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Introduction
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK23][bookmark: OLE_LINK24]In RAN1#116, the following agreements were achieved for the design of the LP-WUS and LP-SS for NR for UE power saving [1]: 
	Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.

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

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

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

Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.

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

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

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

	Companyname-01 
	
	
	
	
	
	





In this contribution, we will discuss the waveform design and signal structure of LP-WUS and LP-SS.
[bookmark: _Hlk114132307]LP-WUS design
In this section, we discuss the principle and limitation of LP-WUS design, the OOK waveform and modulated OFDM sequence of LP-WUS design, the LP-WUS structure and information carried by LP-WUS.
LP-WUS signal principle and limitation
LP-WUS design principle 
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]The common design of LP-WUS that OOK waveform modulated by OFDM sequence needs to be specified for different LP-WUR receiver architectures in the scope of LP-WUS/WUR WI [2]. The common design of LP-WUS for different LP-WUR receiver architectures allows OOK waveform carrying information for the OOK receiver, so as the overlaid OFDM sequence also carrying the whole or partial information for the OFDM receiver for the indication of MR waking up. The unified LP-WUS signal can be decoded by different LP-WUR receiver architectures in the same LP-WUS transmission occasion to carry the same control information of indicating the MR waking up, which can reduce the resource overhead. Considering the information carried by OOK-1/4 is much less than OFDM sequence, the principles of the LP-WUS design should be considered as follows:
· [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Principle 1: same set of information is carried by LP-WUS for OOK and OFDM receiver
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]For RRC_IDLE/INACTIVE modes, LP-WUS is configured by higher layer signaling associated with the paging occasion. The information is carried in the bit in time domain for OOK-1/4 and the bits in time and/or frequency domain for OFDM receiver. For OFDM receiver, the information could be carried in the number of REs of the LP-WUS channel BW, which has a lot of capacity. If the information is included in the frequency domain, the OFDM receiver could detect the LP-WUS and decode the information within a short time interval (e.g., 1 symbol). For OOK receiver, the information is only embedded in the time domain. Thus, OOK receiver needs to detect the LP-WUS and decode all bits in the time domain to retrieve the information.
· Principle 2: Configurable transmission time interval
The LP-WUS is different from DCI-based indication of UE PO/PDCCH monitoring for UE power saving signaling, which the CORESET resource for PDCCH monitoring can be adaptively indicated based on different AL mapping to the Search Space. The information payload carried by LP-WUS waveform could be different in one OFDM symbol with OOK waveforms modulated by OFDM sequence since the modulated OFDM sequence could carry additional information. Assuming the payload size of LP-WUS being 8 bits as an example, the transmission time interval for LP-WUS OOK waveforms modulated by OFDM sequence and coding method for different LP-WUR receiver architectures are listed in the Table 1. It can be observed that the transmission time interval of LP-WUS would vary based on the LP-WUR receiver capability and different coding method. Thus, the flexibility of LP-WUS transmission time interval is needed to be considered in the LP-WUS system design.
[bookmark: _Ref158125693]Table 1: Transmission time interval for different waveform types and coding methods
	Waveform type
	Transmission time interval

	OOK-1 with 1/2 Manchester Coding
	16 OFDM symbols

	OOK-4,M=2 with 1/2 Manchester Coding
	8 OFDM symbols

	OOK-1 without 1/2 Manchester Coding
	8 OFDM symbols

	OOK-4, M=2 without 1/2 Manchester Coding
	4 OFDM symbols

	OFDM sequence
	One OFDM symbol



Proposal 1: The same information set could be configured to have transmission time interval differently for OOK and OFDM receiver in the LP-WUS design.
Design limitation of the LP-WUS
· Limitation 1: Payload size
[bookmark: _Hlt158125757][bookmark: _Hlt158125758][bookmark: _Hlk157944776]OOK-4 waveform can carry M information bits in one OFDM symbol, which is M times more than bit rate of OOK-1. However, the sampling rate requirement of OOK-4 is M times more than that of OOK-1, which would bring high power consumption with non-linear increase for OOK-4. Similarly, the power consumption of OFDM receiver would be similar to that of MR receiver. Thus, there is a tradeoff between the information carried per waveform and power consumption. Moreover, the detection performance of LP-WUS would degrade severely for the OOK-4 waveform M >2 with timing and frequency errors, as shown in TR 38.869 [3]. Considering the performance of LP-WUS decoding with the number of information bits carried by LP-WUS and UE power consumption for different LP-WUS receiver types, the payload size of LP-WUS to be considered is in the range of 4~14 bits within one slot duration.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Proposal 2: The payload size of LP-WUS to be considered is in the range of 4~14 bits within one slot.
· Limitation 2: Resource overhead
Under the limited payload size of LP-WUS, the resource overhead is different for OOK-1, OOK-4 for OOK receiver and OFDM receiver. Assuming the payload size of LP-WUS being 8 bits as an example, the resource overhead and information chip number carried by one OFDM symbol of different waveform types are listed in the Table 2. It can be observed that the more chip number carried by per OFDM symbol, the less resource overhead would be occupied in time domain. However, the power consumption would increase as the number of information bits increases per OFDM symbol carried, which requires higher sampling rate and higher UE power consumption for LP-WUS detection. Thus, it is a tradeoff between resource overhead and UE power consumption under the designed payload size.
[bookmark: _Ref158126773]Table 2: Information bit number and resource overhead for different waveform types
	Waveform type of LP-WUS
	Number of information bit per symbol
	Resource overhead

	OOK-1 with 1/2 Manchester coding
	0.5
	16 OFDM symbols

	OOK-4,M=2 with 1/2 Manchester coding
	1
	8 OFDM symbols

	OOK-1 without 1/2 Manchester coding
	1
	8 OFDM symbols

	OOK-4,M=2 without 1/2 Manchester coding
	2
	4 OFDM symbols

	OFDM sequence
	---
	One OFDM symbol



In conclusion, the design of LP-WUS shall consider the following principles:
· 4~14 bits payload size
· Low resource overhead
· Low power consumption for LP-WUS detection
· Good coverage performance
To fulfil the above targets, we need to design the LP-WUS with the consideration of the tradeoff between the UE power consumption and the resource overhead.
· Low resource overhead can be achieved by encoded information at the OFDM subcarriers with high bit rate in one OFDM symbol for OFDM receiver.
· Low power consumption of low sampling rate could be achieved by low complexity OOK receiver with low bit rate.
LP-WUS signals design
This section would discuss the detail design of the LP-WUS, including: OOK waveform, design of the overlaid OFDM sequence, the modulation and coding method.
How OOK-1 and OOK-4 are specified
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]From the evaluation assumption of the OOK waveform in the conclusion of Rel-18 LP-WUS/LP-WUR [3], one information bit of OOK-1 waveform is mapping to all SCs of the channel BW in one OFDM symbol and M information bits of OOK-4 after DFT/LS processor are mapping to one OFDM symbol. The DFT/LS processing can be regarded as the gNB implementation in generation procedure of LP-WUS signal. Moreover, the bit rate and power consumption of OOK-4 modulated by OFDM sequence with M=1 are same as that of OOK-1 modulated by OFDM sequence. Thus, OOK-1 modulated by OFDM sequence can be considered as a special case of OOK-4 modulated by OFDM sequence with M=1. Thus, OOK-1 and OOK-4 can be specified by a configurable M value.
Observation 1: The bit rate and power consumption of OOK-4 modulated by OFDM sequence with network configured value M to allow the consideration of the network overhead and the UE power consumption since OOK-4 with M=1 is equivalent to that of OOK-1 modulated by OFDM sequence.
Proposal 2: Specify a configurable M value for supporting both OOK-1 and OOK-4 waveform.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Discussion on OFDM sequence properties and design
In this section, we discuss the overlaid OFDM sequence design: OFDM sequence overlaid, OFDM sequence structure and information carried by OFDM sequence.
· OFDM sequence overlaid
The overlaid OFDM sequence over the OOK waveform is to allow both the OOK receiver and OFDM receiver to decode the waveform. The overlaid OFDM sequence provides the capability of carrying the information at each subcarrier and transform to the time domain waveform. The additional information encoded in the overlaid OFDM sequence can only be decoded by OFDM receiver. The design of the overlaid OFDM sequence should take into the consideration of the aspects of reusing the components of the MR receiver for OFDM receiver, the inter-channel interference mitigation when the LP-WUS is multiplexed with the NR channels in the same carrier, and inter-cell interference mitigation.
For specified OFDM sequence for OFDM receiver, the first issue needed to be discussed is how the OFDM sequence is overlaid. There are two options would be discussed: 
· Option 1: Specify time/ frequency domain OFDM sequence before IFFT
· Option 2: Specify frequency domain OFDM sequence per OFDM symbol after IFFT
For option 1, the OFDM sequence can be considered as the existing sequence in the NR, includes the FFT/DFT, M-sequence, and Zadoff-Chu sequence. The M-sequence has the low cross-correlations in both synchronous and asynchronous reception, which is good for inter-cell interference rejection when UE detects more than one M-sequence from cells. Zadoff-Chu sequence is a complex orthogonal sequence with good orthogonal property among cyclic shift in the same sequence but bad cross-correlation among different Zadoff-Chu sequence. The FFT/DFT is the typical OFDM sequence to transform the information of each subcarrier into the transform domain/time domain with orthogonal property. The sequence of M-sequence, Zadoff-Chu and DFT/FFT can be considered as the candidates for the OFDM sequence when the OFDM sequence is multiplexed with NR channel before IFFT.
Proposal 3: The OFDM sequence to be modulated on the OOK waveform for LP-WUS should consider existing NR sequence, such as DFT/FFT, M-sequence, and Zadoff-Chu, to minimize the implementation cost and complexity of OFDM receiver by reusing the NR receiver components.
[bookmark: _Hlk158032980]Generally, the OFDM sequence is designed to have inter-cell interference mitigation through low cross-correlation asynchronously when UE performs sequence detection with signals arrived from multiple cells asynchronously. The low cross-correlation property of the OFDM sequence would have interference mitigation capability during the sequence detection since different cell would have different sequence. Since the LP-WUS would have smaller coverage area comparing to that of the NR RS, such as SSB, the probability of UE receiving multiple LP-WUSs from different cells would be very low. Thus, the sequence with interference mitigation property such as low cross-correlation is not the critical criterial for the selection of the OFDM sequence overlaid on the OOK waveform since the inter-cell interference mitigation is not expected to be critical for LP-WUS signals with smaller coverage area.
Proposal 4: The sequence with interference mitigation property such as low cross-correlation is not the critical criterial for the selection of the OFDM sequence overlaid on the OOK waveform since the inter-cell interference mitigation is not expected to be critical for LP-WUS signals with smaller coverage area.
[bookmark: _Hlk158048759][bookmark: _Hlk158048782]For option2, the frequency domain OFDM sequence per OFDM symbol is overlaid after IFFT. If the LP-WUS multiplexes with NR channels before IFFT, LP-WUS would be part of NR channels. However, the time domain signals received at the LP-WUR receiver would contain LP-WUS and all other NR DL channels/signals. The received signals at the LP-WUR could retrieve the LP-WUS through FFT and bandpass filter for LP-WUR OFDM receiver. For OOK receiver, the LP-WUS would be retrieved after the bandpass filter at RF/IF or low-pass filter at baseband without the FFT processing. Since the LP-WUR would have the capability of coarse time and frequency synchronization, the filtered LP-WUS signals would contains the inter-channel interference from neighboring NR signals/channels caused by the residue of the timing and frequency error. This will have severe degradation on the LP-WUS detection performance. If the LP-WUS multiplexed with NR channels/signals after the IFFT processing, the LP-WUS detection performance degradation would be negligible by the residue frequency and timing error from the neighboring channel after the band-pass filter for both OOK and OFDM receiver. However, the NR DL channel decoding performance would be degraded by the ICI from LP-WUS after the IFFT processes since the LP-WUS is multiplexed after the IFFT. If the LP-WUS is modulated by the IFFT sequence as the OFDM sequence with the IFFT size is the 2x sub-multiple of IFFT size of system bandwidth, the NR channel decoding performance would not encounter the ICI and be degraded after the IFFT processing. Thus, the IFFT sequence is the best candidate of the OFDM sequence overlaid on OOK waveform with the IFFT size is the 2x sub-multiple of IFFT size of system bandwidth.
Figure 1 compares the time domain waveform of option 1 and option 2, the detail simulation assumption is shown in Table 3. The LP-WUS is located in the middle 5MHz within 20MHz system bandwidth, the LP-WUS is [1 0 1 0] and modulated by OOK-1 for simplify. The LP-WUS is transmitted with 15MHz NR legacy signal at a same time.
It can be observed that the sampling peak amplitude of OOK ON symbol is about 8.5 in option 2. The sampling peak amplitude of OOK ON symbol is about 5 in option 1. The LP-WUS is multiplexed with NR DL channel/signals after the IFFT can obtain better detection performance.
[image: ] [image: ]
[bookmark: _Ref162891543]Figure 1: The time domain waveform of Option 1 and Option 2
Proposal 5: The LP-WUS is multiplexed with NR DL channel/signals after the IFFT to minimize the LP-WUS detection performance degradation with timing and frequency error. The IFFT sequence is the best candidate of the OFDM sequence overlaid on OOK waveform with the IFFT size is the 2x sub-multiple of IFFT size of system bandwidth.
· OFDM sequence structure
For specified the overlaid OFDM sequence, the structure of the OFDM sequence needed to be discussed. The OFDM sequences before short IFFT carry the same information as OOK waveform for waking up same group UE. Different from OOK LP-WUR with simple envelop detector, the OFDM LP-WUR with FFT processor can decode the bit information modulated by different carriers, which has a lot of capacity. There are two options for overlaid OFDM sequence structure design as:
· Option 1: Sequence-based OFDM sequence: M-sequence, GOLD sequence, Walsh sequence
· Option 2: Message-based OFDM sequence with encoded bit
For option 1, the OFDM LP-WUR can obtain the waking up information based on non-coherence detection. Compared with option 2, the sequenced-based OFDM sequence can achieve similar detection performance by non-coherence detection with spreading gain, which has error correction ability. The sequence can be chosen from the specified sequences in NR, e.g., M-sequence, GOLD sequence. Moreover, the orthogonal sequence, like Walsh sequence with good cross-correlation can also be considered. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK11]For option 2, the message-based OFDM sequence can carry more information than option 1 with much complicated coherent detection and decoding, which requires the channel estimation and compensation of the message. However, the message-based sequence would suffer heavily from T/F error when the channel estimation is not ideal. The error correction could be achieved by FEC, such as Polar code or LDPC code. However, the complexity and power consumption of channel decoding are very high.  
The information payload size is designed to be the same for both OOK waveform and the overlaid OFDM sequence, which is up to 14 bits. The capacity is not a critical issue in the OFDM sequence design since the number of REs capable of carrying the information bits in frequency domain modulated by OFDM sequence is more than 14 bits. The option 1 with simple detection complexity would also save more resource than option 2 in repetition and multi-beams transmission. Thus, Option 1: sequence based OFDM sequence should be supported for overlaid OFDM sequence design.
Proposal 6: Option 1: Sequence-based OFDM sequence should be supported for overlaid OFDM sequence design.
· Information carried by OFDM sequence 
The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence should carry same information as OOK waveform. In RAN1#116, two options were discussed as following:
· Option 1: The overlaid OFDM sequence carries part of information bits of LP-WUS
· Option 2: The overlaid OFDM sequence carries all information bits of LP-WUS
For option 1, OFDM receiver can obtain the whole information bits by retrieving the information bits from the overlaid OFDM sequence after FFT of each OOK waveform in combination with the information decoding from OOK waveform for OFDM receiver. It would be complicated to partition the information into frequency domain by overlaid OFDM sequence and the time domain by OOK waveform for OFDM receiver with the assumption that the same set of information would be carried at the OOK waveform in time domain for OOK receiver. Since the information bits modulated by overlaid OFDM sequence in one OOK waveform are sufficiently large, there is no benefit of partition only part of information bits of LP-WUS by overlaid OFDM sequence.
For option 2, all the information of LP-WUS are carried by the overlaid OFDM sequence and repeated at each OOK waveform. The OFDM receiver could obtain the full information of LP-WUS from any one OOK waveform. Compared to that of option 1, standardization complexity is much lower with more OFDM sequence overhead requirement. However, the payload size of LP-WUS is up to 14 bits, the information carried by overlaid OFDM sequence is sufficiently large and well over 14 bits (if the LP-WUS is configured with BW greater than 1 PRB). Thus, the option 2 is more suitable for the full set of information bits carried by overlaid OFDM sequence.
Proposal 7: Option 2: The overlaid OFDM sequence carry all information bits of LP-WUS should be the design principle of the information carried by OFDM sequence.
Modulation and coding method for coverage enhancement
· Modulation method
The OOK waveform modulated by OFDM sequence is robustness against frequency selective fading by flat spectrum at the LP-WUR receiver. The modulation method of the OOK waveform is the ON-OFF keying. When the OOK waveform modulated by OFDM sequence, the ON-OFF keying modulation remains the same and the amplitude of the modulated signals fluctuated within an OFDM symbol. Thus, the ON-OFF keying modulation is used for OOK waveform modulated by OFDM sequence.
· Channel coding
[bookmark: _Hlk158056952]Channel coding uses the redundant information to battle the fading channel for the LP-WUR receiver using the redundant information in improving the detection and decoding performance of OOK waveform. Most of the channel coding schemes requires high complexity decoding algorithm and high power consumption in improving the signal detection and decoding performance. A simple channel coding scheme of Manchester coding with simple decoding algorithm and negligible power consumption was studied in Rel-18 with substantial gain in LP-WUS detection performance [3]. Thus, the Manchester channel coding scheme should be the candidate as the LP-WUS channel coding scheme.
Proposal 8: The Manchester channel coding scheme should be the candidate as the LP-WUS channel coding scheme.
LP-WUS structure
General structure for LP-WUS
The LP-WUS structure should be designed to carry the information for UE waking up the MR and the additional information to assist UE synchronization. The LP-WUS has the oscillator with high frequency instability at more than 100ppm. In particular, the LP-SS periodicity might be long. The LP-WUR receiver might not maintain synchronization with the network. Synchronization is critical for LP-WUS detection, especially for the case when information is carried by encoded bits. If LP-WUR uses a low accuracy clock to keep lower power consumption, it may not keep synchronization with gNB. The preamble can be a fixed length of known sequence to assist fine synchronization.

 
[bookmark: _Ref163059399]Figure 2: Structure of LP-WUS
Proposal 9: It is recommended to support a LP-WUS structure with wake-up information preceded by a fixed preamble sequence for assisting synchronization.
Information module design
There are two alternatives for LP-WUS information design discussed in Rel-18 LP-WUS/WUR SI:
Alt 1: Sequence based LP-WUS
For Alt 1, the information module can consist of multiple orthogonal sequences with each orthogonal sequence represents one set of information. OOK receiver can decode information by multiplying the orthogonal sequence to the received sequence within the module through simple gate operation with spreading gain. The spreading gain of orthogonal sequence can improve the detection performance of LP-WUS. Considering the limited payload size of sequence, multiple information modules of LP-WUS structure is shown in Figure 3. It would increase the information bit number carried in LP-WUS by the combined information modules. For example, if 4 bits is carried by orthogonal sequence, two orthogonal sequence combined in the information module can carry 16 bits in totally.


[bookmark: _Ref158218336]Figure 3: Multiple information modules of LP-WUS structure
Alt 2: Message based LP-WUS with encoded bits
[bookmark: OLE_LINK104][bookmark: OLE_LINK105]For Alt 2, the information module is a control channel with message. The control channel can consist of a set of encoded bits, which is protected by channel coding. The channel based LP-WUS is a coherent detection and requires precise time/frequency channel tracking, timing offset, frequency offset and Doppler estimation and compensation. The detection performance would be heavily degraded from bad channel condition, e.g., larger time/ frequency errors. Moreover, the channel coding, such as CRC, is needed to be added for satisfied target 0.1% FAR, which would decrease the information payload size of LP-WUS considering the resource limitation. Since coherent demodulation has higher reliability than that of non-coherent demodulation, the message-based signal/channel would use coherent demodulation of the encoded bits.
Proposal 9: The LP-WUS should be designed based on the sequence with simple non-coherent detection. The sequence of the short LP-WUS bits can be further protected by a set of orthogonal sequence, e.g., Walsh code, with spreading gain and error detection capability. 
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Evaluation results for LP-WUS design
The initial evaluation performances are shown for two LP-WUS structures i.e. message-based and sequence-based structure, as discussion above. For sequence-based structure, two different sequence types i.e. M-sequence and Walsh sequence are evaluated. The payload size of message-based structure is assumed to 12 bits (including CRC bit). The detail of simulation assumption is shown in the Table 4. The two structures are shown below:
· Structure 1: Message-based LP-WUS:4 bit info + 8bit CRC
· Structure 2: Two-level Walsh sequence–based LP-WUS: 8 bit Walsh_1 + 4bit Walsh_2
From Figure 4, the performance of two-level Walsh sequence outperforms 4.3dB than the message-based structure at 1% BLER. It is because that the dispreading of the Walsh sequence from the set of decoding bits from all OOK symbols with simple addition operation would achieve the spreading gain with simple error correction capability. The message-based LP-WUS are with the error detection capability by CRC without any error correcting. The performance of the message-based LP-WUS would be degraded heavily by high noise and large Timing/Frequency error comparing to that of sequence-based structure.
Observation 2: The two-level Walsh sequence structure outperforms the message-based structure at 1% BLER with 4.3dB.
[bookmark: _Hlk162823585]Moreover, the performance of M-sequence and Walsh sequence are evaluated for the sequence design of LP-WUS. As shown in Figure 4, the 8 bits Walsh sequence can achieve 1.9dB gain than 7 bit M-sequence. Furthermore, the payload size of M-sequence would be limited to 2n-1, where n is the order of the shift register. The Walsh sequence has the best BLER performance with error correction capability through simple addition operation for LP-WUS information module.
[image: ]
[bookmark: _Ref162885851]Figure 4: Detection performance of different LP-WUS
Observation 3: The 8 bit Walsh sequence achieves 1.9dB gain than that of 7 bit M-sequence at 1% BLER for the best cross-coherence performance.
Proposal 10: Walsh sequence has the best BLER performance with error correction capability through simple addition operation for LP-WUS information module.
Information carried by LP-WUS 
RRC_IDLE/INACTIVE mode
In Rel-17, the paging early indication (PEI) by DCI format 2_7 and paging subgroups were introduced to indicate the paging subgroups whether to wake up to decode the paging DCI and subsequent paging message at the configured paging occasion in RRC_IDLE/INACTIVE modes. The PEI indicates up to 8 paging subgroups. The LP-WUS has the capability in carrying the wakeup information per paging subgroup with the 8-bit information modular design with each orthogonal sequence indicating one paging subgroup, as shown in Section 2.3.2. 
For the sequence information module with length-8 orthogonal sequence (e.g., Length-8 Walsh sequence) can support 8 paging subgroups (or bundles of paging subgroups). For 2 information modules (e.g., Length-8 and Length-4 Walsh sequence) can support 8 paging subgroups (or bundles of paging subgroups) and 4 indications of combination of paging subgroups (or bundles of paging subgroups). 
Proposal 11: For RRC_IDLE/INACTIVE modes, the sequence based LP-WUS with orthogonal sequence grouping should be sufficient in indicating the paging subgroup or bundling subgroups.
RRC_CONNECTED mode
For RRC_CONNETDE mode, LP-WUS resource and information contents in information module is UE-specific configured. The LP-WUS signal should be designed with simple bit-sequence to allow the LP-WUR to decode the LP-WUS signals with ultra-low power consumption. The LP-WUS should be configured with UE-specific LP-WUS sequence as L1 signaling for UE waking up the MR receiver by the LP-WUR with low power consumption. 
The LP-WUS sequence could include the UE-specific control signaling or a set of control signaling for a UE. The UE-specific resource is allocated for LP-WUS. LP-WUS is capable of carrying 6 sets of information bits (1 set of information bit for wake-up indication and 5 sets of information bits for SCell dormancy indication). The 5 sets of information bits should be within the design of LP-WUS payload size. 
One LP-WUS sequence could also be configured to be used by more than one UE. The number of UE shares the same LP-WUS will be limited by the payload size to indicate the control information for more than one UE. For example, if the purpose of LP-WUS indication is wake-up indication and SCell dormancy indication, up to 12 sets of information bits of LP-WUS can support up to two UEs. If the L1 signaling only takes 1 bit for wake-up indication of DRX adaptation for each UE, it could support up to 12 UEs with the 12 sets of information bits in the LP-WUS payload. 
Proposal 12: For RRC_CONNETDE mode, the LP-WUS could be configured for the indication of UE wakeup in DRX adaptation and SCell dormancy. The LP-WUS can be configured for one or more UEs within the constraints of the payload size.   
LP-SS design
In this section, we discuss the OOK waveform of LP-SS design and the LP-SS structure.
LP-SS waveform
OOK waveform
The LP-SS is designed for the LP-WUR to perform the time and frequency synchronization. The LP-WUR would have limited capability in computation for the algorithm of the time and frequency synchronization to avoid the large power consumption. The timing and frequency estimation algorithm for LP-WUR should be simple without complicated mathematical operations to minimize the UE power consumption. The time and frequency domain sliding window algorithm is a simple timing and frequency estimation algorithm based on comparison of correlation peaks of samples with the sliding window in time from the reference time or with the sliding window in center frequency from the reference sub-band frequency. The procedure of sliding window estimation by LP-SS is shown in Figure 5 as following steps:
· Step 1: LP-WUR obtains sampling points from the timing or frequency reference in a sliding window under a constant sampling rate.
· Step 2: LP-WUR decodes the OOK symbols within the sliding window by envelop detector.
· Step 3: LP-WUR performs the correlation of each sampling point and obtain the peak point of correlation output in the sliding window as the timing or frequency offset.
· Step 4: The timing and frequency offset value can be estimated by the offset between peak point and reference point, in which the reference point is the original reference time of LP-SS waveform or the center frequency of LP-SS.



[bookmark: _Ref162886002]Figure 5: Procedure of timing offset estimation by LP-SS
The peak of the correlation from each point would be +/- 0.5 OOK symbol widths from the reference point assuming Manchester coding is applied. The refined timing could be done with over-sampling within a OOK symbol.
In the RAN1#116, the following two options for OOK waveform of LP-SS were discussed:
· Option 1: OOK-1
· Option 2: OOK-4 with M=1, 2, 4, [8]
If over-sampling is done, the timing estimate accuracy and power consumption are same for both OOK-1 and OOK-4. Considering the OOK receiver would detect both LP-SS and LP-WUS, the OOK waveform configuration for LP-SS is same as that of LP-WUS would be simpler for LP-WUR detection and low standardization complexity, e.g., same configuration of M value.
Proposal 13: The OOK waveform for LP-SS is same with LP-WUS would be simpler for LP-WUR detection and low standardization complexity, e.g., same configuration of M value.
Overlaid OFDM sequence
The LP-WUR would use the reference time of its own local oscillator with frequency stability of ±80 ppm when the local oscillator of the MR receiver is turned off to the deep sleeping state or ultra deep sleep state. The drift and wander of the free running clock of LP-WUR would accumulate large timing and frequency errors in the timing reference generated for the LP-WUR. If the periodicity of LP-SS is 320ms or longer as that discussed and agreed in RAN#102, the LP-WUR is not in-sync with the gNB. However, the detection performance of OOK-1/4 is not sensitive to the frequency error and timing error compared with that of OFDM receiver, which could obtains the timing and frequency synchronization through SSB. Thus, the OOK receiver does not require tight synchronization performance of LP-SS.  
[bookmark: _Hlk158074156]LP-SS would be transmitted periodically on the NR resource along with other NR DL channels. If the LP-SS is multiplexed with NR channel/signals before IFFT, the LP-WUR has to perform FFT or simplified FFT to get the LP-SS signals for timing and frequency estimation. In order to retrieve the LP-SS without performing FFT to get the good estimation of timing offset and frequency offset, the LP-SS should be inserted after the IFFT processing at the gNB when the LP-SS multiplexes with NR channels/signals. However, the LP-SS would create inter-channel interference to the NR channel/signals when other NR UE performs FFT at the receiver. If the LP-SS is designed with the OOK-1 waveform modulated by IFFT sequence, the inter-channel interference to neighboring NR channel/signals would be mitigated at the other NR UE when it performs IFFT process even though the timing and frequency offset estimation is more challenged when OOK-1 waveform modulated by OFDM sequence. 
Proposal 14: The LP-SS should be multiplexed with NR channels/signals after the IFFT in order to retrieve LP-SS without needing the FFT processing at the receiver. If the LP-SS is designed with the OOK-1 waveform modulated by IFFT sequence, it can mitigate the inter-channel interference to neighboring NR channel/signals to the NR UE when it performs IFFT processing even though the timing and frequency offset estimation is more challenged when OOK-1 waveform modulated by OFDM sequence.
LP-SS structure
The cell-specific LP-SS structure can be same as LP-WUS as shown in Figure 6, serving cell ID information preceded by a fixed preamble sequence to trigger the detection of the sequence without hypothesis testing for synchronization. The information module is used to carry the serving cell ID information. Considering the limited number of bits for the available information of OOK, the truncated value cell ID would be used. The method of truncated serving cell ID mapping to LP-SS should be further studied.


[bookmark: _Ref163059432]Figure 6: Structure of LP-SS
Proposal 15: For structure of LP-SS, a fixed known preamble sequence concatenated with truncated cell ID information module could be considered in the LP-SS sequence design.
Considering the same coverage of LP-WUS and LP-SS, same length of preamble and the information module with Walsh sequence can be applied for both LP-WUS and LP-SS.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Proposal 16: Using the same length of preamble and information module with Walsh sequence for both LP-WUS and LP-SS would provide the benefit of same coverage.
Conclusion 
In this contribution, we discuss the waveform design and signal structure of LP-WUS and LP-SS and give the following observations and proposals: 
Observation 1: The bit rate and power consumption of OOK-4 modulated by OFDM sequence with network configured value M to allow the consideration of the network overhead and the UE power consumption since OOK-4 with M=1 is equivalent to that of OOK-1 modulated by OFDM sequence.
Observation 2: The two-level Walsh sequence structure outperforms the message-based structure at 1% BLER with 4.3dB.
Observation 3: The 8 bit Walsh sequence achieves 1.9dB gain than that of 7 bit M-sequence at 1% BLER for the best cross-coherence performance.
Proposal 1: The same information set could be configured to have transmission time interval differently for OOK and OFDM receiver in the LP-WUS design.
Proposal 2: Specify a configurable M value for supporting both OOK-1 and OOK-4 waveform.
Proposal 3: The OFDM sequence to be modulated on the OOK waveform for LP-WUS should consider existing NR sequence, such as DFT/FFT, M-sequence, and Zadoff-Chu, to minimize the implementation cost and complexity of OFDM receiver by reusing the NR receiver components.
Proposal 4: The sequence with interference mitigation property such as low cross-correlation is not the critical criterial for the selection of the OFDM sequence overlaid on the OOK waveform since the inter-cell interference mitigation is not expected to be critical for LP-WUS signals with smaller coverage area.
Proposal 5: The LP-WUS is multiplexed with NR DL channel/signals after the IFFT to minimize the LP-WUS detection performance degradation with timing and frequency error. The IFFT sequence is the best candidate of the OFDM sequence overlaid on OOK waveform with the IFFT size is the 2x sub-multiple of IFFT size of system bandwidth.
Proposal 6: Option 1: Sequence-based OFDM sequence should be supported for overlaid OFDM sequence design.
Proposal 7: Option 2: The overlaid OFDM sequence carry all information bits of LP-WUS should be the design principle of the information carried by OFDM sequence.
Proposal 8: The Manchester channel coding scheme should be the candidate as the LP-WUS channel coding scheme.
Proposal 9: It is recommended to support a LP-WUS structure with wake-up information preceded by a fixed preamble sequence for assisting synchronization.
Proposal 10: Walsh sequence has the best BLER performance with error correction capability through simple addition operation for LP-WUS information module.
Proposal 11: For RRC_IDLE/INACTIVE modes, the sequence based LP-WUS with orthogonal sequence grouping should be sufficient in indicating the paging subgroup or bundling subgroups.
Proposal 12: For RRC_CONNETDE mode, the LP-WUS could be configured for the indication of UE wakeup in DRX adaptation and SCell dormancy. The LP-WUS can be configured for one or more UEs within the constraints of the payload size.
Proposal 13: The OOK waveform for LP-SS is same with LP-WUS would be simpler for LP-WUR detection and low standardization complexity, e.g., same configuration of M value.
Proposal 14: The LP-SS should be multiplexed with NR channels/signals after the IFFT in order to retrieve LP-SS without needing the FFT processing at the receiver. If the LP-SS is designed with the OOK-1 waveform modulated by IFFT sequence, it can mitigate the inter-channel interference to neighboring NR channel/signals to the NR UE when it performs IFFT processing even though the timing and frequency offset estimation is more challenged when OOK-1 waveform modulated by OFDM sequence.
Proposal 15: For structure of LP-SS, a fixed known preamble sequence concatenated with truncated cell ID information module could be considered in the LP-SS sequence design.
Proposal 16: Using the same length of preamble and information module with Walsh sequence for both LP-WUS and LP-SS would provide the benefit of same coverage.
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Appendix
[bookmark: _Ref162891788][bookmark: OLE_LINK31][bookmark: OLE_LINK32]Table 3: Simulation assumption for OFDM sequence
	Parameter
	Configuration

	Carrier Frequency
	2.6GHz

	BW of LP-WUS
	4.32 MHz with 256 point IFFT

	System Bandwidth
	20M with 1024 point IFFT

	SCS
	30kHz

	Waveform of LP-WUS
	OOK-1
[1 0 1 0]

	NR legacy signal
	Random QSK sequence



[bookmark: _Ref162958027]Table 4: Simulation assumption for LP-WUS
	[bookmark: OLE_LINK41]Parameter
	Configuration

	Carrier Frequency
	2.6GHz

	BW of LP-WUS
	4.32 MHz

	SCS
	30kHz

	Channel
	TDL-C

	TxRx
	1Tx1Rx

	Timing/Frequency offset
	0 us/0 ppm

	Sampling rate
	15.36 MHz

	Waveform of LP-WUS
	OOK-4

	Segments of one OFDM symbol
	M =2

	Structure of OOK
	Message-based structure:
                4 bit info + 8bit CRC
Sequence-based structure
               8 bit Walsh_1 + 4bit Walsh_2

	Coding method
	1/2 Manchester coding 

	Filter
	5th Order Butterworth with 4.32MHz bandwidth 
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