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Introduction
L1 design for signal/channel and procedures for low power wakeup signal (LP-WUS) is important to achieve the benefits of LP-WUS.
The SID of LP-WUS can be found in [1].
	The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


The contribution mainly focuses on the design of procedures and LP-WUS.

KPIs
The KPIs and requirements can be a guidance of design of LP-WUS. In RAN1#110bis-e [2], the following KPIs can be considered.
· the power saving gain,
· the latency,
· the resource overhead to meet the coverage requirement, and
· the mobility in terms of the measurement relaxation at MR (main radio).
We should keep in mind in every details of designs.

Synchronization
As mentioned by some companies’ contributions [3], the large time error (due to the large frequency drift) will degrade the detection performance of LP-WUS significantly, especially when LR monitors LP-WUS periodically and LP-WUS is not transmitted by gNB for long time. Therefore, synchronization is necessary for LR.
In RAN1#112 [4], there were three options for sync signal agreed, if sync signal is to be introduced.
	Agreement
Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2



1.1 Periodic signal
In our view, there could be two alternatives for sync and RRM measurement at LR.
· Alt-1: Legacy SSS/PBCH-DMRS.
· Alt-2: Low power synchronization signal (LP-SS).
In RAN1#112, it was agreed that some measurement metrics can be studied.
	Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements


In our view, long sequence of legacy SSS/PBCH-DMRS (about 270 in total) and cell ID in the sequence can achieve inter-cell interference randomization easily. Moreover, there is no new periodic signal introduced in idle/inactive state.
Observation 1: If legacy SSS/PBCH-DMRS is used as periodic signal, inter-cell interference randomization can be achieved easily, and there is no new periodic signal introduced in idle/inactive sate.
For Alt-1, since SSB is beam sweeping, wrong time index of SSB due to huge time error will lead to uncover of time error. Furthermore, time index of SSB is carried by PBCH-DMRS for FR1, whether LR can detect PBCH-DMRS in time domain is a question. Thus, there are two questions for Alt-1:
· whether PBCH-DMRS detection is needed for time index re-acquisition
· whether PBCH-DMRS can be detected in time domain
For the first question, periodicity of synchronization of LR should be considered. If we assume the periodicity is 320ms in typical case, the time error may not exceed 1 OFDM symbol so LP-WUR monitoring window can cover LP-WUS, and synchronization window for PBCH-DMRS detection is not needed. If the monitoring/processing window is in millisecond level, there could be multiple beam-swept LP-WUS and SSBs, and LR may assume the wrong symbol boundary if PBCH-DMRS is not detected and time index is unknown.
Observation 2: If legacy SSS/PBCH-DMRS is used as periodic signal, whether PBCH-DMRS detection is needed for time index re-acquisition depends on periodicity of synchronization of LR and monitoring/processing window of LR.
For the second question, PBCH-DMRS is interlaced in frequency domain, so Goertzel filter may be needed, as shown in RAN1#113 agreement.
	Agreement
For the baseband processing of the LP WUR architectures,
· The baseband processing may use Goertzel filters as an alternative for FFT to compute the signals for one or more tones. Tone energy is computed and a detection algorithm is used to detect the presence of LP-WUS. One example diagram is shown below:
· [image: A diagram of a flowchart

Description automatically generated with low confidence]
· This can be used with the receiver architecture for OFDMA-based signals/channels for OOK-3.
· This can be used with heterodyne receiver architecture with IF envelope detection or the homodyne receiver architecture with baseband envelope detection for [OOK-1]/FSK-2.
· For the receiver architecture for OFDMA-based signals/channels,
· The receiver architectures for OFDMA-based signals/channels can be used for OOK/ASK and FSK modulated LP-WUS
· For sequence-based OFDM signals/channels, one example diagram with time domain correlator (without FFT) for LP-WUS detection is shown below: 
· [image: A picture containing line, diagram, font, text

Description automatically generated]


Further, frequency error will bring ICI from other subcarriers of PBCH data payload, so frequency error compensation should be applied according to SSS.
Observation 3: If legacy SSS/PBCH-DMRS is used as periodic signal, whether PBCH-DMRS can be detected in time domain is up to UE implementation.
For Alt-2, LP-SS is almost a new always on signal. It has to be periodically transmitted to support LP-WUS function in a cell. To avoid time index issue, it can be non-beam-sweeping, and in this way, LP-WUS has to be non-beam-sweeping since there is no beam training by LP-SS. Alternatively, LP-SS and LP-WUS can be repeated in beam agnostic way, and LR detects them opportunistically, but the time index is also needed.
Observation 4: If LP-SS is used as periodic signal and it is beam sweeping or repetition in beam agnostic way, the time index is needed.
If LP-SS uses MC-ASK/FSK waveform, sequences may not be long, since the number of MC-ASK/FSK symbols per OFDM symbol is very limited (i.e. value of M could be no greater than 8 in general view), and thus inter-cell interference randomization gain are not good enough. If sequences to generate waveform (e.g. sequences including bit 1 for MC-ASK/FSK) is known at UE, OFDM receiver can utilize the sequences to improve synchronization performance.
Observation 5: If LP-SS is used as periodic signal and sequences to generate waveform is known at UE, OFDM receiver can utilize the sequences to improve synchronization performance.

1.2 Aperiodic signal (preamble)
In our view, as aperiodic signal is a part of LP-WUS, i.e. preamble, it should be detected/processed by the same architecture as that for message part in LP-WUS. 
In some companies’ contributions [5], a long periodicity of time error correction may be enough, and preamble can be also used to correct the residual time error. Actually, it seems there is tradeoff like that:
· If periodic signal has short periodicity, preamble can be saved;
· If periodic signal has long periodicity, preamble is helpful for synchronization.
Observation 6: It is tradeoff between using periodic signal and using preamble for synchronization.
So far, whether to support preamble as a leading part of LP-WUS has no explicit agreement (message part of LP-WUS is also undefined). We are not sure whether periodic signal is enough. In NR design, synchronization usually depends on periodic reference signal (e.g. SSB and P-TRS) or DCI triggered aperiodic RS (e.g. A-TRS). A so-called initial signal was discussed in NR-U but it was not designed. If the residual time error before LP-WUS detection is not so large, LR may detect LP-WUS with low MDR using multiple trials (e.g. detection window).
Observation 7: Using preamble before a channel for synchronization is a new design in NR.

1.3 DTXed LP-WUS
DTXed LP-WUS may be also used for synchronization through UE implementation. In NB-IoT, specs imply that WUS can be used to compensate time/frequency error for N DRX cycles due to serving-cell measurement relaxation, since NB-IoT UE may do nothing within N DRX cycles. 
	4.6.2.1A	Measurement and evaluation of serving NB-IoT cell for HD-FDD UE category NB1 in normal coverage when configured with WUS
The UE which supports wakeUpSignal [2] shall meet the requirement defined for the DRX cycle length of N*DRX_cycle in Section 4.6.2.1, provided the following conditions are met:
-	WUS has been configured in the serving NB-IoT cell using WUS-Config-NB-r15 [2], and
-	The serving cell measurement relaxation is signalled as n by the network using numDRX-CycleRelaxed-r15, and
-	Serving cell S criteria is met with at least 2 dB margin.
-	the relaxed monitoring criteria for neighbour cells in TS 36.304 [1] clause 5.2.4.12.1 is fulfilled, and
, where the relaxation factor N is given by Table 4.6.2.1A-1. Otherwise the requirements defined for the configured DRX cycle length in Section 4.6.2.1 shall apply.


It seems that compensation of time/frequency error by DTXed LP-WUS is also useful, similarly to DTXed WUS in NB-IoT. It can be up to UE implementation whether to support compensation of time/frequency error by DTXed LP-WUS.
Observation 8: Compensation of time/frequency error by DTXed LP-WUS is up to UE implementation.
In NB-IoT, WUS is OFDM waveform based sequences which is very like synchronization signal, so it is easy to be used for synchronization. If sequences to generate LP-WUS waveform (e.g. sequences including bit 1 for MC-ASK/FSK) is known at UE, OFDM receiver can utilize the sequences to improve synchronization performance.
Observation 9: If  sequences to generate LP-WUS waveform is known at UE, OFDM receiver can utilize DTXed LP-WUS to improve synchronization performance.

RRM measurement
In RAN1#111 [6], feasibility study of RRM measurement performed at LR, at least for serving/camping cell, was agreed.
	Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode,
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)


In RAN1#113 [7], offloading of serving-cell RRM measurement from MR to LR was agreed to be studied.
	Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR


In RAN1#113, there were some observations for RRM measurement agreed as follows.
	Agreement
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing PSS/SSS potentially assisted by PBCH DMRS/TRS for synchronization, existing PSS/SSS potentially assisted by PBCH DMRS/TRS may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.



1.4 Neighboring-cell measurement
If LR can support neighboring-cell measurement, MR can stay in ultra-deep sleep for long time. On the contrary, if LR cannot support neighboring-cell measurement, MR may be timely wake up due to ping-pong effect at cell edge.
However, the corresponding reference signal for neighboring-cell measurement should be widely deployed in network and configured by gNB as measurement object. In other words, it is like SSB due to always-on characteristics. Furthermore, if LR supports neighboring-cell measurement, it should support cell re-selection also, and the corresponding S criterion should be defined. The predicted spec impact seems large. Moreover, if the reference signal for LR is out of band for MR, the measurement results may not be easily taken as reference for cell camping for MR.
On the other hand, it is not excluded that legacy SSS/PBCH-DMRS can be used as reference signal for neighboring-cell measurement for LR. Therefore, neighboring-cell measurement by LR may be feasible.
Anyway, whether LR can support neighboring cell measurement can be discussed further.
Proposal 1: Whether LR can support neighboring-cell measurement can be discussed further.

1.5 Measurement metric
In RAN1#113, some measurement metrics were identified, such as LP-RSSI, LP-RSRP, LP-SINR and LP-RSRQ.
	Agreement
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence, LP-SS
· Note: The definition of metrics could be further refined based on future study 


In our view, RSRP, RSSI and RSRQ could be baseline for mobility in idle/inactive state. It seems that RSRP can be calculated by OOK waveform based LP-SS, but whether RSSI can be calculated by OOK waveform based resource needs to be studied, and further whether RSSI can be OFDM waveform based resource for envelop detection architecture is also a question. Therefore, RSRP can be confirmed to be supported as measurement metric and FFS for RSSI and RSRQ.
For SINR, calculation of interference and noise is needed, but whether interference and noise can be calculation by periodic signal, e.g. LP-SS, should be studied further.
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1.6 Waveforms
In RAN1#111, multi-carrier (MC)-ASK/FSK and OFDMA-based signals/channels were determined to be studied. 
	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· Study techniques to generate waveform by modulating sub-carriers of CP-OFDM [FFS : drop CP at transmitter)] symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· Study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol [FFS : drop CP at transmitter)] symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance


In RAN1#112, there were four options for MC-ASK waveform.
	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)

[image: ]

· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.

[image: ]

· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
[image: ]
· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K

[image: ]
· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)


In RAN1#112, there were two options for MC-FSK waveform.
	Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.


In RAN1#112bis-e, it was agree to study the methods to modulate input signal of the DFT/Least-Square block.
	Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation


In RAN1#113, some observation of different waveforms were agreed.
	Agreement
· For waveform generation the following observations are made
· Flat spectrum in frequency domain provides robustness against frequency selective fading compared to concentrated energy in frequency domain.
· for OOK-4, sequence before DFT/LS with variation in phase via such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches
· Further discuss the following potential observations for waveform generation:
· When DFT is employed in OOK-4 (M>=2), -1/1 alternation in time or frequency shift in frequency domain may be needed to match CP-OFDM generation.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB with memory requirement depending on number of possible combination. This may be up to gNB implementation.
· quantization of generated waveform in frequency domain to existing constellation (e.g. 64QAM) has low impact on performance and reduces complexity. This may be up to gNB implementation.
· Repetition of a sequence(s) used in LP-WUS generation in frequency can be used to improve diversity for MC-OOK and robustness against frequency offsets for MC-FSK.



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


For sequence based information carrying, maximum likelihood (ML) detection along sequence length can be used since the total number of sequences could be small, e.g. 1 to 8. For encoded bits based information carrying, it is hard to use ML detection, because the total number of possible “sequences” is huge when length of encoded bits is not short. Thus, sequence based information carrying may have better link performance (affecting coverage finally), e.g. lower MDR, than encoded bits based information carrying. Equivalently, to achieve the similar link performance, system overhead of sequence based information carrying is lower than that of encoded bits based information carrying.
On the other hand, for sequence based information carrying, there could be only small information bits, e.g. 1 to 3, carried by an occasion of LP-WUS. For encoded bits based information carrying, there could be tens of information bits carried by an occasion of LP-WUS. 
To be honest, sequence based information carrying and encoded bits based information carrying have their Pros and Cons respectively.
Table 1: Comparing sequence based and encoded bits based information carrying
	
	Sequence based information carrying
	Encoded bits based information carrying

	Info. bits number
	1~3 (up to 8 sequences)
	12~48 (more bits than CRC)

	Replacement
	PEI
	Paging message

	FAR guarantee
	Long sequence
	CRC

	Latency
	High
	Low

	Coverage
	Large (large processing gain)
	Small (low coding gain, since Manchester code is not a real FEC code)


The content of LP-WUS should be studied. In RAN1#112bis-e, it was agreed to include at least information of UE group or UE part.
	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.



1.8 Manchester coding (spectrum spreading)
The abovementioned encoding may not be Manchester coding scheme or forward error coding scheme (FEC), e.g. block code in 38.212.
In our view, Manchester coding scheme can be considered as a direct sequence spreading spectrum (DSSS) scheme, which can be used for sequence based information carrying and encoded-bits based information carrying.
Observation 10: Manchester coding can be considered as a direct sequence spreading spectrum.

1.9 Power boosting
In RAN1#113, it was agreed that power pooling between OFDM symbols is not assumed for evaluation purpose.
	Agreement
Power pooling between OFDM symbols is not assumed for evaluation purposes. Average EPRE is defined per OFDM symbol.


It means that power boosting or pooling within an OFDM symbol is applicable at transmitter. This will benefit waveforms supporting both bit 0 and bit 1 in an OFDM symbol, e.g. OOK-2/3/4 and FSK-1/2, since symbols for bit 1 can be power boosted.
Proposal 2: Power boosting or pooling within an OFDM symbol is applicable for waveforms in which one OFDM symbol contain both bit 0 and bit 1 of LP-WUS.

1.10 Channel bandwidth
In RAN1#111, channel bandwidth of LP-WUS was discussed and only provided with the candidate upper bounds.
	Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI


In RAN1#112bis-e, it was agreed that at least one BW size <= 5MHz is recommended.
	Agreement
At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
· Other BW sizes are not precluded
· if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
· LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs


Resource of LP-WUS can be scalable for different coverage. On the other hand, LR can be further extended for more functionalities, and we should consider the forward compatibility of LP-WUS. The BW of one LP-WUS can be scalable to enable the forward compatibility.
Proposal 3: The BW of one LP-WUS can be scalable.

Waveform comparison
In RAN1#113, comparisons among waveform are narrowed down.
	Agreement
For companies to consider for providing evaluation results
· Cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details
· For evaluation of LP-SS accuracy, assume SNR at [-3dB] and LP-WUR noise figure should be reported



1.11 Comparing system overhead for a given BLER performance
In R17 PEI, link level simulation is needed to compare different schemes of PEI in terms of system overhead. Companies provided the system overhead for a required MDR at a required SINR. It is assumed that the required FAR can be always achieved by long CRC. The required SINR is the SINR to achieve the required MDR of paging PDCCH/PDSCH in a certain given setting.
Similarly, for LP-WUS, link level simulation is also needed to compare different schemes of LP-WUS in terms of system overhead, and companies can also provide the system overhead for a required MDR at a required SINR. However, the required SINR cannot be related to paging PDCCH/PDSCH. Actually, the required SINR should be related to the target coverage, e.g. the target SINR to achieve the target maximum coupling loss in link budget. The target coverage can be decided as some candidates.
Proposal 4: The target coverage for LP-WUS can be decided as some candidates.
It is common understanding that both preamble and message part should meet the target coverage, if preamble is supported.

1.12 Comparing BLER performance for a give system overhead
Alternatively, we can compare BLER performance for a given system overhead (e.g. fixed time/frequency resource), which is shown in RAN1#112 agreement [5], which is different from R17 PEI.
	Agreement
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.


For total energy of LP-WUS across the time/frequency resource, in our view it is absorbed in SINR. In RAN4 spec (see Appendix A.1), SNR is already defined by the average signal power across frequency resource. It can be easily extended to the average signal power across time/frequency resource. 
In RAN1#112bis-e, descriptions on time/frequency resource and total energy is updated as follows.
	Agreement
Update the RAN1#112 agreement as the following:
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
Working assumption: In place of the above deleted bullets:
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.
· FFS: PAPR applicable to LP-WUS


We think time/frequency resource is critical from system perspective.
Proposal 5: Support Alt 1 for fair comparison of different schemes for LP-WUS.

1.13 Time domain impact
If receiver for MC-FSK is envelop detection based receiver or FM-to-AM receiver, it is also time domain receiver. From this aspect, MC-ASK and MC-FSK are very similar, and they both suffer from impairment in time domain, e.g. attenuation, timing misalignment and inter-symbol interference (ISI) caused by multi-path.
Observation 11: MC-ASK and MC-FSK both suffer from impairment in time domain, e.g. attenuation, timing misalignment and ISI caused by multi-path.

1.14 Frequency domain impact
For OFDMA-based signal/channel or other waveform using OFDM receiver, it may be sensitive to frequency error, since inter-subcarrier interference (ICI) may degrade performance significantly. Nevertheless, channel compensation (e.g. for sequence detection) according to signal in advance can improve the performance.
Observation 12: Inter-subcarrier interference may degrade performance significantly for OFDMA-based signal/channel or other waveform using OFDM receiver, if channel compensation is not applied.
In our view, the main difference between MC-ASK and MC-FSK is FDMed segments. Generally, MC-ASK does not support FDMed segments, but MC-FSK does. Specifically, OOK-1/4 support FDMed segments, but OOK-2/3 (like FDMed version of OOK-1) and FSK support. FDMed segments have problem of interference from segments. Some companies [8] [9] reported the large guard band(s) is needed, since the residual frequency error is still very large.
Observation 13: The large guard band(s) is needed if there are FDMed segments in waveforms.

1.15 Comparing OOK-1 and OOK-4
We would like to compare OOK-1 and OOK-4.
OOK-1 with larger subcarrier spacing (compared to NR signal/channel in the two sides of LP-WUS) needs multiple IFFTs at gNB, which is not friendly for gNB implementation, so we will not discuss it.
Table 2: Comparing OOK-1 and OOK-4
	
	OOK-1 (with the same SCS)
	OOK-4

	gNB TX
	Frequency-domain shape at gNB
	Good
	Good if special sequence(s) is use

	
	Multiple IFFTs at gNB
	No
	No

	
	Precoding
	No
	Yes

	BLER performance
	ISI
	Small (CP per symbol)
	Large (M-1 symbols do not have CP)

	
	Power boosting in an OFDM symbol
	No
	Yes

	
	Manchester code
	Short, e.g. length=2, to reduce OFDM symbols span
	Long, e.g. length 4 when M=4

	Resource allocation
	Bandwidth
	Narrow
	Wide

	
	Duration (OFDM symbols)
	Large
	Small

	
	M OOK symbol(s) per OFDM symbol
	M=1
	M>1 (OOK-4 with M=1 is equivalent to OOK-1)


Therefore, we have the following observation.
Observation 14: OOK-1 and OOK-4 are complementary to each other.

1.16 Waveform generation for OOK-4
It seems the sequence for OOK bit “1” input to DFT/LS precoder is a predefined sequence, e.g. ZC sequence, meanwhile, we have conclusion that the sequence for OOK bit “0” input to DFT/LS precoder is all zeros. Here, OOK bit “1” means after bit after Manchester coding, and it can be regarded as OOK symbol “1”. Further, there could be only coded bits combination as “01” and “10” for Manchester code with length 2. Thus, the possible combined sequences input to DFT/LS is a set of predefined sequences, e.g. {ZC + all zeros} and {all zeros + ZC}. Then, the possible sequences output from DFT/LS precoder could be a set of predefined sequences. In this way, DFT/LS precoder may not be necessary in real implementation. The predefined sequences can in form of a code book.
Observation 15: For OOK-4, precoding block at transmitter can be saved if sequences input to IFFT can be defined. 
Furthermore, if Manchester code length is shorter than M for OOK-4, the possible sequences output from DFT/LS precoder have large number. We should check the possible sequences one by one for their properties. If Manchester code length is longer than M for OOK-4, it will also cause more possible sequences. Especially when Manchester code length is 2, M has to be 1 for OOK-4, which fall back to OOK-1
Observation 16: For OOK-4, the number of possible sequences input to IFFT is small, if Manchester code length is equal to M.
Moreover, if we define “transform precoding” in spec for DFT/LS precoder, we still need to define shaping/truncation to improve properties of waveform. However, if we directly define sequences input to IFFT, shaping/truncation can be absorbed in sequence generation.
Observation 17: For OOK-4, if sequences input to IFFT is defined, shaping/truncation to improve properties of waveform can be absorbed in sequence generation.
As agreements in RAN1#113, if sequence input to IFFT is known at UE side, OFDM receiver can utilize it to improve detection performance. It is more important for OOK-4 since OOK symbol duration is short.
Observation 18: For OOK-4, if sequence input to IFFT is known at UE side, OFDM receiver can utilize it to improve detection performance largely.
Therefore, we have the following proposal.
Proposal 6: For OOK-4, it is feasible and beneficial that sequences input to IFFT can be defined. 

Activation and deactivation of LP-WUS
In RAN1#113, activation and deactivation of LP-WUS was agreed to be studied.
	Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.


In our view, LP-WUS may coexist with paging in general cases, since legacy UEs may be camping on the cell supporting R18 LP-WUS. Thus, how to control/reduce system overhead of LP-WUS and paging in a cell should be considered. If activation and deactivation of LP-WUS are always known both at gNB and UE side, gNB only needs to transmit LP-WUS to UEs with LP-WUS activation. However, it is a tradeoff. If CN want to know about whether a UE is monitoring LP-WUS, the UE has to inform CN about activation/deactivation through NAS signaling timely. The power consumption of NAS signaling may be large.
Observation 19: UE activation/deactivation of LP-WUS monitoring is known by gNB, but overhead of system resource for LP-WUS may be reduced, but UE power consumption of signaling may be high.

UE grouping
Even if UE activation/deactivation of LP-WUS monitoring is known at gNB side, system overhead may not be reduced always, since gNB needs to transmit LP-WUS to any UE in a group/subgroup. UE group/subgroup is random for UE-ID based UE grouping. Whether CN (Core-Network) based UE grouping can optimize the overhead of LP-WUS can be studied in higher layers. Moreover, in the first stage of deployment or early deployment, there could be small number of R18 UEs capable LP-WUS detection. At this stage, CN based UE grouping is more efficient than UE-ID based UE grouping from perspective of balance between system overhead and per group paging probability.
Observation 20: Whether CN based UE grouping can optimize the system overhead of LP-WUS can be studied in higher layers.
It should be noted that there is tradeoff between per group paging probability and system overhead, and per group paging probability is tightly related to UE power consumption. How to keep low per group paging probability and low system overhead is challenging. 
Observation 21: For UE grouping, there is tradeoff between per group paging probability and system overhead.

Revisit meaning of a separate receiver
It can be found that “a separate receiver” is mentioned in SID, but we may revisit the true meaning of “a separate receiver”. It seems that, in RRC IDLE/INACTIVE/CONNECTED state, LR and MR do not operate at the same time. Thus, components of LR and MR can be shared largely. In other words, from hardware perspective, “a separate receiver” may not be necessary. Although cost reduction is not in scope of SID, UE vendors may still prefer to use “a virtual separate receiver” for LR and MR, with some separate components, e.g. RF filter and CLOCK. By using such shared architecture, power saving gain can be also achieved, since it is common understanding that power saving gain mainly comes from the following factors from UE perspective:
· RRM measurement relaxation of MR
· Time/frequency-error tolerance of LR (i.e. reception with presence of large time/frequency error)
· 1 Rx of LR
· Low power consumption of processing in LR than that of MR, e.g. without FFT/equalizer/decoder and other modules
In fact, we do not have “an actual separate receiver” with ultra-low power consumption.
Observation 22: A virtual separate receiver may be efficient in realistic.
The concept of separate receiver has been present in NR. For example, UE may process SSB in a separate way, since SSB may have different subcarrier spacing from other channels. However, we did not emphasize the concept of separate receiver, since supporting the common processing as much as possible is efficient way for implementation. Actually, NR UE is scalable and flexible enough to support time/frequency/spatial domain resource allocation flexibilities.
Observation 23: The concept of separate receiver has been present in NR, but was not emphasized for reasons of implementation.

Conclusion
We have the following observations and proposals.
Sync using periodic signal
Observation 1: If legacy SSS/PBCH-DMRS is used as periodic signal, inter-cell interference randomization can be achieved easily, and there is no new periodic signal introduced in idle/inactive sate.
Observation 2: If legacy SSS/PBCH-DMRS is used as periodic signal, whether PBCH-DMRS detection is needed for time index re-acquisition depends on periodicity of synchronization of LR and monitoring/processing window of LR.
Observation 3: If legacy SSS/PBCH-DMRS is used as periodic signal, whether PBCH-DMRS can be detected in time domain is up to UE implementation.
Observation 4: If LP-SS is used as periodic signal and it is beam sweeping or repetition in beam agnostic way, the time index is needed.
Observation 5: If LP-SS is used as periodic signal and sequences to generate waveform is known at UE, OFDM receiver can utilize the sequences to improve synchronization performance.
Sync using aperiodic signal (preamble)
Observation 6: It is tradeoff between using periodic signal and using preamble for synchronization.
Observation 7: Using preamble before a channel for synchronization is a new design in NR.
Sync using DTXed LP-WUS
Observation 8: Compensation of time/frequency error by DTXed LP-WUS is up to UE implementation.
Observation 9: If  sequences to generate LP-WUS waveform is known at UE, OFDM receiver can utilize DTXed LP-WUS to improve synchronization performance.
Neighboring-cell measurement
Proposal 1: Whether LR can support neighboring-cell measurement can be discussed further.
Manchester coding (spectrum spreading)
Observation 10: Manchester coding can be considered as a direct sequence spreading spectrum.
Power boosting
Proposal 2: Power boosting or pooling within an OFDM symbol is applicable for waveforms in which one OFDM symbol contain both bit 0 and bit 1 of LP-WUS.
Channel bandwidth
Proposal 3: The BW of one LP-WUS can be scalable.
Comparing system overhead for a given BLER performance
Proposal 4: The target coverage for LP-WUS can be decided as some candidates.
Comparing BLER performance for a given system overhead
Proposal 5: Support Alt 1 for fair comparison of different schemes for LP-WUS.
Time domain impact
Observation 11: MC-ASK and MC-FSK both suffer from impairment in time domain, e.g. attenuation, timing misalignment and ISI caused by multi-path.
Frequency domain impact
Observation 12: Inter-subcarrier interference may degrade performance significantly for OFDMA-based signal/channel or other waveform using OFDM receiver, if channel compensation is not applied.
Observation 13: The large guard band(s) is needed if there are FDMed segments in waveforms.
Comparing OOK-1 and OOK-4
Observation 14: OOK-1 and OOK-4 are complementary to each other.
Waveform generation for OOK-4
Observation 15: For OOK-4, precoding block at transmitter can be saved if sequences input to IFFT can be defined. 
Observation 16: For OOK-4, the number of possible sequences input to IFFT is small, if Manchester code length is equal to M.
Observation 17: For OOK-4, if sequences input to IFFT is defined, shaping/truncation to improve properties of waveform can be absorbed in sequence generation.
Observation 18: For OOK-4, if sequence input to IFFT is known at UE side, OFDM receiver can utilize it to improve detection performance largely.
Proposal 6: For OOK-4, it is feasible and beneficial that sequences input to IFFT can be defined. 
Activation and deactivation of LP-WUS
Observation 19: UE activation/deactivation of LP-WUS monitoring is known by gNB, but overhead of system resource for LP-WUS may be reduced, but UE power consumption of signaling may be high.
UE grouping
Observation 20: Whether CN based UE grouping can optimize the system overhead of LP-WUS can be studied in higher layers.
Observation 21: For UE grouping, there is tradeoff between per group paging probability and system overhead.
Revisit meaning of a separate receiver
Observation 22: A virtual separate receiver may be efficient in realistic.
Observation 23: The concept of separate receiver has been present in NR, but was not emphasized for reasons of implementation.
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Appendix
A.1  SNR definition in 38.101-4
The SNR definition in 38.101-4-h70 is shown as follows.
	The reference point SNR is defined as:
	
-	NRX denotes the number of receiver reference points, and the super script receiver reference point j.
-	The above SNR definition assumes that the REs are not precoded, and does not account for any gain which can be associated to the precoding operation.
-	Unless otherwise stated, the SNR refers to the SSS wanted signal. 
-	The downlink SSS transmit power is defined as the linear average over the power contributions in [W] of all resource elements that carry the SSS within the operating system bandwidth.
-	The power ratio of other wanted signals to the SSS is defined in Clause C.3.1.
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