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[bookmark: _Ref68628695]Introduction
In [1], a new work item (WI) is approved for the low-power (LP) wakeup signal (WUS) and wakeup receiver (WUR) design for NR with objectives below. The RAN1 related scope includes three main topics:
· LP-WUS and LP-SS design
· LP-WUR operation in UE idle and inactive modes
· LP-WUR operation in UE connected mode.
In this paper, we discuss the general design aspects for LP-WUS and LP-SS. The idle/inactive and connected mode procedures are discussed in our companion papers in [2] and [3].
	[bookmark: _Hlk153295984]4.1	Objective of SI or Core part WI or Testing part WI

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

4.2	Objective of Performance part WI
NOTE:	Leave empty if the WI proposal does not contain a RAN performance part.

1. Specify the demodulation performance and test cases for LP-WUS/WUR[RAN4].
2. Specify RRM measurement performance requirement and corresponding test cases for the LP-WUS/WUR[RAN4].


 
Basic design aspects
A common understanding is that the LP-WUS and LP-SS waveform can be generated by modulating sub-carriers of the CP-OFDM symbol together with NR channels and signals in the FDM manner. This allows the base station to use the current transmitter architecture without major upgrades. This shared architecture for NR signal/channel and LP signal transmissions implies that when the base station can only transmit the LP-WUS and LP-SS when it is not receiving from any UE. 
For idle and inactive mode UEs, UL symbols are indicated by the cell common TDD UL and DL configuration TDD-UL-DL-ConfigCommon. For connected mode UEs, the UE specific TDD UL DL configuration TDD-UL-DL-ConfigDedicated can indicate additional UL symbols among flexible symbols of the cell common TDD UL and DL configuration. Certainly, the base station may not always receive NR signals and channels in all the configured UL symbols. For a simple yet flexible enough design, the base station may just not transmit the LP-WUS or LP-SS in the UL symbols according to the cell common and UE specific TDD UL and DL configurations. 
[bookmark: p1]Proposal 1: LP-WUS and LP-SS are not received by the UE in UL symbols determined by tdd-UL-DL-ConfigCommon. For connected mode UE, LP-WUS and LP-SS are also not received in UL symbols determined by tdd-UL-DL-ConfigDedicated.
Among bandwidth options proposed for LP-WUS and LP-SS. the 5MHz bandwidth got most support. 5MHz provides bandwidth for sufficient LP-WUS energy and good frequency diversity. It also allows for FDM’ed transmission of the LP-WUS and NR channels with guard bandwidth in between. We support to adopt 5MHz as the bandwidth for LP-WUS and LP-SS in subcarrier spacing (SCS) 15kHz and SCS 30kHz. Besides, to avoid excessive switching between different bandwidth, the LP-WUS and LP-SS should be configured in the same bandwidth. For SCS 30kHz, 12 RBs fit in the 5MHz which correspond to actual 4.32MHz bandwidth. For other SCSs, the number of subcarriers is proportionally scaled.
[bookmark: p2]Proposal 2: LP-WUS and LP-SS are configured in the same 4.32MHz bandwidth for SCS 30kHz which contains 12RBs.

LP-WUS design
[bookmark: _Ref161929199]OOK waveform for LP-WUS
In RAN1 #116, the following agreement was adopted to support both OOK-1 and OOK-4 for the LP-WUS OOK waveform generation. OOK-4 provides scalability and flexibility on data rate and network overhead, and OOK-1 is relatively simpler. 
	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.



Both OOK-1 and OOK-4 with M=1 use the entire NR OFDM symbol as the basic time unit to transmit the wakeup information. They are equivalent in the sense that both have the same LP-WUS data rate. However, LP-WUS generation can still be different for OOK-1 and OOK-4. For example, generation of the OOK-4 LP-WUS starts from the time domain ON/OFF symbols and overlaid OFDM sequences, but generation of OOK-1 LP-WUS starts from the frequency domain. Since OOK-4 with M = 1 and OOK-1 are equivalent, there seems no need to specify both in standard. Having said that, for OOK-4, only M = 2 and 4 need to be supported. For a single bit or Manchester code chip per NR OFDM symbol, it is sufficient to only support OOK-1.
[bookmark: p3]Proposal 3: Support OOK-4 with M = 2 and 4 for LP-WUS
· Transmission of one OOK symbol in a OFDM symbol is based on OOK-1.
From network implementation perspective, it is preferrable to configure SCS of the LP-WUS waveform the same as the NR channel/signal in the same OFDM symbol. In idle/inactive modes, SCS of the inactive DL BWP is indicated by PBCH which can be different than the SCS of SSB. It is possible that the LP-WUS has different SCS in different OFDM symbols if we strictly follow the design principle above. This is not good for enabling simple LP-WUS reception by LP-WUR because SCS may change in different OFDM symbols of the same LP-WUS, and the LP-WUS length may vary over LP-WUS transmission occasions. For these reasons, the LP-WUS should use a single SCS throughout the time. The OFDM based LP-WUR may also receive SSB for synchronization and RRM measurement. It is preferrable to configure the LP-WUS SCS the same as SSB if OFDM based LP-WUR processes both LP-WUS and SSB. However, some higher SCSs are only used for SSB but not for other NR channels and signals in a frequency band. In a frequency band, we think the highest SCS used by LP-WUS should be caped by those used by non-SSB channels and signals so that no fundamental design challenges need to be consider.
[bookmark: o1]Observation 1: There are higher SCSs only used for SSB but not for other NR channels or signals in a frequency band.
[bookmark: p4]Proposal 4: Network uses a fixed SCS for LP-WUS 
· For idle/inactive modes, the LP-WUS SCS can be the same as that for SSB. Do not introduce new SCS for LP-WUS design including those only used for SSB but not for other NR channels in a frequency band.
· For connected mode, the LP-WUS SCS can be same as the SCS of the active DL BWP.

Overlaid OFDM sequence for LP-WUS
The primary usage of overlaid OFDM sequences is to flatten the spectrum of LP-WUS. LP-WUS based on plain ON/OFF OOK symbols without the overlaid sequence has a narrow bandwidth roughly equal to that of M consecutive subcarriers. With such a narrow bandwidth, the LP-WUS may not be reliably detected in multi-path channels. For this reason, it is beneficial to have the overlaid OFDM sequence with flat spectrum over the entire allocated bandwidth for LP-WUS. If the overlaid OFDM sequence carries information, spiky time domain auto-correlation of the flat spectrum is necessary for the reliable detection of the overlaid OFDM sequence.
Information carried by overlaid OFDM sequence
The overlaid OFDM sequence can convey wakeup information in higher data rate than OOK symbols, and hence enables faster detection of wakeup information by the overlaid OFDM based LP-WUR. It is reasonable to assume that when the overlaid OFDM sequence carries information, it can convey the full wakeup information of the OOK symbols in the beginning portion of the LP-WUS.
[bookmark: o2]Observation 2: With higher data rate, the overlaid OFDM sequence can convey full wakeup information of the LP-WUS OOK symbols in a subset of OFDM symbols used for the LP-WUS.
[bookmark: p5]Proposal 5: The overlaid OFDM sequence(s) carries full wakeup information of the LP-WUS OOK symbols. 
OOK based LP-WUR only detects the wakeup information from the ON/OFF symbols of the LP-WUS. OFDM based LP-WUR can obtain wakeup information from both OOK symbols and overlaid OFDM sequences. However, the OOK symbols and overlaid OFDM have very different design requirements (e.g., required SNR) due to different LP-WUR architecture. The joint detection of the wakeup information from partial OOK symbols and the overlaid OFDM sequences makes the LP-WUS design complicated. At least for Rel-19, we do not think this needs to be specified for LP-WUS design. 
[bookmark: p6]Proposal 6: Do not consider joint detection of wakeup information from OOK symbols and overlaid OFDM sequences of the same LP-WUS.
Since the overlaid OFDM sequence is always useful for spectrum flattening for LP-WUS, network can repeatedly transmit the pattern of overlaid OFDM sequences in the LP-WUS duration if overlaid OFDM sequences have a higher data rate and shorter duration than the OOK symbols. This also allows OFDM-based LP-WUR to combine repetitions of overlaid OFDM sequences to improve coverage of the LP-WUS.
[bookmark: p7]Proposal 7: If the overlaid OFDM sequence carries full wakeup information of the LP-WUS OOK symbols in partial duration of the LP-WUS, the overlaid OFDM sequences can be repeated in the rest of the LP-WUS duration.
If the overlaid OFDM sequence does not carry MR wakeup information, it can be up to network implementation to select what sequence to use as the overlaid OFDM sequence, or network can configure one or multiple fixed sequences within the OOK ON symbols. In particular, the use of fixed known overlaid OFDM sequence(s) enables better detection performance when WUR is I/Q-based.
[bookmark: p8]Proposal 8: If the overlaid OFDM sequence does not carry UE wakeup information, gNB can configures fixed known sequence(s) as the overlaid OFDM sequence.

Generation of overlaid OFDM sequence 
It is straightforward to generate the OOK-4 LP-WUS in the time domain with one overlaid OFDM sequence within each ON chip duration as shown in Figure 1. For OOK-1, it is more efficient to generate the LP-WUS directly from the frequency domain overlaid OFDM sequence in each OFDM symbol. This skips the extra operations in the first two steps in the figure.
[bookmark: p9]Proposal 9: For OOK-4, the overlaid OFDM sequence is a time domain sequence transmitted in each OOK ON symbol. For OOK-1, the overlaid OFDM sequence is a frequency domain sequence transmitted in the NR symbol.


[bookmark: _Ref158023386]Figure 1: OOK-4 LP-WUS waveform generation with M=4 and LP-WUS BW = 12RBs

Selection of overlaid OFDM sequence 
Bottom line for the selection of the overlaid OFDM sequence is that the OOK LP-WUS detection performance is not compromised. On top of this, it is preferrable that the overlaid OFDM sequence enables good performance of the OFDM based LP-WUR. If the overlaid OFDM sequence is specified, it can be based on existing sequences used in NR and LTE including the Zadoff-Chu sequence, m-sequence and Gold sequence. Otherwise, random QPSK signals can be used. Simulation results (Figure 2) show that selection of the overlaid OFDM sequence does not affect the OOK detection performance. The results are obtained in TDL-C channels with Manchester coding and 12 RBs for LP-WUS generation. Then, the overlaid OFDM sequence can be selected based on the OFDM LP-WUR performance.
[bookmark: o3]Observation 3: Selection of overlaid OFDM sequence from Zadoff-Chu sequence, m-sequence, Gold sequence and random QPSK sequence does not affect OOK detection performance.
[bookmark: p10]Proposal 10: Selection of overlaid OFDM sequence is based on OFDM-based LP-WUR performance.
 [image: ][image: ]
[bookmark: _Ref163106324]Figure 2: OOK detection performance for different overlaid sequences.

Content of LP-WUS
There are two main design options for how to carry UE wakeup information by the LP-WUS including the encoded bits and OOK sequence-based designs. In the encoded bits design, the LP-WUS contains a bitmap with each bit indicating a UE subgroup and CRC bits appended to the bitmap. In the sequence-based LP-WUS design, each sequence in the set of candidate sequences is associated with one subgroup or a combination of UE subgroups, and the UE only detects the sequence(s) associated with its own subgroup. The solution of encoded bits allows network to page any combination of the UE subgroups by one LP-WUS. Similar to NB-IoT and eMTC, for the IoT use case of LP-WUR in idle/inactive modes with low paging rate, the probability for multiple UE subgroups being paged together can be very low. Then, equally treating all combinations of UE subgroups will lead to a waste of resources. This is especially important for LP-WUS design as its coverage is already limited due to OOK detection. 
[bookmark: o4]Observation 4: For idle/inactive modes, assuming the same paging probability for all combinations of UE subgroups leads to resource waste and further degrades the limited coverage of LP-WUS.
In NB-IoT and eMTC group WUS design, the WUS sequences contain UE group specific sequences and a common sequence that pages all associated UE groups. UE group specific sequences ensure that most of the time, only the UE group that is paged needs to wake up to receive the paging message. The common sequence allows all UE groups to receive the paging PDCCH either when there is an idle/inactive mode broadcast information (e.g., SIB update, etc.) for all UEs to receive or more than one UE group is paged. For the latter case, the probability is still low and hence power saving gain loss is small for UEs that network does not intend to page. Based on these, we think it is more suitable to use sequences for the LP-WUS design. Figure 3 shows an example of the sequence-based LP-WUS transmission. Within each LP-WUS periodicity, one or more LP-WUS monitoring occasions can be configured by the gNB. At a time, one sequence among multiple candidate sequences is transmitted in a LP-WUS monitoring occasion, which can be either a UE subgroup specific sequence or a common sequence (see Table 1 where “USG” stands for UE subgroup). The LP-WUS sequences can be split into different sets and transmitted in different LP-WUS monitoring occasions (in different colour).
[bookmark: p11]Proposal 11: At least for idle and inactive modes, support the sequence-based LP-WUS design with one sequence associated with one or multiple UE groups.



[bookmark: _Ref157995553]Figure 3: LP-WUS monitoring occasions with sequence-based LP-WUS

[bookmark: _Ref163107635]Table 1 Mapping between sequences to UE subgroups
	Sequence ID
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The LP-WUR has worse NF and processing gain than the MR and hence the spectral efficiency supported by LP-WUS cannot match that of the PDCCH based signal such as DCP or PEI. This limits the maximum number of information bits that can be carried by the LP-WUS in comparison to PDCCH. In other words, resources used for LP-WUS are more than that is needed for the PDCCH when everything else is the same. Aggregating paging information for multiple POs could consume a large number of resources and block the other NR channels and signals in the background. Having said that, it is more proper to distribute resource usage of LP-WUS in time, e.g., across POs and paging frames. The same discussions also apply to connected mode. Then it is better to distribute the resource of LP-WUS by restricting the maximum number of UE subgroups indicated by the LP-WUS. 
[bookmark: o5]Observation 5: Due to the limited spectral efficiency, LP-WUS may consume a lot of resources if it indicates a large number of UE subgroups. This may block the other idle/inactive or connected mode channels/signals.
Amount of information carried by LP-WUS can be measured by the maximum number of information bits carried by the LP-WUS or the maximum number of UE subgroups associated with the LP-WUS. From upper design perspective, RAN2 would care more about the number of UE subgroups that are associated with a LP-WUS than the number of information bits. Based on these, we have the following proposal for the LP-WUS design.
[bookmark: p12]Proposal 12: The maximum number of UE subgroups associated with a LP-WUS occasion is 8. Network configures the actual number.

Manchester coding for LP-WUS
It is beneficial to adopt Manchester coding for both the encoded bits and sequence-based LP-WUS design. For example, the LP-WUR computes two energy values from the first and second half of the received Manchester coded OOK symbols and subtracts the right () from the left () to obtain the per bit intermediate result (Figure 4). Sign of this intermediate result tells whether the received OOK symbol is detected as 1 or 0. Value of the intermediate result reflects SINR in the received OOK symbol. For LP-WUS design based on encoded bits, sign of the intermediate result for all bits can be used for CRC checking. For sequence-based LP-WUS, soft values of the intermediate results for the entire sequence are correlated with the target sequence associated with the UE’s subgroup. Based on this, we think Manchester coding can be adopted for LP-WUS irrespective of the final LP-WUS signal design.
[bookmark: _Hlk161929067][bookmark: p13]Proposal 13: Manchester coding is adopted for generating the LP-WUS OOK symbols.


[bookmark: _Ref162251186]Figure 4: Received waveform of a Manchester coded bit
LP-SS design
OOK waveform for LP-SS
LP-SS can be used for LP-WUR timing synchronization and serving cell RRM measurement. Both are beneficial for UE power savings in reducing the operational time within MR for SSB based timing synchronization and RRM measurement. 
The following agreements were adopted for OOK waveform selection for LP-SS. Two options are identified for potential down selection between OOK-1 and OOK-4. For OOK-4, an extra M=8 is included in addition to the existing M values agreed for LP-WUS. This is based on the argument that a higher M value provides more ON/OFF transition opportunities in the LP-SS waveform for LP-WUR to detect the timing information. However, this is true if the LP-WUS only contains the plain ON/OFF symbols without the overlaid OFDM sequence. Timing resolution capability of a LP-SS is determined by its signal bandwidth. Without the overlaid OFDM sequence, the LP-SS bandwidth is roughly equal to MSCS which only occupies a portion of the available bandwidth for LP-SS, e.g., 4.32MB for 12RBs with SCS=30kHz. Then, a larger M will lead to a wider LP-SS bandwidth and provides finer timing resolution capability. When overlaid OFDM sequence is applied, with proper filtering at the transmitter, the LP-SS waveform should occupy the same allocated bandwidth irrespective of the M value. Based on this, we think from timing synchronization perspective, OOK-1 and OOK-4 with different M values are equivalent.
[bookmark: o6]Observation 6: With the overlaid OFDM sequence, OOK-1 and OOK-4 with different M values should have the same bandwidth and hence provide the same timing resolution for LP-SS based timing synchronization.
	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
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



Using the same OOK-4 M value between LP-SS and LP-WUS would keep the transmitter and LP-WUR operation simple in comparison to the case that different M values are used. For example, at the transmitter, the same DFT can be used to convert the LP-WUS from time domain into the frequency domain before OFDM symbol generation (see Figure 1). We think network should just configure the same M value for LP-SS and LP-WUS that are intended for the same UEs.
[bookmark: p14]Proposal 14: For the UE, network configures the same OOK modulation scheme (i.e., OOK-1 or OOK-4) and same M for OOK-4 for LP-SS and LP-WUS transmissions in the cell.
Regarding the SCS of LP-SS, as we discussed in section 3.1 for OOK waveform generation for LP-WUS, it is preferrable to have a constant SCS configured for the LP-SS too. Then we have the following proposal.
[bookmark: p15]Proposal 15: Support the same constant SCS for LP-SS and LP-WUS over time in the cell. 

[bookmark: _Ref162003459]Information carried by LP-SS
When the LP-SS is used for serving cell RRM measurement, it is necessary to distinguish LP-SSs from nearby neighbour cells. The reason is that due to potentially wide range timing offset caused by frequency offset, the LP-WUR may mistakenly synchronize with the LP-SS transmitted by the neighbour cell if same LP-SS is transmitted by the serving and neighbour cell even if the transmission is TDM’ed between cells. To avoid this problem, network may modulate the partial cell ID information into the LP-SS. This can be similar to the NR PSS selection which is determined by the  = Physical Cell ID modulo 3. The difference is that for NR, if a false detection of the  occurs, the false detection will be abandoned because the subsequent SSS detection will fail. 
Network can configure the number of candidate LP-SS sequences in the idle/inactive broadcast information. The UE identifies the LP-SS for its serving cell by (Physical Cell ID) modulo (configured number of candidate LP-SS sequences). By properly configuring the number of candidate LP-SS sequences, network can manage inter-cell interference among cells in a local area that transmit the same LP-SS sequence. In case the number of candidate LP-SS sequences is not explicitly configured, a default number of 3 can be assumed.
[bookmark: p16]Proposal 16: Network configures the number of candidate LP-SS OOK sequences
· The LP-SS sequence transmitted in the serving cell is determined by (Physical Cell ID of the serving cell) modulo (configured number of candidate LP-SS sequences)
· If the number of candidate LP-SS sequences is not configured, a default value 3 is assumed.
OOK symbols of LP-SS forms a binary sequence. It should have a good autocorrelation and low cross-correlation when the LP-SS carries information. Given the relatively small number of candidate sequences for the LP-SS, the binary OOK sequence can be based on m-sequence. Regarding sequence length, the longer the sequence, the better coverage of the LP-SS. For LP-WUR operation, LP-SS coverage should be no worse than the MSG3 PUSCH. In particular, the LP-SS coverage is determined based on that LP-WUR can successfully detect the LP-SS for the serving cell and achieve the required timing estimation accuracy.
[bookmark: p17]Proposal 17: Support to use m-sequence for the OOK symbols of the LP-SS. The sequence length should be chosen to meet the coverage requirement.

Overlaid OFDM sequence for LP-SS
In RAN1 #116, there was a discussion on whether and how the overlaid OFDM sequences is supported for LP-SS. Similar to the LP-WUS design, overlaid OFDM sequence flattens the LP-SS spectrum in the entire allocated LP-SS bandwidth. This maximizes the timing resolution capability of LP-SS in multi-path channels. Besides, the use of a fixed known overlaid OFDM sequence enables better detection performance of LP-SS when WUR is I/Q-based. Then, it is preferrable if gNB configures the OFDM sequence as a known sequence even though it does not carry information. 
Regarding whether the overlaid OFDM sequence for LP-SS carries information, this can be analysed in the context of inter-cell interference management between LP-SSs. If neighboring cells transmit LP-SSs in orthogonal resources, from interference mitigation perspective, it is sufficient if the cell ID information is only contained by OOK symbols of the LP-SS. Otherwise, it is better if the overlaid OFDM sequence is determined by the cell ID so that interference between LP-SSs from different cells is mitigated for the OFDM based LP-WUR. Basically, if the overlaid OFDM sequence does not carry cell ID information, OFDM based LP-WUR may wrongly synchronize to a neighbor cell’s LP-SS. LP-WUR can avoid this by also detecting the LP-SS OOK symbols. However, that will lead to a longer timing synchronization time. To minimize the detection time of LP-SS for OFDM based LP-WUR, it is beneficial to include cell ID information in the LP-SS.
[bookmark: p18]Proposal 18: Overlaid OFDM sequence is supported for the LP-SS
· The overlaid OFDM sequence can carry the same partial cell ID information as OOK symbols for the LP-SS
· If the overlaid OFDM sequence for the LP-SS does not carry information, network can configure fixed known sequence(s).

[bookmark: _Ref161997113]Hybrid LP-SS transmission
Frequency drift of the low accuracy LP-WUR clock leads to timing drift. In Rel-18 study, the frequency drift is characterized by a frequency drift rate in unit of ppm/sec and a maximum frequency error in unit of ppm. As OOK-1 and OOK-4 detection performance is largely impacted by timing error, LP-SS needs to be transmitted to assist the LP-WUR timing correction. Two types of LP-SS transmissions (see Figure 5), i.e., the periodic and aperiodic LP-SS can be useful with good balance between system overhead, timing correction accuracy and UE power consumption. The periodic LP-SS is an always-on signal that is periodically sent to UEs in the cell. The aperiodic LP-SS also known as the preamble is transmitted as part of the LP-WUS. The aperiodic LP-SS is only available when a UE within the UE subgroups is paged in the LP-WUS occasion.   


[bookmark: _Ref158007831]Figure 5: Periodic LP-SS and preamble transmissions
Suppose that periodic LP-SS is transmitted in a very dense pattern. Then the UE may always be able to first perform timing and frequency correction with a LP-SS before a LP-WUS occasion and monitors for the LP-WUS in the LP-WUS occasion before the clock drift creates any material timing error. This will clearly cause a huge system overhead and may even conflict with LP-WUS transmission in the same bandwidth. In another case, only the preamble as aperiodic LP-SS is transmitted when any UE is paged in the LP-WUS occasion. Then the timing drift may grow very large, e.g., comparable to paging cycle, if no UE is paged for a long time. The UE may need to perform excessive search for the preamble in such a wide range which hurts the UE’s power saving performance. Besides, without periodic LP-SS, the UE cannot perform serving cell RRM measurement in LP-WUR.
[bookmark: o7]Observation 7: Without the preamble, periodic LP-SS transmission requires more system overhead. Without the periodic LP-SS, UE power saving and LP-WUS detection performance is compromised.
[bookmark: p19]Proposal 19: Support hybrid LP-SS transmission with periodic LP-SS and preamble of the LP-WUS.
Timing error in the received LP-WUS is determined by the time gap between the LP-WUS monitoring occasion and the last LP-SS monitoring occasion before the LP-WUS. The preamble is useful when this gap is large and the timing offset may have drifted to the extent that LP-WUS detection is impacted. Otherwise, network does not need to transmit the preamble so that the signal and energy overhead is saved. 
[bookmark: p20]Proposal 20: Whether preamble is included in the LP-WUS is determined by the gap between the LP-WUS monitoring occasion and the last LP-SS monitoring occasion before it.
Periodic LP-SS is the basis for LP-WUR timing synchronization and serving cell RRM measurement. Its periodicity should be determined by the timing synchronization accuracy requirement for LP-WUS detection and serving cell RRM measurement accuracy requirement. As discussed in section 4.4, if the time gap between LP-WUS and the last LP-SS is large, network can use preamble to assist LP-WUR in accurate timing synchronization before LP-WUS detection. In this sense, the preamble relaxes the design requirement for density of the periodic LP-SS. Then periodicity of LP-SS can be determined mainly based on serving cell RRM measurement accuracy requirement. This eases the design efforts for the periodic LP-SS.
[bookmark: o8]Observation 8: If preamble in LP-WUS is supported, selection of LP-SS periodicity can be determined by serving cell RRM measurement accuracy.

LP-SS based RRM measurement
The following agreement from RAN1 #116 established the framework for LP-SS based RRM measurement by following the existing RRM measurement. It assumes that the LP-SS based RRM measurement is performed with a periodicity that is comparable to the UE idle/inactive DRX cycle. Some study in Rel-18 suggests that multiple LP-SS measurements need to be performed and averaged per I-DRX cycle to meet the same accuracy requirements as SSB based RRM measurements. For Rel-19, LP-SS based RRM measurement is considered only for the serving cell. It is unclear how this measurement will be used for cell reselection. Potential use cases can be that the LP-SS based RRM measurement is only used to check the s-criteria, or the UE also performs LP-SS based serving cell RRM measurement together with SSB based RRM measurements for neighbour cells. For either case, RAN4 may define new RRM measurement accuracy requirements for the LP-SS based RRM measurement.
For reliable reception of the paging message, it is preferrable to have at least one periodic LP-SS transmission per I-DRX cycle. The reason is that the LP-WUR can use this LP-SS to detect if the channel condition has degraded to the extent that LP-WUS cannot be reliably received and then switches to MR within the I-DRX cycle. Sparser LP-SS transmissions than this may cause the UE to miss detect LP-WUS within the I-DRX cycle and hence increase the paging latency. 
[bookmark: o9]Observation 9: It is beneficial to transmit at least one LP-SS in each I-DRX cycle so that LP-WUR can immediately switch to the MR if channel condition degrades.
	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



The agreement only mentioned the number of LP-SS samples within a periodicity for meeting the RRM measurement accuracy, but it did not mention whether these LP-SS monitoring occasions are closely spaced as LP-SS repetitions like (a) or evenly distributed like (b). It is also possible to configure longer LP-SS sequences with more time domain samples like (c). Among the three cases, we think it is better to configure the evenly distributed LP-SS monitoring occasions. The reason is that with (b), the average time gap between the LP-WUS and the last LP-SS can be smaller than the other two cases for all UEs. This reduces the needs for preamble transmission in LP-WUS. Besides, RRM measurements from the evenly distributed LP-SS transmissions can better average out the channel variation in time. Regarding the length of LP-SS, as discussed in section 4.2, it can be determined by the coverage requirement.
[bookmark: p21]Proposal 21: If multiple LP-SS transmissions within I-DRX cycle are required to meet the serving cell RRM measurement accuracy requirement, it is preferable to configure smaller LP-SS periodicity to enable evenly distributed LP-SS monitoring in the I-DRX cycle.

 
Figure 6: Multiple LP-SS and preamble transmissions
Coverage for LP-WUS and LP-SS
In Rel-18, coverage of LP-WUS is studied based on the MIL margin = (MIL of LP-WUS – MIL of reference NR channel). MSG3 PUSCH was used as the reference NR channel. The required SNR is obtained first from link level simulation when the LP-WUS meets the required the false alarm rate (e.g., 1%) and missed detection rate (e.g., 1%). A LP-WUS with higher data rate generally has a higher required SNR and a lower supported MIL correspondingly. The LP-WUS design is considered to meet the coverage requirement if the MIL margin is no less -1dB. In Rel-18, many companies reported LP-WUS designs that meet the coverage requirement. This proved that LP-WUS is feasible for NR UE power savings. However, the obtained SNR and MIL values are LP-WUS design dependent. As a result, SNR and MIL from different companies have quite broad value range.
In RAN1 #116, an alternative approach was discussed for LP-WUS coverage study. In this approach, the required SNR is found when the MIL of LP-WUS is set the same as the MIL of reference NR channel. This MIL is supposed to only capture the evaluation assumptions but not the specific LP-WUS design. However, there can still be factors that are assumed differently by companies such as the LP-WUS bandwidth, noise factor (NF), antenna gain, # of Tx and Rx chains for LP-WUR and reference NR channels, and MIL value of MSG3. The following agreement captures this discussion. 
	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 
	
	
	
	
	
	






The RAN1 #116 agreements has a 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. However, in Rel-18 evaluations, most companies have assumed different numbers. Since Rel-18 conclusions are drawn from these evaluations, we think it is better not to change these assumptions. The number of the RX chains for MSG3 should not be changed as it has been used by NR coverage study. Matching the number of Tx chains for LP-WUS/LP-SS may require additional study of Tx diversity techniques for the OOK modulation.
[bookmark: o10]Observation 10: In Rel-18 SI, many companies have assumed different number of Tx chains for LP-WUS/LP-SS transmission than the number of RX chains for MSG3 reception.
In our Rel-18 contribution [4], we reported the MIL value for OOK LP-WUS detection based on RedCap MR. Using the result there, we added information to the table.
[bookmark: o11][bookmark: p22]Proposal 22: The SNR for LP-WUS to achieve the coverage of PUSCH for message3 is -4.83dB with 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

	Qualcomm 
	4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
	15dB for OOK
	-3dBi for RedCap UE
	2 Tx chains for LP-WUS;
4 Rx chains for MSG3
	147.27 dB for RedCap UE
	-4.83 dB



[bookmark: p23]Proposal 23: Discuss whether it is necessary to include the note “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” in the LP-WUR coverage table.

Conclusions
In this contribution, we have provided the following observations and proposals:
Observation 1: There are higher SCSs only used for SSB but not for other NR channels or signals in a frequency band.
Observation 2: With higher data rate, the overlaid OFDM sequence can convey full wakeup information of the LP-WUS OOK symbols in a subset of OFDM symbols used for the LP-WUS.
Observation 3: Selection of overlaid OFDM sequence from Zadoff-Chu sequence, m-sequence, Gold sequence and random QPSK sequence does not affect OOK detection performance.
Observation 4: For idle/inactive modes, assuming the same paging probability for all combinations of UE subgroups leads to resource waste and further degrades the limited coverage of LP-WUS.
Observation 5: Due to the limited spectral efficiency, LP-WUS may consume a lot of resources if it indicates a large number of UE subgroups. This may block the other idle/inactive or connected mode channels/signals.
Observation 6: With the overlaid OFDM sequence, OOK-1 and OOK-4 with different M values should have the same bandwidth and hence provide the same timing resolution for LP-SS based timing synchronization.
Observation 7: Without the preamble, periodic LP-SS transmission requires more system overhead. Without the periodic LP-SS, UE power saving and LP-WUS detection performance is compromised.
Observation 8: If preamble in LP-WUS is supported, selection of LP-SS periodicity can be determined by serving cell RRM measurement accuracy.
Observation 9: It is beneficial to transmit at least one LP-SS in each I-DRX cycle so that LP-WUR can immediately switch to the MR if channel condition degrades.
Observation 10: In Rel-18 SI, many companies have assumed different number of Tx chains for LP-WUS/LP-SS transmission than the number of RX chains for MSG3 reception.
 
Proposal 1: LP-WUS and LP-SS are not received by the UE in UL symbols determined by tdd-UL-DL-ConfigCommon. For connected mode UE, LP-WUS and LP-SS are also not received in UL symbols determined by tdd-UL-DL-ConfigDedicated.
Proposal 2: LP-WUS and LP-SS are configured in the same 4.32MHz bandwidth for SCS 30kHz which contains 12RBs.
Proposal 3: Support OOK-4 with M = 2 and 4 for LP-WUS
· Transmission of one OOK symbol in a OFDM symbol is based on OOK-1.
Proposal 4: Network uses a fixed SCS for LP-WUS 
· For idle/inactive modes, the LP-WUS SCS can be the same as that for SSB. Do not introduce new SCS for LP-WUS design including those only used for SSB but not for other NR channels in a frequency band.
· For connected mode, the LP-WUS SCS can be same as the SCS of the active DL BWP.
Proposal 5: The overlaid OFDM sequence(s) carries full wakeup information of the LP-WUS OOK symbols. 
Proposal 6: Do not consider joint detection of wakeup information from OOK symbols and overlaid OFDM sequences of the same LP-WUS.
Proposal 7: If the overlaid OFDM sequence carries full wakeup information of the LP-WUS OOK symbols in partial duration of the LP-WUS, the overlaid OFDM sequences can be repeated in the rest of the LP-WUS duration.
Proposal 8: If the overlaid OFDM sequence does not carry UE wakeup information, gNB can configures fixed known sequence(s) as the overlaid OFDM sequence.
Proposal 9: For OOK-4, the overlaid OFDM sequence is a time domain sequence transmitted in each OOK ON symbol. For OOK-1, the overlaid OFDM sequence is a frequency domain sequence transmitted in the NR symbol.
Proposal 10: Selection of overlaid OFDM sequence is based on OFDM-based LP-WUR performance.
Proposal 11: At least for idle and inactive modes, support the sequence-based LP-WUS design with one sequence associated with one or multiple UE groups.
Proposal 12: The maximum number of UE subgroups associated with a LP-WUS occasion is 8. Network configures the actual number.
Proposal 13: Manchester coding is adopted for generating the LP-WUS OOK symbols.
Proposal 14: For the UE, network configures the same OOK modulation scheme (i.e., OOK-1 or OOK-4) and same M for OOK-4 for LP-SS and LP-WUS transmissions in the cell.
Proposal 15: Support the same constant SCS for LP-SS and LP-WUS over time in the cell. 
Proposal 16: Network configures the number of candidate LP-SS OOK sequences
· The LP-SS sequence transmitted in the serving cell is determined by (Physical Cell ID of the serving cell) modulo (configured number of candidate LP-SS sequences)
· If the number of candidate LP-SS sequences is not configured, a default value 3 is assumed.
Proposal 17: Support to use m-sequence for the OOK symbols of the LP-SS. The sequence length should be chosen to meet the coverage requirement.
Proposal 18: Overlaid OFDM sequence is supported for the LP-SS
· The overlaid OFDM sequence can carry the same partial cell ID information as OOK symbols for the LP-SS
· If the overlaid OFDM sequence for the LP-SS does not carry information, network can configure fixed known sequence(s).
Proposal 19: Support hybrid LP-SS transmission with periodic LP-SS and preamble of the LP-WUS.
Proposal 20: Whether preamble is included in the LP-WUS is determined by the gap between the LP-WUS monitoring occasion and the last LP-SS monitoring occasion before it.
Proposal 21: If multiple LP-SS transmissions within I-DRX cycle are required to meet the serving cell RRM measurement accuracy requirement, it is preferable to configure smaller LP-SS periodicity to enable evenly distributed LP-SS monitoring in the I-DRX cycle.
Proposal 22: The SNR for LP-WUS to achieve the coverage of PUSCH for message3 is -4.83dB with 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

	Qualcomm 
	4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
	15dB for OOK
	-3dBi for RedCap UE
	2 Tx chains for LP-WUS;
4 Rx chains for MSG3
	147.27 dB for RedCap UE
	-4.83 dB



Proposal 23: Discuss whether it is necessary to include the note “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” in the LP-WUR coverage table.
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