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Introduction
In this contribution, we discuss using M=2 for OOK WUR, setting SNR targets, incorporating low-density sequences, unifying OFDM design, and aligning LP-WUS PRB allocations with NR requirements.
M for OOK-4 Modulation
	Agreement
For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· [bookmark: OLE_LINK3]FFS whether value of M depends on SCS
· FFS M=1 for OOK-4


In RAN1#116b, companies agreed considering OOK-4 with M=2 and M=4. The support of multiple modulation order M values directly impacts the complexity of the receiver design. 
[image: ]
[bookmark: OLE_LINK2]Figure 1: MDR of OOK-4 for M=2 and M=4 with the same symbol duration for 30kHz SCS
In Figure 1, we compare the MDR performance for M=2 and M=4 given the target SNR of 0dB. It shows M=2 provides higher performance and potential lower receiver complexity. With this result, M=2 and M=4 have no performance gap when the same symbol duration is assumed.
Observation 1:	No performance gap between M = 2 and M = 4 for OOK-4 for OOK WUR when the same symbol duration is assumed.
Proposal 1:	M=2 for OOK-4 is sufficient to optimize OOK WUR complexity and performance.
Another issue is whether value of M depends on SCS. To understand this, we evaluated SCS=15kHz below.
In Figure 2, we compare different M values for SCS = 15kHz. In our evaluation, M = 2 is still a better option than M = 4 since there is no performance benefit when the same symbol duration is assumed. Note that more symbols are needed for SCS=15kHz than that with SCS = 30kHz, assumed the same PRB.  
[image: ]
[bookmark: OLE_LINK8]Figure 2: MDR of OOK-4 for M=2 and M=4 with the same symbol duration for 15kHz SCS
The number of symbols required for reliable detection is constant. The implications of this are the choice of SCS and M does not impact the performance, but the need for OOK WUR to support different configurations complicate the implementation complexity. 
Observation 2:	Detection performance for OOK-4 is independent to SCS and M, but only the symbol duration matters.
[bookmark: OLE_LINK4]Proposal 2: 	M should be independent on SCS configurations for OOK-4 generation and detection since M=2 is sufficient for both 15kHz and 30kHz SCS given the target SNR of 0dB.
Sequence Mapping
	Agreement
For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s), including:
· [bookmark: OLE_LINK5][bookmark: OLE_LINK7][bookmark: OLE_LINK6]Sequence(s) generation and how sequence(s) map in time or frequency domain (including any details with multiplexing and IFFT).
· Number of candidates overlaid OFDM sequences used for information conveying
· Including details on whether the number of candidates 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.


An open issue identified in RAN1#116b is the need for more efficient mapping techniques that streamline signal generation and decoding processes. It is unclear how sequences map in time or frequency domain.

[bookmark: OLE_LINK48][image: ]
[bookmark: OLE_LINK9]Figure 3: Low density sequences mapping for M=1 and M=2.
In Figure 3, we illustrate how low-density sequences reported in R1-2402952 can be mapped for different M values. The low-density sequence can support a unified sequence design for M=1 and M=2. 
At the base station side, the same frequency domain sequence X = [X0, X1, …, X132] is used in the frequency domain before IFFT when M=1, and in the time domain before OOK masking and FFT when M=2 with an IFFT operation denoted by IFFT(X). The unified design has advantage to support different OOK ON durations using the same sequence length mapped to the frequency domain.
At the LP-WUR side, both the time correlator and the frequency correlator can be considered to perform the sequence correlation. The MDR performance for these two correlators can be the same with different computational cost. 
Observation 3:	The same length of the low-density sequences can be mapped in the time domain and the frequency domain for both OOK-4 M=1 and M=2.
[bookmark: OLE_LINK12]Proposal 3:	Support the unified OFDM sequence design for OOK-4 M=1 and M=2 for simplicity.
In Figure 4, we show the MDR performance of OFDM WUR using low-density sequence (LD seq.) with a time domain detector (TD) and a frequency domain detector (FD) for OOK-4 M=2. The result implies similar MDR performance can be achieved by using TD and FD, with a different price of complexity.  
[image: ]
Figure 4: MDR of low-density sequences using time (TD) and frequency detector (FD)
The mapping sequences in the frequency domain, as opposed to the time domain, significantly reduces the computational burden. This is particularly evident when comparing the complexities involved in traditional time domain decoding, which often relies on a sliding window approach, to those in the frequency domain. Some evaluation details are given below.
Evaluation assumption
Perfect timing synchronization (timing aligned with the 1st path of the multi-path channel).
Frequency domain (accumulate received energy from all paths) 
[bookmark: OLE_LINK10]If the residual timing error is within the length of the CP, there is no need for a sliding window. LPWUR use an FFT, and then the L REs corresponding to the sequence are extracted to conduct sequence correlation. In the case of LD sequence, detection can be achieved with lower complexity using an energy detector after FFT on the P non-zero elements where P < L.
Time domain (select the strongest path)
Even the residual timing error is within the length of the CP, there is a need to find the strongest path to further improve the detection performance. By time domain operation, each correlation takes 𝑁 complex multiplication. The presence of multipath channels necessitates the use of a sliding window of length  for time domain detection.
Table 1: Computational complexity in freq. domain and time domain
	Approach
	Complexity (# of multiplications)
	Example

	LD with energy detection in freq. domain
	
	2240

	Sequence correlation in freq. domain
	
	4080

	Sequence correlation in time domain
	
	73728



	Parameter
	Description
	Assumptions

	
	Length of sequence in time domain
	256

	
	Length of sequence in freq. domain
	133 for LD 

	
	Number of sequences
	16

	
	Number of timing hypothesis for sliding window
	18 (length of CP)

	
	Non-zero elements for LD sequence
	12


In Table 1, we compare the computational complexity. The time domain sequence correlation costs 18 times more than the frequency domain sequence correlation due to the need of using the sliding window. On the other hand, the use of CP in frequency domain decoding simplifies the process by eliminating the complexities associated with the sliding window technique. And the use of non-zero element for energy detection can further reduce the complexity by checking less frequency hypothesis.
[bookmark: OLE_LINK18][bookmark: OLE_LINK11]Observation 4:	Time Detection (TD) and Frequency Detection (FD) show equivalent MDR performance for an OFDM WUR, but FD can save more than 10 times computational complexity.
Proposal 4:	Support the frequency domain detection for an OFDM WUR to benefit the use of CP and eliminating the use of the sliding window technique.
[bookmark: OLE_LINK15]LP-SS Sequence Configuration
	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


[bookmark: OLE_LINK14]There is support for specifying multiple binary LP-SS sequences to differentiate between cells. Two options are considered: Option 1: A specific sequence is configured for a cell and Option 2: A sequence is determined by a predefined rule.
A single sequence per cell for LP-SS would greatly simplify the configuration task for network operators. Also, no predefined rule can simplify the receiver complexity. Moreover, having at least three LP-SS sequences would enhance cell differentiation capabilities.
[bookmark: OLE_LINK28]Proposal 5:	Support Option 1: A LP-SS sequence used in a cell is configured, with ≥3 LP-SS sequences used to differentiate LP-SS from different cells.
[bookmark: OLE_LINK19]PRB Allocation for LP-WUS
	[bookmark: OLE_LINK30]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


[bookmark: OLE_LINK25]For a channel bandwidth equal to 5MHz with SCS 30kHz, the specification's indication of a maximum of 11RBs for a 5MHz bandwidth at a 30kHz SCS. However, if any blanked guard RBs are needed, 11 PRBs for LP-WUS cannot be supported for the 5MHz channel. Regardless of 5MHz with SCS 30kHz, there is no use cases for 11 PRBs. For SCS 30kHz, it is recommended to support 12RB.
Proposal 6:	Support the allocation of 12 PRBs for LP-WUS and LP-SS with SCS 30kHz. For ≤5MHz channels, allocate <11 PRBs to include guard RBs, aligning with 5G NR specifications.
By allocating 12 PRBs for an SCS of 15kHz, it is possible to reuse LP-WUS and LP-SS design for SCS 30kHz, which avoids the introduction of new sequences and any SCS dependent configurations. 
Proposal 7:	Support the allocation of 12 PRBs for LP-WUS and LP-SS with SCC 15kHz, ensuring no new sequences are needed to support different SCS.
[bookmark: OLE_LINK33][bookmark: OLE_LINK32]M for LP-SS Modulation
	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 


OOK-1 is simple and integrates well with existing systems. For OOK-4, a modulation factor of M=2 is sufficient and aligns with current specifications. Increasing M to 4 offers minimal timing improvements and does not significantly affect signal quality measurements like RSRP.
In Table 2, we compare timing errors and RSRP measurements for different OFDM sequences and different M values. Our result show that M=2 is a practical choice and increasing M to 4 does not provide obvious benefits. The evaluation assumption is given below. LP-SS length is 8 OFDM symbols, and the SNR is -4dB. The OOK sequence is a binary pattern representing the ON-OFF pattern of LP-SS. For M=2, the sequence is [10010001], and for M=4, it is [1001000100001000]. 
Table 2: Timing Errors and RSRP Measurements for M=2 and M=4
	[bookmark: OLE_LINK34] 90% residual timing errors

	OFDM sequence
	random QPSK
	LD sequence

	M=2
	1.37us
	1.92us

	M=4
	1.53us
	1.5 us



	 90% delta RSRP

	OFDM sequence
	random QPSK
	LD sequence

	M=2
	1.82 dB  
	1.89 dB

	M=4
	1.85 dB
	1.86 dB


Another concern is moving from M=2 to M=4 for LP-SS cannot reduce the timing errors into 1us, however, according to TR 38.869. the OOK-4 with M=4 has a timing error tolerance up to 1us. It implies that LP-SS with M=4 cannot support OOK-4 with M=4, but simply increase receiver complexity.
Table 3: Tolerance to timing error by waveform
	Waveform
	Tolerance up to timing error [us]

	OOK-4 M=2
	3

	OOK-4 M=4
	1

	OOK-4 M>4
	1

	OFDMA
	4


[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Observation 5:	Marginal timing error improvements are observed with M=4 over M=2 but it cannot support OOK-4 with M=4, while RSRP measurements remain consistent for both.
It implies that the incremental timing accuracy gained by moving from M=2 to M=4 does not justify the associated increase in LPWUR complexity. Moreover, the RSRP, a critical measurement for signal quality, does not show any significant variation between the two M values. Finally, LP-SS with M=4 slightly improve timing but isn't necessary for LP-WUS with M=1 or M=2. LP-SS with M=2 is sufficient. 
Proposal 8:	Adopt OOK-1 and OOK-4 with M=2 for LP-SS, ensuring simplicity and meeting LP-WUS needs without unnecessary complexity.
[bookmark: OLE_LINK38]LP-WUS Information for IDLE
	[bookmark: OLE_LINK35]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
· [bookmark: OLE_LINK36]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


Further decisions are needed on the exact method of conveying LP-WUS information, such as using encoded bits with or without CRC, selecting an OOK sequence for the 'ON-OFF' pattern, or using overlaid OFDM sequences.
Regarding the need to support underlaid OFDM sequences and the small payload, using bitmaps can complicate the OFDM WUR, while OOK sequences offer a simpler and more efficient method for transmitting small payloads. It is recommended to consider Option 2. 
Observation 6:	Bitmaps and multiple codepoint values increase complexity in OFDM-WUR for LP-WUS information conveyance.
Proposal 9:	Support Option 2: A codepoint value corresponding to one or more subgroup(s) for LP-WUS information, ensuring simplicity and efficiency for small payloads.
[bookmark: OLE_LINK37]LP-WUS Information for CONNECTED
	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)


Using a UE-specific bitmap for triggering PDCCH monitoring via LP-WUS is recommended due to its simplicity and scalability. However, the complexities associated with overlaid OFDM sequences needs FFS.
Proposal 10:	Adopt Option 1: Use a UE-specific bitmap, ensuring simplicity and scalability.
[bookmark: OLE_LINK39]SNR and Antenna Gain
	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
· [bookmark: OLE_LINK40]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


For calibration, we provide two SNR values to achieve the coverage of PUSCH for message3 based on the different transmit antenna gain correction factors.
· [bookmark: OLE_LINK42][bookmark: OLE_LINK44]Option 1: -2.42dB for NF = 12dB with 1=8dB and 2=0dB
· Option 2: -0.42dB for NF = 12dB with 1=6dB and 2=0dB
[bookmark: OLE_LINK41]Option 1 is based on R1-2402952, where the MIL value of 147.79 for MSG3 and 12 dB noise figure for LP-WUR are assumed, the target SNR for LP-WUS design is set to 0.3dB with the transmit antenna gain correction factors 1=8dB and 2=0dB. Now consider the new MIL value of 153.51dB, the SNR is -2.42dB.
Option 2 is based on R1-2207003, where the MIL value is 160dB for PDCCH CSS with 1=4dB and 2=0dB. Considering 4 TX to 1 TX chains in LLS may not increase 6dB antenna gain component 2, it is reasonable to add 2dB loss for the TX antenna gain correction factor as 1=6dB. The SNR is -0.42dB.
Proposal 11:	Two suggestions for 1 TX chain, NF = 12dB, MIL: 153.51dB. Option 1: Δ1=6dB, Δ2=0dB, Required SNR: -0.42dB. Option 2: Δ1=8dB, Δ2=0dB, Required SNR: -2.42dB.
Overlaid OFDM Sequence 
	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 low-density (LD) sequences could potentially strike a unified design for OOK-1 and OOK-4, offering required performance for OOK WUR and OFDM WUR while maintaining low complexity.
As shown in Fig 3. the LD sequences can be mapped in the frequency domain for OOK-1 and in the time domain for OOK-4. The OFDM WUR can performs time domain detection and frequency detection to achieve similar performance shown in Fig 4.
As shown in Table 1, the decoding complexity is 10 times lower than any sequence that required time domain detection thanks to the use of CP and FFT to accumulate the received energy and eliminating the use of a sliding window technique. The complexity can be further reduced to half if energy detection is enabled by checking fewer non-zero elements.
The low-density sequence reported in R1-2402952 has the following properties.
[image: ]
[bookmark: OLE_LINK49][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK50]The use of sequences such as SSS, M-seq, and ZC-seq has been prevalent, each with its own set of characteristics and implications on system performance. However, the potential of low-density sequences has not been fully explored. These sequences could potentially strike a desirable unified design, offering required performance while maintaining low complexity.
Proposal 12:	Consider low-density sequences for OFDM overlay regarding adaptability for OOK-1 and OOK-4 and low complexity using energy detection for OFDM WUR.
[bookmark: OLE_LINK51]OFDM WUS Options
	Agreement
[bookmark: OLE_LINK52]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. 
· [bookmark: OLE_LINK53]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.


Avoiding the decoding of the OOK ON/OFF pattern simplifies the LP-WUS mechanism, reducing the complexity of the OFDM WUR and enhancing reliability. By focusing on a single OFDM sequence to carry all necessary information (as proposed in Option 2-2), the OFDM WUR can decode effectively without the need for additional decoding steps.
Proposal 13:	Support Option 2, specifically Option 2-2, which uses a single sequence to carry all information, thus eliminating the need for OOK detection and simplifying the process.
Conclusion
In this contribution, we have the following observations and proposals:
[bookmark: OLE_LINK1]Observation 1:	No performance gap between M = 2 and M = 4 for OOK-4 for OOK WUR when the same symbol duration is assumed.
Observation 2:	Detection performance for OOK-4 is independent to SCS and M, but only the symbol duration matters.
Observation 3:	The same length of the low-density sequences can be mapped in the time domain and the frequency domain for both OOK-4 M=1 and M=2.
Observation 4:	Time Detection (TD) and Frequency Detection (FD) show equivalent MDR performance for an OFDM WUR, but FD can save more than 10 times computational complexity.
Observation 5:	Marginal timing error improvements are observed with M=4 over M=2 but it cannot support OOK-4 with M=4, while RSRP measurements remain consistent for both.
Observation 6:	Bitmaps and multiple codepoint values increase complexity in OFDM-WUR for LP-WUS information conveyance.
Proposal 1:	M=2 for OOK-4 is sufficient to optimize OOK WUR complexity and performance.
Proposal 2: 	M should be independent on SCS configurations for OOK-4 generation and detection since M=2 is sufficient for both 15kHz and 30kHz SCS given the target SNR of 0dB.
Proposal 3:	Support the unified OFDM sequence design for OOK-4 M=1 and M=2 for simplicity.
Proposal 4:	Support the frequency domain detection for an OFDM WUR to benefit the use of CP and eliminating the use of the sliding window technique.
Proposal 5:	Support Option 1: A LP-SS sequence used in a cell is configured, with ≥3 LP-SS sequences used to differentiate LP-SS from different cells.
Proposal 6:	Support the allocation of 12 PRBs for LP-WUS and LP-SS with SCS 30kHz. For ≤5MHz channels, allocate <11 PRBs to include guard RBs, aligning with 5G NR specifications.
Proposal 7:	Support the allocation of 12 PRBs for LP-WUS and LP-SS with SCC 15kHz, ensuring no new sequences are needed to support different SCS.
Proposal 8:	Adopt OOK-1 and OOK-4 with M=2 for LP-SS, ensuring simplicity and meeting LP-WUS needs without unnecessary complexity.
Proposal 9:	Support Option 2: A codepoint value corresponding to one or more subgroup(s) for LP-WUS information, ensuring simplicity and efficiency for small payloads.
Proposal 10:	Adopt Option 1: Use a UE-specific bitmap, ensuring simplicity and scalability.
Proposal 11:	Two suggestions for 1 TX chain, NF = 12dB, MIL: 153.51dB. Option 1: Δ1=6dB, Δ2=0dB, Required SNR: -0.42dB. Option 2: Δ1=8dB, Δ2=0dB, Required SNR: -2.42dB.
Proposal 12:	Consider low-density sequences for OFDM overlay regarding adaptability for OOK-1 and OOK-4 and low complexity using energy detection for OFDM WUR.
Proposal 13:	Support Option 2, specifically Option 2-2, which uses a single sequence to carry all information, thus eliminating the need for OOK detection and simplifying the process.
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Low density sequence: 12 non-zero REs are selected out of 133 REs, as shown below

dorpu(m) = VIZ - x(n)

where, for0 <n <133 and 0 <1< 12

0, otherwise

) = {s(l), if n=AQ)

sO=[14j411-1jj1+]
A =[0 1 3 12 20 34 38 81 88 94 104 109]
Conveying information bits via circular shifts and energy detection:

o UE detects the circular shift of the above sequence to identify the information bits carried

= There are 16 possible circular shift offsets of 8m REs, m = 0,
information bits

.., 15, to convey 4

= Circular shift is over sequence length of 133 REs

o Detection of a candidate circular shift can be done by accumulating the energy of the non-
zero RE positions determined by A(l) and the candidate circular shift offset.
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