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Introduction
In this document, we will discuss in detail about our view and proposals on the design of LP-WUS and LP-SS design for wake-up signal. The proposal for both LP-SS and LP-WUS are made under two underlying assumptions, namely, the complexity of the gNB transmission and the low power nature of the receiving device, i.e., LR.
Waveform Design
Signal bandwidth and the location within carrier BW
One elementary parameter for the LP-WUS design is the bandwidth of the signal as it will affect many aspects of the LP-WUS operation and LR design. Assuming higher bandwidth would allow higher signal power, but also result more noise power, so the receiver SNR may remain unchanged, thus the typically considered receivers may not benefit from this in terms of performance. However, by increasing the bandwidth, robustness against narrowband interference and fading can be improved. Also, higher bandwidth per (e.g., OOK) symbol may result in lower spectrum efficiency, unless we use DFT-s-OFDM to improve the utilization by transmitting fewer OOK symbols within a NR CP-OFDM symbol.
[bookmark: _Toc159228328][bookmark: _Toc142486930][bookmark: _Toc142487176][bookmark: _Toc142487221][bookmark: _Toc142487362][bookmark: _Toc142487553][bookmark: _Toc142487982][bookmark: _Toc142488024][bookmark: _Toc142488156][bookmark: _Toc142488712][bookmark: _Toc142488807][bookmark: _Toc142489389][bookmark: _Toc142489535][bookmark: _Toc142490429][bookmark: _Toc142556785][bookmark: _Toc142558897][bookmark: _Toc142558939][bookmark: _Toc142573527][bookmark: _Toc142642609][bookmark: _Toc161836570][bookmark: _Toc161928343][bookmark: _Toc161928373][bookmark: _Toc161928403][bookmark: _Toc161928433][bookmark: _Toc161928505][bookmark: _Toc161928582][bookmark: _Toc161928697][bookmark: _Toc161928770][bookmark: _Toc161928802][bookmark: _Toc163220638][bookmark: _Toc163221355]Wider LP-WUS/LP-SS BW can offer robustness against fading and frequency offset but impacts the spectrum efficiency.
On other hand Rel-17 RedCap devices are restricted to a RF/BB bandwidth of 20MHz and introduction of enhanced support of RedCap devices with further restricted BW, down to 5MHz, has been specified for Rel-18. Furthermore, in Rel-18 the below 5MHz carrier operation was also introduced.  Thus limited LP-WUS BW would also enable wider adoption of LP-WUS. Hence, limiting the BW of LP-WUS transmission could enable wider use of LP-WUS in different type of deployments, with different transmission bandwidths, down to 5MHz and even below, which are currently supported in NR. Therefore, the trade-off between LP-WUS BW and e.g. data rate should be also considered. 
[bookmark: _Toc159228329][bookmark: _Toc161836571][bookmark: _Toc161928344][bookmark: _Toc161928374][bookmark: _Toc161928404][bookmark: _Toc161928434][bookmark: _Toc161928506][bookmark: _Toc161928583][bookmark: _Toc161928698][bookmark: _Toc161928771][bookmark: _Toc161928803][bookmark: _Toc163220639][bookmark: _Toc163221356]The scalability of LP-WUS/LP-SS BW would benefit multitude of device types and deployments.
[bookmark: _Toc159228048][bookmark: _Toc161928893][bookmark: _Toc163124918][bookmark: _Toc163125287][bookmark: _Toc163220052]Consider aligned or scalable design for LP-WUS/LP-SS to support multiple BW options depending on the deployment scenario. Thus, consider the feasibility of LP-WUS BW equal to or below MHz for evaluations.
The position of LP-WUS/LP-SS transmissions within the carrier should be flexible, i.e., can be configurable by the gNB, which can then be informed to the MR through unicast or broadcast messages. This way, the spectral utilization can be optimized by the NW.
[bookmark: _Toc159228049][bookmark: _Toc161928894][bookmark: _Toc163124919][bookmark: _Toc163125288][bookmark: _Toc163220053]The position of LP-WUS/LP-SS within the carrier BW should be flexible and configurable by the NW.
[bookmark: _Ref158730330]Modulation Type
In the last RAN1#116 meeting, two modulations were agreed to be explored for OOK signalling, namely, OOK1 and OOK4. Even though they both fall under the ON/OFF keying structure, the way the signal is generated within the underlying OFDM framework of NR introduces subtlety in the time domain (TD). We will discuss briefly about the two schemes and list out the highlighting differences.
	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.


OOK1
In this scheme, the modulation order, denoted as , is always fixed to , without having DFT spreading to generate the waveform. It has been agreed in the previous meeting that the SCS used for LP-WUS OOK generation should adhere to the SCS used for NR transmission. However, if there are multiple SCSs available for NR transmission, then the SCS should be the same as NR when the LP-WUS is sandwiched between the NR signal having similar SCS on either side. However, if the SCS used by NR signal on the left and right side are different, then the choice of LP-WUS SCS should be left to the NW, which will be informed either via broadcast or unicast message upon RRC release. An illustrative generation is provided in Fig. 1.
[image: ]
[bookmark: _Ref163127986]Fig. 1 Generation of OOK1 waveform
[bookmark: _Toc163124920][bookmark: _Toc163125289][bookmark: _Toc163220054]If the NW supports more than one SCS for NR transmission, then the choice of SCS used for LP-WUS should be left to the NW that shall be informed to the UE.
OOK4
The major drawback with the OOK1 scheme is the complexity involved in the generation of waveform at the gNB side when . This is attributed mainly due to the usage of different SCS for LP-WUS signal compared to that of incumbent NR transmission. On the contrary, OOK4 waveform generation uses the existing HW available at the gNB and generates the similar OOK style waveform with greatly reduced complexity at the gNB side. The OOK4 generation involves the following process. 
[image: A screenshot of a computer
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Fig. 2 OOK4 signal generation together with NR
· The desired time domain waveform, which may contain multiple ON/OFF keying depending on , is created by having the samples matching the desired LP-WUS BW for a duration of one NR CP-OFDM symbol. Let this be  DFT samples, which is less than the NR FFT size of .
· Once the desired TD waveform is generated with  samples, DFT is performed for  size, which is then followed by DFT shift process to ensure DC centering.
· The DFT spread waveform is then mapped to the respect LP-WUS region within NR carrier BW, which is then followed by IFFT shift and IFFT process using  point IFFT process. 
· The reason for doing DC centering, i.e., DFT shift, before mapping is to align the DC in the center as the LR uses the center of LP-WUS transmission as the local oscillator (LO) frequency for reception.
· As the waveform is created together with the NR signal, the CP insertion in the final TD transmission follows the NR process. An illustration of OOK4 generation is presented in .
Thus, the generation of OOK4 signal is relatively easier compared to OOK1 scheme, which involves TD insertion of the LP-WUS signal. It is worth noting that the DFT shift, or DC centering operation is identical to multiplying  before each sample before DFT operation, i.e., on the desired TD samples .
[bookmark: _Toc159228330][bookmark: _Toc161836572][bookmark: _Toc161928345][bookmark: _Toc161928375][bookmark: _Toc161928405][bookmark: _Toc161928435][bookmark: _Toc161928507][bookmark: _Toc161928584][bookmark: _Toc161928699][bookmark: _Toc161928772][bookmark: _Toc161928804][bookmark: _Toc163220640][bookmark: _Toc163221357]The generation of OOK4 signal at gNB is relatively easier compared to OOK1 scheme for modulation order . However, the need for additional DFT HW may pose additional challenges in the acceptance.
[bookmark: _Toc163220641][bookmark: _Toc163221358]Having a pulse shaping function improves the post processing SNR irrespective of the receiver type used at the LR.
[bookmark: _Toc163220055]Unified generation scheme should be considered for OOK waveform.
[bookmark: _Toc163220056]Specify the waveform in the frequency domain with a possibility of using a pulse shaping function.
Modulation order and Encoding
Modulation Order
	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.


In the previous RAN1#116 meeting, the modulation order  considered for further study includes  as they provide better robustness against time and frequency offset to certain extent. The maximum tolerable time offset by the OOK modulation scheme for  was observed as , beyond which, the degradation is quite significant. As  increases, the ON duration of OOK signal reduces noticeably, which will then be comparable to that of the CP duration. For example, if  NR uses SCS , which has the CP duration of , the ON duration of OOK signal with  is Thus, the CP insertion may cause misdetection at LR as the OOK ON duration is now comparable to the CP insertion and every NR CP-OFDM symbol boundary.
Fig. 3 demonstrates the BLER performance of OOK scheme using different modulation rate, i.e.,  under the impact of timing offset for both AWGN and TDL-C 300ns channel in Fig. 3a and Fig. 3b, respectively. As the timing offset increases to , the performance of  degrades significantly compared to other modulation orders, which can be seen from Fig. 3 irrespective of the channel type used. In Fig. 3, the BLER evaluation is performed by consider Manchester encoded symbols with rate half, i.e., the mapping of each information bit is performed as  and , respectively. Furthermore, the total power any given symbol is kept as constant, i.e., power pooling is performed between ON and OFF signal only if they are present within an equivalent NR OFDM symbol. This is under the assumption that the total power budget per symbol is fixed. 
	[image: ](a) AWGN performance by varying M and time offset
	[image: ](b) TDL-C 300ns performance by varying M and time offset


[bookmark: _Ref162431292][bookmark: _Ref162431275]Fig. 3 BLER comparison of modulation order {1,2,4} under the timing offset impairment.
With the above discussed assumptions, the performance of  is inferior compared to  while using the Manchester encoding for transmission. This is mainly attributed to the pulse duration used for transmitting OOK signal. In , the envelope detector based LR collects not only the signal energy from the entire symbol comparable to NR OFDM symbol but also the noise. On the contrary, for , the symbol duration is halved, i.e., the ON duration spans only half the NR OFDM symbol with the rest carrying no signal. Thus, the power pooling can be used to boost the ON duration by a factor of two. Furthermore, the noise is also collected along with the signal only for half the duration of NR OFDM symbol. Thus, the SNR observed by the modulation order of  is better than  by  in the case of coherent receiver but falls short for a non-coherent envelope receivers. However, in Fig. 3, the difference between  and  is , since by performing pulse shaping, the performance of  case improved, and thus reducing the achievable gain with  with power pooling.
[bookmark: _Toc163220642][bookmark: _Toc163221359]The SNR observed by  and  are roughly the same other than the noise averaging attributed to the LR type used, namely, envelope or sequence detector.
[bookmark: _Toc163220643][bookmark: _Toc163221360]If Manchester encoding is used for transmission, the detection performance of  is superior to , since the pooling of power across NR OFDM symbol may not be allowed.
[bookmark: _Toc163220644][bookmark: _Toc163221361]The effect of timing offset  introduces comparable degradation to both  and  modulation orders, which can be mitigated using either preamble or LP-SS
[bookmark: _Toc159228331][bookmark: _Toc161836573][bookmark: _Toc161928346][bookmark: _Toc161928376][bookmark: _Toc161928406][bookmark: _Toc161928436][bookmark: _Toc161928508][bookmark: _Toc161928585][bookmark: _Toc161928700][bookmark: _Toc161928773][bookmark: _Toc161928805][bookmark: _Toc163220645][bookmark: _Toc163221362]As the modulation order  increases, the ON duration of OOK symbol length is comparable to that of CP insertion, thus restricting  is beneficial to reduce the complexity at LR. Using  impairs the detectability due to reduced ON duration to provide receive side SNR improvements.
[bookmark: _Toc163124923][bookmark: _Toc163125292][bookmark: _Toc163220057]Consider OOK waveform with  as the baseline for evaluations as it favours both envelope and sequence detectors with or without the use of Manchester encoding.
Data Encoding
Even though various encoding schemes are proposed in the literature, by far the most used scheme is the Manchester encoding scheme, which is also considered in the SI phase. The use of Manchester encoding provides the following benefits.
Each ON and OFF duration is characterized by a transition in the signal level, i.e., even when the data bits are all ones or zeros, Manchester encoding introduces transition in the signal, thus avoiding constant signal level at the receiver, which may cause synchronization failure.
Due to the presence of both ON/OFF transition for both bit values, i.e., , the threshold can be easily obtained at each symbol level to facilitate the decision at each symbol instant. This reduces the LR complexity by favouring hard decision after each transition to decide the bit value.
It ensures better averaging for threshold when  is higher, i.e., when , the ON duration reduces significantly, and the noise average performed with the envelope detector (ED) may not converge to the true variance due to lack of sample averaging. In those cases, averaging across all OFF duration within LP-WUS payload can help to achieve better noise variance estimate, which can then be used for threshold calculation.
Long sequences of ones or zeros are avoided and instead each MC encoded symbol has a constant DC level (ideally half of the level of the ON symbol) so even if the signal is fed through a DC blocker the signal does not loose content. A DC blocker would deteriorate the received signal if it could contain long sequences of ones or zeros as the output after the DC blocker would go towards the zero in both cases making it difficult to the decode the symbols. 
Since each MC encoded symbol has a transition between ON and OFF in the middle, this transition can be used to recover the clock of the transmitted signal. 
The detection threshold between ON and OFF symbols can easily be found by averaging signal, which is an advantage for very simple receivers which can find the comparator threshold value simply by LP filtering the received signal as shown in Fig. 4. 
[image: ]
[bookmark: _Ref158708218]Fig. 4 MC allows simple ED based OOK receiver to acquire comparator threshold.
Since the considered HW architectures assumes sampling of the MC-OOK signal, then other more efficient signal encodings may work as well. Despite the above-mentioned advantages, it has some drawbacks too, which are listed below.
Due to the insertion of two symbols for every input bit, for a fixed LP-WUS BW, the throughput is reduced by half.
If there is a preamble before the actual data transmission, the threshold to evaluate whether the symbol is  can be determined from the preamble, as it uses a known ON/OFF sequence. Thus, the need for Manchester encoding may depend on the availability of preamble in the LP-WUS transmission or not.
[bookmark: _Toc159228332][bookmark: _Toc161836574][bookmark: _Toc161928347][bookmark: _Toc161928377][bookmark: _Toc161928407][bookmark: _Toc161928437][bookmark: _Toc161928509][bookmark: _Toc161928586][bookmark: _Toc161928701][bookmark: _Toc161928774][bookmark: _Toc161928806][bookmark: _Toc163220646][bookmark: _Toc163221363]The use of Manchester encoding for LP-WUS facilitate the threshold evaluation to determine the ON/OFF decision at each symbol. However, if preamble is appended to LP-WUS transmission, or other encoding of transmitted codewords is applied, the need for Manchester encoding may not be imperative.
[bookmark: _Toc163220647][bookmark: _Toc163221364]If Manchester encoding is not used, the power of each OOK symbol may vary if power pooling is employed within an equivalent NR OFDM symbol.
[bookmark: _Toc163124924][bookmark: _Toc163125293][bookmark: _Toc159228052][bookmark: _Toc161928897][bookmark: _Toc163124925][bookmark: _Toc163125294][bookmark: _Toc163220058]The use of Manchester encoding for OOK based scheme should be considered if there is no preamble field in LP-WUS frame structure.
We suggest exploring if there are more spectrum efficient alternatives to Manchester encoding. One proposal could be to prefix the LP-SS / LP-WUS signal with a preamble for symbol synchronization and encode the rest of the signal with 8b/10b encoding as known from other telecommunication technologies. 8b/10b encoding can, like MC, also achieve DC balance and at the same time provide enough state changes to allow reasonable clock recovery.
[bookmark: _Toc159228053][bookmark: _Toc161928898][bookmark: _Toc163124926][bookmark: _Toc163125295][bookmark: _Toc163220059]Explore if there are more efficient alternatives to Manchester encoding. e.g., a preamble followed by b/b or in general  bit encoding for rest of the signal.
[bookmark: _Toc159228214][bookmark: _Toc159228595][bookmark: _Toc159228215][bookmark: _Toc159228596]Pulse shaping and Sequence overlaying
Effect of pulse shaping
To improve the detection performance of OOK with envelope detector (ED) pulse shaping can be applied to the ON duration of the transmission. When the applied pulse shaping is accounted in the receiver, the benefits of pulse shaping can improve the receiver SNR, and band limiting of the transmitted pulse in the ON duration, i.e., by restricting the spectral leakage of LP-WUS transmission to the adjacent NR transmission. Fig. 5 compares the various pulse shapes and their behaviour assuming matched filter at the LR. As can be seen that the width of the pulse reduces with the increase in  and so does the correlation gain, which is depicted in Fig. 5b. 
	[image: ](a) Impact of  on pulse shape width
	[image: ](b) Matched filtering performance


[bookmark: _Ref158194801]Fig. 5 A comparison of different pulse shapes for various  using envelope detector.
Even though pulse shaping has the above-mentioned benefits, namely, reducing the spectral leakage, improving receiver SNR even with non-coherent receivers such as ED, it has the following shortcomings as well. As the pulse shaping concentrates the total energy within the CP-OFDM symbol to multiple locations depending on  and the LP-WUS bits, the impact on PAPR of the overall gNB transmission could be impacted and should be analyzed. For instance, the worst case PAPR corresponding to the above listed pulse shapes are provided in Table 1. By worst case, we mean that the information bits can be  that leads to only one ON duration a  NR CP-OFDM symbol. 
Note that for , the pulse is the only existing shape within an equivalent CP-OFDM symbol used for evaluating PAPR. In the case of higher modulation orders, i.e., , both ON duration and OFF duration exists in the same symbol. Thus, the PAPR grows significantly when the modulation order is increases due to the reason that half of the energy is allocated to the ON duration when using Manchester encoded data transmission. However, one should note that the PAPR is evaluated by considering the total transmission, i.e., both NR transmission and LP-WUS transmission together. Thus, the actual effect on overall transmitted signal can be very different from what we have evaluated here, but results can be used to compare different pulse shaping functions.
[bookmark: _Toc163220648][bookmark: _Toc163221365]Use of pulse shaping benefit the LR to obtain better receive SNR even with simple detectors by enabling using receiver side filter matched with the pulse shape used for transmission.
	
	
	
	 w/o MC
	 with MC

	Rectangular pulse
	dB
	dB
	dB
	dB

	Gaussian pulse
	dB
	dB
	dB
	dB

	Tukey pulse
	dB
	dB
	dB
	dB

	Hanning pulse
	dB
	dB 
	dB
	dB


[bookmark: _Ref158709091]Table 1 Worst case PAPR for pulse shaping over different modulation orders (with and without MC).
[bookmark: _Toc159227797][bookmark: _Toc159227833][bookmark: _Toc159227869][bookmark: _Toc159228333][bookmark: _Toc159228428][bookmark: _Toc159228464][bookmark: _Toc159228500][bookmark: _Toc159228542][bookmark: _Toc159228599][bookmark: _Toc159235047][bookmark: _Toc158905718][bookmark: _Toc158905858][bookmark: _Toc159227482][bookmark: _Toc159227535][bookmark: _Toc159227657][bookmark: _Toc159227692][bookmark: _Toc159227727][bookmark: _Toc159227762][bookmark: _Toc159227798][bookmark: _Toc159227834][bookmark: _Toc159227870][bookmark: _Toc159228334][bookmark: _Toc159228429][bookmark: _Toc159228465][bookmark: _Toc159228501][bookmark: _Toc159228543][bookmark: _Toc159228600][bookmark: _Toc159235048][bookmark: _Toc159227836][bookmark: _Toc159228336][bookmark: _Toc161836576][bookmark: _Toc161928349][bookmark: _Toc161928379][bookmark: _Toc161928409][bookmark: _Toc161928439][bookmark: _Toc161928511][bookmark: _Toc161928588][bookmark: _Toc161928703][bookmark: _Toc161928776][bookmark: _Toc161928808][bookmark: _Toc163220649][bookmark: _Toc163221366][bookmark: _Toc159227660][bookmark: _Toc159227695][bookmark: _Toc159227730][bookmark: _Toc159227765][bookmark: _Toc159227801][bookmark: _Toc159227837][bookmark: _Toc159227873][bookmark: _Toc159228337][bookmark: _Toc159228432][bookmark: _Toc159228468][bookmark: _Toc159228504][bookmark: _Toc159228546][bookmark: _Toc159228603][bookmark: _Toc159235051][bookmark: _Toc158905721][bookmark: _Toc158905861][bookmark: _Toc159227485][bookmark: _Toc159227538][bookmark: _Toc159227661][bookmark: _Toc159227696][bookmark: _Toc159227731][bookmark: _Toc159227766][bookmark: _Toc159227802][bookmark: _Toc159227838][bookmark: _Toc159227874][bookmark: _Toc159228338][bookmark: _Toc159228433][bookmark: _Toc159228469][bookmark: _Toc159228505][bookmark: _Toc159228547][bookmark: _Toc159228604][bookmark: _Toc159235052][bookmark: _Toc158905722][bookmark: _Toc158905862][bookmark: _Toc159227486][bookmark: _Toc159227539][bookmark: _Toc159227662][bookmark: _Toc159227697][bookmark: _Toc159227732][bookmark: _Toc159227767][bookmark: _Toc159227803][bookmark: _Toc159227839][bookmark: _Toc159227875][bookmark: _Toc159228339][bookmark: _Toc159228434][bookmark: _Toc159228470][bookmark: _Toc159228506][bookmark: _Toc159228548][bookmark: _Toc159228605][bookmark: _Toc159235053][bookmark: _Toc159227840][bookmark: _Toc159228340]Despite improving the receiver side SNR of non-coherent receivers, PAPR caused by the pulse shaping must be evaluated to minimize the stress on gNB side transmission.
	[image: ](a) AWGN performance 
	[image: ](b) TDL-C 300ns performance 


[bookmark: _Ref158379567]Fig. 6 Effect of time offset on pulse shaped LP-WUS reception by envelope detectors (ED). For SNR definition power pooling is not restricted to OFDM symbol duration.
The use of pulse shaping not only benefits in reducing the spectral leakage but also provides robustness against the timing error. This is illustrated in figure Fig. 6 using two different channel models, namely, AWGN and TDL-C 300ns. The timing offset evaluated in the simulation are , respectively. It is worthy to note that the pulse shaping improves the robustness against the time offset for non-coherent detectors like ED, which is considered in this evaluation. The LR is operating at sampling rate, matching the transmission BW. Unlike Fig. 3, in Fig. 6 the power pooling is not restricted to be within an NR OFDM symbol, thus  transmitted with more symbol power by considering Manchester encoding.
	[image: A group of graphs showing different types of samples

Description automatically generated](a) Pulse shape used in ON duration
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Description automatically generated with medium confidence](b) Coherent detection using overlay sequence


[bookmark: _Ref163119320]Fig. 7 Coherent detection of overlay sequence together with pulse shaping
As the modulation order increases, i.e., , takes the value of , the degradation in the performance is almost  for a change of  in the time offset, irrespective of the pulse shaping used at the transmitter for ON duration. However, for lower modulation orders, the deviation is less than . Thus, the effect of timing offset reduces the ON duration length from which the energy is collected to verify against the threshold to determine whether the bit is one or zero. Therefore, the modulation order should be limited to  even with pulse shaping is used at both the transmitter and the corresponding matched filter is used at the receiver.
[bookmark: _Toc159228341][bookmark: _Toc161836577][bookmark: _Toc161928350][bookmark: _Toc161928380][bookmark: _Toc161928410][bookmark: _Toc161928440][bookmark: _Toc161928512][bookmark: _Toc161928589][bookmark: _Toc161928704][bookmark: _Toc161928777][bookmark: _Toc161928809][bookmark: _Toc163220650][bookmark: _Toc163221367]The use of pulse shaping in the ON duration can improve the detection performance against time offset compared to the rectangular pulse, i.e., without pulse shaping counterpart.
[bookmark: _Toc159228054][bookmark: _Toc161928899][bookmark: _Toc163124927][bookmark: _Toc163125296][bookmark: _Toc163220060]Evaluate further the options of applying pulse shaping in the ON duration of OOK symbols accounting impact on the gNB transmission.
The effect of combining the pulse shaping together with the overlay sequence does not affect the OOK performance but hampers the correlation gain depending on the shape of the pulse used for ON duration. The benefit of using pulse shaping overlaid with the sequence on coherent receiver is highlighted in Fig. 7. The sequence correlation provides sharper peaks due to coherent reception, which is highlighted in Fig. 7b for the corresponding pulse shapes considered in Fig. 7a.
	[image: A graph of different types of data
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[bookmark: _Ref163119275]Fig. 8 Effect of frequency offset on pulse shaped overlay sequence () under TDL-C 300ns. For SNR definition power pooling is not restricted to OFDM symbol duration.
The impact of frequency offset on the detection performance of various pulse shapes is presented in Fig. 8 for coherent and non-coherent detectors, i.e., ED and SD respectively. As can be seen from Fig. 8a that the frequency offset of  does not change the relative behavior of the performance with respect to each pulse shape compared to that of  Note that the effect of pulse shaping has no benefit on the frequency offset experienced by the LR, which is also highlighted in Fig. 8a. On the contrary, the sequence detectors, which uses coherent receivers, performance is degraded when the LR frequency offset increases. However, the pulse shaped versions can offer better performance than the square pulse under frequency offset considered in this evaluation. The performance for all cases is degrading as a function of the modulation order. Unlike Fig. 3, in Fig. 8 the power pooling is not restricted to be within an NR OFDM symbol, thus  transmitted with more symbol power by considering Manchester encoding.
[bookmark: _Ref158202352]Discussion on LR Types
As mentioned in the WID, the use of overlay sequence in the ON duration should provide no additional information than the one carried in the OOK signal, it leaves us with the following possibilities on the LR types, namely,
Envelope-only detectors (ED)
· The LR is operating in ED only mode, i.e., only ON/OFF keying is supported by the receiver. The LR has no IQ branch to perform coherent/sequence detection.
Dual mode receivers, i.e., ED + SD mode
· In this option, the LR is predominantly operating in ED mode when the signal conditions are conducive enough to use OOK detection. However, when the signal quality degrades, the LR switches to sequence detection mode, where it uses IQ branches to perform coherent detection to improve the coverage. Thus, the LR has dual operating mode and depending on the signal quality or condition, the LR switches the detection mode. In this case, the overlay sequence in the ON duration provides coverage extension.
Sequence-only detectors (SD)
· In SD only mode, the LR uses IQ branches always to perform coherent detection. It consumes more power due to the better accuracy of crystal oscillators (XO) used to drive the PLLs. Even though the LR with IQ branch can receive the OOK signal, either by using non-coherent reception or by using the overlay sequence, the power consumed by that operation make them unfavourable. 
Depending on the LR type adopted by the UE, the embedded sequence may be used either to improve the coverage or to provide information. 
Now assuming that the exact LR implementation approach in the UE is not restricted, there could be a mix of different types of LRs present in the deployment. In IDLE/Inactive mode especially, where network may need to prepare to support different LR types, it would be beneficial if the different type of LRs can share the same LP-WUS (and LP-SS) design. 
[bookmark: _Toc159228342][bookmark: _Toc161836578][bookmark: _Toc161928351][bookmark: _Toc161928381][bookmark: _Toc161928411][bookmark: _Toc161928441][bookmark: _Toc161928513][bookmark: _Toc161928590][bookmark: _Toc161928705][bookmark: _Toc161928778][bookmark: _Toc161928810][bookmark: _Toc163220651][bookmark: _Toc163221368]Categorizing LR will/can benefit the design of overlay sequence requirements and what information it can carry. However, the LP-WUS design should aim at providing the same information to all LR device types using the same time-frequency resources.
[bookmark: _Toc159228055][bookmark: _Toc161928900][bookmark: _Toc163124928][bookmark: _Toc163125297][bookmark: _Toc163220061]The time-frequency resources used for LP-WUS should be the same irrespective of the device type used as LR, i.e., LR type specific LP-WUS transmission should be avoided.
Design of Overlay sequence 
Using the above-mentioned types of LR implementation architectures, let us discuss different possibilities of using sequences in the ON duration to provide the same information bits to sequence only detectors but using fewer LP-WUS symbols to reduce the power consumption. To understand better, we introduce a variable  to denote the number of overlay sequences that can be used over the ON duration. Thus, depending on , we can characterize the two schemes as depicted in Fig. 9 as follows.
[image: ]
[bookmark: _Ref158290231][bookmark: _Ref163117288]Fig. 9 Overlay sequence type with .
Cell-specific overlay sequence, i.e., 
Overlaying a sequence in the ON duration is illustrated in Fig. 9. In this option, the sequence is used only to improve coverage of the LP-WUS detection, i.e., the sequence used in the ON duration is the same on all ON durations of the LP-WUS transmission. Thus, the SD based receiver can correlate with the same sequence and determine the peaks in every ON duration while evaluating zeros in the OFF duration as it contains only the receiver noise. This imposes the SD based LR to be simple and can be triggered only when the ED mode experiences coverage issue. It has the following benefits, which are listed below.
As the overlay sequence is based on cell-id, sequence correlation is simple at LR, i.e., it expects a peak at every ON duration of OOK transmission.
Since the whole ON duration is used for sequence transmission, depending on the modulation order  of the OOK sequence, the correlation gain and hence the coverage can change. When , the LP-WUS signal can have the best coverage for SD.
This approach is beneficial for dual mode LRs, where ED is used when the signal conditions are good and when the signal quality deteriorates, SD mode can be opted to improve the coverage.
However, on the contrary, it has some drawbacks.
Since the ON duration carries the overlay sequence, the information transmitted for OOK based receivers are usually long. Thus, using the overlay sequence only in the ON duration may turn the SD to perform correlation for the entire LP-WUS duration, that is targeted for ED. It increases the power consumption at the SD type LRs.
Due to the cell-specific nature of the overlay sequence, this option is useful for LP-SS and for LRs equipped with ED and SD operating modes. That is, predominantly ED will be used for OOK sequence detection, and upon the detection failure, i.e., when the coverage is not sufficient for OOK detection, SD receiver will be activated for sequence detection. Upon detection failure by ED, SD receiver will be activated to perform sequence detection. However, due to the robustness of ED against frequency offset, SD receiver may incur huge frequency offset while performing sequence correlation. 
[bookmark: _Toc159228343][bookmark: _Toc163220652][bookmark: _Toc163221369]The sequence overlaid in the ON duration of OOK signal must be robust against frequency offset as the accuracy of LO cannot be ensured for IQ receivers.
Multiple sequences in ON duration carrying more bits, i.e., 
In the second case, where multiple sequences can be allocated to carry more than one bit of information, i.e., using  ovelay sequences, we can convey  bits depending on which sequence is used for transmission. This is addressed in this section. The size of the sequence remains the same as that of the OOK ON duration, i.e., . The following are the merits of this approach, namely,
The number of overlay sequences can be configured based on the number of bits carried in each OOK ON duration.
As the OOK modulation order increases, the number of samples within ON duration reduces, thus imposing difficulty in finding a better set of  sequences with cross correlation property.
Since multiple bits can be conveyed in each ON duration of LP-WUS, sequence detectors may not be active for the complete LP-WUS transmission. Thus, the SD can receive fewer ON duration of LP-WUS signal to recover the complete message carried by the overall LP-WUS, thereby, reducing the power consumption of SD based receivers.
Unlike the previous scheme, this has fewer drawbacks, namely,
As the number of sequences used for correlation increases with the number of bits carried within each ON duration of LP-WUS, the HW complexity and the processing complexity increases exponentially. Additionally, the SD based receivers may require buffering if the processing capability does not meet the real-time requirements of sequence detection.
[bookmark: _Toc159228344][bookmark: _Toc161836580][bookmark: _Toc161928353][bookmark: _Toc161928383][bookmark: _Toc161928413][bookmark: _Toc161928443][bookmark: _Toc161928515][bookmark: _Toc161928592][bookmark: _Toc161928707][bookmark: _Toc161928780][bookmark: _Toc161928812][bookmark: _Toc163220653][bookmark: _Toc163221370]Using multiple overlay sequences in the ON duration to convey more bits may increase the complexity of sequence detectors exponentially. Thus, limiting to fewer bits would provide a better trade-off between the complexity and the power consumption.
[bookmark: _Toc159228057][bookmark: _Toc161928902][bookmark: _Toc163220654][bookmark: _Toc163221371]The correlation gain and cross-correlation between sequences diminish with the increase in  used by the underlying OOK sequence, since increasing  reduces the ON duration length, i.e., sequence length of embedded sequence itself.
[bookmark: _Toc159228056][bookmark: _Toc161928901][bookmark: _Toc163124929][bookmark: _Toc163125298][bookmark: _Toc163220062]The number of overlay sequences used to provide more information in a single ON duration of OOK signal should consider the underlying modulation order, i.e., , used by OOK signal.
Relative phase rotation of consecutive overlay sequences
LP-WUS with overlaid sequences over OOK ON symbols allows to map each OOK ON symbol to bit patterns containing multiple bits and thereby such a sequence-based wakeup receiver will be able to receive the entire LP-WUS wakeup message in shorter time than the OOK receiver. However, since each possible bit pattern per ON symbol needs to be mapped to a sequence, then the Hamming distance will be reduced by 2k , where k is the number of bits per OOK ON symbol, i.e., if there is just 1 bit per ON symbol, then a single sequence is enough, but if there are 2 bits per ON symbol, then 4 sequences are needed, and likewise if there are 3 bits per ON symbol, then 8 sequences are needed. So, for a given sequence length, the Hamming distance will be reduced by 2k if k bits are carried by the sequence compared to the case where just 1 bit is carried by the sequence.
[bookmark: _Toc163220655][bookmark: _Toc163221372]The Hamming distance will be reduced by 2k if k bits are carried by the sequence compared to the case where just 1 bit is carried by the sequence.
To mitigate the performance degradation by lowering the Hamming distance, we suggest to add redundancy by making relative phase rotation between consecutive sequences, such that the relative phase rotation can be used to  identify the transmitted sequence in addition to the correlation itself. 
[bookmark: _Toc163124930][bookmark: _Toc163125299][bookmark: _Toc163220063]A relationship between the different sequences used in neighboring OOK ON symbols can be achieved by rotating the phase of the time domain samples of the sequence on symbol N relative to the phase rotation of the sequence on previous symbol N-1. 
[bookmark: _Toc163124931][bookmark: _Toc163125300][bookmark: _Toc163220064]The phase rotation between the sequences used in successive ON symbols, N and N+1 is dictated by the symbol transmitted in symbol N.
The Manchester encoding ensures that there is a short maximum distance between consecutive OOK ON symbols and they are therefore considered to be within the channel coherency time, meaning that the relative phase rotation between consecutive sequences are not significantly impacted by the channel. 
[bookmark: _Toc163220656][bookmark: _Toc163221373]The Manchester encoding ensures short time between consecutive sequences, meaning that the relative phase rotation is not significantly impacted be the channel.
The correlation value between the complex I/Q samples and the different sequences will give complex correlation peaks for each sequence. In a noisy environment two sequences with low Hamming distance may be observed with similar correlation peak magnitudes. In this case, the UE may perform a consistency check between the relative phase rotation and the sequences with the strongest correlation peaks and select the most likely sequence. 
[bookmark: _Toc163220657][bookmark: _Toc163221374]The UE may perform a consistency check between the relative phase rotation and the sequences with the strongest correlation peaks and select the most likely sequence. 
In the case that the WUS message contains a CRC checksum field, and that the checksum fails when the WUS message is checked, the UE may re-evaluate the detected sequences provided that the correlations peaks for each sequence is stored for each OOK ON symbol. 
Modulated cell-specific overlay sequence, i.e., 
Overlaying a sequence in the ON duration is illustrated in Fig. 9. In this option, the sequence is used only to improve coverage of the LP-WUS detection, i.e., the sequence used in the ON duration is the same on all ON durations of the LP-WUS transmission. Thus, the SD based receiver can correlate with the same sequence and determine the peaks in every ON duration while evaluating zeros in the OFF duration as it contains only the receiver noise. This imposes the SD based LR to be simple and can be triggered only when the ED mode experiences coverage issue. It has the following benefits, which are listed below.
As the overlay sequence is based on cell-id, sequence correlation is simple at LR, i.e., it expects a peak at every ON duration of OOK transmission.
Since the whole ON duration is used for sequence transmission, depending on the modulation order  of the OOK sequence, the correlation gain and hence the coverage can change. When , the LP-WUS signal can have the best coverage both due to power pooling and the overlaid sequence.
This approach is beneficial for dual mode LRs, where ED is used when the signal conditions are good and when the signal quality deteriorates, SD mode can be opted to improve the coverage.
However, on the contrary, it has some drawbacks.
Since the ON duration carries the overlay sequence, the information transmitted for OOK based receivers are usually long. Thus, using the overlay sequence only in the ON duration may turn the SD to perform correlation for the entire LP-WUS duration, that is targeted for ED. It increases the power consumption at the SD type LRs.
To overcome the above drawback, the overlay sequence can be modulated using a constant amplitude constellation to provide more than one bit of information within a ON duration signal. This approach can be compared to the code division multiple access (CDMA) scheme, wherein the overlay sequence can be considered as a spreading sequence and the modulating symbol can be drawn from a -PSK constellation, thus the performance of envelope detector will be the same. An illustration of the modulated overlay sequence is shown in Fig. 10, where the ON duration carries a known pilot symbol to determine the channel, which can then be used to equalize other ON duration signals to determine the transmitted symbol.
[image: ]
[bookmark: _Ref162434484]Fig. 10 Modulated overlay sequence carrying more information bits for SD in the MC encoded ON duration of OOK.
In Fig. 10, the modulated overlay sequence can be obtained by multiplying the cell-specific overlay sequence  with a symbol  as , where  is a mapping of raw information bits (not the Manchester encoded bits) to the constellation set. Thus, at the receiver, the LR equipped with IQ receiver, may perform correlation to extract the respective symbol and detect the transmitted information bits, i.e.,  followed by identifying the phase of the maximum value corresponding to the maximum correlation peak. As the phase information is not robust against frequency offset, a differential PSK transmission can be used to ensure robustness against the frequency offset.
[bookmark: _Toc163220658][bookmark: _Toc163221375]Modulating the overlay sequence with a constellation symbol provides more bits per ON duration with a single sequence used for correlation, and thus reducing the LR complexity significantly.
[bookmark: _Toc163220659][bookmark: _Toc163221376]As the correlation gain depends on the length of the overlay sequence, the SNR observed by the modulated symbol is better than the underlying OOK signal, thus the sequence can be packed with a symbol from higher constellation as well.
[bookmark: _Toc163124932][bookmark: _Toc163125301][bookmark: _Toc163220065]Specify modulated overlay sequence as an alternative to pack more information bits within the ON duration of OOK signal that benefits the LR with sequence detectors.
[bookmark: _Toc159228226][bookmark: _Toc159228617][bookmark: _Toc159235063][bookmark: _Toc159235127]LP-WUS channel structure
	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


In this section, we will discuss the LP-WUS channel format, fields that can be present, and contents used for transmission. The consideration is made from the perspective of ED receiver. It is assumed that the LP-WUS carries the wake-up information for a single or multiple paging occasion (POs), which includes multiple UEs that are grouped together in a different groups for a given PO or for multiple POs, wherein each PO includes multiple UE groups. Under the assumption that the low-power wake-up radio (LR) decodes the LP-WUS message to determine the paging status, i.e., when the respective group/sub-group is paged, wakes up the MR to monitor the paging message. To facilitate LR to receive LP-WUS, we must consider certain channel structure of LP-WUS, which enables the LR to identify the presence of LP-WUS, then followed by decoding of the same.
	[image: ](a) Payload based scheme using  POs addressed by LP-WUS

	[image: ](b) Sequence based scheme to address  POs within LP-WUS


[bookmark: _Ref158659472][bookmark: _Ref158713452]Fig. 11 LP-WUS channel structure options
Using the Fig. 11 as reference, let us discuss each field used in the LP-WUS channel structure and identify the use case or merits in detail. In Fig. 11, two different types of channel structure are proposed, namely, payload based and sequence-based scheme. Let us discuss each of the fields in detail.
Preamble
The preamble containing AGC field may help to improve both detectability and reliability of WUS signal irrespective of whether the LR is continuously or periodically listening for an on-demand wakeup. The benefit of having each field in the LP-WUS signal shown in Fig. 11 are as follows.
Settling of comparator threshold voltage: In case of OOK and comparator-based receivers, the initial part of the preamble may be used for settling of comparator threshold voltage. If the preamble is a toggling sequence of 0’s and 1’s or if the preamble is a Manchester encoded sync word, the threshold voltage may be found by LP filtering the received preamble signal. In this case, the length of the preamble should be long enough to ensure reliable settling of the low pass filter equipped in the LR. On the other hand, the low pass filter settling time shall be much longer than the ON/OFF duration to ensure that the threshold voltage is maintained across the ON and OFF symbols.
Detecting the alignment of the WUS message: To find the start of wake-up message payload, the preamble may contain a synchronization pattern, which could assist devices to establish timing alignment with the gNB. Furthermore, different synchronization patterns could be used to differentiate LP-WUS messages e.g., how many active POs exist in the LP-WUS message part.
Preamble for threshold: If preamble can provide the threshold to determine the ON to OFF level ratio, the Manchester encoding can be ignored from the LP-WUS message part as the primary benefit of using Manchester encoding is to obtain the threshold to differentiate between ON and OFF signal. An additional benefit is that it gives frequent ON/OFF symbol transitions, which allows the LRs to find and maintain accurate symbol timing / clock. In a long sequence of constant ON or OFF symbols, the symbol timing may start to slide, if the LR has a high clock error relative to the received signal.
[bookmark: _Toc161928905][bookmark: _Toc163124933][bookmark: _Toc163125302][bookmark: _Toc163220066]RAN1 should evaluate whether LP-WUS requires a preamble or not and if required, the preamble design should be discussed.
LP-WUS message field
The LP-WUS message field can be classified as payload based or sequence based. Each one has its own benefit that depends on the message size used. They are discussed briefly below.
Payload based LP-WUS message content.
An illustration of the payload type used for LP-WUS message is presented in Fig. 11a, where the LP-WUS message is formed by concatenating the bit fields corresponding to multiple POs, where each PO  has  groups with a total of  bits, i.e., each bit dictates whether the corresponding group is paged or not with a bit value of ONE or ZERO, respectively. Thus, the LP-WUS message contains  bits if the LP-WUS addresses  POs. 
Header field
As the payload contains certain number of bits that are allocated to each POs depending on the number of groups associated with each POs, the total number of POs addressed by the LP-WUS message is fixed. However, to ensure better utilization of LP-WUS resources, a header field can be included in the LP-WUS message, which informs the number of POs, or the POs addressed in the current LP-WUS message using a bit mask. If the header is not present, then the LP-WUS message remains fixed for number of POs and if certain PO, say, , is not paged, then all the groups i.e.,  within the PO  will carry zeros, indicating none of the groups within the PO  is paged, thereby wasting the LP-WUS resources, which could be used otherwise efficiently. Thus, the scalability of payload-based scheme can be achieved with a header field defining the number of POs addressed in the current LP-WUS message structure. The encoding of header field can be isolated from LP-WUS message itself, in that case, it can inform the modulation order, use of MC encoding as well.
[bookmark: _Toc159228349][bookmark: _Toc161836585][bookmark: _Toc161928358][bookmark: _Toc161928388][bookmark: _Toc161928418][bookmark: _Toc161928448][bookmark: _Toc161928520][bookmark: _Toc161928597][bookmark: _Toc161928712][bookmark: _Toc161928785][bookmark: _Toc161928817][bookmark: _Toc163220660][bookmark: _Toc163221377]The header field may indicate certain payload structure that can benefit both NW and LR to reduce resource utilization for LP-WUS and complexity, respectively.
CRC
The CRC field can optionally be included in the LP-WUS message structure. The use of CRC facilitates the LR to verify the content of LP-WUS message is error free. However, if there is an error in either CRC or the message bit, LR must wake-up the MR to monitor paging PDCCH message. Thus, the use case of CRC in the LP-WUS message becomes critical to identify whether the message is intact or not. However, if the CRC is not included, then it may impose additional restrictions on the LP-WUS/LP-SS structure as follows.
Optionally, LR can utilize LP-SS to ensure the detectability of LP-WUS message if LP-SS is co-located in the time or within the coherence time experienced by the LR. It is worth noting that the LP-SS is periodic but not LP-WUS, i.e., LP-WUS may or may not be transmitted at a given LP-WUS monitoring occasion (LP-WUS MO).
Alternatively, if there is a preamble, then LR can utilize that to ensure the presence of LP-WUS message in each LP-WUS MO and depending on the quality of preamble detection, LR can determine the detectability of LP-WUS payload.
Despite all the above alternatives proposed to overcome the usage of CRC bits, the benefit of having CRC assures the correct detection of LP-WUS for certainty, i.e., when the CRC succeeded, then the LP-WUS message is intact. On the other hand, if there is no CRC, even if the LR uses other fields such as, LP-SS, or preamble in LP-WUS, the certainty of the detection cannot be ensured to the fullest.
[bookmark: _Toc159228350][bookmark: _Toc161836586][bookmark: _Toc161928359][bookmark: _Toc161928389][bookmark: _Toc161928419][bookmark: _Toc161928449][bookmark: _Toc161928521][bookmark: _Toc161928598][bookmark: _Toc161928713][bookmark: _Toc161928786][bookmark: _Toc161928818][bookmark: _Toc163220661][bookmark: _Toc163221378]The presence of CRC ensures the certainty of the LP-WUS detection, which is otherwise cannot be ensured to the fullest by LR.
[bookmark: _Toc161928906][bookmark: _Toc163124934][bookmark: _Toc163125303][bookmark: _Toc163220067]RAN1 should evaluate whether LP-WUS requires a CRC field or not and if required, then the size and the polynomial used should be defined.
FEC (channel coding)
The use of simple forward error correction (FEC) for LP-WUS message structure may benefit the error detection and correction capability at LR, which will extend the coverage of LP-WUS a bit further depending on the coding rate. However, this may increase the complexity of LR as it requires a simple decoder to extract the information bits before checking CRC if there is any.
[bookmark: _Toc159228351][bookmark: _Toc161836587][bookmark: _Toc161928360][bookmark: _Toc161928390][bookmark: _Toc161928420][bookmark: _Toc161928450][bookmark: _Toc161928522][bookmark: _Toc161928599][bookmark: _Toc161928714][bookmark: _Toc161928787][bookmark: _Toc161928819][bookmark: _Toc163220662][bookmark: _Toc163221379]The use of FEC for LP-WUS message can improve the coverage by a factor proportional to the FEC coding rate but may increase the complexity of LR.
Payload 
The payload is a bit string which is constructed by concatenating multiple groups, each associated with different POs or a single PO depending on the design. A simple illustration is provided Fig. 11a, where we have  PO associated message, where each PO may contain different number of groups, which are addressed separately. Upon concatenating the bit string from multiple POs, FEC can be performed that expands the number of bits carried by the payload from  to , where  and  denotes the number of bits used for CRC, number of bits used for header field, and the FEC code rate, respectively. Thus, the channel coded data stream is then Manchester encoded to increase the total number of bits to , which will then be transmitted after using desired modulation order  that is common for all the groups in each POs. Thus, the total number of CP-OFDM symbols used by the payload-based scheme is given by . The number of bits used as payload depends on the number of POs addressed by the LP-WUS and the number of groups within each PO. 
[bookmark: _Toc159228352][bookmark: _Toc161836588][bookmark: _Toc161928361][bookmark: _Toc161928391][bookmark: _Toc161928421][bookmark: _Toc161928451][bookmark: _Toc161928523][bookmark: _Toc161928600][bookmark: _Toc161928715][bookmark: _Toc161928788][bookmark: _Toc161928820][bookmark: _Toc163220663][bookmark: _Toc163221380]The modulation order used for payload-based scheme is common for all POs and the same goes to the Manchester encoding as well.
[bookmark: _Toc159228353][bookmark: _Toc161836589][bookmark: _Toc161928362][bookmark: _Toc161928392][bookmark: _Toc161928422][bookmark: _Toc161928452][bookmark: _Toc161928524][bookmark: _Toc161928601][bookmark: _Toc161928716][bookmark: _Toc161928789][bookmark: _Toc161928821][bookmark: _Toc163220664][bookmark: _Toc163221381]When the number of groups present in a PO is fewer, or when the allocated bits per PO is fewer, payload-based scheme provides better robustness with FEC encoding as it is applied over the entire LP-WUS message.
[bookmark: _Toc161928907][bookmark: _Toc163124935][bookmark: _Toc163125304][bookmark: _Toc163220068]RAN1 should evaluate the content and the structure of LP-WUS payload.
Sequence based message.
This is presented in Fig. 11b, where there is no requirement of CRC bits to the LP-WUS message. However, header field can optionally be present, depending on the use case it serves.
Sequence message construction
In this approach, whether LP-WUS addresses multiple POs or a single PO, the number of bits per PO can be fixed, which can either be the same or different. Let us assume that each PO  consists of  groups, thus requiring only  bits. However, in the sequence based mapping, the number of bits associated with each PO  is allocated with  bits, i.e., , thus mapping a lower number of bits to higher number of bits per PO. This mapping increases the Hamming distance between the different bit words per PO, thus increasing the robustness. In one possible option, each group  associated with a PO looks for certain pattern inside the PO specific region, thus the detection robustness is proportional to the length of the sequence allocated to a PO segment. This is illustrated in Fig. 11b, where  contains 2 groups, and  contains 2 groups and  contains 3 groups.
Unlike the payload-based approach, the use of Manchester encoding, if used, can be altered within each PO segment as each PO segment is independent of one another and the same goes for the modulation order as well. This is illustrated in Fig. 11b, where  uses the modulation order  with Manchester encoding, whereas  without Manchester encoding is considered by . Thus, the sequence-based mapping provides better flexibility and facilitates the grouping of UEs depending on the signal quality and conditions.
[bookmark: _Toc159228354][bookmark: _Toc161836590][bookmark: _Toc161928363][bookmark: _Toc161928393][bookmark: _Toc161928423][bookmark: _Toc161928453][bookmark: _Toc161928525][bookmark: _Toc161928602][bookmark: _Toc161928717][bookmark: _Toc161928790][bookmark: _Toc161928822][bookmark: _Toc163220665][bookmark: _Toc163221382]Unlike payload-based mapping, sequence-based LP-WUS is flexible enough to modify the use of Manchester encoding and the modulation order per PO.
[bookmark: _Toc159228355][bookmark: _Toc161836591][bookmark: _Toc161928364][bookmark: _Toc161928394][bookmark: _Toc161928424][bookmark: _Toc161928454][bookmark: _Toc161928526][bookmark: _Toc161928603][bookmark: _Toc161928718][bookmark: _Toc161928791][bookmark: _Toc161928823][bookmark: _Toc163220666][bookmark: _Toc163221383]The sequence length determines the robustness of the detection, thus a LR associated with a group insider a PO, can monitor only the segment associated with that PO for a sequence, thereby reducing the active duration and power.
[bookmark: _Toc161928908][bookmark: _Toc163124936][bookmark: _Toc163125305][bookmark: _Toc163220069]As the performance of payload-based and sequence-based LP-WUS structure depends on the length of the message content, RAN1 should first decide the range of the information content of the LP-WUS message.
Header
The header field can be used in the LP-WUS message before the sequence type mapping to inform the number of POs addressed in the LP-WUS message. In such cases, the length of LP-WUS message can be reduced to minimize the overhead of LP-WUS transmission due to unnecessary indication of no group paged within a PO. Alternatively, one can repeat the sequence associated with PO  in the LP-WUS message segment allocated for PO  when PO  has no group to be paged. By doing so, LRs belonging to PO group  may use the repetition to improve the detectability as it can corroborate the signal by combining with the repeated signal. 
[bookmark: _Toc159228356][bookmark: _Toc161836592][bookmark: _Toc161928365][bookmark: _Toc161928395][bookmark: _Toc161928425][bookmark: _Toc161928455][bookmark: _Toc161928527][bookmark: _Toc161928604][bookmark: _Toc161928719][bookmark: _Toc161928792][bookmark: _Toc161928824][bookmark: _Toc163220667][bookmark: _Toc163221384]The header field can be used to improve the sequence mapping by combining/repeating when the number of POs with a valid paged group is small when compared to the total number of POs present in the LP-WUS message.
LP-SS Design
As the LR is designed to reduce the power, the LP-WUS design considers the waveform using OOK with or without an embedded sequence. To integrate the OOK signal in the OFDM framework, to minimize impact on the legacy UEs, OOK scheme follows OFDM symbol structure and generation. Due to the inferior performance of OOK scheme under low S(I)NR cell-edge cases, additional sequence is embedded in the ON duration of the OOK signal, thus ensuring coverage of OOK receivers with additional sequence detection capabilities. 
Despite limiting the usage of power consuming receiver blocks in the LR, it may not be effective for a LR to monitor LP-WUS continuously all the time, since the energy consumption is proportional to the ON duration. Thus, for an efficient operation, LRs are operated in a duty cycled manner, which turns on at discreet instants to reduce the power consumption.
The OOK only receiver, i.e., using ED receiver, reduces the overall power consumption by restricting the use of IQ branches with higher sampling rate.  Due to the removal or trim-down of major power consuming components such as PLLs, LNAs, and clock sources or synthesizers, LRs may require periodic calibration of clocks before receiving the LP-WUS signal for improved detection performance, thus, mandating a periodic low-power synchronization signal (LP-SS) to be transmitted from a stable clock source, such as gNB. Thus, the LP-SS can be useful to provide following uses as listed below.
Assists in timing synchronization
· To detect higher modulation orders, i.e., , used in LP-WUS, tighter synchronization in time is required, if otherwise, may lead to significant degradation in the performance.
· LRs operating in SD mode requires higher timing accuracy than ED based LRs, thus, having LP-SS with embedded sequence may assist SD based LRs as well.
Assists in frequency synchronization
· LRs can have multiple parallel filters with reduced BW to receive LP-SS and can determine the frequency offset.
· Even though SD based LRs can utilize SSBs, but having an embedded sequence in LP-SS like LP-WUS would benefit SD receivers as well.
Used for RRM measurements
· As the LP-WUS transmission is not periodic, to ensure the detectability of LP-WUS by LRs, LP-SS can be used as reference. This is under the assumption that the LP-SS and LP-WUS separation is not larger than the coherence time of LRs.
· Some measure to ensure that the LR is within the cell coverage. This is primarily used by LRs to ensure the detectability of LP-WUS message.
LP-SS waveform properties
Modulation type and order
As discussed earlier in Section 2.2, the modulation used for LP-SS should be the same as LP-WUS, thus ensuring a unified design between both channels. As can be seen from the discussions in Section 2.2, the modulation type should consider using OOK4 as it facilitates low complex implementation for both LR and gNB complexity while considering  as the modulation order. 
[bookmark: _Toc159228060][bookmark: _Toc161928909][bookmark: _Toc163124937][bookmark: _Toc163125306][bookmark: _Toc163220070]Unified waveform design between LP-SS and LP-WUS should be prioritized.
The modulation order used for LP-WUS could range from , with or without Manchester encoding, which dictates that LP-SS can have the same modulation range. Unlike LP-WUS that carries only the paging message with additional fine time and frequency synchronization fields as preamble, LP-SS is a periodic signal used mainly to obtain coarse synchronization of both time and frequency. Furthermore, the design of LP-SS is important as it is the only physical channel that LRs can use to decide the coverage and the detectability of LP-WUS signal. Thus, to ensure better coverage and detectability of LP-SS, the modulation order should be limited to  with Manchester encoding to ensure proper threshold determination.
[bookmark: _Toc159228357][bookmark: _Toc161836593][bookmark: _Toc161928366][bookmark: _Toc161928396][bookmark: _Toc161928426][bookmark: _Toc161928456][bookmark: _Toc161928528][bookmark: _Toc161928605][bookmark: _Toc161928720][bookmark: _Toc161928793][bookmark: _Toc161928825][bookmark: _Toc163220668][bookmark: _Toc163221385]As the initial sampling clock of LR may have ~100ppm error, using higher modulation order, i.e., , may prolong the initial synchronization duration of LRs unless there is an assistance from MR.
[bookmark: _Toc159228061][bookmark: _Toc161928910][bookmark: _Toc163124938][bookmark: _Toc163125307][bookmark: _Toc163220071]The modulation order used by LP-SS should be restricted to  with Manchester encoding to ensure better coverage and facilitate accurate measurements for RRM purposes.
Use of overlay sequence
The use of overlay sequence in the ON duration of LP-SS is left open in the WID. The main reason for not considering an overlay sequence is that SD receivers can utilize SSBs to obtain synchronization. However, it has following constraints.
	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.


We cannot ensure complete overlapping of LP-WUS/LP-SS and SSBs in the same BW within the gNB carrier BW. Due to this, the SD receivers may retune the XOs whenever there is a need to receive SSBs to either retune XO or to perform RRM measurements.
The SCS used by the NR data and LP-WUS message may be different than the one used by SSB, depending on the deployment scenario. This may impose additional burden on LRs to adjust the reception strategy, i.e., one for SSBs and another for LP-WUS, which may ruin the power saving benefit of SD based LRs.
The SSS sequence within SSB are based on m-sequence, which has very low processing gain (correlation gain) when the receiver is having a frequency offset comparable to  SCS. Such an accurate XOs cannot be assumed for LRs even with SD only mode. This may increase the initial synchronization of LRs unless there is an assistance from MR to synchronize the XO.
As the ED based LRs does not care about the content of ON duration, having a sequence overlaid in the ON duration benefits both type of LR implementations, i.e., ED and SD based receivers. Furthermore, the overlay sequence is used in the ON duration of LP-WUS, therefore, there is no harm in using an overlay sequence in the ON duration of LP-SS.
[bookmark: _Toc159228358][bookmark: _Toc161836594][bookmark: _Toc161928367][bookmark: _Toc161928397][bookmark: _Toc161928427][bookmark: _Toc161928457][bookmark: _Toc161928529][bookmark: _Toc161928606][bookmark: _Toc161928721][bookmark: _Toc161928794][bookmark: _Toc161928826][bookmark: _Toc163220669][bookmark: _Toc163221386]As the LP-WUS carries an overlay sequence in the ON duration, it would be beneficial to follow the same approach for LP-SS as well as it may avoid LRs with SD to receive SSBs.
[bookmark: _Toc159228359][bookmark: _Toc161836595][bookmark: _Toc161928368][bookmark: _Toc161928398][bookmark: _Toc161928428][bookmark: _Toc161928458][bookmark: _Toc161928530][bookmark: _Toc161928607][bookmark: _Toc161928722][bookmark: _Toc161928795][bookmark: _Toc161928827][bookmark: _Toc163220670][bookmark: _Toc163221387]As the LP-WUS SCS is aligned with the incumbent NR SCS, the SCS of SSBs may not be the same as NR SCS in some deployment scenarios. In such cases, LRs with SD receivers may not receiver SSBs to tune the XOs without additional complexity.
[bookmark: _Toc163220671][bookmark: _Toc163221388]The pulse shaping waveform for OOK signal can be considered as an overlaid sequence for the sequence-based detectors to perform coherent detection to improve the detection performance.
[bookmark: _Toc159228062][bookmark: _Toc161928911][bookmark: _Toc163124939][bookmark: _Toc163125308][bookmark: _Toc163220072]As the LP-SS benefit all kind of LR types, overlaying a sequence in the ON duration and aligning the waveform design to LP-WUS should be selected. Thus, we prefer option 2 to assist synchronization if not RRM.
LP-SS Beam Tracking
If the LP-SS signal is transmitted sequentially in different beam directions, then the UE will have to track the best beam direction as opposed to the case where the LP-SS signal is superimposed in time across all LP-SS beams. Tracking the best LP-SS beam will cause additional power consumption at the LR due to the need for receiving multiple LP-SS occasions covering different beam directions. The LR needs to evaluate the power of the LP-SS from different beam directions by receiving multiple LP-SS occasions originating from different beam directions as illustrated in Fig. 12


[bookmark: _Ref163211255]Fig. 12: Illustration of time multiplexing the LP-SS signal transmitted by each SSB beam of the gNB. The UE only must receive the strongest, but tracking the strongest LP-SS means that it needs to receive all LP-SS occasions regularly.
To mitigate the power consumption, spend on LP-SS beam tracking, it would be an advantage to embed beam tracking reference signals for other beams in the LP-SS signal. This way, the UE can evaluate the relative power of alternative beams without having to switch on the LR in the other LP-SS occasions. 
A simple deployment of the beam tracking signals would be to allocate complete OOK ON durations for each beam tracking signal from alternative beams as shown Fig. 13 below. This is useful for simple receivers without FFT support, which could for instance be an ED based LR receiver. 
More advanced receivers may be able to perform efficient FFT conversion of the time domain samples and thereby be able to distinguish the power in e.g. PRB blocks granularity over frequency. This would allow multiplexing of the beam tracking reference signals in frequency domain as shown in Fig. 14. However, the reference signal shall not be too narrow since a frequency offset could then cause a significant relative power leak to the neighboring beam tracking signal. Also, the narrower the signal is, the more it may be impacted by fading. 
SD based LR receivers, will not be able to perform sequence-based detection on the symbol(s) containing the beam tracking signals. Instead, this symbol would need to be evaluated e.g. by doing a FFT transformation to FD. However, spending power on doing an FFT of one or few OOK symbols for some LP-SS receptions may still be much more power efficient than receiving multiple LP-SS signals from different LP-SS beams.


[bookmark: _Ref163207927]Fig. 13: Time domain multiplexing of beam tracking signals indicating the beam power for each LP-SS beam. Consecutive LP-SS occasions may contain beam tracking signals for different beams.


[bookmark: _Ref163211429]Fig. 14: Frequency domain multiplexing of beam tracking signals. In this case, one or more ON symbols are dedicated for beam tracking signals carrying beam tracking signals for multiple beams.
[bookmark: _Toc163220672][bookmark: _Toc163221389]Performing beam tracking by doing an FFT of one or few OOK symbols for some LP-SS receptions may still be much more power efficient than receiving multiple LP-SS signals from different LP-SS beams.
[bookmark: _Toc163124940][bookmark: _Toc163125309][bookmark: _Toc163220073]We suggest discussing if LP-SS beams shall be time multiplexed in different beam directions.
[bookmark: _Toc163124941][bookmark: _Toc163125310][bookmark: _Toc163220074]If LP-SS shall be time multiplexed in different beam directions, then RAN1 shall consider embedding beam tracking reference signals to the LP-SS signal to mitigate the power consumption in the LR spend on beam tracking. 
LP-SS channel structure
The primary aim LP-SS is to achieve initial synchronization of both time and frequency. Once the initial time and frequency is obtained, fine tuning can either be performed by LRs using subsequent LP-SSs itself or with the preamble in LP-WUS, if present. Additionally, the LP-SS is also used for RRM measurements, therefore, it should be cell-specific, i.e., upon receiving the LP-SS, a LR should identify the cell it is intended to synchronize with.
Thus, to achieve initial synchronization and to utilize the cell-specific information to perform reliable RRM measurements, the LP-SS channel structure must be designed to assist the LR to acquire both time and frequency synchronization with minimal complexity. The OOK signal is robust against the frequency offset but the timing accuracy is imperative as it demands  timing error tolerance to receive  modulation order. Additionally, the same XO will be used to drive both RF and sampling clock, thus it is crucial for LRs with ED only receivers to estimate and correct the frequency offset to a certain extent.
[image: ]
[bookmark: _Ref158734166]Fig. 15 LP-SS Design in time/frequency grid (hopping pattern based on cell-id).
In this section, we propose an approach to achieve ED based receivers to achieve both time and frequency offset to a certain extent. Ideally, the synchronization signals are transmitted over multiple symbols to improve the detectability under low SNRs or can be combined across multiple periods to improve receive SNR. However, due to the limited HW capability of LRs with ED only receivers, we cannot assume such a sophistication in the reception as it may also increase power consumption. Thus, to aid both time and frequency error estimation, the LP-SS can be designed to use a fraction of LP-WUS BW with frequency hopping pattern, which is a function of cell-id as shown in Fig. 15.
An illustration of LP-SS signal designed for cell-id  is shown in Fig. 15, where both time and frequency contents are varied in accordance with the serving cell id using  as modulation order with Manchester encoding. The LP-SS waveform uses ON/OFF pattern in time domain following the cell-id encoded in BCD format and the waveform is restricted to a fraction of the available LP-WUS BW, thus facilitating LP-SS transmission to have different frequency hopping on different symbols. The ON/OFF pattern used in time domain illustrates the OOK sequence, which can be identified using the cell-id, thus ensuring the detection of LP-SS means the association with the desired serving cell.
The OOK pattern uses the cell-id or cell specific information and is known to MR, which can then be configured or fed to LR for detection of LP-SS. As  with Manchester encoding is used for LP-SS in Fig. 15,  the position of the pulse can be placed in either first half or second half to determine 0/1 as information bit. The ON duration can be pulse shaped as discussed in previous sections, to ensure better detectability with envelope detectors. Pulse shaping can provide significant benefit compared to the square pulse by improving the received SNR with filter matched to the pulse shape.
To assist the LR in estimating the frequency offset, the gNB transmits the LP-SS signal with narrow section of the LP-WUS BW, which can be a factor, say, , of the total LP-WUS BW. The value of α can take values between e.g., , where  is the total available BW for LP-WUS/LP-SS transmission. Assuming LP-SS occupies multiple symbols in a slot, say, , symbols, the frequency location of the LP-SS can be altered over different symbols, thereby aiding the LR to determine the symbol containing highest energy as the actual frequency offset. The hopping pattern illustrate the location of energy in the spectrum over different symbols, where  present the different (center) frequency locations of the transmitted LP-SS. As the LR is using a fixed center frequency, the fading experienced by the LR over the given LR BW is same for all frequency hopping performed over symbols. Thus, the effect of fading may not affect the estimation performance. 
The LR can use a fixed LPF with slightly reduced BW compared to that of LP-WUS reception. Upon receiving the LP-SS signal over multiple symbols with frequency hopping, LRs can estimate the energy and find the frequency offset from the symbol index for which the received energy is the maximum, since the hopping pattern is known to LR in advance. Thus, ED based receiver can benefit from this transmission scheme by avoiding power hungry LO switching and retuning. To verify the performance of above scheme, we evaluated in a TDL-C 300ns channel with SCS 30KHz by varying the SNR. The initial frequency offset assumed for LR is  and the performance comparison is provided by considering  LP-WUS BW and  for LP-SS BW. The outcome of this experiment is that the residual error with only ED cannot be worse than  on an average. 
[bookmark: _Toc159228360][bookmark: _Toc161836596][bookmark: _Toc161928369][bookmark: _Toc161928399][bookmark: _Toc161928429][bookmark: _Toc161928459][bookmark: _Toc161928531][bookmark: _Toc161928608][bookmark: _Toc161928723][bookmark: _Toc161928796][bookmark: _Toc161928828][bookmark: _Toc163220673][bookmark: _Toc163221390]Performing frequency hopping together following the bit field in symbol using Manchester encoding enables LP-SS to provide both time and frequency synchronization to LRs with ED without involving frequency retuning.
[bookmark: _Toc159228063][bookmark: _Toc161928912][bookmark: _Toc163124942][bookmark: _Toc163125311][bookmark: _Toc163220075]LP-SS should provide both time and frequency synchronization to LRs of all types with minimal real-time constraints on the reception.
[bookmark: _Toc163220076]RAN1 to decide whether LR can utilize the estimated time/frequency offset using LP-SS for internal XO corrections to improve the detection of LP-WUS.
RRM Measurements
Other than the timing and frequency tracking for LR, LP-SS should provide resources upon UE can carry out measurements for evaluation RRM measurement offloading. These measurements could also be used to ensure the reliability of LR detection so that MR can be used instead if reception quality of LR is low. In RAN1 SI discussions, various measurement quantities were considered. When considering the feasibility of different measurement metrics, it would be also necessary to consider the underlying LR device type. The use of LP-SS for ED based LRs and PSS/SSS or overlay sequence for SD based LR can result different feasibility evaluation and in the end, definition for the measurement metrics.
[bookmark: _Toc159228361][bookmark: _Toc161836597][bookmark: _Toc161928370][bookmark: _Toc161928400][bookmark: _Toc161928430][bookmark: _Toc161928460][bookmark: _Toc161928532][bookmark: _Toc161928609][bookmark: _Toc161928724][bookmark: _Toc161928797][bookmark: _Toc161928829][bookmark: _Toc163220674][bookmark: _Toc163221391]Depending on the type of LR considered, measurement metrics may vary, since the underlying signal used for measurements may not be the same.
Evidently, for ED based LR that is not capable of detecting PSS/SSS, there is a need to agree and define the LP-SS based measurement quantities. To determine the level of coverage or the quality of reception at LR, certain metrics can be used. For example, relative metric like RSRQ or SINR can be used to indicate the reception signal quality and are robust against certain receiver impairments. On addition or alternatively, it would be preferable also to consider absolute quantities, such as, LP-RSRP for LP-SS based measurements, while it is good to note that absolute metrics are more sensitive to receiver impairments. Thus, the usability of LP-SS signal design to obtain certain measurement metrics must be considered in the WI.
[bookmark: _Toc159228362][bookmark: _Toc161836598][bookmark: _Toc161928371][bookmark: _Toc161928401][bookmark: _Toc161928431][bookmark: _Toc161928461][bookmark: _Toc161928533][bookmark: _Toc161928610][bookmark: _Toc161928725][bookmark: _Toc161928798][bookmark: _Toc161928830][bookmark: _Toc163220675][bookmark: _Toc163221392]Both relative and absolute quantities could be considered for LP-SS based measurements, namely, LP-RSRP, LP-RSSI, LP-RSRQ, LP-SINR.
For LR capable of receiving PSS/SSS, measurement quantities are obtained using PSS/SSS. Even though existing measurement quantities defined for MR based on SSB are available, such as SS-RSRP, reusing the same quantities may not be preferable. To improve the reporting and measurement configuration, separating LR based measurement metrics from MR based values might be a better option. In following sections, we evaluate the performance of LP-SINR and LP-RSRP metrics as an example for relative and absolute quantities.
LP-SINR as measurement metric
The measurement metric obtained using LP-SS should be reliable enough to ensure the detectability of LP-WUS following it with high certainty. One such metric is the LP-SINR metric, which is usually evaluated as a ratio between the signal energy and the noise energy. As there is no guarantee to extract the signal energy from the ON duration of OOK signal by the envelope detector, one option is to take the difference between the ON duration and OFF duration of Manchester encoded LP-SS to obtain the signal energy, i.e., . Thus, the LP-SINR is defined as the logarithm of . Note that the key difference to LP-RSRQ, if any, would depend how the RSSI is defined. i.e., if LP-RSSI measurement is constrained to OFF duration of Manchester encoded OOK, these could be seen as equivalent.
To evaluate the estimation reliability under the fading channel, we used TDL-C 300ns channel with correlated fading over 1.28s as the measurement duration. In this duration, we evaluate the LP-SINR and perform linear average over multiple measurements, defined as , spanning 1.28s with equally spaced interval given by  Table 2 demonstrates the distribution of LP-SINR estimation at various signal conditions, namely, . Note that the power pooling offset within NR OFDM symbol is compensated while evaluating the LP-SINR estimation. The LP-SS spans 16 symbols using Manchester encoded OOK waveform with  and 8 symbols with . As the payload size increases, the estimation accuracy of LP-SINR is only marginal. The percentile values obtained for different SNR observation points using  different fading occasions with  time correlated fade is shown in the following table.
[bookmark: _Ref163124468]Table 2. Measured LP-SINR percentile values for Manchester encoded OOK with   and .
	M
	X
	interval
	
	SNR 0dB
	 
	
	SNR 6dB
	 
	
	SNR -3dB
	 
	
	SNR -9dB
	 

	 
	 
	(ms)
	 
	10%ile
	50%ile
	90%ile
	Delta
	 
	10%ile
	50%ile
	90%ile
	Delta
	 
	10%ile
	50%ile
	90%ile
	Delta
	 
	10%ile
	50%ile
	90%ile
	Delta

	2
	16
	80
	
	-2
	-0,25
	1,41
	1,705
	
	4,02
	5,75
	7,4
	1,69
	
	-5,02
	-3,27
	-1,6
	1,71
	
	-10,99
	-9,28
	-7,62
	1,685

	2
	8
	160
	
	-2,15
	-0,29
	1,51
	1,83
	
	3,87
	5,72
	7,5
	1,815
	
	-5,17
	-3,31
	-1,51
	1,83
	
	-11,16
	-9,31
	-7,54
	1,81

	2
	4
	320
	
	-3,08
	-0,45
	1,87
	2,475
	
	2,95
	5,57
	7,86
	2,455
	
	-6,1
	-3,46
	-1,14
	2,48
	
	-12,06
	-9,48
	-7,14
	2,46

	2
	2
	640
	
	-4,62
	-0,75
	2,46
	3,54
	
	2,96
	5,25
	8,48
	2,76
	
	-7,67
	-3,78
	-0,53
	3,57
	
	-13,51
	-9,81
	-6,58
	3,465

	2
	1
	1280
	
	-6,94
	-1,42
	3,2
	5,07
	
	2,97
	4,58
	9,18
	3,105
	
	-9,88
	-4,47
	0,16
	5,02
	
	-15,81
	-10,46
	-5,88
	4,965

	4
	16
	80
	
	-2,08
	-0,31
	1,36
	1,72
	
	2,98
	5,68
	7,34
	2,18
	
	-5,1
	-3,33
	-1,65
	1,725
	
	-10,92
	-9,25
	-7,62
	1,65

	4
	8
	160
	
	-2,24
	-0,34
	1,44
	1,84
	
	2,99
	5,64
	7,43
	2,22
	
	-5,26
	-3,37
	-1,56
	1,85
	
	-11,11
	-9,28
	-7,52
	1,795

	4
	4
	320
	
	-3,21
	-0,5
	1,84
	2,525
	
	2,1
	5,5
	7,8
	2,85
	
	-6,23
	-3,53
	-1,19
	2,52
	
	-12,01
	-9,43
	-7,14
	2,435

	4
	2
	640
	
	-4,74
	-0,83
	2,47
	3,605
	
	2,1
	5,19
	8,41
	3,155
	
	-7,82
	-3,84
	-0,57
	3,625
	
	-13,48
	-9,75
	-6,54
	3,47

	4
	1
	1280
	
	-7,15
	-1,51
	3,14
	5,145
	
	2,1
	4,47
	9,13
	3,515
	
	-10,1
	-4,6
	0,16
	5,13
	
	-15,82
	-10,39
	-5,86
	4,98
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[bookmark: _Ref162468324]Fig. 16 SNR evaluation over 1.28s using X sample averages on LP-SS in TDL-C 300ns.
In the above table, the “Delta” column represents half the difference between 10%ile and 90%ile LP-SINR deviation. Using the above table, we can determine that to ensure reliable LP-SINR estimate with  delta, we need  LP-SS observations. This is also shown in Fig. 16 using CDF plot at various SNR observation points. As the number of LP-SSs samples used for LP-SINR metric calculation increases, the variance of the metric reduces approaching the actual SNR point, thus normalizing the underlying fading variations. As the number of LP-SS samples collected for LP-SINR averaging increases, i.e., when  takes the value from  and 2 the performance improves the noticeably. However, while increasing from 4 and 8, the estimation accuracy does not scale the same way as it did for the lower values. 
Fig. 16 compares the error in the LP-SINR estimation at different SNR observation points and it shows that the error increases noticeably when the operating SNR decreases. Note that the effect of OOK modulation order  has no big impact on the performance. It is worth noting that the number of symbols used for  is half compared to that of  with almost comparable performance in terms of LP-SINR estimation accuracy. Thus, it is enough to use only  bits as payload for  and  bits as payload for  without compromising on the estimation accuracy.
[bookmark: _Toc163220676][bookmark: _Toc163221393]As the operating SNR increases, the measurement accuracy using LP-SS improves, therefore, the measurement periodicity can be relaxed for higher SNR operation points.
[bookmark: _Toc163220677][bookmark: _Toc163221394]The accuracy of LP-SINR in a fading channel improves when the samples are taken across multiple instants that are separated in time to normalize the coherent time of the fading process.
[bookmark: _Toc163220678][bookmark: _Toc163221395]At least 8 bits payload for  or  bits payload for  can be used with MC encoding for LP-SS to obtain sufficient LP-SINR accuracy.
LP-RSRP as measurement metric
	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


Traditionally, RSRP is used as the measurement metric to determine the cell coverage/range. In the LP-WUS context, it is one of the possible reliable metric to determine the RRM relaxation thresholds. To study the LP-RSRP estimation accuracy, a time correlated fading of 1.28s is used with  samples for the LP-RSRP evaluation under TDL-C 300ns channel. In this evaluation, we tried to determine the value of , which represents the number of measurements needed within 1.28s that are spaced at equal interval. Following table shows the percentile distribution of LP-RSRP averaging under different SNR operating point. We have determined LP-RSRP based on the signal energy received during the ON duration corrected with the (noise and interference) energy received in OFF duration of Manchester encoded LP-SS, i.e., .  Table 3 outlines the LP-RSRP error distribution with different operating SNR condition. The “Delta” column highlights half the deviation between  and  value. As can be seen that the LP-RSRP deviation is approximately within  error margin for values with X having 320ms or less. 
From Table 3, we can notice that the impact of fading on the LP-RSRP estimation accuracy improves as the number of samples used for averaging, i.e., , increases from . Furthermore, the LP-RSRP estimation is robust against the SNR as there is only a little variation across when looking at each row. The impact of  on the LP-RSRP estimation accuracy is also not that drastic to gain any obvious attention. However, as the value of  increase from , the LP-RSRP estimation accuracy improves noticeably, whereas increasing from , the gain is only marginal. This ensures that the effect of fading can be normalized by taking at least  samples that are spread across  interval.
[bookmark: _Ref163030405]Table 3. Measured LP-RSRP percentile values for Manchester encoded OOK with   and 
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	Delta
	
	SNR -3dB
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	Delta
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	10%ile
	50%ile
	90%ile
	 
	
	10%ile
	50%ile
	90%ile
	 
	
	10%ile
	50%ile
	90%ile
	 
	
	10%ile
	50%ile
	90%ile
	 

	2
	16
	80
	
	-2,15
	-0,39
	1,28
	1,715
	
	-2,1
	-0,36
	1,29
	1,695
	
	-2,22
	-0,45
	1,24
	1,73
	
	-2,41
	-0,6
	1,1
	1,755

	2
	8
	160
	
	-2,31
	-0,44
	1,36
	1,835
	
	-2,25
	-0,4
	1,37
	1,81
	
	-2,38
	-0,48
	1,33
	1,855
	
	-2,59
	-0,65
	1,18
	1,885

	2
	4
	320
	
	-3,26
	-0,58
	1,72
	2,49
	
	-3,17
	-0,54
	1,75
	2,46
	
	-3,32
	-0,64
	1,71
	2,515
	
	-3,56
	-0,82
	1,6
	2,58

	2
	2
	640
	
	-4,81
	-0,9
	2,35
	3,58
	
	-4,7
	-0,87
	2,36
	3,53
	
	-4,93
	-0,96
	2,32
	3,625
	
	-5,18
	-1,14
	2,18
	3,68

	2
	1
	1280
	
	-7,16
	-1,58
	3,03
	5,095
	
	-7,02
	-1,53
	3,05
	5,035
	
	-7,24
	-1,65
	3,02
	5,13
	
	-7,73
	-1,88
	2,89
	5,31

	4
	16
	80
	
	-2,27
	-0,47
	1,22
	1,745
	
	-2,17
	-0,41
	1,27
	1,72
	
	-2,38
	-0,56
	1,17
	1,775
	
	-2,63
	-0,78
	0,98
	1,805

	4
	8
	160
	
	-2,42
	-0,51
	1,3
	1,86
	
	-2,31
	-0,44
	1,34
	1,825
	
	-2,53
	-0,58
	1,25
	1,89
	
	-2,83
	-0,8
	1,08
	1,955

	4
	4
	320
	
	-3,38
	-0,66
	1,69
	2,535
	
	-3,26
	-0,59
	1,72
	2,49
	
	-3,53
	-0,75
	1,63
	2,58
	
	-3,8
	-0,98
	1,46
	2,63

	4
	2
	640
	
	-5,01
	-0,99
	2,3
	3,655
	
	-4,81
	-0,91
	2,33
	3,57
	
	-5,2
	-1,07
	2,25
	3,725
	
	-5,57
	-1,33
	2,12
	3,845

	4
	1
	1280
	
	-7,5
	-1,69
	2,97
	5,235
	
	-7,22
	-1,61
	3,02
	5,12
	
	-7,67
	-1,81
	2,97
	5,32
	
	-8,64
	-2,04
	2,79
	5,715


The objective is to determine the number of distinct LP-SS based measurement samples that are spaced at equal interval within a period of 1.28s, to normalize the effect of channel fading. As the fading varies slowly in case of static UEs, it is evaluated over a period of 1.28s, which is several times greater than the coherence time of 3kmph UE speed. Thus, the estimated LP-RSRP is a true estimate of path loss, and thus normalizing the effect of fading channel. Fig. 17 illustrates the LP-RSRP estimation error with ideal path loss. It can be seen Fig. 17 that LR may need more than four measurements using LP-SS that are spread across 1.28s to obtain a reliable LP-RSRP estimate that characterizes the actual path loss. 
[image: ]
[bookmark: _Ref162469866]Fig. 17 LP-RSRP evaluation over 1.28s using X sample averages on LP-SS in TDL-C 300ns.
The effect of OOK modulation order  is not visible in the LP-RSRP estimation accuracy. Thus, using the above evaluations, we may need four measurements that are equally spaced between 1.28s to obtain a reliable LP-RSRP estimation that limits the error  in fading conditions. 
[bookmark: _Toc163220679][bookmark: _Toc163221396]Depending on the operating SNR, a LP-RSRP presentative of the pathloss can be obtained using  LP-SS samples that are spread over 1.28s at equal interval.
[bookmark: _Toc163124943][bookmark: _Toc163125312][bookmark: _Toc163220077]A minimum of  LP-SS samples are required to estimate LP-RSRP reliably irrespective of the operating SNR.
[bookmark: _Toc163124944][bookmark: _Toc163125313][bookmark: _Toc163220078]The LP-SS payload shall have at least  or  bits for  and , respectively together with Manchester encoding to obtain reliable LP-RSRP or LP-SINR estimation in the fading channel.
	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


[bookmark: _Toc163220680][bookmark: _Toc163221397]Higher the value of M, i.e., 4,8, for LP-SS, smaller will be the coverage level, and thus the intention of using LP-SS to provide timing synchronization may not be achieved. 
[bookmark: _Toc163220681][bookmark: _Toc163221398]Accuracy of timing synchronization has no relation with the modulation order, i.e., . It depends on the oversampling factor used at the LR.
[bookmark: _Toc163124945][bookmark: _Toc163125314][bookmark: _Toc163220079]Consider  for LP-SS with at least 4 symbols to ensure reliable estimation in each LP-SS MO.
Coverage observation
In the previous RAN1#116, it has been agreed that companies report the target SNR required to match MSG3 coverage. The agreement is provided for convenience.
	
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 the table below we provide the corresponding values:
	LP-WUS BW
(MHz)
	LR NF
(dB)
	LR Antenna gain
(dBi)
	# of TX chains
	MIL value of MSG3@dense urban 2.6GHz
[dB]
	SNR required to achieve MSG3 coverage
[dB]

	4.32
	12
	-3
	2
	144.2
	3.1 



Conclusion
In this document, we presented our initial thoughts on the WI scope and the topics that are relevant to be considered and discussed during the WI phase.
List of proposals
1. Consider aligned or scalable design for LP-WUS/LP-SS to support multiple BW options depending on the deployment scenario. Thus, consider the feasibility of LP-WUS BW equal to or below MHz for evaluations.
The position of LP-WUS/LP-SS within the carrier BW should be flexible and configurable by the NW.
If the NW supports more than one SCS for NR transmission, then the choice of SCS used for LP-WUS should be left to the NW that shall be informed to the UE.
Unified generation scheme should be considered for OOK waveform.
Specify the waveform in the frequency domain with a possibility of using a pulse shaping function.
Consider OOK waveform with  as the baseline for evaluations as it favours both envelope and sequence detectors with or without the use of Manchester encoding.
The use of Manchester encoding for OOK based scheme should be considered if there is no preamble field in LP-WUS frame structure.
Explore if there are more efficient alternatives to Manchester encoding. e.g., a preamble followed by b/b or in general  bit encoding for rest of the signal.
Evaluate further the options of applying pulse shaping in the ON duration of OOK symbols accounting impact on the gNB transmission.
The time-frequency resources used for LP-WUS should be the same irrespective of the device type used as LR, i.e., LR type specific LP-WUS transmission should be avoided.
The number of overlay sequences used to provide more information in a single ON duration of OOK signal should consider the underlying modulation order, i.e., , used by OOK signal.
A relationship between the different sequences used in neighbouring OOK ON symbols can be achieved by rotating the phase of the time domain samples of the sequence on symbol N relative to the phase rotation of the sequence on previous symbol N-1.
The phase rotation between the sequences used in successive ON symbols, N and N+1 is dictated by the symbol transmitted in symbol N.
Specify modulated overlay sequence as an alternative to pack more information bits within the ON duration of OOK signal that benefits the LR with sequence detectors.
RAN1 should evaluate whether LP-WUS requires a preamble or not and if required, the preamble design should be discussed.
RAN1 should evaluate whether LP-WUS requires a CRC field or not and if required, then the size and the polynomial used should be defined.
RAN1 should evaluate the content and the structure of LP-WUS payload.
As the performance of payload-based and sequence-based LP-WUS structure depends on the length of the message content, RAN1 should first decide the range of the information content of the LP-WUS message.
Unified waveform design between LP-SS and LP-WUS should be prioritized.
The modulation order used by LP-SS should be restricted to  with Manchester encoding to ensure better coverage and facilitate accurate measurements for RRM purposes.
As the LP-SS benefit all kind of LR types, overlaying a sequence in the ON duration and aligning the waveform design to LP-WUS should be selected. Thus, we prefer option 2 to assist synchronization if not RRM.
We suggest discussing if LP-SS beams shall be time multiplexed in different beam directions.
If LP-SS shall be time multiplexed in different beam directions, then RAN1 shall consider embedding beam tracking reference signals to the LP-SS signal to mitigate the power consumption in the LR spend on beam tracking.
LP-SS should provide both time and frequency synchronization to LRs of all types with minimal real-time constraints on the reception.
RAN1 to decide whether LR can utilize the estimated time/frequency offset using LP-SS for internal XO corrections to improve the detection of LP-WUS.
A minimum of  LP-SS samples are required to estimate LP-RSRP reliably irrespective of the operating SNR.
The LP-SS payload shall have at least  or  bits for  and , respectively together with Manchester encoding to obtain reliable LP-RSRP or LP-SINR estimation in the fading channel.
Consider  for LP-SS with at least 4 symbols to ensure reliable estimation in each LP-SS MO.
[bookmark: _Toc159228244][bookmark: _Toc159228646]List of observations
1. Wider LP-WUS/LP-SS BW can offer robustness against fading and frequency offset but impacts the spectrum efficiency.
The scalability of LP-WUS/LP-SS BW would benefit multitude of device types and deployments.
The generation of OOK4 signal at gNB is relatively easier compared to OOK1 scheme for modulation order . However, the need for additional DFT HW may pose additional challenges in the acceptance.
Having a pulse shaping function improves the post processing SNR irrespective of the receiver type used at the LR.
The SNR observed by  and  are roughly the same other than the noise averaging attributed to the LR type used, namely, envelope or sequence detector.
If Manchester encoding is used for transmission, the detection performance of  is superior to , since the pooling of power across NR OFDM symbol may not be allowed.
The effect of timing offset  introduces comparable degradation to both  and  modulation orders, which can be mitigated using either preamble or LP-SS
As the modulation order  increases, the ON duration of OOK symbol length is comparable to that of CP insertion, thus restricting  is beneficial to reduce the complexity at LR. Using  impairs the detectability due to reduced ON duration to provide receive side SNR improvements.
The use of Manchester encoding for LP-WUS facilitate the threshold evaluation to determine the ON/OFF decision at each symbol. However, if preamble is appended to LP-WUS transmission, or other encoding of transmitted codewords is applied, the need for Manchester encoding may not be imperative.
If Manchester encoding is not used, the power of each OOK symbol may vary if power pooling is employed within an equivalent NR OFDM symbol.
Use of pulse shaping benefit the LR to obtain better receive SNR even with simple detectors by enabling using receiver side filter matched with the pulse shape used for transmission.
Despite improving the receiver side SNR of non-coherent receivers, PAPR caused by the pulse shaping must be evaluated to minimize the stress on gNB side transmission.
The use of pulse shaping in the ON duration can improve the detection performance against time offset compared to the rectangular pulse, i.e., without pulse shaping counterpart.
Categorizing LR will/can benefit the design of overlay sequence requirements and what information it can carry. However, the LP-WUS design should aim at providing the same information to all LR device types using the same time-frequency resources.
The sequence overlaid in the ON duration of OOK signal must be robust against frequency offset as the accuracy of LO cannot be ensured for IQ receivers.
Using multiple overlay sequences in the ON duration to convey more bits may increase the complexity of sequence detectors exponentially. Thus, limiting to fewer bits would provide a better trade-off between the complexity and the power consumption.
The correlation gain and cross-correlation between sequences diminish with the increase in  used by the underlying OOK sequence, since increasing  reduces the ON duration length, i.e., sequence length of embedded sequence itself.
The Hamming distance will be reduced by 2k if k bits are carried by the sequence compared to the case where just 1 bit is carried by the sequence.
The Manchester encoding ensures short time between consecutive sequences, meaning that the relative phase rotation is not significantly impacted be the channel.
The UE may perform a consistency check between the relative phase rotation and the sequences with the strongest correlation peaks and select the most likely sequence.
Modulating the overlay sequence with a constellation symbol provides more bits per ON duration with a single sequence used for correlation, and thus reducing the LR complexity significantly.
As the correlation gain depends on the length of the overlay sequence, the SNR observed by the modulated symbol is better than the underlying OOK signal, thus the sequence can be packed with a symbol from higher constellation as well.
The header field may indicate certain payload structure that can benefit both NW and LR to reduce resource utilization for LP-WUS and complexity, respectively.
The presence of CRC ensures the certainty of the LP-WUS detection, which is otherwise cannot be ensured to the fullest by LR.
The use of FEC for LP-WUS message can improve the coverage by a factor proportional to the FEC coding rate but may increase the complexity of LR.
The modulation order used for payload-based scheme is common for all POs and the same goes to the Manchester encoding as well.
When the number of groups present in a PO is fewer, or when the allocated bits per PO is fewer, payload-based scheme provides better robustness with FEC encoding as it is applied over the entire LP-WUS message.
Unlike payload-based mapping, sequence-based LP-WUS is flexible enough to modify the use of Manchester encoding and the modulation order per PO.
The sequence length determines the robustness of the detection, thus a LR associated with a group insider a PO, can monitor only the segment associated with that PO for a sequence, thereby reducing the active duration and power.
The header field can be used to improve the sequence mapping by combining/repeating when the number of POs with a valid paged group is small when compared to the total number of POs present in the LP-WUS message.
As the initial sampling clock of LR may have ~100ppm error, using higher modulation order, i.e., , may prolong the initial synchronization duration of LRs unless there is an assistance from MR.
As the LP-WUS carries an overlay sequence in the ON duration, it would be beneficial to follow the same approach for LP-SS as well as it may avoid LRs with SD to receive SSBs.
As the LP-WUS SCS is aligned with the incumbent NR SCS, the SCS of SSBs may not be the same as NR SCS in some deployment scenarios. In such cases, LRs with SD receivers may not receiver SSBs to tune the XOs without additional complexity.
The pulse shaping waveform for OOK signal can be considered as an overlaid sequence for the sequence-based detectors to perform coherent detection to improve the detection performance.
Performing beam tracking by doing an FFT of one or few OOK symbols for some LP-SS receptions may still be much more power efficient than receiving multiple LP-SS signals from different LP-SS beams.
Performing frequency hopping together following the bit field in symbol using Manchester encoding enables LP-SS to provide both time and frequency synchronization to LRs with ED without involving frequency retuning.
Depending on the type of LR considered, measurement metrics may vary, since the underlying signal used for measurements may not be the same.
Both relative and absolute quantities could be considered for LP-SS based measurements, namely, LP-RSRP, LP-RSSI, LP-RSRQ, LP-SINR.
As the operating SNR increases, the measurement accuracy using LP-SS improves, therefore, the measurement periodicity can be relaxed for higher SNR operation points.
The accuracy of LP-SINR in a fading channel improves when the samples are taken across multiple instants that are separated in time to normalize the coherent time of the fading process.
At least 8 bits payload for  or  bits payload for  can be used with MC encoding for LP-SS to obtain sufficient LP-SINR accuracy.
Depending on the operating SNR, a LP-RSRP presentative of the pathloss can be obtained using  LP-SS samples that are spread over 1.28s at equal interval.
Higher the value of M, i.e., 4,8, for LP-SS, smaller will be the coverage level, and thus the intention of using LP-SS to provide timing synchronization may not be achieved.
Accuracy of timing synchronization has no relation with the modulation order, i.e., . It depends on the oversampling factor used at the LR.
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