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Introduction
In Rel-18, a study item was approved for low-power wake-up signal and receiver for NR (WID in RP-222644 [1]), and it 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. 



LLS results  
This TDOC captures results submitted to RAN1#102b-e by 14 companies [1][2][3][5][8][9][12][14][15][17][19][20][24][27]. 
The simulation assumptions along with FAR and MDR/BLER performance are captured in the enclosed Excel document “LP-WUS_LLS_simulation_results_v18_EURECOM_SS_final”. 
The observations contributed by companies are in section 4. 
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Observations extracted from LLS

[1]
· The performance of conventional OOK LP-WUR can be improve by ~2.5 dB by switching the LP-WUS bandwidth from Option 2 (2.88 MHz) to Option 1 (4.32 MHz).
· Envelope IF signal generation/reception has a ~1.5 dB performance improvement over conventional OOK LP-WUR with the proper selection of IF.
· Envelope IF signal generation/reception can support higher bit rate, i.e., using Option FSK-3, than conventional OOK LP-WUR without a considerable impact on performance.
[2]
· Options OOK-1 and OOK-2 experience marginal performance loss when ADC sampling rate is reduced to 960 kHz. Option OOK-4 sees 2 dB performance loss when sampling is reduced from 1.92MHz to 960kHz.
· For Option OOK-1 with channel model of TDL-C 300ns, the performance loss caused by 1, 2, 4 μs timing error are 0.3, 0.5, 1.6 dB respectively. For channel model of TDL-C 1000ns, the performance loss caused by 1, 2, 4 μs timing error are 0.1, 0.8, 1.4 dB respectively.
· For Option OOK-2 with channel model of TDL-C 300ns, the performance loss caused by 1, 2, 4 μs timing error are 0.3, 0.8, 1.2 dB respectively. For channel model of TDL-C 1000ns, the performance loss caused by 1, 2, 4 μs timing error are 0.2, 0.4, 0.5 dB respectively.
· For Option OOK-4 with channel model of TDL-C 300ns, the performance loss caused by 1, 2 μs timing error are 2.5, 4.8 dB respectively. Timing error of 4 μs causes error floor. For channel model of TDL-C 1000ns, the performance loss caused by 1 μs timing error is 2.7 dB. Timing error of 2 μs causes error floor.
· If the guard bands can cover frequency offset, Options OOK-1, OOK-2 and OOK-4 are insensitive to frequency offset.
· ZC sequence-based generation of FSK/OOK waveform outperforms significantly the OOK modulation with rectangular waveform in fading channel.
· For OOK-4, concentrated OOK provides0.5dB gain for ideal timing case compared with the normal sequence-based waveform because ISI between OOK symbols are mitigated
· Concentrated OOK significantly improves robust against timing error, e.g. at least 2dB improvement under 2us timing error.
· Concentrated waveform is applicable to OOK and FSK to improve their respective performance. 
· Both FSK-1 and FSK-2 sees no performance loss when ADC sampling rate is reduced to 960 kHz.
· For Option FSK-1 with channel model of TDL-C 300ns, the performance loss caused by 1, 2, 4  timing error are 0, 0.8, 1.2 dB respectively. For channel model of TDL-C 1000ns, the performance loss caused by 1, 2, 4  timing error are 0.1, 0.8, 2 dB respectively.
· For Option FSK-2 with channel model of TDL-C 300ns, the performance loss caused by 1, 2, 4  timing error are 0, 0.5, 1.7 dB respectively. For channel model of TDL-C 1000ns, the performance loss caused by 1, 2, 4  timing error are 0, 0.6, 2.4 dB respectively.
· If the guard bands can cover frequency offset, Options FSK-1, FSK-2 are insensitive to frequency offset.
· For sequence-based detection, it can be observed that the performance would be degraded by 0.5dB due to the phase noise and I/Q imbalance when 120 uW oscillator is used.
· Sequence-based OOK/FSK modulation has better coverage performance than energy detection, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered.

 
[3]
· Both OOK-2 and FSK-1/2 based LP-WUS with small M can provide workable link performance under the used simulation assumption, at least with 24 PRB in 14 symbols .
· When the value of M is high, in higher SNR, FSK-1/2 can provides better BLER performances than OOK-2 and FSK-1 has best performances among them because of the usage of relative comparison.
· In higher SNR region, regardless of M , BER 1-to-0 of OOK-2 is better than that of FSK-1/2. This is because energy per 1 segment of OOK-2 is higher than FSK-1/2. 
· Regarding FSK-1/2, FSK-1 has better BLER/BER performance frequency usage efficiency than FSK-2 under the conditions of same transmit bits and LP-WUS bandwidth.
· OOK with fixed threshold is more susceptible to frequency errors than FSK.
· FSK-1 has more tolerance to frequency error than FSK-2 and OOK.
· Target Oscillator max frequency error should be clearly defined and optimal design of filter passband and GB for it can be studied.


[5]
· [bookmark: OB8][bookmark: OB11]For sequence-based OFDM signal, e.g., ZC sequence, the detection performance is more sensitive to frequency error compared with OOK waveform. 
· For LP-WUS structure with preamble using OOK waveform, the preamble with at least 16 chips can achieve reliable synchronization performance.

[8]
· OOK-1 brings better link performance than OOK-2 due to the high frequency diversity in OOK-1.
· The SCS has negligible impacts on the link level performance due to the frequency diversities remains the same within the BW of LP-WUS regardless of the SCS used. 

[11]


· To compensate for performance loss of LP-WUR due to its ultra-low power design, longer signal sequences containing more total energy and suitable low power digital base-band processing (DBB), allow for low detection error probabilities.
[12]
· The performance of multi-bit OOK degrades significantly in comparison with that of AWGN channel due to multi-path effect as expected.
· Oversampling at the LR is essential to improve the performance of OOK reception and to reduce the probability of false alarm.
· Timing accuracy requirement for OOK detection is quite restrictive, which can only be achieved by using a preamble associated with each LP-WUS payload if LP-WUS synchronization has long periodicity.
· The LP-WUS modulation should be resource efficient accounting need for possible guard bands, device BW restrictions and efficient multiplexing with other LP-WUS and other legacy signals.
· At least few bitwidth for ADCs, i.e., 4 or above, should be considered for evaluation as it benefits both the LR and the network power saving target.
· FSK receivers are nothing but parallel OOK receivers. Thus the total power consumed by the LR may be doubled in most of the implementation. However, if FSK based LP-WUS signal uses same SCS as NR transmission, then it can be easily received and decoded if in case MR monitors LP-WUS under more stringent radio conditions when LR is not applicable.
· Due to the narrowness of ON segment in FSK-1/2 schemes, they may suffer from fading, crystal stability of LR, and can also cause PAPR problems at the gNB, if the total transmit power is allocated to a narrow section within LP-WUS BW
· LP-WUS using sequence-based CP-OFDM achieves better coverage and performance than the coded transmission. Multiple sequence or sequence properties can used to increase the information rate.

[13]
For Option OOK-4, based on the restriction of constant transmitting energy within LP-WUS payload transmission,
· For the same code rate, the priority of value of M is (M=4) > (M=8) > (M=2);
· For the same value of M, the priority of Manchester code rate is (Code Rate=1/2) > (Code Rate=1/4)
· LP-WUS detection performance with ADC bits number >= 4 is very close to that of Ideal ADC.
· For LP-WUS with bandwidth of 4.32MHz (i.e.,12 RBs with SCS=30KHz), 
· LP-WUS detection performance with sampling rate=3.84MHz has a significant gap to that of No downsampling;
· LP-WUS detection performance with sampling rate=15.36 or 7.68MHz is very close to that of No downsampling.
· For LP-WUS detection, guardband of 11SCs can mitigate up to 3dB ACI.
· For LP-WUS detection, Guardband=24SCs@ACI=10dB has only 3dB performance loss at BLER=1% compared with the case of Guardband=11SCs@ACI=0dB.
· Under the restriction of constant time-frequency resources and transmitting power, assuming No Time/Frequency error,
· For Option OOK-1, since CP is added for each OOK symbol, ISI caused by multi-path delay of fading channel can be solve and the performance of the Option OOK-1 is slightly better than that of the Option OOK-4.
· For Option OOK-2, since the bandwidth of LP-WUS is obviously reduced, the envelop performance will be obviously affected. Therefore, LP-WUS detection performance will be degraded obviously.
· For LP-WUS with Option OOK-1, OOK-2 and OOK-4, the capability of mitigating impact of frequency error is, Option OOK-1 > Option OOK-4 > Option OOK-2.
· Under the restriction of constant time-frequency resource allocation and same transmitting power, if no time/frequency error is assumed, the MDR of longer LP-WUS preamble sequence and shorter LP-WUS preamble sequence are nearly the same.
· For MC-FSK with parallel homodyne receiver architecture, if M>=2, MC-FSK detection performance will be degraded obviously.
· It is observed that the link level performance at BLER=10% based on receiver 1 and receiver 2 is almost same for the case of the ZC sequence length of 23 under ideal cases.
· For ZC sequence-based OFDM, the link level performance is not impacted by the aspect of sequence correlation in frequency domain or in time domain.
· It is observed that the SNR values at BLER=10% based on OFDM receiver 1 without down sampling and with down sapling factor of 1/4 are almost same for the case of ZC sequence length of 23.
· It is observed that the SNR values at BLER=10% based on receiver 1 decreases with the increase of the length of ZC sequence of 23, 47 and 83.
· The link level performance is seriously impacted by the aspect of frequency offset for sequence-based OFDM receiver.
[15]
· Demodulation performance over 6RB bandwidth no longer offers significant performance gain.

[19]
· Shows that at 200ppm frequency error OFDMA signal (PSS) with non-I/Q OOK receiver can be received with the same performance as MC-ASK. MR may help with preprocessing of PSS to look like OOK. 
[20]
· In AWGN, decreasing the number of SCs of OOK symbols improves performance because less noise if captured. 
· OOK-2 cannot fully exploit frequency diversity because OOK symbols are confined to a subset of the WUS bandwidth. 
· Given the same bandwidth, OOK-1 is more robust to ACI than OOK-4 because the interference is averaged over more samples. 
· Given ideal AGC, an ADC with 4-bit resolution is sufficient for close to optimal performance.  
· For OOK-1, Manchester coding improves robustness to timing inaccuracies. 
· OOK-4, shorter the OOK symbols increase sensitivity to timing inaccuracies. 

· OOK-3 has good performance, but requires low frequency error.
[24]
· at the same data rate, OOK (with Option OOK-4) is more robust against frequency error than FSK (with Option FSK-1), and FSK is more robust against timing error than OOK. 
· For MC-OOK (with Option OOK-4) and MC-FSK (with Option FSK-1), the sampling rate at the receiver needs to be set according to the bandwidth of the effective signal, which can be much larger than the information/data rate of the OOK/FSK transmission. 
· at the same data rate, MC-OOK (with Option OOK-4) is more robust against frequency domain selectivity (i.e., having a larger frequency diversity gain) than MC-FSK due to larger effective bandwidth.


[27]
· For modulating ON symbols in OOK WUS, a sequence and random QPSK provide the same BER performance for the same signal power.  
· Adjacent cell interference can result in a significant coverage degradation when the interference is stronger than the signal. 
· Increasing ADC bit width is beneficial in terms of coverage, interference mitigation, and dynamic range of signal reception.
· The coverage performance of single-bit ADC is extremely poor.  
· UE speed has a minor impact on the link performance considering a relatively large channel coherence time.  
· For non-coherent WUS detection, every repetition factor of 2 improves the link performance by around 2 dB. 
· For payload-based OOK WUS a relatively large number of WUS repetitions might be needed to match the PDCCH coverage. The total WUS duration with repetition is in order of tens of slots
· For M-bit OOK generation, the DFT-based method and least square method (OOK-4) have a similar coverage performance and outperform parallel M-bit OOK method (OOK-2).  [27]
· Multi-bit OOK WUS does not reduce the overall time-frequency resources needed to reach the PDCCH coverage. This is because the link performance degrades by increasing the number of OOK bits per OFDM symbol.   
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