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Introduction 
[bookmark: _Ref79075308]In RAN #102 meeting, new work item on Low-power wake-up signal and receiver for NR (LP-WUS/WUR) is approved with the following scope:

	[bookmark: _Hlk153295984]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



In this contribution, we will investigate the design considerations and proposals for LP-WUS and LP-SS.



LP-WUS Design Considerations and Proposals

An OFDM-based LP-WUR design leverages the existing New Radio receiver architecture, which inherently simplifies integration and development. By using OFDM for LP-WUR, we can reduce design and testing efforts, as much of the receiver's hardware and software can be reused or adapted from current technology. In addition to the above benefits, enabling an OFDM-based LP-WUR can also provide more than 60% average power saving gain, according to section 8.1.1.1.2 of TR 38.869.

[bookmark: _Ref159169475]Observation 1: OFDM-based LP-WUR can inherent simplified NR receiver design, while still providing more than 60% UE power saving gain according to TR 38.869.
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Figure 2‑1: OFDM-based LP-WUR with power values of 4 – 10 (3GPP unit)

While OFDM-based LP-WURs align with current 5G NR designs, OOK-based LP-WURs present an opportunity for additional power savings. OOK is a simpler modulation scheme that can be implemented with less complex circuitry, potentially reducing UE power consumption by up to 90%. However, transitioning to OOK may require substantial challenge to the receiver design, regarding the following requirements from RAN1 and RAN4:
· RAN1 agrees that LP-WUR operates in same carrier as MR, which implies similar RF band support complexity between OOK and OFDM WURs
· RAN4 assumes NR ACS requirements apply to LP-WUR, which implies similar RF filter requirements between OOK and OFDM WURs

[bookmark: _Ref159169484]Observation 2: RF requirements are similar between OFDM and OOK based LP-WURs, but OOK WUR assumes 1/10 or lower power consumption, which pose significant implementation challenge.
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Figure 2‑2: OOK-based LP-WUR with power values: 0.1 – 0.5 (3GPP unit)

The proposal to support a harmonized waveform option-3 targets both immediate market entry and future power efficiency improvements. Initially, adopting an OFDM-based WUR allows for a quick rollout by building on established NR technologies. Subsequently, the migration to an OOK-based WUR would cater to the long-term goal of reducing power consumption. This dual-strategy approach ensures that the industry can meet current demands while also working towards more sustainable and energy-efficient solutions. 

[bookmark: _Ref159169499][bookmark: _Ref159169523]Observation 3: Support of harmonized waveform design accommodates both time to market (OFDM WUR) and migration to lower power consumption (OOK WUR).

Minimum of RF reception time is a crucial factor for optimizing the power consumption of LP-WURs. OFDM and OOK WURs have different characteristics that affect how quickly a signal can be detected and processed. OFDM WUR is capable of better performance, and reception of 1-2 symbols of OFDM sequence can provide 4-8 bits of subgrouping indication. OOK WUR requires longer time to pick up energy for reliable bit decision, and reception of 1-2 slots of OOK sequence will be required for 4-8 bits of subgrouping indication. The longer the receiver's RF components are active, the more power they consume. Therefore, harmonized waveform design should aim for minimization of RF reception time for both OFDM and OOK WURs.

[bookmark: _Ref159169550]Proposal 1: Harmonized waveform design should aim for minimization of RF reception time for both OFDM and OOK WURs.

One possibility to minimize RF reception time is introducing a OOK-1 + OFDM header, as shown in Figure 2‑3. With a given OOK-1 pattern, OOK WUS can first detect whether there exists the pattern before deciding whether to continue receiving subsequent OOK bits. In Figure 2‑4, it shows the feasibility of the early termination benefit, i.e., OOK WUS can confine false alarm rate (FAR) within 25% and skip 75% dummy LP-WUS monitoring, subject to mis-detection rate (MDR) of the header within 1% (and even 0.5%) at 3dB SNR. 

In Figure 2‑4, it also shows that OFDM WUR can reliably detect 4 bits from 1-symbol OFDM sequence under on-duration, subject to both FAR and MDR within 1%. This means the RF reception time of OFDM WUR can be confined within 1-2 symbols for 4 – 8 bits of subgroup indication.

[bookmark: _Ref159169567]Observation 4: With a dedicated OOK-1 + OFDM header design in LP-WUS,
· OOK WUR can skip 75% dummy LP-WUS monitoring
· OFDM WUR can confine LP-WUS RF reception time within 1- 2 symbols
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[bookmark: _Ref159158131][bookmark: _Ref159169666]Figure 2‑4: Feasibility of detecting the OOK-1 + OFDM header for early termination
[bookmark: _Ref159169597]
Proposal 2: Introduce an OOK-1 + OFDM header for LP-WUS for reducing RF reception time for both OOK and OFDM WURs.
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[bookmark: _Ref159152821][bookmark: _Ref159169649]Figure 2‑3: LP-WUS structure with OOK-1 + OFDM header and OOK-4 + OFDM body.

When OOK WUR detects the existence of the header, it can continue retrieving the OOK bits for subgroup indication. When Manchester coding is considered, each bit is a pair of two chips, i.e., ‘10’ or ‘01’. OOK-4 has the advantage of aggregating two chips within 1 symbol, while OOK-1 requires at least 2 symbols per bit. In view of minimization of RF reception time for OOK WUR, OOK-4 is therefore preferable. It is noticed that, since OFDM WUR needs to only receive the header part, the remaining part of LP-WUS can thus apply OOK-4 to optimization of OOK WUR power consumption, and there is no need of constraining existing OFDM signals for OFDM WUR processing.

[bookmark: _Ref159169684]Proposal 3: In addition to OOK-1 + OFDM header, the remaining part of LP-WUS applies OOK-4 + OFDM.
· OOK-4 design aims for minimum time duration for up to 8 bits of subgroup indication
· FFS: New OFDM sequence under OOK-4 on-duration for optimizing PAPR and/or OOK WUR detection performance 


LP-SS Design Considerations and Proposals
For achieving UE power saving gain with LP-WUR, serving cell measurement offload to LP-WUR is important design target. It is then necessary for LP-SS to enable accurate serving cell measurements without interference from neighboring cells. To achieve this, the LP-SS design should incorporate multiple unique sequences that can differentiate the serving cell from its neighbors.

[bookmark: _Ref159169710]Observation 5: LP-SS is for serving cell measurement. To avoid confusion of measuring a neighbor cell LP-SS, LP-SS design should include multiple sequences for distinguishing serving cell from 2 or 3 neighbor cells.
[bookmark: _Ref159169718]
Proposal 4: At least 3 or 4 LP-SS sequences are supported for Rel-19. 

Given that LP-SS periodicity is no smaller than 320 ms, the design should prioritize one-shot measurement accuracy. The number of samples typically used for NR measurements (3 - 5) can further result in a 6 dB SNR difference, which must be considered in the design to ensure one-short accuracy. Regarding that possible operating SNR of OOK WUR is 0 dB - 3 dB, LP-SS design should aim for 90%-percentile measurement accuracy with RSRP difference < 3dB at -6 dB SNR.

[bookmark: _Ref159169734]Proposal 5: LP-SS design targets 90%-percentile measurement accuracy with RSRP difference < 3dB at -6 dB SNR for one-shot measurement.

According to Table 8.3-2 of TR 38.869 [2], as quoted in Table 1, LP-SS should confine the sync error within 3 us. Regarding the long periodicity of LP-SS, LP-SS design should aim for good one-shot synchronization accuracy performance. Since NR UE can utilize multiple (e.g., 3 or more) SSBs before idle-mode paging monitoring, which can contribute to 5 dB or larger SNR difference compared with one-short synchronization, setting a synchronization performance target at a reduced SNR value, e.g., -6 dB, will be beneficial for UE implementation.  

[bookmark: _Ref159169745]Proposal 6: LP-SS design targets 90%-percentile synchronization accuracy with residue timing error < 3 us at -6 dB SNR for one-shot synchronization.
[bookmark: _Ref159168836][bookmark: _Ref159169784]
Table 1: Tolerance to timing error by waveform (quoted from Secion 8.3.1 of TR 38.869 [2])
	Waveform
	Tolerance up to timing error [us]

	OOK-1 30kHz SCS
	5

	OOK-4 M=2
	3

	OOK-4 M=4
	1

	OOK-4 M>4
	1



Regarding the waveform for LP-SS, OOK-4 is preferrable for the shorter time duration. For reusing the same implementation for reception of LP-WUS, the same OOK-4 + OFDM design can be utilized.

[bookmark: _Ref159169797]Proposal 7: OOK-4 + OFDM waveform design used for LP-WUS can be reused for LP-SS.

Summary
In this contribution, the following observations and proposals are provided for the design of LP-WUS and LP-SS:

Observation 1: OFDM-based LP-WUR can inherent simplified NR receiver design, while still providing more than 60% UE power saving gain according to TR 38.869.

Observation 2: RF requirements are similar between OFDM and OOK based LP-WURs, but OOK WUR assumes 1/10 or lower power consumption, which pose significant implementation challenge.

Observation 3: Support of harmonized waveform design accommodates both time to market (OFDM WUR) and migration to lower power consumption (OOK WUR).

Proposal 1: Harmonized waveform design should aim for minimization of RF reception time for both OFDM and OOK WURs.

Observation 4: With a dedicated OOK-1 + OFDM header design in LP-WUS,
· OOK WUR can skip 75% dummy LP-WUS monitoring
· OFDM WUR can confine LP-WUS RF reception time within 1- 2 symbols
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Figure 2‑4: Feasibility of detecting the OOK-1 + OFDM header for early termination


Proposal 2: Introduce an OOK-1 + OFDM header for LP-WUS for reducing RF reception time for both OOK and OFDM WURs.
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Figure 2‑3: LP-WUS structure with OOK-1 + OFDM header and OOK-4 + OFDM body.


Proposal 3: In addition to OOK-1 + OFDM header, the remaining part of LP-WUS applies OOK-4 + OFDM.
· OOK-4 design aims for minimum time duration for up to 8 bits of subgroup indication
· FFS: New OFDM sequence under OOK-4 on-duration for optimizing PAPR and/or OOK WUR detection performance 

Observation 5: LP-SS is for serving cell measurement. To avoid confusion of measuring a neighbor cell LP-SS, LP-SS design should include multiple sequences for distinguishing serving cell from 2 or 3 neighbor cells.

Proposal 4: At least 3 or 4 LP-SS sequences are supported for Rel-19.

Proposal 5: LP-SS design targets 90%-percentile measurement accuracy with RSRP difference < 3dB at -6 dB SNR for one-shot measurement.

Proposal 6: LP-SS design targets 90%-percentile synchronization accuracy with residue timing error < 3 us at -6 dB SNR for one-shot synchronization.

Table 1: Tolerance to timing error by waveform (quoted from Secion 8.3.1 of TR 38.869 [2])
	Waveform
	Tolerance up to timing error [us]

	OOK-1 30kHz SCS
	5

	OOK-4 M=2
	3

	OOK-4 M=4
	1

	OOK-4 M>4
	1



Proposal 7: OOK-4 + OFDM waveform design used for LP-WUS can be reused for LP-SS.


Reference 
RP-234056, “New WID: Low-power wake-up signal and receiver for NR (LP-WUS/WUR)”, RAN #102
[bookmark: _Ref127565876][bookmark: _Ref159169952]3GPP TR 38.869, “Study on low-power wake up signal and receiver for NR (Release 18)”, RAN #102, online available: https://portal.3gpp.org/webapp/meetingCalendar/MeetingDetails.asp?m_id=39915
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