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Introduction
Regarding L1 signal design and procedure for LP-WUS, RAN1#112bis-e meeting achieved the agreements [1] listed in the appendix, which stressed some further study areas. 
In this contribution, we further provide our views on LP-WUS design and related procedures. Some link level evaluation results are also provided.

Discussion
This section gives our views on the possible functionalities of LP-WUS beside the fundamental wake-up indication, and the potential impact to the LP-WUS design.

On LP-WUS design
Regarding to use sequence detection/selection or encoded bits to carry the payload on LP-WUS, our views are:
· Sequence detection/selection may provide better coverage performance but may compromise the capacity and data rate. Depending on the design, from the experience of Rel.16 UE power saving study on sequence or PDCCH-based WUS design, sequence-based design may be more robust to frequency error.
· Using encoded bits may be more flexible to achieve higher throughput and accommodate payloads for possible functionalities, and forward compatibility. Although encoded bits may have less specification impact, for better coverage, CRC may lead to more overhead if the payload itself is small. In addition, channel encoding and whether and how to design the reference signal can also be normalization effects.
· We may capture all the observed pros/cons in the TR on each design alternative.

Observation 1: Using sequence detection/selection to carry the LP-WUS information may provide better coverage with compromised capacity and data rate and be more robust to frequency error. Using encoded bits is more straightforward and flexible to achieve higher throughput and accommodate payloads for more functionalities and forward compatibility. On the other hand, channel encoding, CRC and reference signal design need more standardization efforts.

Regarding the bandwidth for LP-WUS as concluded in the below agreement:
	Agreement
At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
· Other BW sizes are not precluded
· if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
· LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs



From our perspective, the smaller bandwidth is beneficial for LP-WUR complexity and lower power consumption. It also takes less system overhead as long as the design target is achieved, e.g. coverage target. 
For larger LP-WUS bandwidth size, we need clear discussion on why it is needed, e.g. for better coverage or higher throughput. Then more clarification in the TR can be included.
Proposal 1: More justification is needed to capture in TR if larger than 5MHz LP-WUS is recommended for FR1.
Regarding different SCS of LP-WUS from other channels/signals of MR within a same carrier:
· Using smaller SCS scales and extends the OFDM symbol length, which can be more robust with ISI and timing error, although it is weaker to against phase noise. Basically, the drawback is less severe in lower frequency than higher frequency. But it is also possible to eliminate the phase noise, which is due to the mismatch of transmitter and receiver frequency oscillators, by repeating the sequence of LP-WUS in adjacent symbols, which is similar principle with PT-RS design.
· Higher SCS was also discussed and proposed for higher throughput. In our current understanding, this requirement is still not clear and not beneficial for the coverage of the LP-WUS, which may potentially suffer from deficiency.
· Additional study for co-exitance with current system, e.g. guard band is also needed for both cases, which is additional efforts.
Proposal 2: The need for different SCS of LP-WUS from other channels/signals of MR within a same carrier should be clarified first if it is recommended as outcome of the SI.
Regarding whether LP-WUS can be within the different carrier or band from the signals/channels used by MR, our view is this can for now put it as lower priority and focus on more essential design issues starting from co-carrier operation as agreed, considering limited meeting time.
Proposal 3: LP-WUS design should firstly stick to co-carrier operation with MR as higher priority.


Prioritization between RRC CONNECTED and IDLE/INACTIVE modes
Although we agreed on the following for both RRC CONNECTED and IDLE/INACTIVE modes, our view is to prioritize the IDLE/INACTIVE mode study.
	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.


For IDLE/INACTIVE mode, UE-group, -subgroup can be indicated by LP-WUS, where the concept of UE-group and subgroup is in the context of paging. If monitoring occasion based grouping is designed for LP-WUS like the principle of PF/PO, such implicit indication can be helpful for distributing the overhead. Then even a super-group level indication can be considered depending on the use case. On the other hand, if explicit indication is considered, it is possible to page a specific UE by UE-ID, which also depends on the use case, e.g., extremely low paging rate.
Proposal 4: For IDLE/INACTIVE mode, UE group and subgroup can consider both implicit and explicit indication, while UE-ID should be explicit indication.
Regarding the cell information, we support to modulate by the sequence-based design for LP-WUS, in either the payload symbols or LP-SS, if supported.
Proposal 5: Sequence based design for LP-WUS can support cell information modulated by either payload symbols or the LP-SS.
On SI change and ETWS/CMAS information, tracking area information and RAN area information, we think they can be with lower priority to save more time for other essential issues, as the power saving gain may not be vital for the low chance of occurrence.
Proposal 6: SI change and ETWS/CMAS information, tracking area information and RAN area information can be with low priority. 
We are open to study CONNECTED, although it can be put lower priority in our preference. On the other hand, the study in Rel.16 regarding sequence-based WUS to wake up UE for PDCCH monitoring should be considered, which we think similar design philosophy is applicable for LP-WUR.
Proposal 7: Rel.16 sequence-based WUS study should be taken into account for possible study of LP-WUS in the CONNECTED mode, although we think the IDLE/INACTIVE mode should have higher priority than CONNECTED mode.
Link evaluations of LP-WUS design
Simulation assumptions
In this section, we compare link level performances of Manchester coded OOK-2 and FSK-1. The evaluation assumptions are shown in Table.1 and some more specific explanations on the methodology and assumption are listed as follow:

· For Manchester coded OOK-2, the raw bits are encoded by Manchester code with coding rate of 1/2, and coded bits are transmitted with OOK-2. Illustration of subcarrier allocation of OOK-2 with M=2 is shown in Figure. 1 (a). We assume N is 3 PRBs (36 SCs with 30 kHz SCS) for LP-WUS bandwidth including potential guard-bands and that is further separated into M segments. M is evaluated in 2 and the number of SCs for each segment is 18 SCs calculated by N/M. The guard-bands are placed on both side of the payload in each segment and the number of SCs for the payload is for 12 SCs calculated by (N/M – 2*N_GB). Here, N_GB is the number of SCs for a guard-band on one side and we set N_GB to 3SCs. One block consists of 14 symbols, and at receiver side, received OFDM symbols are divided into multiple symbol pairs in each segment and coded bits are detected by comparing the correlated peak values of 1st symbol and 2nd symbol of each symbol pair by using ZC sequence. Then the raw bits are further detected from decoded bits pattern. This detection is the scheme without fixed threshold setting by FAR.
· For FSK-1, illustration of subcarrier allocation with M=2 is shown in Figure. 1 (b). In the evaluation, we assume M=1, the same values of N and N_GB as that for OOK-2 and one block consists of 14 symbols. In this waveform, N subcarriers is divided into 2*M segments and subcarriers for guard-band are placed at both ends inside the segment. Furthermore, every 2 segments of them are treated as a pair, and in each pair, 1 bit is transmitted using a ZC sequence by mapping either to the higher or lower segment in each symbol. In each pair, the detection for each symbol is performed by directly comparing the correlated peak value of the higher and lower segment to determine 0 or 1 is mapped to the symbol. 
· As an interference signal, we assume PDSCH mapped on whole system bandwidth other than resource used by LP-WUS including guard-bands. PDSCH interference is modelled as constant.
· TDL-C channel is used for both Manchester coded OOK-2 and FSK-1.
· ADC is not modelled and assumed ideal. Down sampling is modelled as a whole simulation .SNR is calculated based on the average EPRE within the time/frequency resource used for LP-WUS including guard-bands.

[image: ]
(a) OOK-2 with M=2	 				  (b) FSK-1 with M=1
Figure. 1 Illustration of Subcarrier allocation for LP-WUS and PDSCH in frequency domain
Table. 1 Simulation Assumptions 
	Carrier Frequency
	2.6 GHz

	Waveform
	OOK-2 w/ Manchester coding (R=1/2), FSK-1

	Channel structure
	Zadoff-Chu (ZC) sequence: 14*M bits

	SCS of OFDM generator for NR signal
	same as LP-WUS signal

	Configuration for LP-WUS signal
	For Manchester coded OOK-2,
M=2 and SCSs = 30 kHz
For FSK-1,
M=1 and SCSs = 30 kHz

	WUS duration
	14 symbols

	gNB Channel BW 
	For Section 2.3.2, 2.3.3, 
2.5 MHz
For Section 2.3.4,
20.0, 10.0, 5.0, 2.5 MHz

	LP-WUS BW
	1.08 MHz (3 PRBs for 30 kHz SCS) including GB for LP-WUS transmission


	Filter 
	3-th Order Butterworth filter with Y MHz bandwidth
 - Y is same as BW for 1 segment of LP-WUS including GB

	Adjacent subcarrier interference
	PDSCH mapped on resources other than that for WUS and guard in Channel BW; band
EPRE of PDSCH is same with that of LP-WUS=ρ, where ρ=0 dB

	Sampling Rate
	For Section 2.3.2, 2.3.3, 
3.84 MHz
For Section 2.3.4,
30.72, 15.36, 7.68, 3.84 MHz 

	Channel Model
	TDL-C
- Delay spread: 300 ns
- UE velocity: 3 km/h



The Impact of timing error
In this section, detection performance with timing error is evaluated by simulating it with fixed timing offset values (TO) and the results are shown in Figure.2. In the evaluation, {0,1,2,5,10} [us] are set as TO and these values means misalignment of {0, 3, 7, 19, 38} samples at receiver side in the condition that sampling rate is 3.84 MHz, and "TO=0" means the case without timing error. Also, note that the number of samples for long/short CP of OFDM symbol is {11,9} samples in this time. Timing error correction by UE is not modelled.

[image: ]
(a) BLER		 	     	(b) BER of 0-to-1 				(c) BER of 1-to-0
Figure. 2 The detection performance with timing error 

we observed following points from them:
· In the case without timing error (TO=0), there is almost no performance difference between Manchester coded OOK-2 and FSK-1. This trend is also observed in the case with TO=1 where symbol misalignment due to timing error isn’t over CP length.
· In the case with TO=2 or more where symbol misalignment is close to or over CP length, BLER/BER performance gets worse both in Manchester coded OOK-2 and FSK-1. However, Manchester coded OOK-2 has better performance than FSK-1. The difference is especially obvious in the case with larger TO=5,10. As each OFDM symbol for FSK is modulated with energy, while for OOK with Manchester code, only half the OFDM symbols are modulated. Therefore, the ISI can be statistically more severe for FSK. In this sense, it can be said that Manchester coded OOK-2 is more tolerant to timing error than FSK-1.

Observation 1: FSK-1 has almost the same performance with Manchester coded OOK-2 in the situation without timing error and with slight timing error. 
Observation 2: Manchester coded OOK-2 is more tolerant to timing error than FSK-1.

The Impact of carrier frequency error
In this section, detection performance with carrier frequency error is evaluated by simulating it with fixed carrier frequency offset (CFO) and the results are shown in Figure.3. As CFO parameters, the values for Oscillator max frequency error are used: {5, 10, 50, 200} ppm. At this time, specific values of Carrier Frequency Offset are {13,26,130,520} kHz in condition that Carrier Frequency is 2.6 GHz. These values mean {0.43, 0.87, 4.33, 17.3} SCs offset with SCS of 30 kHz is occurred at receiver side and the direction of the offset is positive on the frequency axis in Figure.1. Also, in Figure.3, "CFO=0" means the case without frequency error.

[image: ] (a) BLER		 	     	(b) BER of 0-to-1 				(c) BER of 1-to-0
Figure. 3 The detection performance with carrier frequency error 

we observed following points from them:
· In both waveforms, BLER/BER performance gets worse in high SNR region with increasing CFO. It means accuracy of correlation detection by signal power can be affected by signal misalignment in frequency domain. 
· In cases where CFO is less than 10, there is no significant difference in BLER/BER between FSK-1 and Manchester coded OOK-2. It indicates that they have almost the same performance in these cases.
· When CFO is 50, Manchester coded OOK-2 has better performances than FSK-1. The useful energy loss and contaminating ICI caused by CFO mainly influence the energy comparison for both OOK and FSK. 
· For OOK-2, for the lower segment, the ICI occurrence probability is 0.5, when ‘1’ is transmitted in the higher segment. For the higher segment, the ICI is mainly from the adjacent PDSCH, which is constant in the evaluation. 
· For FSK, the impact of the higher segment is also constant. This may easily lead to error when higher segment is not modulated, which happens half of the time.
· Therefore, in total, OOK-2 may suffer less than FSK-1, in the resource setting of our simulation. FSK-1 is more sensitive to the impact of the ICI caused by CFO.

Observation 3: In the situation with lower carrier frequency error, there is almost no performance difference between Manchester coded OOK-2 and FSK-1.
Observation 4: In the situation with larger carrier frequency error, Manchester coded OOK-2 could be more tolerant than FSK-1, depending on the bandwidth and guard band design for the LP-WUS

Performance difference with different sampling rates
In this section, the impact of sampling rate on BLER/BER performances without any timing error and carrier frequency error is evaluated in Manchester coded OOK-2 and FSK-1, respectively. In the evaluation, sampling rate is set to {3.84, 7.86, 15.72, 30.84} MHz, and for fair comparison between different sampling rates, the bandwidth for LP-WUS is assumed to be the same (3PRBs) regardless of the sampling rate. Note that this evaluation is not by down sampling but by setting sampling rate to the simulation itself. So, Tx side, channel, and Rx side operate with the same sampling rate in our simulation. The results are shown in Figure.4.
we observed following points from them:
· [bookmark: _Hlk134786984]In both waveforms, BLER/BER performance gets worse with lower sampling rate. 
· In both waveforms, a reasonably low sampling rate can be feasible to lower down the LP-WUR complexity.

Observation 5: In terms of link level performance, a reasonably low sampling rate can be feasible to reduce the LP-WUR complexity for both Manchester coded OOK-2 and FSK-1.
 [image: ] (a) Manchester coded OOK-2 with M=2

[image: ] (b) FSK-1 with M=1
Figure.4 Performance difference with different sampling rates


Conclusion
Based on the discussion, the following proposals and observations are highlighted: 
Proposal 1: More justification is needed to capture in TR if larger than 5MHz LP-WUS is recommended for FR1.
Proposal 2: The need for different SCS of LP-WUS from other channels/signals of MR within a same carrier should be clarified first if it is recommended as outcome of the SI.
Proposal 3: LP-WUS design should firstly stick to co-carrier operation with MR as higher priority.
Proposal 4: For IDLE/INACTIVE mode, UE group and subgroup can consider both implicit and explicit indication, while UE-ID should be explicit indication.
Proposal 5: Sequence based design for LP-WUS can support cell information modulated by either payload symbols or the LP-SS.
Proposal 6: SI change and ETWS/CMAS information, tracking area information and RAN area information can be with low priority. 
Proposal 7: Rel.16 sequence-based WUS study should be taken into account for possible study of LP-WUS in the CONNECTED mode, although we think the IDLE/INACTIVE mode should have higher priority than CONNECTED mode.

Observation 1: FSK-1 has almost the same performance with Manchester coded OOK-2 in the situation without timing error and with slight timing error. 
Observation 2: Manchester coded OOK-2 is more tolerant to timing error than FSK-1.
Observation 3: In the situation with lower carrier frequency error, there is almost no performance difference between Manchester coded OOK-2 and FSK-1.
Observation 4: In the situation with larger carrier frequency error, Manchester coded OOK-2 could be more tolerant than FSK-1, depending on the bandwidth and guard band design for the LP-WUS
Observation 5: In terms of link level performance, a reasonably low sampling rate can be feasible to reduce the LP-WUR complexity for both Manchester coded OOK-2 and FSK-1.


Reference
[1] RAN1 chairman’s notes of 3GPP RAN1 #112bis-e meeting

Appendix

Agreements from RAN1 #112bis-e meeting
Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)


Agreement
Update the RAN1#112 agreement as the following:
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
Working assumption: In place of the above deleted bullets:
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.
· FFS: PAPR applicable to LP-WUS

Agreement
Replace in RAN1#112 agreement
Companies to report
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
with 
· receiver architecture type and its relative power consumption

Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.

Agreement
· For RRC connected mode, the following is assumed for LP-WUS study in RAN1
· RLM/BFD/CSI are performed by UE Main Radio (MR) 
· RRM measurements are performed by UE Main Radio (MR)
· Ultra-deep sleep state is not allowed for MR.
· Study additional support of RRM measurement by LP-WUR for RRC connected mode
· Study RRC connected mode LP-WUS functionality/purpose/procedures
· Study RRC connected mode LP-WUS activation/deactivation procedures.
· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 
· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.


Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  
· FFS sequence type
· Alt 2: by encoded bits 
· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).

Agreement
At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
· Other BW sizes are not precluded
· if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
· LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs

Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation

Agreement
· Study techniques/mechanisms to enhance coverage performance of LP-WUS
· Study potential gains available as well as drawback(s) of the technique(s)/mechanisms(s), e.g. system overhead, increased complexity network energy consumption etc…
· Study potential issues and corresponding solutions for the case when LP-WUS coverage is insufficient 
· At least study fallback mechanisms where the Main Radio switches to legacy operation in case the channel condition of LP-WUS is not sufficient, e.g. below threshold.
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