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Introduction 
[bookmark: _Ref79075308][bookmark: OLE_LINK21]In RAN1#116 meeting [1][2], the following agreements related to LP-WUS and LP-SS designs are achieved:
	[bookmark: OLE_LINK36]Agreement:
Support both OOK-1 and OOK-4 for LP-WUS. 
1. FFS how OOK-1 and OOK-4 are specified 
1. For OOK-4, M<=4, FFS supported values
1. 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
2. FFS different SCS.
Agreement:
Further study the following options for LP-SS:
1. Option 1: OOK-1 
1. Option 2: OOK-4 with M=1,2,4,[8]
1. The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
2. FFS: different SCS

Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
1. 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.
0. FFS: X
0. Note: Y is chosen for evaluating LP-SS design.
0. 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)
1. FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length.
1. FFS overlaid OFDM sequences, if supported.

Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
1. Option 1: Do not specify the overlaid OFDM sequences(s) 
1. 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.
1. 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.
1. 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. 
1. Companies are encouraged to report the SNR, together with the associated assumptions as listed in the table below.
	[bookmark: _Hlk163192791]
	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 
	
	
	
	
	
	






In this contribution, we will investigate LP-WUS and LP-SS designs in subsequent sections.


Design of LP-WUS
In this section, we will further identify the target SNR for MSG3 coverage, and then discuss a harmonized OFDM + OOK-4 design with verified performance and early termination benefit for LP-WURs.

Target SNR for LP-WUS 
In RAN1#116, it is agreed to collect the target SNR from companies’ evaluation assumptions for an aligned value for LP-WUS design [1][2]. In Table 1, it can be checked that MSG3 MIL is 147.79 (with -3 dBi antenna correction for RedCap). Assuming 12 dB Noise Figure for both OFDM and OOK LP-WURs (based on the same low-complexity RF front-end), it can be identified that 0.3 dB can be used as target SNR for LP-WUS design.
[bookmark: _Ref163240907][bookmark: _Ref163241086]
Proposal 1: Based MIL value of 147.79 for MSG3 and 12 dB noise figure for LP-WUR, target SNR for LP-WUS design is set to 0.3 dB.
[bookmark: _Ref163193735][bookmark: _Ref163242833]Table 1: Target SNR values for MSG3 coverage
	[bookmark: OLE_LINK56]
	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

	MediaTek-01 
	4.32 MHz
	12
	-3
	[bookmark: OLE_LINK39]1 TX train (64 TxRUs over 192 antenna elements)
	147.79
	0.3

	MediaTek-02
	4.32 MHz
	12
	0
	1 TX train (64 TxRUs over 192 antenna elements)
	150.79
	0.3



LP-WUS based on OFDM + OOK-4 for effective early termination
While the signal processing requirement for LP-WUS is designed to be simple, the requirements on RF are still complex due to RAN1 and RAN4 assumptions captured in the TR of LP-WUR [3]: 
[bookmark: _Ref163241793][bookmark: _Ref163241840]
Observation 1: RF complexity and power consumption is expected to dominate those of LP-WUR due to the following assumptions: 
1. [bookmark: OLE_LINK50]RAN1 agrees that LP-WUR operates in same carrier as MR, implying RF band support complexity
1. RAN4 assumes NR ACS requirements apply to LP-WUR, implying RF filter complexity

Minimum of RF reception time is there a crucial factor for optimizing the power consumption of LP-WURs. 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 LP-WURs.
[bookmark: _Ref159169550]
Proposal 2: Harmonized waveform design should aim for minimization of RF reception time for both OFDM and OOK LP-WURs.
[bookmark: OLE_LINK41]
For OOK LP-WUR, allowing UE to reliably check whether the first bit is transmitted or not when there is no LP-WUS present is helpful for early termination. In this regard, bit-by-bit modulation over the OOK waveform requiring the shortest reception time for each bit should be prioritized.
[bookmark: _Ref163241932]Observation 2: Bit-by-bit modulation over the OOK waveform requires the shortest reception time per bit and is beneficial for early termination. OOK LP-WUR can decide early termination after detecting that the first information bit is not present if no LP-WUS is transmitted.

Comparing OOK-1 and OOK-4 with M = 1/2/4, OOK-4 with M = 2 shows benefit with power advantage (twice larger power over on-chip than OOK-1) and robust detection against timing error. Consequently, the following are proposed:
[bookmark: _Ref163241951]
Observation 3: Among OOK-1 and OOK-4 with M = 1/2/4, OOK-4 with M=2 is suggested because of
· [bookmark: OLE_LINK51]Power advantage: Twice power for on-duration, compared with OOK-1 and OOK-4 with M = 1
· Robust detection against timing error, compared with OOK-4 with M = 4 (as quoted from [3] below)
	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


[bookmark: _Ref163241158]
Proposal 3: Bit-by-bit modulation over OOK-4 with M = 2 is supported for LP-WUS.

For OFDM LP-WUR, OOK-4 with M = 2 somehow induces OOK masking effect, which then causes mutual RE interference due to the convolution with a wider SINC function in frequency domain. Detection of the overlaid sequence under ON-OFF or OFF-ON pattern of OOK-4 with M = 2 also increase the detection complexity.
[bookmark: _Ref163242005]
Observation 4: OOK masking within a OFDM symbol duration (i.e., OOK-4 with M = 2) induces mutual RE interference for the overlaid OFDM sequence due to the convolution with a wider SINC function in frequency domain: 
[image: ]
[bookmark: _Ref163242050]
Observation 5: The ON-OFF and OFF-ON pattens of OOK-4 with M = 2 further cause different phase rotations for the overlaid OFDM sequence in the frequency domain.

To resolve the above two issues, the following proposal is suggested:
[bookmark: _Ref163241194]
Proposal 4: To keep simple and effective detection for OFDM LP-WUR, support overlaid OFDM sequence with the following characteristics:
· [bookmark: OLE_LINK43][bookmark: OLE_LINK44]Sparsity in frequency domain: Immune to mutual RE interference
· Energy based detection in frequency domain: Immune to different phase rotations by OOK patterns

[image: ]
[bookmark: _Ref163241273]
The overlaid OFDM sequence design can be identified via computer search or algebra construction.  In the following, we provide one possible design:
[bookmark: _Ref163241428][bookmark: OLE_LINK47]
Proposal 5: Utilize the following low density sequence design for overlaid OFDM sequences.
	· Low density sequence: 12 non-zero REs are selected out of 133 REs, as shown below
[image: ]
· Conveying information bits via circular shifts and energy detection:
· UE detects the circular shift of the above sequence to identify the information bits carried
· There are 16 possible circular shift offsets of  REs, ,  to convey 4 information bits
· Circular shift is over sequence length of 133 REs
· Detection of a candidate circular shift can be done by accumulating the energy of the non-zero RE positions determined by  and the candidate circular shift offset. 



With the above, a harmonized LP-WUS can now be achieved:
[bookmark: _Ref163241482]Proposal 6: Adopt the following LP-WUS design for conveying 4 information bits over 12 symbols, based on
· [bookmark: OLE_LINK48]OOK-4 with M =2: Each information bit is carried by 3 repetitions of 2 Manchester coded chips
· Low-density overlaid OFDM sequence: 4 information bits carried by selecting 1 out of 16 sequences 

[image: ]
To verify the performance of the proposed LP-WUS design, link-level simulation is conducted over TDL-C fading channel and with detection threshold adjusted for FAR  1%. It can be observed both OFDM and OOK LP-WURs can detect the 4 bits at SNR smaller than 0.3 dB.
[bookmark: _Ref163242109][bookmark: OLE_LINK45]
Observation 6:  Based on the proposed LP-WUS design carrying 4 information bits over 12 symbols, both OFDM and OOK WURs can detect the 4 bits reliably (FAR  1% and MAR  1%) at SNR  0.3 dB. 
· [bookmark: OLE_LINK52]Note: OFDM LP-WUR can finish reception after first 4 OFDM symbols, and OOK LP-WUR can perform early termination after detecting no first information bit if LP-WUS is not transmitted.
[image: ]

Design of LP-SS
In this section, we first discuss design targets for LP-SS before suggesting design directions for achieving the targets.

Design targets for LP-SS
For achieving UE power saving gain with LP-WUR, serving cell measurement offload to LP-WUR is an important feature. It is thus beneficial that LP-WUR can perform accurate measurement at the test SNR of idle-model measurement requirements. In particular, -4 dB SNR, utilized in idle-mode early measurement requirements, can be targeted. More specifically, the following are proposed
[bookmark: _Ref163241550]
Proposal 7:  For effectively offloading MR serving cell measurements, LP-WUR measurement requirements considers -4 dB SNR which is the test SNR of early measurement requirements for idle-mode UEs.
[bookmark: _Ref159169734][bookmark: _Ref163241560]
Proposal 8: LP-SS design targets 90%-percentile measurement accuracy with RSRP difference < 2dB at -4 dB SNR for one-shot measurement.

According to Table 8.3-2 of TR 38.869 [2], as quoted in Table 2, LP-SS should confine the sync error within 3 us. Regarding the long periodicity of LP-SS, LP-SS design should aim for good synchronization accuracy with one LP-SS resource. Given that -4 dB SNR is suggested for RRM requirement, an analogous requirement is therefore proposed: 
[bookmark: _Ref159169745][bookmark: _Ref163241567]
Proposal 9: LP-SS design targets 90%-percentile synchronization accuracy with residue timing error < 3 us 
at -4 dB SNR for one-shot synchronization.
[bookmark: _Ref159168836][bookmark: _Ref159169784]
Table 2: Tolerance to timing error by waveform (quoted from Secion 8.3.1 of TR 38.869 [3])
	[bookmark: OLE_LINK55]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



LP-SS design directions
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 OFDM + OOK-4 design can be utilized.
[bookmark: _Ref159169797][bookmark: _Ref163241639]
Proposal 10: OFDM + OOK-4 waveform design used for LP-WUS can be reused for LP-SS.

Regarding the accuracy requirements for RRM and synchronization based on LP-SS, we further evaluated the least LP-SS length (in terms of number of OFDM symbols) required. It can be observed in Table 3 that at least 8 symbols for LP-SS will be needed for achieving the targeted accuracy requirements:
[bookmark: _Ref163241664]
Proposal 11: For a given LP-SS sequence utilizing OOK-4 with M = 2 as LP-WUS, at least 8 OFDM symbols are required for achieving target RRM and sync accuracy performance. 
[bookmark: _Ref163232159][bookmark: _Ref163241679]Table 3: LP-SS length required for achieving target RRM and sync accuracy at -4 dB SNR
[image: ]

In addition to design LP-SS length, LP-SS design should incorporate multiple distinct sequences so that LP-WUR can differentiate the serving cell from 2 or 3 neighbor cells.
[bookmark: _Ref159169710][bookmark: _Ref163242183]
Observation 7: 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][bookmark: _Ref163241705]
Proposal 12: At least 3 or 4 LP-SS sequences are supported for Rel-19.

Potential interference may exist between LP-WUS and LP-SS, particularly when LP-WUR falsely receives LP-WUS for another UE while sweeping over a timing uncertainty for LP-SS. It is benefit to identify LP-SS design LP-WUR can distinguish it from LP-WUS. Due to the dependency with LP-WUS design, the following is therefore suggested:

[bookmark: _Ref163241716]Proposal 13:  Further investigate how to adapt LP-SS waveform design (including OOK sequence and overlaid OFDM sequences) so as to avoid confusion with LP-WUS for both OFDM and OOK LP-WURs, after LP-WUS design is converged.


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

Proposal 1: Based MIL value of 147.79 for MSG3 and 12 dB noise figure for LP-WUR, target SNR for LP-WUS design is set to 0.3 dB.
Table 1: Target SNR values for MSG3 coverage
	
	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

	MediaTek-01 
	4.32 MHz
	12
	-3
	1 TX train (64 TxRUs over 192 antenna elements)
	147.79
	0.3

	MediaTek-02
	4.32 MHz
	12
	0
	1 TX train (64 TxRUs over 192 antenna elements)
	150.79
	0.3



Observation 1: RF complexity and power consumption is expected to dominate those of LP-WUR due to the following assumptions:
1. RAN1 agrees that LP-WUR operates in same carrier as MR, implying RF band support complexity
1. RAN4 assumes NR ACS requirements apply to LP-WUR, implying RF filter complexity

Proposal 2: Harmonized waveform design should aim for minimization of RF reception time for both OFDM and OOK LP-WURs.

Observation 2: Bit-by-bit modulation over the OOK waveform requires the shortest reception time per bit and is beneficial for early termination. OOK LP-WUR can decide early termination after detecting that the first information bit is not present if no LP-WUS is transmitted.

Observation 3: Among OOK-1 and OOK-4 with M = 1/2/4, OOK-4 with M=2 is suggested because of
1. Power advantage: Twice power for on-duration, compared with OOK-1 and OOK-4 with M = 1
1. Robust detection against timing error, compared with OOK-4 with M = 4 (as quoted from [3] below)
	[bookmark: OLE_LINK53]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 3: Bit-by-bit modulation over OOK-4 with M = 2 is supported for LP-WUS.

Observation 4: OOK masking within a OFDM symbol duration (i.e., OOK-4 with M = 2) induces mutual RE interference for the overlaid OFDM sequence due to the convolution with a wider SINC function in frequency domain:
[image: ]
Observation 5: The ON-OFF and OFF-ON pattens of OOK-4 with M = 2 further cause different phase rotations for the overlaid OFDM sequence in the frequency domain.

Proposal 4: To keep simple and effective detection for OFDM LP-WUR, support overlaid OFDM sequence with the following characteristics:
1. Sparsity in frequency domain: Immune to mutual RE interference
1. Energy based detection in frequency domain: Immune to different phase rotations by OOK patterns
[image: ]

Proposal 5: Utilize the following low density sequence design for overlaid OFDM sequences.
	1. Low density sequence: 12 non-zero REs are selected out of 133 REs, as shown below
[image: ]
1. Conveying information bits via circular shifts and energy detection:
6. UE detects the circular shift of the above sequence to identify the information bits carried
0. There are 16 possible circular shift offsets of  REs, ,  to convey 4 information bits
0. Circular shift is over sequence length of 133 REs
6. Detection of a candidate circular shift can be done by accumulating the energy of the non-zero RE positions determined by  and the candidate circular shift offset. 



Proposal 6: Adopt the following LP-WUS design for conveying 4 information bits over 12 symbols, based on
1. OOK-4 with M =2: Each information bit is carried by 3 repetitions of 2 Manchester coded chips
1. Low-density overlaid OFDM sequence: 4 information bits carried by selecting 1 out of 16 sequences 
[image: ]
Observation 6:  Based on the proposed LP-WUS design carrying 4 information bits over 12 symbols, both OFDM and OOK WURs can detect the 4 bits reliably (FAR  1% and MAR  1%) at SNR  0.3 dB.
1. Note: OFDM LP-WUR can finish reception after first 4 OFDM symbols, and OOK LP-WUR can perform early termination after detecting no first information bit if LP-WUS is not transmitted.
[image: ]

Design of LP-SS

Proposal 7:  For effectively offloading MR serving cell measurements, LP-WUR measurement requirements considers -4 dB SNR which is the test SNR of early measurement requirements for idle-mode UEs.

Proposal 8: LP-SS design targets 90%-percentile measurement accuracy with RSRP difference < 2dB at -4 dB SNR for one-shot measurement.

Proposal 9: LP-SS design targets 90%-percentile synchronization accuracy with residue timing error < 3 us 
at -4 dB SNR for one-shot synchronization.
Table 2: Tolerance to timing error by waveform (quoted from Secion 8.3.1 of TR 38.869 [3])
	[bookmark: OLE_LINK54]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 10: OFDM + OOK-4 waveform design used for LP-WUS can be reused for LP-SS.

Proposal 11: For a given LP-SS sequence utilizing OOK-4 with M = 2 as LP-WUS, at least 8 OFDM symbols are required for achieving target RRM and sync accuracy performance.
Table 3: LP-SS length required for achieving target RRM and sync accuracy at -4 dB SNR
[image: ]
Observation 7: 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 12: At least 3 or 4 LP-SS sequences are supported for Rel-19.

Proposal 13:  Further investigate how to adapt LP-SS waveform design (including OOK sequence and overlaid OFDM sequences) so as to avoid confusion with LP-WUS for both OFDM and OOK LP-WURs, after LP-WUS design is converged.
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