of a cell-specific ZC base sequence length with frequency domain repetition for the overlaid OFDM sequence(s) over OOK symbols can provide robustness against inter-cell interference for ED-based LP-WURs.

For illustration, the LP-WUS bandwidth can be used to generate an OOK-1 LP-WUS at one of  low envelope IFs (low frequency envelope channels, e.g., f ) after envelope detection as illustrated in Figure 1. In the example illustrated in Figure 1, an OOK-1 LP-WUS at a target envelope channel  is generated by first splitting the LP-WUS bandwidth into  segments without any guard bands in-between such that  (LP-WUS BW) , then a ZC sequence () of length SCS is repeated over the  segments. 
[image: ]
[bookmark: _Ref157697340]Figure 1: An illustration of OOK-1 LP-WUS generation at one of potential envelope channels  using ZC sequence with frequency domain repetition. 

In Figure 2, example details of digital baseband processing for the detection of an OOK-1 based LP-WUS generated at a low-frequency envelope channel are presented when a heterodyne receiver architecture with envelope channel selection is considered. In this example, a set of Goertzel filters  are used to detect signals at specific frequency tones, e.g., corresponding to target low-frequency envelope channels [5].

[image: ]
[bookmark: _Ref157697382]Figure 2: Example Digital Baseband Processing of OOK-1 based LP-WUS at a Low-Frequency Envelope Channel using Heterodyne Receiver Architecture.

[bookmark: _Ref157757712]Observation 8: ED-based LP-WURs can support OOK-1 based LP-WUS detection at one of low-frequency envelope channels with low implementation complexity enabling robustness against narrowband and inter-cell interference handling.
The link level performance of LP-WUS detection based on OOK-1 waveform at a low frequency envelope channel (envelope IF) is shown in Appendix B [4] and compared to that of an OOK-1 LP-WUS detected at DC, where it is shown that LP-WUS based on OOK-1 with envelope IF can provide improvement in performance compared to LP-WUS based on OOK-1 at DC. 
Further, the impact of intra-cell interference on ED-based LP-WUR when two low frequency envelope channels are simultaneously transmitted is shown in Figure 3 considering an interference-to-signal power ratio of  dB, i.e., the ratio of the signal power for the interfering envelope channel to the signal power of the target envelope channel where both channels are generated using the same set of frequency resources. The assumptions in Table 4 of Appendix B are used where Option OOK-1, Option 1b for LP-WUS signal configuration, and LP-WUS BW Option 1 are considered. The results show that there is almost no performance degradation at  dB. Additionally, a performance degradation of only ~1 dB is noticed at  dB confirming that low frequency envelope channelization can provide robustness against intra-cell and/or inter-cell interference for ED-based LP-WURs.
[image: ]
[bookmark: _Ref158207843]Figure 3: Impact of intra-cell interference on an ED-based LP-WUR when two low frequency envelope channels are simultaneously transmitted. 

OOK-4 based LP-WUS
On the other hand, for OOK-4 based LP-WUS design, the ZC base sequence length can be selected based on one of the following options
· Option 2-A: Allocated LP-WUS bandwidth (number of subcarriers )
· Option 2-B: Target low frequency envelope channel
· Option 2-C: OOK-4 symbol length
Similar to the discussion on OOK-1 based LP-WUS design, the ZC base sequence length selection based on (Option 2-A) may help OFDM-based LP-WUR in handling narrowband interference and may also improve their handling of inter-cell interference through the selection of cell-specific base sequence group or the use of cell-specific base sequence group hopping. However, the impact of OOK symbols masking in the OFDM symbol on the cross-correlation properties across base sequence groups should be evaluated.
We also note that in this method, the ZC sequence may be masked by {2 or 4} OOK-4 symbols generated in the OFDM symbol. Subsequently, this might result in a lower detection peak at the OFDM-based LP-WUR compared to OOK-1. However, if Manchester encoding is used, then the detected peak shall correspond to a fixed ratio with respect to ZC sequence detection without OOK-4 symbols masking, i.e., considering OOK-1 based LP-WUS design. 
Further, the ED-based LP-WUR will still have limited capability of handling narrowband interference and/or inter-cell interference under this option.

[bookmark: _Ref157757727]Observation 9: Impact of OOK-4 symbols masking of an overlaid OFDM sequence in an OFDM symbol on OFDM-based LP-WUR robustness against inter-cell interference will need evaluation.

Alternatively, the ZC sequence length may be selected, according to (Option 2-C), directly based on the number of DFT samples corresponding to the OOK-4 symbol length, e.g., the largest odd number smaller than . This method then may avoid the need to evaluate the impact of OOK-4 symbols masking of an overlaid OFDM sequence in an OFDM symbol on OFDM-based LP-WUR robustness against inter-cell interference.
In another alternative (Option 2-B), the ZC sequence length may be selected and modified to target a specific low frequency envelope channel similar to Option 1-B for OOK-1 based LP-WUS design. For example, to target an envelope IF channel centered at a frequency SCS, the sequence length can be selected to be  and then the sequence samples can be interleaved, i.e., upsampled without interpolation, with  zeros, where . Note that the ZC sequence length and upsampling operation are performed on a ZC sequence in the time domain, i.e., before the DFT module for OOK-4 based LP-WUS design, As opposed to the frequency domain repetition for OOK-1 based LP-WUS design.

[bookmark: _Ref157757740]Proposal 4: Support OOK-1 and OOK-4 based LP-WUS design with low frequency envelope channels to enable ED-based LP-WURs robustness against narrowband and inter-cell interference.

The link level performance of LP-WUS based on OOK-4 including the impact of timing and frequency errors was evaluated in Rel-18 LP-WUS SI and is captured in Appendix B [4].

1.2 [bookmark: _Ref157694830]LP-SS Design
In this section, we evaluate the link-level performance of the low-power synchronization signal (LP-SS) and/or the preamble which can be used for both synchronization and RRM measurements. For this purpose, we consider a set of 4 sequences {LP-SS-0, LP-SS-1, LP-SS-2, LP-SS-3} each of length 32 bits. The 32 bits are packed into 4 OFDM symbols using waveform Option OOK-4 with M = 8 time segments per OFDM symbol. CP is handled by the LP-WUR, false alarm rate (FAR) of 0.1%, and a sampling frequency  MHz are considered.
LP-SS-0
LP-SS-1
LP-SS-2
LP-SS-3
The sequence LP-SS-0 is selected to be the same as the preamble of wake-up packets in IEEE 802.11ba, which has a balanced density of 1 and 0 bits (ratio of 1 bits to sequence length of 1/2, sequence normalized density of  ratio = 1), whereas the rest of sequences (low density sequences) are selected to have a lower density of 1 bits compared to 0 bits, i.e., LP-SS-1 has 3 ON bits in every 8 bits (ratio of 3/8, sequence normalized density of 3/4), LP-SS-2 has 2 ON bits in every 8 bits (ratio of 2/8, sequence normalized density of 1/2), and LP-SS-3 has 1 ON bit in every 8 bits (ratio of 1/8, sequence normalized density of 1/4). Further, the sequences are selected such that each OFDM symbol contains a constant number of 1 bits leading to a consistent ON waveform signal level given an allocated constant power per OFDM symbol throughout the sequence transmission. The LP-SS miss-detection rate (MDR) for the set of selected sequences is compared in Figure 4. The figure shows that lowering the density of 1 bits in the LP-SS sequence can improve the performance significantly. A LP-SS with sequence normalized densities 3/4, 1/2, and 1/4 can improve the MDR performance over a LP-SS with balanced density (1) sequence by ~2, ~3, and ~5 dB, respectively.
[image: ]
[bookmark: _Ref157697756]Figure 4: MDR performance comparison of LP-SS with balanced and low-density sequence designs at FAR = 0.1%.  

[bookmark: _Ref157757775]Observation 10: A LP-SS based on low density sequences (i.e., sequences with lower number of 1 bits than 0 bits) with normalized densities 3/4, 1/2, and 1/4 can improve the MDR performance, at 0.1% FAR, over a LP-SS based on a balanced density (1) sequence by ~2, ~3, and ~5 dB, respectively.
In Figure 5, the RSRP measurement accuracy is illustrated using the RSRP measurement error (absolute difference between measured and true RSRP in dB) cumulative distribution function (CDF) considering a sampling frequency  MHz and a 4-bit ADC. The figure shows that all LP-SS options can achieve an RSRP measurement error < 2.5 dB with 90% probability. Further, the synchronization timing error CDF is illustrated in Figure 6 at a sampling frequency  MHz. It is shown that a residual timing error s with 90% probability is achievable using any of the LP-SS options with LP-SS based on low density sequences (i.e., LP-SS-1, LP-SS-2, LP-SS-3) providing slightly better timing synchronization accuracy.
[image: ]
[bookmark: _Ref157697797]Figure 5: RSRP measurement accuracy of LP-SS with balanced and low-density sequence designs.  

[image: ]
[bookmark: _Ref157697846]Figure 6: Timing synchronization accuracy of LP-SS with balanced and low-density sequence designs.  

[bookmark: _Ref157757784]Observation 11: A LP-SS consisting of a 32-bit sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can achieve an RSRP measurement error < 2.5 dB with 90% probability considering a sampling frequency of 1.12 MHz and a 4-bit ADC.
[bookmark: _Ref157757797]Observation 12: A LP-SS consisting of a 32-bit low density sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can provide a residual timing synchronization error <0.7 μs with 90% probability.
[bookmark: _Ref157757764]Proposal 5: Support low density sequences generated using waveform Option OOK-4 with M>1 for LP-SS design.

In TR38.869, few values for LP-SS periodicity that are not less than 320 ms were considered for evaluation and the value of 320 ms is considered, as a starting point, in the WI [1]. Further, few clock options depending on their frequency error/drifting characteristics were considered, listed in Table 1, and example frequency/time deviation model was provided as follows
	Frequency Drifting:
· The relationship between a drifted frequency error(ΔF), frequency drift ( F’) over a time (T1) is 
ΔF = ±F’ * T1
· When frequency displacement [Fd] reaches max frequency error, it is assumed to be equaled to max frequency error
· T1 is the time from the previous frequency synchronization. T1 may take different values depending on the chosen frequency synchronization approach.
· For Model 1 of frequency error, Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm), 
· Companies to report Fr and important assumptions for achieving Fr, e.g., if MR can assist to calibrate LP-WUR to correct the frequency error or if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal

Time Drifting:
· The relationship between the maximum frequency error(Fe) and corresponding timing drift( ΔT) over a time(T) is ΔT = ±Fe * T (linear region)
· 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)
· The transition between transient and linear region (from synchronization or calibration point/time) occurs at time [Ts= (Fe-Fr)/( F’)]
[image: ]
· T is the time from the previous time synchronization. T may take different values depending on the chosen synchronization approach
· FFS: Time error (Te) before detection of a current sync signal is defined as the difference between ideal time of the current sync signal and the time error due to 1) clock time drift (ΔT); and 2) residual time error from previous synchronization/calibration (Tr); Te= ΔT+ Tr
 



[bookmark: _Ref158369632]Table 1: Frequency error/drifting options
	Parameter
	Value

	Oscillator max frequency error (Fe) [ppm], Oscillator frequency drift (F’) [ppm/s]

(Fe, F’)
	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 (Fe) [ppm]
	20
RTC drift report by company




In RRC Idle/Inactive, we consider the case when LP-SS may not be used for frequency error correction and that the RTC clock is used for timing drift and timing error analysis. Therefore, we use the following formula to estimate the time error (Te)
Te = ΔT+ Tr = Fe  T + Tr
The residual time error (Tr) depends on the sampling frequency (fs) and the LP-SS design. For example, the median residual time error in Figure 6 at a sampling frequency of 11.2 MHz is ~0.35 s which represents ~3.92sample time (Ts) where Ts = 1/11.2 MHz. The maximum time offset between an LP-WUS and the last LP-SS used for synchronization at which a preamble may not be needed is then provided in Table 2 for two LP-WUS settings (i.e., OOK-1 and OOK-4 with 4s and 2s timing error tolerance) and three sampling frequencies fs  MHz.
[bookmark: _Ref158385425]Table 2: Maximum tolerable time offset between LP-SS and LP-WUS without preamble
		        fs 

waveform
	3.84 MHz
	7.68 MHz
	15.35 MHz

	OOK-1
	48 ms
	74 ms
	87 ms

	OOK-4 (M=2)
	148 ms
	174 ms
	187 ms


 
[bookmark: _Ref158386626]Observation 13: The maximum time offset between an LP-SS and an LP-WUS without a preamble can be 87 ms and 187 ms for LP-WUS time error tolerance of 2us and 4us, respectively, at a sampling frequency of 15.35 MHz and assuming no frequency error correction. 
[bookmark: _Ref158386635]Proposal 6: Consider a preamble to precede the transmission of an LP-WUS if LP-SS periodicity is >= 320 ms and the time offset between LP-WUS and last LP-SS is, e.g., > 50 ms.

[bookmark: _Ref129681832]Conclusion
This contribution discusses the LP-WUS and LP-SS design options and considerations. The following summarizes our observations and proposals.
LP-WUS Design (Structure)
Observation 1: LP-WUS support of an adequate number of subgroups in RRC Idle/Inactive is required to limit the impact of false paging and high transition energy on power saving gain. 
Observation 2: Rel-19 LP-WUS information size should support at least a subset of Rel-17 PEI subgrouping configuration, i.e., up to 8 subgroups and up to 8 POs per PEI.
Observation 3: Carrying LP-WUS information using encoded bits may require an 8-bit CRC to target a FAR < 1% and the corresponding overhead may be minimized by considering up to 16 bits of information.
Proposal 1: Support at least the alternative to carry up to 16 bits of LP-WUS information using encoded bits with an 8-bit CRC. 

LP-WUS Design (Waveform)
Observation 4: OOK-4 waveform option can provide better spectral efficiency than OOK-1 but may require higher LP-SS transmission periodicity, a preamble/frame sync to precede LP-WUS, and/or limited flexibility in the time location of LP-WUS transmission occasions.
Proposal 2: A LP-WUR-enable UE supports both OOK-1 and OOK-4 based LP-WUS design with one or more values of M to provide network deployment flexibility. 
Proposal 3: Reuse existing definition of low-PAPR sequence to generate the overlaid OFDM sequence(s) over OOK symbols.
Observation 5: Selection of the ZC base sequence group for the overlaid OFDM sequence(s) over OOK symbols based on the cell identifier can provide robustness against inter-cell interference for OFDM-based LP-WURs.
Observation 6: Selection of a cell-specific ZC base sequence group for the overlaid OFDM sequence(s) over OOK symbols does not provide robustness against inter-cell interference for ED-based LP-WURs.
Observation 7: Selection of a cell-specific ZC base sequence length with frequency domain repetition for the overlaid OFDM sequence(s) over OOK symbols can provide robustness against inter-cell interference for ED-based LP-WURs.
Observation 8: ED-based LP-WURs can support OOK-1 based LP-WUS detection at one of low-frequency envelope channels with low implementation complexity enabling robustness against narrowband and inter-cell interference handling.
Observation 9: Impact of OOK-4 symbols masking of an overlaid OFDM sequence in an OFDM symbol on OFDM-based LP-WUR robustness against inter-cell interference will need evaluation.
Proposal 4: Support OOK-1 and OOK-4 based LP-WUS design with low frequency envelope channels to enable ED-based LP-WURs robustness against narrowband and inter-cell interference.

LP-SS Design
Observation 10: A LP-SS based on low density sequences (i.e., sequences with lower number of 1 bits than 0 bits) with normalized densities 3/4, 1/2, and 1/4 can improve the MDR performance, at 0.1% FAR, over a LP-SS based on a balanced density (1) sequence by ~2, ~3, and ~5 dB, respectively.
Observation 11: A LP-SS consisting of a 32-bit sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can achieve an RSRP measurement error < 2.5 dB with 90% probability considering a sampling frequency of 1.12 MHz and a 4-bit ADC.
Observation 12: A LP-SS consisting of a 32-bit low density sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can provide a residual timing synchronization error <0.7 μs with 90% probability.
Proposal 5: Support low density sequences generated using waveform Option OOK-4 with M>1 for LP-SS design. 
Observation 13: The maximum time offset between an LP-SS and an LP-WUS without a preamble can be 87 ms and 187 ms for LP-WUS time error tolerance of 2us and 4us, respectively, at a sampling frequency of 15.35 MHz and assuming no frequency error correction.
Proposal 6: Consider a preamble to precede the transmission of an LP-WUS if LP-SS periodicity is >= 320 ms and the time offset between LP-WUS and last LP-SS is, e.g., > 50 ms.
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Appendix A: Coverage Evaluation
In this section, we derive LP-WUS and LP-SS coverage. We consider a LP-WUS consisting of a payload field carrying 16 information bits and a Frame Check Sequence (FCS) field carrying 8 CRC bits. The preamble, used in LP-WUS LLS evaluation, reuses the 32-bit preamble defined in IEEE802.11ba. For coverage evaluation, we consider the following two options:
· LP-WUS: Waveform Option OOK-4 with M=2
· LP-SS: Waveform Option OOK-4 with M=8
For LP-WUS, the preamble+payload+CRC structure, a SCS of 30 kHz, a 4.32 MHz LP-WUS bandwidth, and a 2.6 GHz Urban scenario (TDL-C 300) are considered. A 1/2 Manchester code is used for LP-WUS resulting in an information data rate of 28kbps leading to payload+CRC occupying a total of 24 OFDM symbols. For LP-SS, a 32-bit low density sequence (i.e., a sequence with lower number of 1 bits compared to 0 bits, 2 ON bits are considered in every 8 bits) occupying 4 OFDM symbols is considered. The coverage evaluation methodology in TR38.830 is used and the analysis is shown in Table 3 below.
[bookmark: _Ref140830826]Table 3: Link budget analysis for PUSCH (Msg.3) and LP-WUS/LP-SS
	Channel for evaluation
	Msg.3 PUSCH
	LP-WUS-1
	LP-SS

	Scenario and Carrier Frequency
	FR1: Urban 2.6 GHz
	FR1: Urban 2.6 GHz
	FR1: Urban 2.6 GHz

	Cell area reliability (%)
	90%
	99%
	99%

	 Transmitter
	

	(1) Number of transmit antenna elements
	1
	192
	192

	(2) Number of transmit TxRUs
	-
	64
	64

	(2a) Number of transmit chains modelled in LLS
	1
	2
	2

	(3) Total transmit power (dBm) 
	23
	53
	53

	Note: total transmit power for system bandwidth 
	
	
	

	(3a) System bandwidth for downlink, or occupied bandwidth for uplink (Hz)
	720000
	100000000
	100000000

	(3b) Power Spectrum Density = (3) - 10 log( (3a) / 1000000 )  (dBm/MHz)
	24.42667504
	33
	33

	(3c) Bandwidth used for the evaluated channel (Hz)
	720000
	4320000
	4320000

	(3bis) Total transmit power for occupied bandwidth    =  (3b) + 10 log ( (3c) / 1000000 ) (dBm)
	23
	39.35483747
	39.35483747

	(4) Total antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter = (4a) – (4b)  (dB)
	0
	12.77121255
	12.77121255

	(4a) Antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter
	0
	12.77121255
	12.77121255

	=   (4c) + 10 log ( (1) / (2) ) (dB)  for downlink, and
	
	
	

	=   (4c) + 10 log ( (1) / (2a) ) (dB)   for uplink
	
	
	

	(4b) Antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of transmitter (dB)
	0
	0
	0

	(4c) Gain of antenna element (dBi) 
	0
	8
	8

	(5) Total antenna gain at antenna gain component 2  of transmitter = (5a) - (5b)  (dB)
	0
	15.05149978
	15.05149978

	Note: zero for uplink
	
	
	

	(5a) Antenna gain at antenna gain component 2 of transmitter = 10 log( (2)/(2a)) (dB)
	0
	15.05149978
	15.05149978

	Note: zero for uplink
	
	
	

	(5b) Antenna gain correction factor at antenna gain component 2 of transmitter (dB)
	0
	0
	0

	Note: zero for uplink
	
	
	

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	1
	3
	3

	(9) EIRP = (3bis) + (4) + (5) – (8) dBm
	22
	64.1775498
	64.1775498

	 Receiver
	

	(10) Number of receive antenna elements
	192
	1
	1

	(10a) Number of receive TxRUs
	64
	-
	-

	Note: this row is void (empty) for downlink
	
	
	

	(10b) Number of receive chains modelled in LLS
	2
	1
	1

	(11) Total antenna gain at antenna gain component 3 & antenna gain component 4 of receiver = (11a) - (11b)  (dB) 
	12.77121255
	0
	0

	(11a) Antenna gain at antenna gain component 3 & antenna gain component 4 of receiver
	12.77121255
	0
	0

	=  (11c) + 10 log (  (10)/(10a) )     (dB) for uplink
	
	
	

	 =  (11c) + 10 log (  (10)/(10b) )    (dB) for downlink
	
	
	

	(11b) Antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of receiver (dB)
	0
	0
	0

	(11c) Gain of antenna element (dBi)
	8
	0
	0

	(11bis) Total antenna gain at antenna gain component 2 of receiver = (11bis-a) - (11bis-b) (dB)
	15.05149978
	0
	0

	Note: zero for downlink
	
	
	

	(11bis-a) Antenna gain at antenna gain component 2 of receiver = 10 log( (10a)/(10b)) (dB)
	15.05149978
	0
	0

	Note: zero for downlink
	
	
	

	(11bis-b) Antenna gain correction factor at antenna gain component 2 of receiver (dB)
	0
	0
	0

	Note:  zero for downlink
	
	
	

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	3
	1
	1

	(13) Receiver noise figure (dB)
	5
	12
	12

	(14) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(15) Receiver interference density (dBm/Hz) 
	-165.7
	-169.3
	-169.3

	(16) Total noise plus interference density        = 10 log (10^(( (13) + (14))/10) + 10^((15)/10))    (dBm/Hz)
	-164.0335231
	-161.2583889
	-161.2583889

	(18) Effective noise power = (16) + 10 log ((3c))   (dBm)
	-105.4601981
	-94.90355143
	-94.90355143

	(19) Required SNR (dB)
	-2.2
	1.4
	0.9

	(20) Receiver implementation margin (dB)
	2
	2
	2

	(21) H-ARQ gain (dB)
	0.5
	0
	0

	Note: Only applicable if HARQ is not considered in LLS
	
	
	

	(22) Receiver sensitivity = (18) + (19) + (20) – (21)  (dBm)
	-106.1601981
	-91.50355143
	-92.00355143

	(22bis) MCL = (3bis) – (22) + (5) + (11bis)   (dB)
	144.2116979
	145.9098887
	146.4098887

	(23) Hardware link budget, a.k.a. MIL  = (9) + (11) + (11bis) − (12) − (22)   (dB)
	152.9829104
	154.6811012
	155.1811012



For PUSCH Msg3 as a reference channel for coverage evaluation, the analysis in Table 3 shows that LP-WUS configuration (Option OOK-4 with M=2 and data rate of 28 kbps) achieves better coverage than PUSCH Msg3. The LP-SS configuration (Option OOK-4 with M=8, 32-bit low density sequence, and data rate of 224 kbps) achieves better coverage than LP-WUS. Note that the coverage for both LP-WUS and LP-SS may be further improved by considering improvement of LP-WUR noise figure < 12 dB.

Appendix B: Link-Level Simulation Results
In this section, the link-level performance of Option OOK-1 and Option OOK-4 is presented. The impacts of frequency and timing offsets are evaluated where a fixed frequency offset  ppm and a fixed timing offset (with respect to timing obtained from 32-bit preamble detection)  are considered. The impact of sampling frequency is also considered for Option OOK-4 for sampling frequency MHz. The detailed list of assumptions in Table 4, based on the agreement in RAN1#112, are used for the link-level simulations unless stated otherwise.
[bookmark: _Ref157759834]Table 4: Link-Level Simulation Assumptions for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Waveform
	Option OOK-1
Option OOK-4

	Channel structure
	· Option 1: Sync signal /sequence (32 chips) + payload (16 bits) + CRC (8 bits)

	SCS of OFDM generator for NR signal
	30kHz

	Configuration for LP-WUS signal
	For OOK waveform,
· Option 1b: M=1 and SCSs = 30kHz (same as NR signal)
· Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)
· Option 3: M=1 and SCSs = 60kHz/120kHz

	WUS duration
	32 (Preamble) + 6/12/48 (Payload+CRC) OFDM symbols 

	Code scheme
	1/2 Manchester code for OOK Options 1/4

	gNB Channel BW 
	20MHz

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· 4.32 MHz including subcarriers for guard band 
· 2.88MHz (i.e.{8} RBs) for LP-WUS transmission for 30kHz SCS
Option 3:
· 1.8 MHz including subcarriers for guard band 
· 1.08MHz (i.e.{3} RBs) for LP-WUS transmission for 30kHz SCS
GB is symmetrically placed on each side of LP-WUS

	Filter 
	3-rd Order filter (Butterworth) with Y MHz bandwidth,
· Y = 4.32 MHz for LP-WUS BW Option 1
· Y = 2.88 MHz for LP-WUS BW Option 2
· Y = 1.08 MHz for LP-WUS BW Option 3

	Adjacent subcarrier interference
	· PDSCH 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
	1.12 MHz

	ADC bit width
	1-bit (Preamble), Ideal (Payload+CRC)

	Channel Model
	TDL-C, Delay Spread = 300 ns, UE velocity = 3 km/h

	Impairment modelling
	· Fixed frequency error
· Timing acquisition using preamble (Sync signal) detection + Fixed timing error



1) Option OOK-1
In this section, we evaluate the link-level performance of Option OOK-1 where two approaches are used for OOK signal generation and detection. In the first approach (Conventional OOK), the OOK signal is generated by modulating all  LP-WUS SCs, i.e., OOK=1, using a length-N ZC sequence of good autocorrelation properties. The LP-WUR detects/decodes the OOK signal by tuning to DC (i.e., 0 Hz) after envelope detection. In the second approach (envelope IF OOK), the OOK signal is generated according to description in Section 1.1.2 and the LP-WUR detects/decodes the OOK signal by tuning to low envelope channel/IF (i.e., 0Hz) after envelope detection.
Impact of LP-WUS Bandwidth
In Figure 7, the impact of LP-WUS bandwidth is evaluated for Option OOK-1 with bandwidths Option 1, Option 2, and Option 3. The figure shows that increasing the LP-WUS bandwidth from Option 3/Option 2 (1.08MHz/2.88 MHz) to Option 1 (4.32 MHz) can help improve the performance of conventional OOK LP-WUR (i.e., detection/decoding at DC) by ~8.5dB/~2.5 dB, respectively. 
[image: ]
[bookmark: _Ref157772875]Figure 7: Impact of LP-WUS bandwidth on link-level performance considering LP-WUS waveform Option OOK-1. 

Impact of Frequency Error
In Figure 8, the impact of a fixed frequency error of  ppm on conventional OOK-1 is evaluated for 30kHz, 60kHz, and 120kHz SCS. The figure shows that a guard band of (1 RB at 30kHz SCS, 0.5 RB at 60kHz/120kHz SCS) is sufficient to mitigate the impact of a 100 ppm frequency error at 2.6 GHz carrier frequency. The figure also shows that increasing the SCS from 30kHz to 60kHz and 120kHz can degrade the performance by ~2dB and ~4dB, respectively.
[image: ]
[bookmark: _Ref157772927]Figure 8: Impact of frequency error on LP-WUS waveform Option OOK-1 performance.  

Impact of Timing Error
In Figure 9, the impact of a fixed timing error of  on conventional OOK-1 is evaluated for 30kHz, 60kHz, and 120kHz SCS. The figure shows that Option OOK-1 is robust against timing errors of up to  with a performance degradation  dB at SCS of 30kHz whereas Option OOK-1 is robust against timing errors of only up to  with a performance degradation  dB at SCS of 60kHz. On the other hand, a timing error of  can cause a performance degradation > 1.5 dB for Option OOK-1 at SCS of 120 kHz. Note that the robustness against timing error comes from the fact that Option OOK-1 has a long OOK pulse duration (e.g., ~ at 30 kHz SCS). 
[image: ]
[bookmark: _Ref157773009]Figure 9: Impact of timing error on LP-WUS waveform Option OOK-1 performance.  

Comparison between Conventional and Envelope IF
In Figure 10, we compare the performance of conventional and envelope IF OOK-1 at 2.6 GHz carrier frequency with and without frequency/timing errors where a frequency error of 100 ppm and a timing error of  are considered. Figures show that with proper selection of IF for OOK signal generation and detection/decoding, the performance can be improved compared to conventional OOK LP-WUR by ~0.7 dB at 2.6 GHz carrier frequency. Figures also show that both conventional and envelope IF OOK-1 have comparable robustness against frequency and timing errors.
[image: ]
(a) Impact of frequency error.
[image: ]
(b) Impact of timing error
[bookmark: _Ref157773116]Figure 10: Comparison and impact of frequency/timing error on LP-WUS waveform Option OOK-1 performance using conventional and envelope IF signal generation/reception.  

2) Option OOK-4
In this section, we evaluate the link-level performance of Option OOK-4 where  time segments are considered and CP is handled by the LP-WUR. Further, we consider a shortened/compressed pulse shape in time domain, i.e., the ON waveform of the OOK pulse occupies only 80% of the pulse duration in time domain. Two sampling frequencies  MHz are considered and their impact is illustrated in Figure 11. The figure shows that a sampling frequency of  MHz is sufficient for LP-WUS waveform Option OOK-4 when  is considered, however, a sampling frequency of  MHz may be required for LP-WUS waveform Option OOK-4 when  is considered. The figure also shows that LP-WUS waveform Option OOK-4 with  (raw data rate of 224 kbps) experiences ~2 dB loss compared to  (raw data rate of 112 kbps) with proper handling of CP at LP-WUR.  
[image: ]
[bookmark: _Ref157773276]Figure 11: Impact of sampling frequency on LP-WUS waveform Option OOK-4 performance.  

Impact of Frequency Error
In Figure 12, the impact of a fixed frequency error  ppm on LP-WUS waveform Option OOK-4 is evaluated. The figure shows that a guard band of 1 RB (at 30kHz SCS) is sufficient to mitigate the impact of a 100 ppm frequency error at 2.6 GHz carrier frequency for the three raw data rates of 56kbps ,112kbps , and 224kbps .
[image: ]
[bookmark: _Ref157773330]Figure 12: Impact of frequency error on LP-WUS waveform Option OOK-4 performance.  

Impact of Timing Error
In Figure 13, the impact of fixed timing error  on LP-WUS waveform Option OOK-4 is evaluated. The figure shows that LP-WUS waveform Option OOK-4 can tolerate timing errors up to  when  and up to  when  with a performance degradation  dB whereas a timing error of  can result in ~4.5 dB LP-WUS detection performance degradation when  segments are considered. As opposed to LP-WUS waveform Option OOK-1 where  timing offset account for ~3% of the OOK pulse duration, it accounts for  of the OOK pulse duration when  and  when  for LP-WUS waveform Option OOK-4 at 30 kHz SCS. 
[image: ]
[bookmark: _Ref157773381]Figure 13: Impact of timing error on LP-WUS waveform Option OOK-1 performance.  

3) Waveform Comparison Summary
In the following table, we summarize the comparison between OOK-1 and OOK-4 waveforms, and highlight the options with best tolerance to timing errors, frequency errors, and best detection performance, as well as resource utilization.
	
	Option OOK-1 
(high SCS)
	Option OOK-4
	Option OOK-1

	
	
	
	(Envelope DC)
	(Envelope IF)

	Configuration (SCS, BW, )
	SCS  kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz


	Channel
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz


	Data Rate and Coding Rate
	56 kbps @ 60kHz
112 kbps @ 120 kHz

1/2 Manchester Code
	56 kbps (M = 2 time segments)
112 kbps (M = 4 time segments)

1/2 Manchester Code

	28 kbps 

1/2 Manchester Code
	28 kbps 

1/2 Manchester Code

	# OFDM Symbols for Payload + CRC (@30kHz SCS)
	24 sym @ 60kHz
12 sym @ 120kHz

	24 sym @ M = 2
12 sym @ M = 4

	48 sym
	48 sym

	Frequency Error Tolerance
	 ppm
	 ppm
	 ppm
	 ppm

	Timing Error Tolerance
	up to 2 s @ 60kHz
< 2 s @ 120kHz

	up to 2 s @ M = 2
up to 1 s @ M = 4
	up to 4 s
	up to 4 s

	Required SNR (at  BLER)
	2.1 dB @ 60kHz (med data rate)
4.7 dB @ 120kHz (high data rate)

	1.4 dB @ M = 2 (med data rate)
4.2 dB @ M = 4 (high data rate)
	1.1 dB (low data rate)
	0.4 dB (low data rate)

	ED-LP-WUR Robustness to Interference
	No
	No
	No
	Yes

	Complexity
	Generation: med
Reception: low

	Generation: med
Reception: low
	Generation: low
Reception: low
	Generation: low
Reception: low/med



Note that signal generation complexity for Option OOK-1 (high SCS) and Option OOK-4 are marked as medium complexity to capture the need to support mixed subcarrier spacing in Option OOK-1 (i.e., for LP-WUS and NR signals/channels) and for the additional DFT module in Option OOK-4. Also, the receiver complexity for Option OOK-1 (Envelope IF) is marked as low/medium for the potentially additional Goertzel filter(s) in digital baseband. 
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=1.12MHz

IEEE 802.11ba (LP-SS-0)

3 ON pulses per OFDM Sym (LP-SS-1)

2 ON pulses per OFDM Sym (LP-SS-2)

1 ON pulses per OFDM Sym (LP-SS-3)

Waveform Generation:

Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=11.2MHz



IEEE 802.11ba (LP-SS-0)
3 ON pulses per OFDM Sym (LP-SS-1)
2 ON pulses per OFDM Sym (LP-SS-2)
1 ON pulses per OFDM Sym (LP-SS-3)



Waveform Generation:
Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=11.2MHz

IEEE 802.11ba (LP-SS-0)

3 ON pulses per OFDM Sym (LP-SS-1)

2 ON pulses per OFDM Sym (LP-SS-2)

1 ON pulses per OFDM Sym (LP-SS-3)

Waveform Generation:

Option OOK-4 (M = 8)
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Fc= [4GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz



BW Option 1, Detection at DC
BW Option 2, Detection at DC
BW Option 3, Detection at DC



Waveform Generation:
Option OOK-1
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Fc= [4GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz

BW Option 1, Detection at DC

BW Option 2, Detection at DC

BW Option 3, Detection at DC

Waveform Generation:

Option OOK-1
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28/56/112kbps, Fs=1.12MHz



BW Option 1, f=0 ppm, T=0 us, SCS = 30kHz
BW Option 1, f=100 ppm, T=0 us, SCS = 30kHz
BW Option 1, f=0 ppm, T=0 us, SCS = 60kHz
BW Option 1, f=100 ppm, T=0 us, SCS = 60kHz
BW Option 1, f=0 ppm, T=0 us, SCS = 120kHz
BW Option 1, f=100 ppm, T=0 us, SCS = 120kHz



Waveform Generation:
Option OOK-1
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28/56/112kbps, Fs=1.12MHz

BW Option 1,  f=0 ppm,  T=0 us, SCS = 30kHz

BW Option 1,  f=100 ppm,  T=0 us, SCS = 30kHz

BW Option 1,  f=0 ppm,  T=0 us, SCS = 60kHz

BW Option 1,  f=100 ppm,  T=0 us, SCS = 60kHz

BW Option 1,  f=0 ppm,  T=0 us, SCS = 120kHz

BW Option 1,  f=100 ppm,  T=0 us, SCS = 120kHz

Waveform Generation:

Option OOK-1
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28/56/112kbps, Fs=1.12MHz



BW Option 1, f=0 ppm, T=0 us, SCS = 30kHz
BW Option 1, f=0 ppm, T=4 us, SCS = 30kHz
BW Option 1, f=0 ppm, T=0 us, SCS = 60kHz
BW Option 1, f=0 ppm, T=2 us, SCS = 60kHz
BW Option 1, f=0 ppm, T=4 us, SCS = 60kHz
BW Option 1, f=0 ppm, T=0 us, SCS = 120kHz
BW Option 1, f=0 ppm, T=2 us, SCS = 120kHz



Waveform Generation:
Option OOK-1
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28/56/112kbps, Fs=1.12MHz

BW Option 1,  f=0 ppm,  T=0 us, SCS = 30kHz

BW Option 1,  f=0 ppm,  T=4 us, SCS = 30kHz

BW Option 1,  f=0 ppm,  T=0 us, SCS = 60kHz

BW Option 1,  f=0 ppm,  T=2 us, SCS = 60kHz

BW Option 1,  f=0 ppm,  T=4 us, SCS = 60kHz

BW Option 1,  f=0 ppm,  T=0 us, SCS = 120kHz

BW Option 1,  f=0 ppm,  T=2 us, SCS = 120kHz

Waveform Generation:

Option OOK-1
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz



BW Option 1, Conventional, f=0 ppm, T=0 us
BW Option 1, Conventional, f=100 ppm, T=0 us
BW Option 1, envelope IF, f=0 ppm, T=0 us
BW Option 1, envelope IF, f=100 ppm, T=0 us



Waveform Generation:
Option OOK-1
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz

BW Option 1, Conventional,  f=0 ppm,  T=0 us

BW Option 1, Conventional,  f=100 ppm,  T=0 us

BW Option 1, envelope IF,  f=0 ppm,  T=0 us

BW Option 1, envelope IF,  f=100 ppm,  T=0 us

Waveform Generation:

Option OOK-1

~0.7dB
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz



BW Option 1, Conventional, f=0 ppm, T=0 us
BW Option 1, Conventional, f=0 ppm, T=4 us
BW Option 1, envelope IF, f=0 ppm, T=0 us
BW Option 1, envelope IF, f=0 ppm, T=4 us



Waveform Generation:
Option OOK-1



~0.7dB
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz

BW Option 1, Conventional,  f=0 ppm,  T=0 us

BW Option 1, Conventional,  f=0 ppm,  T=4 us

BW Option 1, envelope IF,  f=0 ppm,  T=0 us

BW Option 1, envelope IF,  f=0 ppm,  T=4 us

Waveform Generation:

Option OOK-1

~0.7dB
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps



BW Option 1, M=4, f=0 ppm, T=0 us, Fs=1.12MHz
BW Option 1, M=8, f=0 ppm, T=0 us, Fs=1.12MHz
BW Option 1, M=4, f=0 ppm, T=0 us, Fs=3.4MHz
BW Option 1, M=8, f=0 ppm, T=0 us, Fs=3.4MHz



Waveform Generation:
Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps

BW Option 1, M=4,  f=0 ppm,  T=0 us, Fs=1.12MHz

BW Option 1, M=8,  f=0 ppm,  T=0 us, Fs=1.12MHz

BW Option 1, M=4,  f=0 ppm,  T=0 us, Fs=3.4MHz

BW Option 1, M=8,  f=0 ppm,  T=0 us, Fs=3.4MHz

Waveform Generation:

Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz



BW Option 1, M=2, f=0 ppm, T=0 us
BW Option 1, M=2, f=100 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=100 ppm, T=0 us
BW Option 1, M=8, f=0 ppm, T=0 us
BW Option 1, M=8, f=100 ppm, T=0 us



Waveform Generation:
Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us

BW Option 1, M=2,  f=100 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=100 ppm,  T=0 us

BW Option 1, M=8,  f=0 ppm,  T=0 us

BW Option 1, M=8,  f=100 ppm,  T=0 us

Waveform Generation:

Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz



BW Option 1, M=2, f=0 ppm, T=0 us
BW Option 1, M=2, f=0 ppm, T=2 us
BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=1 us
BW Option 1, M=4, f=0 ppm, T=2 us
BW Option 1, M=8, f=0 ppm, T=0 us
BW Option 1, M=8, f=0 ppm, T=1 us



Waveform Generation:
Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us

BW Option 1, M=2,  f=0 ppm,  T=2 us

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=1 us

BW Option 1, M=4,  f=0 ppm,  T=2 us

BW Option 1, M=8,  f=0 ppm,  T=0 us

BW Option 1, M=8,  f=0 ppm,  T=1 us

Waveform Generation:

Option OOK-4


