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Introduction
In RAN#97e, a revised version of SID on low-power wake-up signal and receiver for NR was approved [1]. In this Tdoc, we provide our views on the L1 signal design and the procedure for low power wake up signal.
Discussion
1.1 [bookmark: _GoBack]L1 signal design
In order to achieve extremely low power consumption (e.g., several µW) of the Low Power Wake-Up Receiver (LP-WUR), power hungry components (e.g., high-frequency and high-precision oscillator, ADC with high sampling rate and high resolution, advanced baseband processor, etc.) should be avoided. On-off Keying (OOK) is a promising candidate technique for LP-WUS design due to its very simple receiver (e.g., based on RF envelop detector) and the very low power consumption, which is already used in some systems, e.g., the RFID and IEEE 802.11ba. 
In current NR, OFDM and DFT-s-OFDM based waveform are used for DL and UL transmissions. As indicated in the SID, this study will not require existing signals to be used as LP-WUS. However, it is beneficial to generate the OOK symbols based on the legacy OFDM or DFT-s-OFDM framework. For example, if the LP-WUS and normal DL channels (e.g., PDCCH, PDSCH) can be generated based on a same OFDM waveform framework, they will be orthogonal in frequency domain and guard band between LP-WUS and other channels may be avoided or reduced. In addition, in time domain, the boundaries of LP-WUS and other DL symbols can also be well aligned if OFDM based OOK generation is used, it is beneficial for resource utilization. 
In IEEE 802.11ba, a multi-carrier OOK (MC-OOK) is used. In general, a MC-OOK on-symbol (i.e., the logical “1”) is a CP-OFDM symbol with non-zero power, and a MC-OOK off-symbol (i.e., the logical “0”) is a CP-OFDM symbol with zero power. However, the following issues should be considered if similar method is used in NR:
· The CP-OFDM symbol of NR is much longer than WiFi for some SCSs (e.g., ~71us for NR 15KHz SCS), using such a long OOK symbol will lead to low spectrum efficiency. Therefore, it should be supported that a signal OFDM symbol transmits M bits, and M >1. 
· Multiple SCSs are supported in NR, however, in order to avoid increasing the complexity of OOK receiver, the OOK symbol length is better to be independent to OFDM SCSs, this require the OOK signal generation can be scaled easily for different SCSs. Based on the DFT-s-OFDM waveform generation framework, it is very flexible to generate OOK symbols with required symbol duration for different SCSs by adjusting the number of samples before the DFT transforming.
· For an OFDM receiver, CP should be removed at the receiver side since it is mainly used for the inter-symbol-interference (ISI) cancellation. However, for a LP-WUR, ISI is not a problem. If the similar CP removing is used, the complexity and power consumption may be increased. On the other hand, if CP is dropped at transmitter side, the benefit of orthogonality with legacy OFDM transmission will disappear. Therefore, it is beneficial to enhance the CP as a useful part of the OOK symbol, e.g., a CP with non-zero power can be seen as a part of an OOK-ON symbol, and a CP with zero power can be seen as a part of an OOK-OFF symbol. Fig. 1 gives an example of the utilization of CP part, wherein a CP-OFDM symbol transmits 4 bits with 4 OOK symbols, and CP is utilized as a prat of the first OOK symbol.


Fig.1 an example of 4 OOK symbols transmitted by a signal OFDM symbol
Observation 1: DFT-s-OFDM based OOK symbol generation is beneficial for the scaling of OOK symbol duration for different SCSs.
Observation 2: dropping CP at transmitter side may lose the orthogonality between LP-WUS signal and legacy OFDM symbol.
Observation 3: CP removing at receiver side may increase the complexity and power consumption of LP-WUR and lead to low spectrum efficiency.
Observation 4: CP can be enhanced as a useful part of OOK symbol, e.g., a CP with non-zero power can be seen as a useful part of an OOK-ON symbol, and a CP with zero power can be seen as a useful part of an OOK-OFF symbol.

Proposal 1: support option OOK-4 which utilizes the DFT-s-OFDM framework.
Proposal 2: support CP enhancement to utilize the CP as a useful part of OOK symbols. 
1.2 Procedures related to LP-WUS
For a UE in low power mode, the main radio may be switched-off and UE only needs to monitor the LP-WUS signal by a LP-WUR. Synchronization and mobility should be maintained for better receiver performance and connectivity robustness. There may be two options for UE to maintain its synchronization and mobility:
· Option 1: UE maintains synchronization and mobility based on SSB: In this case, UE may have to wake up and switch on main radio frequently to refine its time/frequency synchronization and perform RRM measurement. However, the power consumption may be increased significantly, therefore measurement relaxation should be considered.
· Option 2: UE maintains synchronization and mobility based on a low power synchronization signal (LP-SS): in this case, a new synchronization signal based on the OOK modulation (i.e., LP-SS) should be introduced. However, the requirement and design principle may be different from the synchronization signal for main radio (i.e., PSS or SSS):
· UE may not need to maintain precise time synchronization like the SSB/TRS provides, since the OOK detection is more robust to time error and frequency offset than OFDM detection
· UE may not need to acquire at least the slot index and OFDM symbol index (or even subframe index or SFN) through the LP-SS detection, since they may be useless for OOK detection.
· Since the very simple modulation and receiver, the coverage of LP-SS may be not as good as other signals/channels associated with main radio, e.g., SSB or paging channel. Therefore, in order to avoid missing the wake-up indication, UE needs to be aware of whether it is still in coverage of LP-SS and LP-WUS signals.
Proposal 3: support low power synchronization signal (LP-SS) based synchronization.
Proposal 4: support LP-SS based RRM and RRM relaxation for SSB based measurement.

For the design of wake up procedure, the wake-up mechanisms for CDRX in NR and the WUS/GWUS design in NB-IoT/eMTC can be references.
In NR, CDRX is defined for UE power saving in the connected mode, and DCI format 2-6 is used as WUS signal which is also called DCP (DCI with CRC scrambled by PS-RNTI). There are three cases UE should wake-up and start the on-duration timer:
· If UE receives a DCP, and the DCP indicates to start the timer;
· If all the occasions for DCP are not available, or a specific type of PDCCH has already been monitored (e.g., PDCCH for link recovery, random access response)
· If no DCP is received and the network configured a true value for the parameter ps-Wakeup
On the other hand, there are two cases UE should not wake-up and start the on-duration timer:
· If UE receives a DCP, and the DCP indicates to NOT start the timer;
· If no DCP is received and the network did NOT configure a true value for the parameter ps-Wakeup
In LTE eMTC and NB-IoT, wake-up signal is introduced for UE power saving in idle mode. The WUS for NB-IoT and eMTC is a ZC sequence which is generated based on the position of the associated paging occasion. If group WUS is configured, the WUS signal is also based on the group ID. When DRX or eDRX is used and the UE detects WUS, the UE shall monitor the following one or more POs. If the UE does not detect WUS the UE is not required to monitor the following PO(s). If the UE missed a WUS occasion (e.g. due to cell reselection), it monitors every PO until the start of next WUS or until the PTW ends, whichever is earlier.
For the wake-up procedure of LP-WUS scenario, similar procedures as NB-IoT/eMTC and the CDRX in NR can be considered. There may be three options for the wake-up procedure design:
· Option 1: a single sequence is used for wake-up indication for a UE or a UE group, UE determines whether to wake-up based on whether the sequence is detected.
· Option 2: two sequences are used for wake-up indication for a UE or a UE group, i.e., a positive LP-WUS sequence and a negative LP-WUS sequence, UE determines whether to wake up based on which sequence it detected.
· Option 3: a LP-WUS with a modulated code block is used for wake-up indication for a UE or a UE group. UE determines whether to wake-up based on whether its UE identity or group identity is carried in the code block.
In general, sequence based method may have better coverage than the code block based method, however it only conveys limited information. The three options should be evaluated and compared with multiple KPIs, e.g., coverage, bit rate and power consumption. 
Furthermore, due to the OOK modulation and the very simple receiver, the miss-detection probability of LP-WUS signal may be higher than the ordinary transmissions by main radio. The impact of miss-detection should be considered into the wake-up procedure. In addition, a LP-WUS signal may occupy a considerable bandwidth and a relatively long time duration. Considering there may be multiple LP-WUS signals (e.g., group based LP-WUS) associated with a paging occasion, the overhead issue should also be considered.
Proposal 5: support sequence based LP-WUS (one or two sequences) and code block based LP-WUS for wake-up indication, and take the miss-detection and overhead issues into account.

Conclusion
In this contribution, we discussed the L1 signal design and procedure for LP-WUS, the following observations and proposals are made:
Observation 1: DFT-s-OFDM based OOK symbol generation is beneficial for the scaling of OOK symbol duration for different SCSs.
Observation 2: dropping CP at transmitter side may lose the orthogonality between LP-WUS signal and legacy OFDM symbol.
Observation 3: CP removing at receiver side may increase the complexity and power consumption of LP-WUR and lead to low spectrum efficiency.
Observation 4: CP can be enhanced as a useful part of OOK symbol, e.g., a CP with non-zero power can be seen as a useful part of an OOK-ON symbol, and a CP with zero power can be seen as a useful part of an OOK-OFF symbol.
Proposal 1: support option OOK-4 which utilizes the DFT-s-OFDM framework.
Proposal 2: support CP enhancement to utilize the CP as a useful part of OOK symbols. 
Proposal 3: support low power synchronization signal (LP-SS) based synchronization.
Proposal 4: support LP-SS based RRM and RRM relaxation for SSB based measurement.
Proposal 5: support sequence based LP-WUS (one or two sequences) and code block based LP-WUS for wake-up indication, and take the miss-detection and overhead issues into account.

Appendix: agreements in RAN1#113

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 

Agreement
Power pooling between OFDM symbols is not assumed for evaluation purposes. Average EPRE is defined per OFDM symbol.


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.

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

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.
· FFS: For OOK and FSK, phase correction may be required to keep phase contiguous between symbols, discontinuity may causes power leakage and impacts demodulation performance.’]
· 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.

For companies to consider for providing evaluation results
Focus on the following waveform comparisons:
· 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


Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code     
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.

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.

Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.
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