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1 Introduction
In WID for Rel-19 LP-WUS [1], objectives for LP-WUS and LP-SS design have been agreed as follow:
	Objective for LP-WUS design
· 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


	Objective for LP-SS design
· For IDLE/INACTIVE modes
· 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.



In addition, there are notes for the target coverage and priority of LP-WUS signal design as follow:
· 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.
This contribution discusses the potential issues for the design of LP-WUS/LP-SS based on the objectives.
2 Design of LP-WUS
1 
2 
Waveform
2.1.1 Overlaid OFDM sequence over OOK symbol
As specified in [1], OOK (On-Off Keying) with overlaid OFDM sequences over OOK symbol was decided as the waveform of LP-WUS. The intention to consider the LP-WUR type in [1] is that various LP-WUR type can be implemented according to use cases. According to the observation during SI in [2], OOK-based LP-WUS and OFDM-based LP-WUS had the trade-off relationship in terms of the benefits between power saving gain and coverage/resource overhead aspects. Therefore, if UEs can get the information by reception of harmonized LP-WUS which can be detected regardless the type of LP-WUR, the UEs can implement LP-WUR considering the performance of each LP-WUR type as illustrated in Figure 2.1.

 Figure 2.1. Diagram for transmission and reception of OOK-based LP-WUS with overlaid OFDM sequences
For UEs who want to achieve better coverage at the expense of the power consumption, the information related to the overlaid OFDM sequence should be provided to the UEs. LP-WUR with I/Q branches detects whether ON pulse is transmitted based on the cross correlation between the received signal and the provided OFDM sequence. Otherwise, LP-WUR with the envelope detector detects whether ON pulse is transmitted based on the envelope of received signal. From now on, LP-WUR with the envelope detector and LP-WUR with I/Q branches are referred as OOK-based LP-WUR and OFDM-based LP-WUR, respectively. In addition, OFDM-based LP-WUR can detect existing PSS/SSS because it is assumed to have PLL and I/Q branches described in [2].
Observation 1: If overlaid OFDM sequences over OOK symbol are specified, OOK-based LP-WUS can be detected either by envelope detection or correlation with OFDM sequence according to the type of LP-WUR.
During the last meeting, the following options regarding the overlaid OFDM sequence were agreed to consider:
	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.


The main benefit to use OFDM-based LP-WUR is to increase the coverage of LP-WUS. However, for option 1-2, the advantage of OFDM-based LP-WUR disappears because the better coverage is not guaranteed. According to option 1-2, UEs with OFDM-based LP-WUR obtain the LP-WUS information by ON/OFF pattern detection based on received signal strength without the exact information on the overlaid OFDM sequence. It means that the UE can’t distinguish the overlaid OFDM sequence and the additive noise especially for the low SNR although it has I/Q branches, because the OFDM sequence to be detected at the receiver side is not provided. Therefore, the degradation of the coverage performance is expected. Consequently, option 1-2 can cause the restriction on the implementation of the LP-WUR, which is different from the original intention to introduce the overlaid OFDM sequence considering various UE implementation for LP-WUR.
For other options excluding option 1-2, OFDM-based LP-WUR can receive the LP-WUS with the better coverage by known OFDM sequence detection as shown in Figure 2.1. More specifically, option 1 is that the information is only carried by the existence of OFDM sequence. For option 2, 3 and 4, the information can be carried by the selected OFDM sequence among the multiple OFDM sequence candidates. The gNB can configure the number of the overlaid OFDM sequences used for LP-WUS transmission. For example, if the gNB configures the number of used OFDM sequences as 1, the information can be carried by the presence of the OFDM sequence. Meanwhile, UE can get the information by multiple OFDM overlaid OFDM sequences when the gNB configures the multiple OFDM sequences for LP-WUS transmission. The explanation on how to carry information via OFDM sequences will be discussed in Figure 2.2 and Figure 2.3.
Based on the discussion above, at least the overlaid OFDM sequence should be specified and provided to UEs to guarantee the coverage performance of OFDM-based LP-WUR. Furthermore, in [1], it is already stated as one of the objectives to specify OOK-based LP-WUS with overlaid OFDM sequence(s) over OOK symbol. If the information for the overlaid OFDM sequence is not provided to UEs, it’s just OOK-based LP-WUS without overlaid OFDM sequence in the receiver perspectives. Therefore, the option 1-2 should not be supported considering the motivation of the overlaid OFDM sequences.
Proposal 1: The overlaid OFDM sequence(s) should be provided to UEs and transmitted over OOK symbol of LP-WUS to guarantee the LP-WUS reception performance of OFDM-based LR.
· Do not consider for OFDM-based LP-WUR to obtain the whole information bits by OOK ON/OFF pattern (option 1-2).
According to the above agreement, the overlaid OFDM sequence(s) can be transmitted on one or more ON symbol duration, or OFDM symbol duration. Comparing (a1), (a2) and (b) in Figure 2.2, the time unit for transmitting the single OFDM sequence is different.


Figure 2.2. How to overlay the OFDM sequence over OOK symbol
As the time unit to transmit OFDM sequence is longer (e.g., (a1) and (a2)), the longer OFDM sequence can be transmitted over OOK waveform by transmitting the certain part of total OFDM sequence over 1 OOK symbol. More specifically, the OFDM sequence can be partially transmitted only for ON symbols shown in Figure 2.2 (a1). Another approach is that the OFDM sequence is transmitted regardless of the location of ON/OFF symbols in Figure 2.2 (a2).
For Figure 2.2 (a1), the target overlaid OFDM sequence is transmitted separately based on the number of ON symbols among the total number of OOK symbols to transmit the single overlaid OFDM sequence. Therefore, the receiver should extract the signal transmitted over ON symbols to correlate with the target OFDM sequence (e.g., seq. A in (a1)). However, it seems difficult for OFDM-based LP-WUR to measure cross-correlation after the extraction of the signal corresponding to ON symbols, because OFF symbols also can be transmitted between ON symbols.
On the other hands, for Figure 2.2 (a2), the receiver don’t need to extract the signal according to ON/OFF pattern. However, due to the OFF symbol duration, the OFDM sequence detection performance should be degraded. Comparing (a1) and (a2), although the length of the target sequence for (a2) (e.g., seq. B in (a2)) can be longer than that for (a1), the actual length of sequence detected at the receiver is not different from that for (a1). Most of all, the correlation results of the part of the OFDM sequence transmitted over OFF symbol duration can impact on the total correlation result. Furthermore, the detection performance will depend on the number of ON symbols within 1 OFDM symbol because the longer OFDM sequence can be detected at the receiver as the number of ON symbols increases.
Otherwise, the target overlaid sequence can be transmitted over a single ON symbol of OOK symbols (e.g., (b)). And OFDM-based LP-WUR detects the target overlaid OFDM sequence (e.g., seq. C in (b)) in OOK symbol unit. These OOK symbol durations can be provided by the gNB either explicitly or implicitly. It makes OFDM-based LP-WUR easier to perform cross-correlation because it doesn’t need to consider OFF symbol for cross-correlation. Therefore, to reduce the complexity of OFDM-based LP-WUR and guarantee the correlation performance of OFDM sequences, it would be better that the individual overlaid OFDM sequence is designed to be transmitted by OOK symbol unit.
Proposal 2: The overlaid OFDM sequence should be designed to be transmitted over a single ON symbol of the OOK symbol.
· Do not support the cases that the overlaid OFDM sequence is transmitted on a OFDM symbol (for OOK-4 with M>1) or multiple OOK symbols.

Figure 2.3. How to carry information with overlaid OFDM sequences
Meanwhile, if the overlaid OFDM sequences are specified to transmit information (option 2, 3 and 4 in the above agreement), how to carry information with the overlaid OFDM sequence also should be discussed. As shown in Figure 2.3, multiple OFDM sequences can be specified to indicate the specific information bit. To reduce the duration for the LP-WUS monitoring, the multiple information bits can be carried by OFDM sequences as shown in Figure 2.3(b)-(e). For Figure 2.3(a), two OFDM sequences are specified to indicate bit ‘1’ and ‘0’, respectively. In this case, OFDM-based LP-WUR should detect all OOK symbols used for LP-WUS transmission because overlaid OFDM sequence can only carry only 1 information bit per ON pulse of OOK symbol.
On the other hand, for Figure 2.3(b) to (e), more than two information bits can be carried by overlaid OFDM sequences. To carry more information on the single OFDM sequences, more OFDM sequences should be specified as the candidates that can be transmitted over the same time/frequency resources. However, it can reduce LP-WUS monitoring time for OFDM-based LP-WUR that has relatively high power consumption. As shown in Figure 2.3(c), if the overlaid OFDM sequences can carry all payload size of LP-WUS, only one ON pulse of OOK symbol is detected by OFDM-based LP-WUR to get the information. Thus, the power consumption of OFDM-based LP-WUR can be reduced by carrying multiple information bits, it would be better to increase the number of information bits that can be carried by OFDM sequences. According to the example in Figure 2.3, however, the total number of OFDM sequences to carry the information become larger as the number of information bits increases, and it can be difficult to specify all OFDM sequences that have a good cross-correlation performance. Therefore, proper number of OFDM sequence candidates should be discussed considering the coverage performance, power consumption of OFDM-based LP-WUR, and receiver complexity.
Two cases can be considered to transmit the multiple bits by OFDM sequences illustrated as case 1 and case 2 in Figure 2.3, and these cases are corresponding to option 2-2 and option 2-1 in the agreement, respectively. Because the information should be carried by OOK symbol as well as OFDM sequences, OFDM-based LP-WUR can get the information by ON/OFF pulse, especially Manchester coding is applied as shown in Figure 2.3. The position of ON pulse that the OFDM sequence is transmitted is not considered when OFDM-based LP-WUR get the information in the case 1 (option 2-2) in Figure 2.3. Therefore, the number of information bits to be transmitted via OFDM sequences is the same with the total information bit size. Otherwise, in the case 2 (option 2-1), the position of ON pulse with the overlaid OFDM sequence is also used for OFDM-based LP-WUR to get the transmitted information. For examples, in Figure 2.3(d), the information obtained by OOK symbols “10” and the information obtained by OFDM sequences “01” and “00” are used to decide the total information carried by LP-WUS. Therefore, comparing (b) and (d), the larger number of information size can be supported if the same number of OFDM sequences is provided. However, case 2 is only applicable when Manchester coding is applied. In addition, because the LP-WUR uses different approaches to get the information bits, it may increase the complexity at the receiver side and the reliability of obtained bits may not be uniform. Therefore, the further discussion is necessary between the option 2-1 and 2-2 in the agreement.
For option 3 in the agreement, it can be the same with option 2 if the overlaid OFDM sequence is transmitted on one OOK symbol as our proposal 2. For option 4, it can be different to option 2 at the gNB side in terms of how to generate and configure multiple OFDM sequence candidates. At the receiver side, however, the OFDM sequence generated by the specific constellation point with the configured spreading sequence can be one of candidates for multiple overlaid OFDM sequences. Therefore, option 4 also can be considered as option 2, and how to configure and generate the multiple candidates of OFDM sequences for the LP-WUR can be further discussed.
Observation 2: If multiple candidates of OFDM sequences are specified to be carried by ON pulse of OOK symbol, it is beneficial for OFDM-based LP-WUR to reduce the power consumption of LP-WUS monitoring.
Proposal 3: Support to specify multiple candidates of OFDM sequence to carry multi-bit information on one ON symbol, at least for reduction of LP-WUS monitoring time of OFDM-based LP-WUR.
· FFS: how many sequences to be specified considering the achievement of the target coverage, total number of information bits carried by LP-WUS, and LP-WUR detection complexity.
· FFS: how to configure and generate the multiple candidates of OFDM sequence corresponding to information bits for UEs.
· FFS: whether to consider the position of ON pulse as the information at the OFDM-based LP-WUR (down-selection between option 2-1 and 2-2).
Based on the discussion above, options in the agreement in the last meeting can be further down-selected as Table 1:
Table 1. Suggested proposal regarding the overlaid OFDM sequence(s)
	Further down-selection from the agreement in RAN1#116bis
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.
Both Option 1 and Option 2 can be supported by the gNB configuration (further down-selection between option 2-1 and option 2-2)
FFS: how many sequences to be specified considering the achievement of the target coverage, total number of information bits carried by LP-WUS, and LP-WUR detection complexity.
FFS: how to configure and generate the multiple candidates of OFDM sequence corresponding to information bits for UEs.


Proposal 4: Suggest to further down-select options in the agreement regarding to the overlaid OFDM sequence(s) of LP-WUS as Table 1.
To carry multiple information bits by overlaid OFDM sequences, various aspects should be taken into account such as sequence type, sequence length, and the number of sequence candidates to guarantee good cross correlation properties. In the last meeting, various types of sequences were suggested to be further studied for the overlaid OFDM sequences as the follow:
	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).


Among many types of sequences, especially, some sequences already were studied and introduced for various NR signals such as synchronization signal, reference signal, and so on. Therefore, it seems beneficial to consider the types of OFDM sequences based on the existing NR signals to avoid the overlapping discussion as much as possible and ease the implementation. According to the current NR specification [4], three types of sequences are defined; M-sequence, Gold sequence, Zadoff-Chu sequence. For other sequences not used in the current NR specification, it should be justified why the new type of sequence has to be introduced as the overlaid OFDM sequence. However, it seems difficult for a company to compare the performance of all suggested types of sequences in the agreement. Therefore, at least, the new type of sequence should be compared to the current sequences used in NR signal in terms of the performance, the complexity and so on.
Proposal 5: For the study purpose, the existing sequence types in NR signal should be a baseline for the performance comparison of the new type of sequences.
· Baseline sequence: M-sequence, Gold sequence, Zadoff-Chu sequence.
· Sequences excluding the baseline sequence are considered as the new type of sequences. Proponent should compare the performance of the new type of sequence with that of the baseline.
· New type of sequences shall not be considered unless essential issue is figured out by using baseline sequence.
2.1.2 OOK waveform
During SI, various OOK generation schemes were suggested and their performances were evaluated in [2]. In RAN1#116 meeting, both OOK-1 and OOK-4 was decided to be supported for generation of OOK-based LP-WUS.
The key difference between OOK-1 and OOK-4 is coming from the number of OOK symbol that can be transmitted within 1 OFDM symbol. OOK-4 can transmit M OOK pulses within 1 OFDM symbol because it is required to performs pre-processing (e.g., Discrete Fourier Transform, Least Square) in time domain before subcarrier mapping. In a case that M value is 1, there is no difference between OOK-1 and OOK-4 in the receiver side. However, at the gNB side, different OOK symbol generation method was considered for each OOK option. Then, based on the agreement that support both OOK-1 and OOK-4, the following question is how to generate OOK symbol when M is 1. If the additional blocks to generate multiple OOK pulses within OFDM symbol are specified, how to specify the case that M is 1 should be discussed. Therefore, to avoid such kinds of discussion, OOK symbol with the overlaid OFDM sequence can be specified without the specification of the additional block such as DFT/LS and truncation.


Figure 2.4. How to specify the OOK symbol with the overlaid OFDM sequence
The OOK symbol with the overlaid OFDM sequence can be specified in the frequency domain (approach 1) or the time domain (approach 2) as shown in Figure 2.4. Note that both approaches do not need to specify the time domain processing before IFFT processing at the gNB because the specified values are provided only for LP-WUS detection at the receiver side. How to generate the specified values can be left as the gNB implementation. Therefore, it is not required to discuss how to specify the case that M equals 1.
For approach 1, the values for subcarrier mapping can be specified explicitly to generate the specific OOK pattern with the specific OFDM sequence. It is the general approach how the current specification provides the signal generation. However, the number of sets for subcarrier mapping increases as the number of OOK patterns within OFDM symbol and the number of overlaid OFDM sequences increase.
For approach 2, the OFDM sequence transmitted in the time domain can be specified directly, and it can be used for the coefficient information of the sequence correlator at the OFDM-based LP-WUR without FFT. In the other words, LP-WUS can be detected by cross-correlation with the specified sequence. In general, the OFDM sequence is specified in the frequency domain in the specification, and how to specify the sequence transmitted in the time domain can be further discussed. This approach can give more flexibility to the gNB in implementing the OOK symbol with the overlaid OFDM sequences. Note that the OFDM sequence in the time domain is specified not considering the other NR channel although the other NR channels can be transmitted simultaneously after IFFT processing, because LP-WUR has its filter to obtain only LP-WUS from the multiplexed signal with other NR channel.
Proposal 6: To specify OOK symbol with the overlaid sequence, the following approaches can be further discussed.
· Approach 1: Specifying the values for subcarrier mapping in frequency domain at the gNB.
· Approach 2: Specifying the sequence transmitted in the time domain directly used at the OFDM-based LP-WUR.
· Note: For both approach 1 and 2, the additional blocks such as DFT/LS and truncation before IFFT processing are not specified. Whether to use the additional block and how to generate the specified values is up to gNB implementation.
In the last meeting, the agreement was made related to the supported M values for OOK-4 with M>1 as the follow:
	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


To decide the supported M values, the performance should be considered at first. As evaluated in [2], the robustness to timing error and link-level performance of OOK waveform were highly related to the OOK symbol duration (i.e. symbol rate of OOK). Most of result in [2] had less than 112ksps (i.e. 112k OOK symbols per second) of OOK waveform, wherein M is 4 with 30kHz subcarrier spacing. According to the observation in TR, the tolerance against to the timing error was depending on the subcarrier spacing for OOK-1 and the M value for OOK-4, which is related to the symbol rate. For examples, the tolerance for 56ksps was observed up to 3us. Meanwhile, that for 112ksps was up to 1us. However, considering the definition of tolerance against to the error in the study phase, the achievement of the target coverage was not guaranteed, because it is assumed that "tolerate" means that SNR degradation <= 2dB compared to error free case. In the other words, whether the target coverage is achieved or not wasn’t considered to observe the tolerance against to the timing error during the Rel-18 study phase. Therefore, the target timing error tolerance should be discussed considering the achievement of the target coverage before the design of LP-SS as explained in the section 3.3.
According to the Figure 4.5 in our companion paper [3], the performance of OOK waveform with 112ksps was difficult to achieve the target coverage (PUSCH for Msg3), especially when the timing/frequency error exists. Thus, to support higher symbol rate of LP-WUS such as 112ksps, the error before LP-WUS reception should be near zero, and it makes hard to design LP-SS and implement LP-WUR to guarantee the perfect timing synchronization before LP-WUS reception. Therefore, to decide the acceptable residual error range of LP-SS design, the maximum pulse rate of LP-WUS should be limited to 56ksps. And it can be specified by the limitation of M values according to the subcarrier spacing. For example, the supported M values are 2 and 4 for 15kHz SCS, and only 2 is supported as the M value for 30kHz SCS for OOK-4 with M larger than 1. If the limitation on M values according to the subcarrier spacing is not considered, all possible combination of configurable M values and subcarrier spacing should be considered to specify the overlaid OFDM sequences as well as the receiver implementation, although some combination of them should not be configured by the gNB due to the poor performance. Therefore, the supported value of M should depend on the subcarrier spacing.
Proposal 7: For the supported M value of OOK-4 with M>1,
· Both M = 2 and M = 4 are supported for 15kHz SCS;
· Only M = 2 is supported for 30kHz SCS.
· FFS: the target residual timing/frequency error before the reception of LP-WUS to achieve the target coverage (i.e., the robustness against to time/frequency error considering the target coverage achievement).
During the evaluation for LP-WUS, Manchester coding was assumed, at least for message-based LP-WUS evaluation. Although it consumes more time resources to transmit 1 bit information by OOK waveform, it has a lot of advantage for both the transmitter side and receiver side. At the transmitter side, power of OFDM symbol can be different depending on the number of ON pulses within OFDM symbol. For example, when M is 4, to guarantee the same amplitude of ON pulse, the power of OFDM symbol with 1 ON pulse among 4 OOK symbols and the power of OFDM symbol with 3 ON pulse among 4 OOK symbols are different. However, if Manchester coding is applied and M is even, the transmitter does not need to consider this aspect. At the receiver side, it can be difficult to set the proper threshold to decide ON or OFF pulse of OOK symbol with the changing channel condition. With Manchester coding, OOK-based LP-WUR can decode the information without threshold by just comparing the energy between two consecutive OOK symbols.
For Manchester coding, various coding rate can be considered such as 1/2, 1/4 and so on. The benefit of Manchester coding can be achieved sufficiently with 1/2 coding rate. The additional benefit by decreasing the coding rate of Manchester coding is unclear. Because it requires more resource to transmit the same number of OOK symbol. Furthermore, given the same amount of resource, the longer OOK symbol duration with 1/2 Manchester coding can achieve the better performance without the lower coding rate of Manchester coding. Therefore, 1/2 Manchester coding is enough for LP-WUS.
Proposal 8: Support 1/2 Manchester coding for LP-WUS.
How to carry information of LP-WUS
Regarding the LP-WUS information, the following options are agreed to consider for RRC IDLE/INACIVE UEs and RRC CONNECTED UEs, respectively.
	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. 


During the SI, two types of LP-WUS channel structures were discussed: sequence-based (OOK sequence selection in the agreement) and message-based (encoded bits in the agreement).
Sequence-based LP-WUS involves transmitting a specific sequence (e.g., M-seq, Gold seq, etc.) through ON and OFF pulses in the time domain. The receiver can determine whether the target sequence has been sent by checking the correlation between the received signal and the target sequence. To support an N-bit information, 2N sequences need to be defined, which may require a longer sequence length as N grows larger. Especially for OOK-based LP-WUR, because the sequence must be transmitted in the time domain, more time domain resources are needed as the sequence length increases, making it challenging to design an appropriate set of sequences. As a result, sequence-based is not suitable for the channel structure of LP-WUS received by UE with OOK-based LP-WUR.
Proposal 9: The LP-WUS information should be carried by encoded bits for OOK-based LP-WUR.
The message-based LP-WUS indicates which UE (sub)group should be awakened via bit information. However, the required number of bits for LP-WUS to support the given number of UE (sub)group may vary depending on how to indicate the wake-up of the specific (sub)group by the bit information as shown in Figure 2.5.


Figure 2.5. How to carry information for message-based LP-WUS
According to Figure 2.5, in bitmap-based indication (option 1 in the agreement), 1-bit information transmitted via each bit-field of LP-WUS indicates the wake-up status of the (sub)group(s) monitoring the LP-WUS as either 1 or 0. This method uses a similar wake-up indication approach to existing DCI formats 2-6 and 2-7. Thus, N information bits are necessary for wake-up indications of N UE (sub)groups. Otherwise, in codepoint-based indication, the information bits transmitted via LP-WUS contain the ID of the (sub)group that should wake up. For example, when waking up the third (sub)group out of eight (sub)groups, a multiple-bits vector of '010' is transmitted as wake-up information. In this case, log2(N) information bit size is required to support N UE (sub)groups.
Bitmap-based indication offers the advantage of being transmitted only once when multiple subgroups need to be awakened simultaneously during a particular DRX cycle, but its information bit size is larger than that for codepoint-based indication given number of (sub)group to monitor the same LP-WUS, and the difference in the information bit size between the two methods is getting larger as the number of (sub)groups supported by the single LP-WUS increases. In codepoint-based indication, when multiple subgroups need to be awakened simultaneously during the particular DRX cycle, individual LP-WUS transmissions are required for wake-up indication of each subgroup which requires more resource for the transmissions. Therefore, it is suggested to study on wake-up indications using the above two methods in message-based LP-WUS and then perform down-selection considering the aspects of the number of (sub)group, the  information bit size for a LP-WUS, the amount of resource, and the subgroup paging rate for inactive/idle UEs.
Proposal 10: Further study is necessary for the down-selection between bitmap-based indication and codepoint-based indication for a LP-WUS considering the following aspects:
· The number of subgroup for the single LP-WUS, the maximum information bit size for the single LP-WUS, the amount of resource, and the subgroup paging rate for inactive/idle UEs.
In addition, CRC bits must be transmitted to achieve the target false alarm rate if the message based structure is considered. For evaluation purpose, 1% and 0.1% target FAR were considered in [2]. Similarly, the target FAR to design LP-WUS should be decided, and the proper length of CRC can be discussed based on the target FAR.
Proposal 11: Target FAR should be decided to design LP-WUS
· If a message-based channel structure is supported, proper length of CRC should be discussed to satisfy the target FAR.
Bandwidth
In the last meeting the agreement related to LP-WUS and LP-SS bandwidth was made as the follow:
	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


For the number of PRBs of LP-WUS with 15kHz SCS, two approaches can be considered. One is to support the same bandwidth for LP-WUS regardless of the subcarrier spacing. Another is to support the same number of PRBs for LP-WUS for both 15kHz and 30kHz SCS.
If the single bandwidth for LP-WUS and LP-SS is supported, it makes LP-WUR implementation easier in the aspect of the filter design. However, the number of PRBs used for LP-WUS depends on the subcarrier spacing to support the fixed bandwidth for LP-WUS, and it may lead to an increase in the complexity of the gNB implementation and the specification to support the overlaid OFDM sequence considering the different number of PRB. For the second approach, if the fixed PRBs of LP-WUS is supported, the complexity of the gNB implementation can be reduced at the expense of increasing UE complexity. In addition to the complexity of the implementation, other aspects such as how to specify the waveform of LP-WUS/LP-SS, resource overhead, and the performance also can be related to decide the bandwidth of LP-WUS/LP-SS with 15kHz SCS. Therefore, the further discussion for the benefits and the limitation of two approaches is necessary.
Proposal 12: The following two approaches can be further discussed to decide the LP-WUS/LP-SS bandwidth with 15kHz SCS.
· Approach 1: the same bandwidth to LP-WUS/LP-SS with 30kHz SCS;
· Approach 2: the same number of PRBs to LP-WUS/LP-SS with 30kHz SCS.
3 Design of LP-SS
3 
Waveform
According to the objective for LP-SS in [1], whether to apply the overlaid OFDM sequences for LP-SS should be down-selected within WI. And the following agreement was made in RAN1#116 meeting.
	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.


As mentioned in [1], LP-SS is used for synchronization and/or RRM measurement for serving cell, especially for UEs with OOK-based LP-WUR, because UE with the LP-WUR with I/Q branches can utilize PSS/SSS for synchronization and/or RRM measurement of serving cell. Therefore, there is no need to introduce the overlaid OFDM sequences for LP-SS unless there is a clear benefit.
The LP-SS period considered during SI is relatively long compared to the SSB transmission period, therefore using LP-SS as the purpose for synchronization of OFDM-based LP-WUR does not seem helpful. In fact, if LP-SS is transmitted far from the LP-WUS monitoring occasion, OFDM-based LP-WUR would require more power consumption since it needs to stay awake in advance for a longer period to receive LP-SS. In addition, considering the discussion in the last meeting that the shorter ON pulse (e.g., M =8) may be helpful for LP-SS to achieve better synchronization performance for OOK-based LP-WUR., it is not sure that the overlaid OFDM sequence for synchronization and measurement can be carried well within the shorter ON pulse. Compared to the length of OFDM symbol for PSS/SSS, the time duration to transmit OFDM sequence will be much shorter if the larger M values such as 4, 8 are considered for LP-SS. Therefore, if the option 3 is adopted, LP-SS should be designed considering the performance for both receiver types. And it becomes difficult to optimize the design of LP-SS for the specific receiver type.
Furthermore, introducing the overlaid OFDM sequence for LP-SS can also cause more workload considering the other purpose of LP-SS which is serving cell RRM measurement offloaded by LP-WUR. Depending on what signals are used for serving cell RRM measurement, the measurement criteria may need to be set differently in RAN4. Therefore, it seems reasonable to design LP-SS only for synchronization and serving cell RRM measurement of UEs with OOK-based LP-WUR, because UEs with OFDM-based LP-WUR can use PSS/SSS instead of LP-SS.
For option 1 and 2, LP-SS can be designed to be optimized for OOK-based LP-WUR and the additional RAN4 works are not needed to discuss the requirement for OFDM-based LP-WUR that perform RRM measurement based on LP-SS. However, for option 2, RAN1 may discuss which sequence can give the better performance for the synchronization and RRM measurement of OOK-based LP-WUR to specify the overlaid sequence. And it is unclear how the information about the overlaid sequence can help to implement OOK-based LP-WUR and which aspects of OFDM sequence should be considered for the better design of OOK-based LP-WUR. Therefore, specifying the overlaid OFDM sequence is not justified for LP-SS.
Proposal 13: Do not support to specify overlaid OFDM sequence for LP-SS (e.g., Option 1 in RAN1#116 agreement).
· LP-SS should be designed only for UEs with OOK-based LP-WUR.
· Which sequence is used to generate ON pulse for LP-SS can be up to gNB implementation without any specification.
In the last meeting, the following working assumption was made.
	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 


The performance of LP-SS for each option can be affected depending on whether the overlaid OFDM sequence is applied for OFDM-based LP-WUR. Thus, the consideration may be different if the LP-SS should be designed for both receiver types to perform synchronization and RRM measurement. Therefore, we suggest to discuss this issue after the decision on the overlaid OFDM sequence for LP-SS.
Proposal 14: Down-selection between OOK-1 and OOK-4 for LP-SS, and the supported M values for LP-SS can be discussed after the decision on the existence of the overlaid OFDM sequence for LP-SS.
Multiple binary LP-SS sequences
Unlike LP-WUS case, LP-SS is not required to carry relatively large amount of information because LP-SS is used only for synchronization and serving cell RRM measurement for UEs with OOK-based LP-WUR. Therefore, it was decided that ON-OFF pattern of OOK symbols for LP-SS is based on binary sequence(s). Furthermore, in the last meeting, the multiple binary LP-SS sequences were supported to be specified as the follow:
	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


Two options were discussed to determine the sequence for the cell. For option 2, it seems hard for the gNB to control the interference of LP-SS from the different cells because the sequence for LP-SS is determined by predefined rule such as the partial information of the cell ID. Therefore, the option 1 can give more flexibility to the gNB to control the interference of LP-SS considering the cell deployment and whether LP-SS is transmitted from each cell.
For the number of binary LP-SS sequences, how to determine the proper number of binary sequences can be discussed first, because there was no discussion for any assumption on the inter-cell interference during Rel-18 SI for LP-WUS. For example, if the evaluation for LP-SS considering the inter-cell interference is necessary, the evaluation assumption can be discussed as the first step to determine the proper number of LP-SS sequences.
Proposal 15: To determine the binary LP-SS sequence for the cell, the sequence is configured by the gNB among the multiple binary LP-SS sequences (option 1 in the agreement regarding to the multiple binary LP-SS sequence).
Proposal 16: Further discussion is needed on how to determine the appropriate number of binary LP-SS sequences (e.g., the assumption for inter-cell interference in LP-SS performance evaluation).
Periodicity of LP-SS
In the last meeting, the following agreements were agreed regarding to the timing/frequency error evaluation purpose:
	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.


During SI, it was observed that OOK-based waveform is robust against the frequency error, which means that OOK-based LP-WUR has the poor ability to correct the frequency error based on the LP-SS reception. Therefore, the option 1 is the natural assumption for OOK-based LP-WUR regarding the timing/frequency error without any calibration. Although OOK-based waveform has robustness for the frequency error, but it is significantly affected by the timing error as explained in the section 2.1.2. Meanwhile, the timing error before receiving the LP-WUS can be calculated to the residual timing error after LP-SS reception and the time difference between LP-SS and LP-WUS that is related to the periodicity of LP-SS. Therefore, the periodicity of LP-SS should be decided considering the target residual timing error before LP-WUS reception as explained proposal 7. Furthermore, according to [1], LP-SS can be used for serving cell RRM measurement at least for OOK-based LP-WUR. The appropriate periodicity to guarantee the stable serving RRM measurement based on LP-SS also should be taken into account.
Proposal 17: The following aspects should be considered to decide the periodicity of LP-SS.
· The target residual timing error before LP-WUS reception to achieve the target coverage.
· Serving cell RRM measurement accuracy by OOK-based LP-WUR.
4 Evaluation assumption for LP-WUS/LP-SS
FAR calculation
Based on our results in the section 4.2.2 in [5], the performance of OFDM sequence can be different according to the different definition of FAR, in particular, depending on whether the FAR is calculated considering the number of cases in which LP-WUS was not actually transmitted or LP-WUS of other UE (sub)groups are transmitted. Therefore, at least for evaluation of the overlaid OFDM sequence, how to calculate FAR (i.e., definition of FAR) should be aligned between companies.
Proposal 18: At least for evaluation of the overlaid OFDM sequence, the definition of FAR should be aligned between companies considering the number of cases in which LP-WUS for the target UE group are not transmitted.
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The proposals and observation made in this contribution are summarized below: 
Observation 1: If overlaid OFDM sequences over OOK symbol are specified, OOK-based LP-WUS can be detected either by envelope detection or correlation with OFDM sequence according to the type of LP-WUR.
Observation 2: If multiple candidates of OFDM sequences are specified to be carried by ON pulse of OOK symbol, it is beneficial for OFDM-based LP-WUR to reduce the power consumption of LP-WUS monitoring.
Proposal 1: The overlaid OFDM sequence(s) should be provided to UEs and transmitted over OOK symbol of LP-WUS to guarantee the LP-WUS reception performance of OFDM-based LR.
· Do not consider for OFDM-based LP-WUR to obtain the whole information bits by OOK ON/OFF pattern (option 1-2).
Proposal 2: The overlaid OFDM sequence should be designed to be transmitted over a single ON symbol of the OOK symbol.
· Do not support the cases that the overlaid OFDM sequence is transmitted on a OFDM symbol (for OOK-4 with M>1) or multiple OOK symbols.
Proposal 3: Support to specify multiple candidates of OFDM sequence to carry multi-bit information on one ON symbol, at least for reduction of LP-WUS monitoring time of OFDM-based LP-WUR.
· FFS: how many sequences to be specified considering the achievement of the target coverage, total number of information bits carried by LP-WUS, and LP-WUR detection complexity.
· FFS: how to configure and generate the multiple candidates of OFDM sequence corresponding to information bits for UEs.
· FFS: whether to consider the position of ON pulse as the information at the OFDM-based LP-WUR (down-selection between option 2-1 and 2-2).
Proposal 4: Suggest to further down-select options in the agreement regarding to the overlaid OFDM sequence(s) of LP-WUS as Table 1.
Proposal 5: For the study purpose, the existing sequence types in NR signal should be a baseline for the performance comparison of the new type of sequences.
· Baseline sequence: M-sequence, Gold sequence, Zadoff-Chu sequence.
· Sequences excluding the baseline sequence are considered as the new type of sequences. Proponent should compare the performance of the new type of sequence with that of the baseline.
· New type of sequences shall not be considered unless essential issue is figured out by using baseline sequence.
Proposal 6: To specify OOK symbol with the overlaid sequence, the following approaches can be further discussed.
· Approach 1: Specifying the values for subcarrier mapping in frequency domain at the gNB.
· Approach 2: Specifying the sequence transmitted in the time domain directly used at the OFDM-based LP-WUR.
· Note: For both approach 1 and 2, the additional blocks such as DFT/LS and truncation before IFFT processing are not specified. Whether to use the additional block and how to generate the specified values is up to gNB implementation.
Proposal 7: For the supported M value of OOK-4 with M>1,
· Both M = 2 and M = 4 are supported for 15kHz SCS;
· Only M = 2 is supported for 30kHz SCS.
· FFS: the target residual timing/frequency error before the reception of LP-WUS to achieve the target coverage (i.e., the robustness against to time/frequency error considering the target coverage achievement).
Proposal 8: Support 1/2 Manchester coding for LP-WUS.
Proposal 9: The LP-WUS information should be carried by encoded bits for OOK-based LP-WUR.
Proposal 10: Further study is necessary for the down-selection between bitmap-based indication and codepoint-based indication for a LP-WUS considering the following aspects:
· The number of subgroup for the single LP-WUS, the maximum information bit size for the single LP-WUS, the amount of resource, and the subgroup paging rate for inactive/idle UEs.
Proposal 11: Target FAR should be decided to design LP-WUS
· If a message-based channel structure is supported, proper length of CRC should be discussed to satisfy the target FAR.
Proposal 12: The following two approaches can be further discussed to decide the LP-WUS/LP-SS bandwidth with 15kHz SCS.
· Approach 1: the same bandwidth to LP-WUS/LP-SS with 30kHz SCS;
· Approach 2: the same number of PRBs to LP-WUS/LP-SS with 30kHz SCS.
Proposal 13: Do not support to specify overlaid OFDM sequence for LP-SS (e.g., Option 1 in RAN1#116 agreement).
· LP-SS should be designed only for UEs with OOK-based LP-WUR.
· Which sequence is used to generate ON pulse for LP-SS can be up to gNB implementation without any specification.
Proposal 14: Down-selection between OOK-1 and OOK-4 for LP-SS, and the supported M values for LP-SS can be discussed after the decision on the existence of the overlaid OFDM sequence for LP-SS.
Proposal 15: To determine the binary LP-SS sequence for the cell, the sequence is configured by the gNB among the multiple binary LP-SS sequences (option 1 in the agreement regarding to the multiple binary LP-SS sequence).
Proposal 16: Further discussion is needed on how to determine the appropriate number of binary LP-SS sequences (e.g., the assumption for inter-cell interference in LP-SS performance evaluation).
Proposal 17: The following aspects should be considered to decide the periodicity of LP-SS.
· The target residual timing error before LP-WUS reception to achieve the target coverage.
· Serving cell RRM measurement accuracy by OOK-based LP-WUR.
Proposal 18: At least for evaluation of the overlaid OFDM sequence, the definition of FAR should be aligned between companies considering the number of cases in which LP-WUS for the target UE group are not transmitted.
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