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Introduction
After the completion of the Rel-18 study item on low-power wake-up signal and receiver for NR (TR 38.869), the Rel-19 WI on LP-WUS/WUR was approved in RP-234056. The following objectives are included in the WID regarding LP-WUS and LP-SS 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
· 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.
· 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.


In this contribution, we discuss the LP-WUS and LP-SS design aspects based on the previous agreements as listed in the Appendix.
LP-WUS design
Specification of waveform generation for OOK-1 and OOK-4
We have agreed to support both OOK-1 and OOK-4, but there was debate on how the waveform for OOK-1 and OOK-4 are specified. More specifically, should we specify time-domain sequences or frequency-domain sequences for the overlaid sequences on OOK-1 and OOK-4 symbols? Should OOK-1 be specified as a special case of OOK-4?
For OOK-4, as captured in TR 38.869, the transmitter starts with time-domain signal, followed by DFT/least square and potentially other modifications, which are then mapped to the subcarriers for LP-WUS and multiplexed with legacy NR signals before IFFT. It is natural that OOK-4 waveform generation is specified using time-domain sequences, as the sequences should have some structure in time domain, while the frequency-domain sequences would likely need to be hardcoded in the specs entry-by-entry for different combinations of the information bits.  The handling of OOK-1 is more controversial as it can be done relatively easily using either time-domain sequences or frequency-domain sequences.
From device complexity and power consumption perspective, we think it is important to support time-domain correlation for OFDM-based receiver (or more accurately, time-domain sequence-based receiver, as FFT is not performed in this case). In this case, the design will focus on finding time-domain sequences with good correlation properties. Even for OOK-1, if we want to specify the frequency-domain sequence instead, DFT needs to be performed on the time-domain sequence. In addition, a DFT shift is necessary after DFT in order to shift the DC carrier to the center of the LP-WUS bandwidth, as shown in Figure 1. At the receiver side, the oscillator matches the center frequency of the LP-WUS bandwidth, and perform a low-pass filter afterwards to filter out the LP-WUS signal itself. With this kind of operation, the property of the time sequences can be kept, which allows the time-domain correlation to work properly. This whole procedure makes it much easier and more intuitive to specify the sequences in time domain.
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Figure 1 Block diagram for LP-WUS signal generation
Note that this does not prevent the gNB from pre-calculating the sequences in frequency domain based on the time domain sequences and store them. That can be purely implementation choice. 
Proposal 1: For both OOK-1 and OOK-4, the waveform generation is specified using time-domain sequences.
· Note: This does not prevent gNB from pre-calculating and storing the frequency-domain sequences.
LP-WUS structure
During the SI phase, the following LP-WUS structure was evaluated in link level simulations:
· Option 1: Sync signal /sequence+ payload [+ CRC],
· Option 2: Sequence only,
· Option 3: Payload [+ CRC],
· Other options are not precluded
For Option 2 with sequence only, the main consideration is the number of information bits that needs to be supported. If we assume 8 information bits, it requires 256 sequences with good auto-correlation and cross-correlation properties. In addition to the long sequence length, it can be quite difficult to find such a large set of sequences with good correlation properties. It can also be complicated for the receiver to find the sequence with the highest correlation out of 256 sequences. If we want to support more than 8 information bits, the task becomes even more difficult to manage.
Therefore, Option 1 and Option 3 are the more possible directions to go. The presence of CRC and the CRC length can depend on the exact payload size. 

Whether a preamble is necessary or not depends on the time synchronization requirement, i.e., whether periodic LP-SS is enough to reach sufficient time synchronization. If not, preamble would be required before the payload. The following was agreed in RAN1#116bis regarding the assumptions on the residual timing/frequency errors for evaluation.
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.

As OOK-based receiver is quite robust against frequency offset, the direct impact of frequency offset on LP-WUS reception is not significant. However, the frequency offset affects the achievable time offset, which can have a big impact on the LP-WUS reception performance. E.g. if we assume Option 1 above, no frequency synchronization is performed at all, and 20ppm RTC is used for time tracking. The time drift for 320ms (assumed periodicity of LP-SS) would be 20*0.32 = 6.4us, which is too long even for OOK-1 with 30kHz.
On the other hand, it is not clear how Option 2 works or how well Option 2 works. E.g., for the frequency error correction mechanism proposed in [2], it requires two OOK branches at the receiver, and requires additional reference signal to be transmitted for frequency error correction purpose. It is also not clear how well it performs. We think even if this mechanism is feasible, it should not be taken as a baseline OOK receiver. In terms of whether MR can assist LR in frequency synchronization, it does not seem to be straightforward either. Also it requires additional interaction between MR and LR, and may increase the implementation complexity and potentially power consumption.
To provide more flexibility in LR implementation and provide more robustness against timing error, it is preferable to have a preamble before LP-WUS.
Proposal 2: For the LP-WUS structure, support Option 1: preamble + payload [+ CRC].

LP-WUS content
For the content of LP-WUS for idle/inactive UEs, the following was agreed in RAN1#116bis:
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

For idle/inactive UEs, 3 options are listed.
· Option 1: It is not clear to us the need or the use case for one bit to map to multiple subgroups, as that would be similar as defining a larger subgroup.
· Option 2: the simplest approach for Option 2 is to use one codepoint corresponds to all the subgroups, and each of the remaining codepoints correspond to one subgroup. This can be the starting point for investigation. If this is demonstrated as not sufficient, one codepoint corresponding to e.g. two subgroups can be further considered. In any case, it is preferable to have the codepoint to subgroup mapping predefined instead of being configurable, as the configuration overhead can be quite large with the increase of the number of subgroups if too much flexibility is allowed, and the UE complexity increases.
· Option 3: This can be considered as an extension of Option 2, which can be useful to handle the case where there is a non-negligible probability of having more than two subgroups being paged simultaneously. Similar as Option 2, one codepoint corresponding to one subgroup can be the starting point for investigation.
Based on these, we propose to further consider the following slightly modified options.
Proposal 3: Regarding the LP-WUS information for idle/inactive UEs, further consider the following options:
· Option 1a: A bitmap with each bit corresponding to one subgroup
· Option 2a: A codepoint value corresponding to one subgroup, except for one codepoint value that corresponds to all subgroups
· Option 3a: Multiple codepoint values with each corresponding to one subgroup, except for one codepoint value that corresponds to all subgroups
The down-selection among these options largely depend on the maximum number of subgroups we would like to support, which we also discuss in our companion contribution [1]. Therefore, it is important that we reach a consensus on the number of subgroups to support.

For the content of LP-WUS for connected UEs, the following was agreed in RAN1#116bis:
Agreement
Regarding the LP-WUS information to trigger PDCCH monitoring of RRC connected UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] UEs
· Option 2: A codepoint value corresponding to one or part of UE identity, e.g., C-RNTI
· Option 3: A codepoint value corresponding to [one or more] UEs
· Option 4: Multiple codepoint values with each corresponding to [one or more] UE(s)
· Option 5: Multiple bit blocks with each corresponding to [one or more] UE(s)
· Combination of above options are not precluded.
· FFS how to carry LP-WUS information, e.g, by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences. 
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· FFS details of LP-WUS information to trigger PDCCH monitoring (e.g. whether above is applicable to one or more serving cells)

First of all, we think the wake-up indication should be UE-specific, or at least the design is targeting towards UE-specific indication. This can be a single-bit indication. Given that the efficiency of transmitting a single bit is too low, the wake-up indication for multiple UEs can be included in an LP-WUS signal, e.g. through a bitmap with one bit per UE. This is similar to a group common DCI such as R16 DCP (DCI format 2_6). Different time/frequency resources can be configured for different UE groups. This is essentially Option 1, which is the most straightforward and simplest way. We do not see the need for more complicated solutions, as the number of connected UEs is typically not large.
Proposal 4: For connected UEs, LP-WUS consists of a bitmap, with each bit corresponding to one UE. Each UE is configured with its bit location within the LP-WUS.

Generally speaking, it is useful to carry cell information in LP-WUS (e.g. cell ID) via e.g. payload or scrambling. This allows the UE to differentiate the signals transmitted from different cells. It also potentially allows certain robustness to interference from neighbor cells. The main challenge is the overhead. Cell ID itself is long. Given the very low spectral efficiency expected for LP-WUS, carrying cell ID information as part of the payload can be quite expensive. If CRC is present, cell ID can be used for CRC scrambling.
Proposal 5: Further consider carrying full or partial cell ID information in the LP-WUS.
Other than the wake-up indication and potentially cell ID information, we think the other information carried for WUR should be minimized. Due to the low power consumption requirement, it is generally very inefficient to carry information here compared to MR reception. On the other hand, the overhead to wake up main radio is large, while performing some additional function using MR once it wakes up typically does not lead to much additional power consumption. Unless the benefit can be clearly justified, we should avoid adding information in LP-WUS.
Overlaid sequences
The following was agreed on the design of overlaid sequences in RAN1#116bis:
Agreement
For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s), including:
· Sequence(s) generation and how sequence(s) map in time or frequency domain (including any details with multiplexing and IFFT).
· Number of candidate overlaid OFDM sequences used for information conveying
· Including details on whether the number of candidate overlaid sequences is per OFDM symbol or per OOK symbol
· How the proposed sequence design is processed by OFDM-based LP-WUR, e.g., in time domain or in frequency domain or in both time and frequency domain.

Agreement
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).

The specification of overlaid sequences enables a sequence-based receiver for LP-WUR. To reduce the receiver complexity, time-domain sequence correlation should be prioritized for the design. Typical sequences used in LTE/NR include m-sequence, Gold sequence, and ZC sequence. From complexity perspective, ZC sequence has the disadvantage that complex multiplications are needed for sequence correlation, while sequences consisting of 1/-1/j/-j only (e.g. m-sequence, Gold sequence) would not require complex multiplications. As these sequences have been extensively used in LTE/NR and the properties are well known, they should definitely be considered with high priority.
Another sequence that is worth considering is Golay sequence, due to its low-complexity correlator compared to the other sequences. Golay sequences were used for PSC/SSC in WCDMA. They are also used in 802.11ad for preambles. A pair of binary length-N Golay sequences (sequences A and B) can be generated recursively (N = 2K) as the following:
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Where n = 1, …, N, k = 1, …, K, Dk = 2Pk is the delay, Pk is a permutation of {0, 1, …, K-1}, and Wk takes the value from {1, -1}. Different Golay sequences can be generated using different D and W vectors.
A low complexity correlator for Golay sequence with K = 3 is illustrated in Figure 2. For length-N sequences, it requires only 2*K additions/subtractions to calculate the correlation with both sequences, instead of e.g. (N-1) additions/subtractions for one m- or Gold- sequence. 
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Figure 2 Low complexity correlator for Golay sequence
Table 1 provides a quick summary of computation complexity of calculating sequence correlation for different types of sequences. Considering that the receiver may need to perform more than one sequence correlation to handle time/frequency error, and/or multiple sequences, the benefit of reduced complexity becomes more significant.
[bookmark: _Ref166183867]Table 1 Computation complexity for one sequence correlation (sequence length N = 2K)
	m-sequence
	(N-1) complex additions/subtractions

	Gold sequence
	(N-1) complex additions/subtractions

	ZC sequence
	N complex multiplications + (N-1) complex additions/subtractions

	Golay sequence
	2*K complex additions/subtractions



Golay sequences also have the following good properties: (1) The same Golay correlator provides the correlation with the pair of Golay sequences (sequences A and B as shown above). This can be useful if multiple sequences are used. (2) The peak to average ratio in frequency domain is less than 3 dB.
As an example, Figure 3 provides the plot for the auto-correlation and cross-correlation coefficients for a pair of length-128 Golay sequences generated using W = [-1, -1, -1, -1, 1, -1, -1] and D = [1, 8, 2, 4, 16, 32, 64] (used in 802.11ad). This figure shows quite good correlation properties.
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(a) auto-correlation				(b) cross-correlation
[bookmark: _Ref166189926]Figure 3 Auto-correlation and cross-correlation for a pair of Golay sequences
There are still a lot of aspects to be investigated further to evaluate the potential of using Golay sequences as overlaid sequences and how it compares with other types of sequences, including e.g.,
· The performance of OOK-based receiver
· The performance of sequence-based receiver
· The size of sequence pool with good correlation properties, to support multiple sequences per cell and potentially different sets of sequences for different cells
· The robustness against time and frequency offset
We think it is worth further investigation.
Proposal 6: Further investigate Golay sequences as a candidate for the overlaid sequences.

The following was agreed on how information is carried on overlaid sequences in RAN1#116bis:
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 difference between Option 1 and Option 1-2 is not clear, in terms of whether information bit is considered as being carried on the overlaid sequence or not. Detection “by the presence of the overlaid sequence” and detection “by the OOK ON/OFF pattern” seem to mean the same thing, i.e., no additional information is carried by the overlaid sequence other than the OOK bit. Therefore, our understanding of the difference between the two is whether a single sequence is used across the system, or one sequence is chosen from multiple sequences in a cell (e.g. different cells may use different sequences). If this is the correct understanding, we think the two can be merged into a single option. In addition, we think one sequence should be applied on each OOK ON symbol, not on each OFDM symbol in case of OOK-4 with M>1.
The difference between Option 2-1 and 2-2 is whether the overlaid sequences carry the whole information or just part of the information. We do not see any reason why we should prevent the overlaid sequences from carrying the whole information, or any benefit for doing so. Of course this does not prevent the OFDM-based receiver from using the combined information from the overlaid sequences and OOK ON/OFF pattern. For this reason, we think only Option 2-2 needs to be considered further.
Option 3 is very similar to Option 2, and it seems the difference is that the information may not be carried on all OOK ON symbols. We do not see the reason why some OOK ON symbols should not carry information.
Option 4 uses different constellation points to carry information, which would require coherent detection (i.e. the absolute phase information is required e.g. via channel estimation). This is different from carrying information by different sequences, where sequence correlation can be performed without estimating the channel. In this sense, Option 4 brings additional complexity for the receiver.
The design should allow early detection of the information bits by OFDM-based LP-WUR. Here are a few possible ways to achieve early detection:
· Have a relatively large number of bits per OOK symbol by having more sequences
· Use more efficient coding for the bits carried on the overlaid sequences, so that all the information bits can be completed earlier
· Have a different ordering for the bits carried on the overlaid sequences (e.g. reverse order), so that the full information can be received early by combining OOK bits and the bits on the overlaid sequences together
Therefore, we have the following proposal:
Proposal 7: Further consider the following options for carrying information on the overlaid sequences:
· Option 1a: a single overlaid sequence is on each OOK ‘ON’ symbol. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· FFS whether the single overlaid sequence is pre-defined and the same across all the cells, or each cell has a pre-defined rule to select the single overlaid sequence out of multiple candidate sequences.
· Option 2-2a: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol. The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits at least by the overlaid OFDM sequence(s).
· FFS how to carry the information bits to enable early detection of LP-WUS by OFDM-based LP-WUR

Link budget analysis
The following was agreed in RAN1#116bis for coverage analysis calibration:
Conclusion: 
For calibration purposes, companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3, at least with the following assumptions: 
· Carrier frequency: 2.6 GHz
· The number of Tx chains: 1
· MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for non-redcap UE
· Transmit antenna gain correction factors for WUS: up to company report
· Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to be reported, SNR for different assumptions on NF are determined separately

With the agreed assumptions, the required SNR is provided in the following table. It was assumed that there is a 12 dB transmit antenna gain correction factor for WUS.
Table 2 Calibration results on the required SNR for LP-WUS
	Noise figure for LP-WUR (dB)
	9
	12
	15

	Required SNR (dB) for LP-WUS to reach MIL of 153.51 dB
	-4.04
	-6.41
	-9.05



The assumed the transmit antenna gain correction factor has a direct impact on the required SNR. The assumptions on this value are quite different among companies, which was a dominating factor on the diverse range for the MIL of PUSCH Msg3, and is also a critical factor here.
In our link budget analysis for PUSCH Msg3, a receive antenna gain correction factor of 8 dB was assumed for 4 Rx. This was determined based on system level simulations, where we compare the difference in the received RSRP at the UE between 4 Tx beams (broadcast beams) and 24 Tx beams (unicast beams) [3]. We apply the same correction factor to PDCCH CSS transmit antenna and PUSCH Msg3 receiver antenna, assuming both have 4 antennas and use the same broadcast beams.
For LP-WUS, since we assume 1Tx, the correction factor needs to be further adjusted compared to the 4Tx case. If no additional correction factor is applied, the change from 4Tx to 1Tx automatically provides 6 dB gain, which may only be possible if we have the ideal beamforming. This cannot be the case for a broadcast channel. To avoid this artificial effect, we increase the correction factor by a 4 dB for 1Tx compared to 4Tx to a total of 12 dB, with the assumptions that the gain from 4Tx transmit diversity is most likely to be around 2 dB.
With such assumption, the required SNR to achieve the same MIL as PUSCH Msg3 is -0.31 dB assuming NF = 15 dB. The detailed calculation are provided in Appendix A.
Since we assume the same correction factor for PUSCH Msg3 and DL broadcast for the case of 4 antennas, when we try to match the coverage of PUSCH Msg3, the absolute value of this correction factor does not really affect the result. What really matters is the additional correction factor that is applied for 1Tx compared to 4Tx, for which we use 4 dB.
Observation 1: The required SNR for LP-WUS to match the coverage of PUSCH Msg3 is about -0.3 dB assuming noise figure of 15 dB based on the provided assumptions.
· The required SNR for LP-WUS is -4.04 dB, -6.41 dB, and -9.05 dB for NF of 9 dB, 12 dB, and 15 dB, respectively, using the agreed assumptions for calibration.

LP-SS design
One open issue for LP-SS is whether we should specify the overlaid sequences for LP-SS. The following was agreed in RAN1#116:
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.

We think Option 1 should not be considered as it may lead to uncontrollable/unpredictable performance for LP-SS detection. Between Option 2 and Option 3, the main consideration is whether we should allow sequence-based receiver to use LP-SS or not. The main reason against it is that the sequence-based receiver is assumed to be able to use legacy SSB for synchronization and serving cell measurement, so there is no need to specify LP-SS to be used by sequence-based receiver. However, 
· The performance of the sequence-based receiver using SSB for synchronization and measurement still needs to be verified. The intention is to do all the processing in time domain to save complexity/power, different from the typical frequency domain processing in the MR. There is also a question of whether having a single-symbol SSS is sufficient as the LR is supposed to perform much worse compared to the MR.
· There is essentially no additional specification work or complexity to specify the overlaid sequence for LP-SS, given that it is being specified for LP-WUS anyway. There is no need to prohibit the sequence-based receiver from using it.
There is the concern of the potential need to define separate requirements for the sequence-based receivers processing SSB and the sequence-based receivers processing LP-SS, which would require more RAN4 work. But we already agreed that this decision is up to RAN4 to make. So we can focus on RAN1 aspect only in the discussion.
Proposal 8: Option 3 is adopted, i.e., 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.

Conclusion
In contribution, we have discussed LP-WUS and LP-SS design, and proposed the following:
Proposal 1: For both OOK-1 and OOK-4, the waveform generation is specified using time-domain sequences.
· Note: This does not prevent gNB from pre-calculating and storing the frequency-domain sequences.
Proposal 2: For the LP-WUS structure, support Option 1: preamble + payload [+ CRC].
Proposal 3: Regarding the LP-WUS information for idle/inactive UEs, further consider the following options:
· Option 1a: A bitmap with each bit corresponding to one subgroup
· Option 2a: A codepoint value corresponding to one subgroup, except for one codepoint value that corresponds to all subgroups
· Option 3a: Multiple codepoint values with each corresponding to one subgroup, except for one codepoint value that corresponds to all subgroups
Proposal 4: For connected UEs, LP-WUS consists of a bitmap, with each bit corresponding to one UE. Each UE is configured with its bit location within the LP-WUS.
Proposal 5: Further consider carrying full or partial cell ID information in the LP-WUS.
Proposal 6: Further investigate Golay sequences as a candidate for the overlaid sequences.
Proposal 7: Further consider the following options for carrying information on the overlaid sequences:
· Option 1a: a single overlaid sequence is on each OOK ‘ON’ symbol. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· FFS whether the single overlaid sequence is pre-defined and the same across all the cells, or each cell has a pre-defined rule to select the single overlaid sequence out of multiple candidate sequences.
· Option 2-2a: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol. The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits at least by the overlaid OFDM sequence(s).
· FFS how to carry the information bits to enable early detection of LP-WUS by OFDM-based LP-WUR
Observation 1: The required SNR for LP-WUS to match the coverage of PUSCH Msg3 is about -0.3 dB assuming noise figure of 15 dB based on the provided assumptions.
· The required SNR for LP-WUS is -4.04 dB, -6.41 dB, and -9.05 dB for NF of 9 dB, 12 dB, and 15 dB, respectively, using the agreed assumptions for calibration.
Proposal 8: Option 3 is adopted, i.e., 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.
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Appendix A Link Budget Analysis
	Channel for evaluation
	 PDCCH CSS
	Msg3 PUSCH
	LP-WUS

	Transmitter
	 
	 
	 

	(1) Number of transmit antennas
	192.00 
	1.00 
	192.00 

	(2) Number of transmit [chains or TxRUs]  
	64.00 
	-
	64.00 

	(2a) Number of transmit [RF]  chains in LLS
	4.00 
	1.00 
	1.00 

	(3) Total transmit power (dBm) 
	53.01 
	23.00 
	53.01 

	(3a) System bandwidth for downlink, or occupied bandwidth for uplink (Hz)
	100000000.00 
	 
	100000000.00 

	(3b) Power Spectrum Density = (3) - 10 log( (3a) / 1000000 )  (dBm/MHz) 
	33.01 
	-
	33.01 

	(3c) bandwidth used for the evaluated channel  (Hz)
	17280000.00 
	720000.00 
	5040000.00 

	(3bis) Total transmit power for occupied bandwidth    =  (3b) + 10 log ( (3c) / 1000000 ) (dBm)
	45.39 
	23.00 
	40.03 

	(4) total antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter = (4a) - (4b)  (dB)
	12.77 
	0.00 
	12.77 

	(4a) antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter
       =   (4c) + 10 log ( (1) / (2) ) (dB)  for downlink, and
       =   (4c) + 10 log ( (1) / (2a) ) (dB)   for uplink
	12.77 
	0.00 
	12.77 

	(4b) antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of transmitter (dB)
Note: delta2 for downlink and delta3 for uplink
	0.00 
	0.00 
	0.00 

	(4c) gain of antenna element (dBi) 
	8.00 
	0.00 
	8.00 

	(5) total antennna gain at antenna gain component 2  of transmitter = (5a) - (5b)  (dB)
Note: zero for uplink
	4.04 
	0.00 
	6.06 

	(5a) antenna gain at antenna gain component 2 of transmitter = 10 log( (2)/(2a)) (dB)
Note: zero for uplink
	12.04 
	0.00 
	18.06 

	(5b) antena gain correction factor at antenna gain component 2 of transmitter (dB)
Note: zero for uplink
	8.00 
	0.00 
	12.00 

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	3.00 
	1.00 
	3.00 

	(9) EIRP = (3bis) + (4) + (5) – (8) dBm
	59.20 
	22.00 
	55.87 

	Receiver
	 
	 
	 

	(10) Number of receive antenna elements
	4.00 
	192.00 
	1.00 

	(10a) Number of receive [(receive TxRUs) or (modelled receive chains)]
Note: this row is void (empty) for downlink
	-
	64.00 
	-

	(10b) Number of receive chains modelled in LLS
	4.00 
	4.00 
	1.00 

	(11)  total antenna gain at antenna gain component 3 & antenna gain component 4 of receiver = (11a) - (11b)  (dB) 
	0.00 
	12.77 
	0.00 

	(11a) antenna gain at antenna gain component 3 & antenna gain component 4 of receiver 
    =  (11c) + 10 log (  (10)/(10a) )     (dB) for uplink
    =  (11c) + 10 log (  (10)/(10b) )     (dB) for downlink
	0.00 
	12.77 
	0.00 

	(11b) antena gain correction factor at antenna gain component 3 & antenna gain component 4 of receiver (dB)
	0.00 
	0.00 
	0.00 

	(11c) gain of antenna element (dBi)
	0.00 
	8.00 
	0.00 

	(11bis) total antenna gain at antenna gain component 2  of receiver = (11bis-a) - (11bis-b) (dB)
Note: zero for downlink
	0.00 
	4.04 
	0.00 

	(11bis-a) antenna gain at antenna gain component 2 of receiver = 10 log( (10a)/(10b)) (dB)
Note: zero for donwlink
	0.00 
	12.04 
	0.00 

	(11bis-b) antena gain correction factor at antenna gain component 2 of receiver (dB)
Note: zero for downlink
	0.00 
	8.00 
	0.00 

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	1.00 
	3.00 
	1.00 

	(13) Receiver noise figure (dB)
	7.00 
	5.00 
	15.00 

	(14) Thermal noise density (dBm/Hz)
	-174.00 
	-174.00 
	-174.00 

	(15) Receiver interference density for control channel (dBm/Hz) 
	-169.30 
	-165.70 
	-169.30 

	(16) Total noise plus interference density        = 10 log (10^(( (13) + (14))/10) + 10^((15)/10))    (dBm/Hz)
	-164.99 
	-164.03 
	-158.61 

	(18) Effective noise power = (16) + 10 log((3c))   (dBm)
	-92.61 
	-105.46 
	-91.59 

	(19) Required SNR (dB)
	-11.70 
	-5.50 
	-0.31 

	(20) Receiver implementation margin (dB)
	2.00 
	2.00 
	2.00 

	(21) H-ARQ gain (dB)
Note: Only applicable if HARQ is not considered in LLS
	0.00 
	0.00 
	0.00 

	(22) Receiver sensitivity = (18) + (19)  + (20) – (21)  (dBm)
	-102.31 
	-108.96 
	-89.59 

	(22bis) MCL = (3bis)  - (22) + (5) + (11bis)   (dB)
	151.74 
	136.00 
	135.68 

	(23) Hardware link budget, a.k.a MIL  = (9) + (11) + (11bis) − (12) − (22)   (dB)
Note: MIL can also be derived by (22bis) + (4) – (8) + (11) − (12)
	160.51 
	144.77 
	144.77 




Appendix B
RAN1#116 agreements
Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.

Agreement
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS

Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
· For RRM measurement performed by LP-WUR based on LP-SS, UE can satisfy measurement accuracy based on X LP-SS samples within a period which is comparable to Y=the length of I-DRX cycle that is larger or equal to 1.28s.
· FFS: X  
· Note: Y is chosen for evaluating LP-SS design. 
· Network overhead and network power consumption are to be considered

Agreement
The ‘ON-OFF’ pattern for OOK symbols of LP-SS is based on binary sequence(s)
· FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length
· FFS overlaid OFDM sequences, if supported

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.

Agreement
For RAN1 evaluation purpose, the SNR to achieve the coverage of PUSCH for message3 is determined for OOK-based LP-WUR and OFDM-based LP-WUR, respectively. 
· Companies are encouraged to report the SNR, together with the associated assumptions as listed in the table below.
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3

	Companyname-01 
	
	
	
	
	
	



RAN1#116bis agreements
Agreement
For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· FFS whether value of M depends on SCS
· FFS M=1 for OOK-4

Agreement
For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s), including:
· Sequence(s) generation and how sequence(s) map in time or frequency domain (including any details with multiplexing and IFFT).
· Number of candidate overlaid OFDM sequences used for information conveying
· Including details on whether the number of candidate overlaid sequences is per OFDM symbol or per OOK symbol
· How the proposed sequence design is processed by OFDM-based LP-WUR, e.g., in time domain or in frequency domain or in both time and frequency domain.

Agreement
Support to specify multiple binary LP-SS sequences for the ‘ON-OFF’ pattern:
· The LP-SS sequence used in a cell is
· Option 1: a sequence is configured
· Option 2: a sequence is determined by predefined rule
· FFS: Whether both options will be supported or only one will be supported
· FFS: the number of LP-SS sequences
· Note: Multiple sequences are used to differentiate LP-SS from different cells

Agreement
From RAN1 perspective, support X PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz
· X to be down-selected between 11 and 12 PRBs 
· FFS the number of PRBs for 15kHz
· FFS if other number of PRBs needed, for LP-SS and LP-WUS with a channel bandwidth equal or less than 5MHz
FFS: Whether the above is applicable to FR2

Agreement
For timing error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of RTC/oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction/clock calibration by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.

Agreement
For frequency error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.

Working Assumption
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4, FFS:1,8,16
· FFS whether value of M depends on SCS
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
FFS how OOK-1 and OOK-4 are specified 

Agreement
Regarding the LP-WUS information for idle/inactive UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] subgroups
· Option 2: A codepoint value corresponding to one or more subgroup(s)
· Option 3: Multiple codepoint values with each corresponding to one or more subgroup(s)
· Combination of above options are not precluded
· FFS how to carry LP-WUS information, e.g., by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences.
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· Other options are not precluded

Agreement
Regarding the LP-WUS information to trigger PDCCH monitoring of RRC connected UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] UEs
· Option 2: A codepoint value corresponding to one or part of UE identity, e.g., C-RNTI
· Option 3: A codepoint value corresponding to [one or more] UEs
· Option 4: Multiple codepoint values with each corresponding to [one or more] UE(s)
· Option 5: Multiple bit blocks with each corresponding to [one or more] UE(s)
· Combination of above options are not precluded.
· FFS how to carry LP-WUS information, e.g, by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences. 
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· FFS details of LP-WUS information to trigger PDCCH monitoring (e.g. whether above is applicable to one or more serving cells)

Conclusion: 
For calibration purposes, companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3, at least with the following assumptions: 
· Carrier frequency: 2.6 GHz
· The number of Tx chains: 1
· MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for non-redcap UE
· Transmit antenna gain correction factors for WUS: up to company report
· Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to be reported, SNR for different assumptions on NF are determined separately

Agreement
For the purpose of further study and evaluation in RAN1, the following candidate sequences for the overlaid OFDM sequence are considered:
· Gold sequence
· M-sequence
· ZC sequence
· Chirp sequence
· Walsh sequence
· Golay sequence
· Kasami sequence
· Low density sequence
· DFT/FFT sequence
· QAM symbol-based sequence
· Combinations and optimizations of above are not precluded
Companies are encouraged to provide an assessment on performance, required complexity, and power consumption to support their preferred sequence. Companies are encouraged to provide details on their preferred sequence (e.g. references).

Agreement
Regarding the overlaid OFDM sequence(s) of LP-WUS, consider the following options:
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the OOK ON/OFF pattern.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
· Option 3: One sequence is selected from multiple candidates overlaid OFDM sequences on one or more OOK ‘ON’ symbols, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). 
· Option 4: Use of modulated overlay sequence with constellation point: overlay sequence acting as a spreading sequence and constellation point carrying information for OFDM-based LP-WUR. 
Other options are not precluded.
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