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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The latest SID for low-power wake-up signal includes the following objectives [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 and their coverage availability, as well as latency impact. 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. 



In this contribution, we will discuss the low power wake-up signal designs to support wake-up receivers and L1 procedures and higher layer protocol changes needed to support the wake-up signals.
[bookmark: _Ref129681832]Signal design
In RAN1#111, candidate modulation schemes for LP-WUS were discussed, and the following agreements were made.
	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 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 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




Waveform generation
OOK modulation
[bookmark: _Hlk114234488]An example of 1-pulse OOK transmitter block diagram is shown in Figure 1. Information is conveyed via one pulse within an OFDM symbol. The Fourier coefficients of the IFFT for LP-WUS (i.e. the coefficients mapped to REs y1 to yn in  Figure 1) are selected to produce a pulse shape with good detection performance. This is compatible with OFDM transmitter, and both NR subcarriers and LP-WUS subcarriers are fed into IFFT jointly to generate time domain signals. The right side of Figure 1 shows the envelope of the transmitted signal within the bandwidth of LP-WUS, where the pulse shape is an ideal step function as an example. The pulse shape could be different for better performance under fading channels and timing error. The low-power wake-up receiver can demodulate this signal by comparing the received energy to a detection threshold or compare the energy between two symbols if Manchester encoding is used. 
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[bookmark: _Ref114245247]Figure 1 An example of 1-pulse OOK transmitter block diagram.
As discussed in section 3.1.1, for OOK, to support scalable data rate up to 100 kbps, multi-bit OOK modulation should be studied. Two possible methods can be considered to supporting multiple bits within an OFDM symbol. 
· [bookmark: _Hlk126502189]Method#1 Shorten the duration of each OOK pulse
Method #1-1 is to shorten the duration of each pulse within one OFDM symbol based on CP-OFDM signal generation process. For example, N = 4 is assumed. OOK transmitted bits are [1 0 1 0] within one OFDM symbol, bandwidth of M REs occupied by LP-WUS and IFFT size K of CP-OFDM are assumed here. Firstly, we can get the ideal time domain signal  = [1,1,…,1,0,0,…,0, 1,1,…,1,0,0,…,0] within one OFDM symbol by expanding [1 0 1 0] for K/4 times, where  includes K elements in total, and each element represents the value for a time-domain sample. Therefore, one time-domain OOK pulse occupies K/4 elements. Based on the time domain signal , we can get the corresponding frequency domain signal  by K-point FFT.   is truncated from K-points  to satisfy the bandwidth restriction of LP-WUS, which is mapped to the M REs of LP-WUS. And then the obtained frequency signal is operated with K-points IFFT to generate time domain signal . It is expected that the shape of time domain signal  is close to that of ideal time domain signal , as shown in Figure 2. A similar concept can be found in [2]. In this way, the N-pulse OOK transmitter is compatible with legacy NR OFDM transmitter.
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[bookmark: _Ref118483940]Figure 2 4-pulse OOK time domain waveform generated by method #1-1
Method #1-2 is to shorten the duration of each pulse within one OFDM symbol based on DFT-S-OFDM signal generation process. For example, N = 4 is assumed. OOK transmitted bits are [1 0 1 0] within one OFDM symbol, bandwidth of M REs occupied by LP-WUS and IFFT size K of CP-OFDM are assumed here. Firstly, we can define the time domain OOK pulses as [ON OFF ON OFF] within one OFDM symbol, where  includes M elements in total and each time-domain OOK pulse ON or OFF occupies M/4 elements. The time domain OOK pulse ON may be ZC sequence, BPSK or QPSK sequence and other designed sequence. Based on the time domain signal , we can get the corresponding frequency domain signal  by M-point DFT. The obtained frequency signal  is mapped to the M REs of LP-WUS and then the obtained frequency signal is processed with a K-point IFFT to generate the time domain signal . The shape of time domain signal  is shown in Figure 3. 
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[bookmark: _Ref127550059]Figure 3 4 pulse OOK time domain waveform generated by method #1-2
· Method#2 N parallel transmitted OOK signals
Method #2 is multiplexing within N frequency locations, i.e. N parallel OOK signals are transmitted. As shown in Figure 4, the raw binary bits are distributed to N frequency locations via serial-to-parallel conversion. In each frequency location at transmitter side, 1-pulse OOK modulation (introduced in the above section) can be applied. Since 1-pulse OOK can be compatible with legacy NR transmitter, N parallel OOK generated by this method is also naturally compatible. At receiver side, the signals on each frequency location can be filtered by different bandpass filters and then detected to get the binary bits. In the similar way as in transmitter side, the receiver can get the raw binary bits via parallel-to-serial conversion.
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[bookmark: _Ref118473989][bookmark: _Ref127550008]Figure 4 Illustration of N parallel OOK transceiver
Proposal 1: The following methods for generating an N-bit OOK, where N > 1, waveform are considered in the study:
· Shortening the duration of each pulse within one OFDM symbol based on CP-OFDM signal generation process.
· Shortening the duration of each pulse within one OFDM symbol based on DFT-S-OFDM signal generation process.
· Generating N parallel OOK signals multiplexed on N frequency locations.
FSK modulation
An example of 1-bit FSK transmitter block diagram is shown in Figure 5. For FSK modulation, the information is conveyed by transmitting via one of two candidate frequencies, e.g. for bit-value ‘1’, the signal is transmitted in frequency resource f1; for bit-value ‘0’, the signal is transmitted in frequency resource f0. To improve the robustness against frequency selective fading, FSK signal can also be generated by transmitting over multiple subcarriers centered around either f0 or f1, according to the information bit to be transmitted. Both cases can reuse an OFDM transmitter with only minor changes to the baseband processing modules. At each time occasion, only one frequency location has energy. The receiver can use different filters matched to candidate frequency locations, and then demodulate this signal via the energy difference between f1 and f0. 
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[bookmark: _Ref118473928]Figure 5 An example of 1-bit FSK transmitter block diagram
M-bit FSK can be directly extended from 1-bit FSK by transmitting signal via one frequency resource from 2M candidate frequency resources to support scalable data rate up to 100 kbps, which is discussed in section 3.1.1. For example, to enable 2-bit FSK, one frequency resource from 4 candidate frequency resources can be selected, while the other 3 frequency resources have zero power. 
[bookmark: _Hlk127085302]Each candidate frequency resource may comprise of a single subcarrier (denote as option 1, illustrated in Figure 6) or a set of contiguous subcarriers (denote as option 2, illustrated in Figure 7).
Option1 as is suitable for narrow band signal design. For the example shown in Figure 6, only 1 RB is used to transmit FSK signal. Assuming 30kHz SCS, for 1-bit FSK, subcarrier 3 and 10 are used as two candidate frequencies, and subcarrier 1-2 and 11-12 are used as guard bands. For 2bits-FSK, subcarrier 2, 5, 8 and 11 are used as four candidate frequencies, while subcarrier 1 and 12 are used as guard bands. On the other hand, such design lacks frequency diversity since only a single subcarrier is used during one symbol. The frequency hopping scheme discussed in 2.3.2 can used in conjunction to improve the frequency diversity gain. Such FSK signal can be received by both parallel envelope detector and FM-AM receiver, which are discussed extensively in [5].
Option 2 is illustrated in Figure 7, each candidate frequency comprises a set of contiguous subcarriers. It is expected that the signal bandwidth could be up to a few MHz. Since more subcarriers are used, option2 is more robust against frequency selective fading than option1. Such FSK signal can be received by parallel envelope detector, which is discussed in [5].
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[bookmark: _Ref126939408]Figure 6 FSK signal generation (option 1)
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[bookmark: _Ref127466945]Figure 7 FSK signal generation (option 2)
Proposal 2:  The following options for candidate frequency resources for FSK waveform are considered in the study: 
· Option 1: Each candidate frequency resource for FSK comprises a single subcarrier.
· Option 2: Each candidate frequency resource for FSK comprises a set of contiguous subcarriers
Sequence based modulation
As discussed in our companion paper [5], a correlation detection can be achieved with similar receiver architectures as envelope detection, e.g. IF or zero-IF based receiver architecture. When the sliding window size is small, the power consumption is still much smaller than that of deep sleep power consumption.
By utilizing the zero/low-IF architecture-based correlation detection receiver, it enables the detection of sequences with good correlation property, e.g. the ZC sequences which have been used for legacy channel in NR. Sequence-based design, e.g. conveying information for wakeup by different sequences or different cyclic shifts of the same sequence, can be considered. Accordingly, the detection of the corresponding sequence can be realized by a correlator, where a time domain correlation between the local sequence and the received samples is performed within a sliding time window. The sliding window could be controlled with a small size to keep low power considering timing error/frequency error can be corrected periodically with the help of synchronization signal. 
OOK and FSK may suffer from noise and inter-cell interference due to envelope-based detection, considering the energy from the serving cell, neighbor cells, and noise ca not be distinguished by envelope detection. When utilizing sequences with a good correlation property, e.g. Zadoff-Chu (ZC) sequences, the interference, including the inter-cell interference and the interference from the in-band neighboring NR legacy signal, can be reduced by correlation detection in the low-power wake-up receiver. 
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[bookmark: _Ref126940889]Figure 8 An example of transmitter block diagram of sequence-based modulation
Observation 1: OOK, FSK, and sequence-based modulation can be generated by existing NR transmitter on gNB.
Proposal 3: Study sequence-based modulation by carrying information via different sequences or cyclic shifts for the OFDM based signal/channel for LP-WUS.
As illustrated in Figure 8, difference sequences or the same sequence with difference cyclic shifts in time domain can be used to carry information bits. DFT-s-OFDM signal process could be reused to transmit difference sequences on different OFDM symbols. As another alternative, gNB could pre-store the corresponding frequency response for each candidate sequences, and in this case the on-the-fly DFT processing is not needed. It can be observed that existing CP-OFDM modulation hardware can be reused.
Proposal 4: Study sequence-based modulation based on DFT-S-OFDM signal generation process or pre-storing the frequency sequences of candidate sequences, with mapping onto CP-OFDM symbols.
[bookmark: _Ref127207145]Link performance
OOK modulation
In this subsection we investigate the link level performance of OOK. 
Firstly, baseline performance of OOK is shown in Figure 9 and Figure 10,  without considering some crucial non-ideal factors such as timing/frequency error, ADC sampling rate and resolution, phase noise, etc. Then impact of those non-ideal factors are studied in follow. Simulation assumptions are summarized in Table A 2   in Appendix. 
· Impact of signal bandwidth
We evaluate 1-pulse OOK with 1/2 Manchester encoding and compare performances with different signal bandwidths, i.e. 720 kHz, 1.44 MHz and 2.16 MHz, which corresponding to 2 RBs, 4 RBs and 6 RBs for 30 kHz SCS. 
In Figure 9, performance with channel model TDL-C 300 ns is demonstrated. It can be seen that bandwidth has significant impacts on the link level performance. At 1% BLER level, OOK with higher bandwidth yields better link performance. This can be explained by higher frequency diversity that can be harvested by wideband signal. 
Observation 2: Higher bandwidth for OOK improves the performance, due to higher frequency diversity gain. 
[image: C:\Users\l00279160\AppData\Roaming\eSpace_Desktop\UserData\l00651676\imagefiles\D01FD46F-BA85-44F6-B43D-154F72F42057.png] 
[bookmark: _Ref127551079][bookmark: _Ref127551076]Figure 9 Link level performance of 1-pulse OOK, assuming no timing error, phase noise, ADC impacts
· [bookmark: _Hlk127278995]Impact of the value of pulses in one OFDM symbol
For method #1 in which the OOK symbol duration is shorten, the value of pulses in one OFDM symbol, i.e. N, will have impacts on the link performance. As shown in Figure 10, with the value of N increases, the link performance will degrade since the accumulated energy in one OOK ON pulse degrades. 
Since there is no guard period among the N OOK pulses, the multi-path channel delay shall bring inter-pulse interference impacts among the N OOK pulses and the OOK detection performance will also degrade. As the time duration of each OOK pulse is shorter, the OOK robustness against inter-pulse interference becomes weaker. Thus, the value of N may not increase without limit, and when N increases beyond a certain value, the N-pulse OOK shall have error floor. As can be observed in Figure 10, the value of N should to be no larger than 8.
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[bookmark: _Ref127551133]Figure 10 Link level performance of N-pulse OOK, assuming no timing error, phase noise, ADC impacts
Observation 3: For N-pulse OOK, the value of N has impact to link performance.
LP-WUS receiver is assumed to use components with reduced performance to achieve the ultra-low power budget, such as low accuracy LO and low-resolution ADC. It is of great importance that the adopted modulation scheme is robust against those non-ideal factors. In the remainder of this subsection we investigate the corresponding impacts on OOK.
· Impacts from low-resolution ADC
To achieve low power consumption, an LP-WUS receiver can use ADC with low sampling rate and low quantization resolution. The impacts are evaluated using the assumptions provided by Table A 1 in Appendix, while the performance is shown in Figure 11.
Figure 11(a) illustrates the performance impacts from ADC quantization-resolution. It can be seen that, for sampling rate of 1.92 MHz, quantization resolution of 2 bit/sample brings unacceptable quantization noise and leads to error floors. On the other hand, 4 bit/sample shows almost no performance loss compare to the ideal case. 
Figure 11(b) investigates the impacts of ADC sampling rate reduction, while quantization-resolution is fixed to be 4bit/sample. It can be observed that sampling rate degradation from 1.92 MHz to 960 kHz and 480 kHz causes significant performance loss. In our evaluation, 4-pulse OOK is assumed, with pulse duration of , the pulse rate is 112 kHz. For the case of 480 kHz sample, only four samples are taken per OOK symbol. When OOK signal is generated using multiple subcarriers there can be some valleys within the ON symbol. And when the samples are taken at signal valleys it introduces error. The less sampling rate is, the more error happens.
Observation 4: 4-pulse OOK demodulation with a quantization resolution of 4bit/sample, and ADC sampling rate of around 2 MHz provides comparable performance to the ideal ADC case.
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[bookmark: _Ref126615087]Figure 11 Impacts of ADC to OOK demodulation
· Impacts from timing error
Another important non-ideal factor to consider is timing error. It is expected that timing error experienced by OOK receiver is more serious than that of main radio. The main reason is the low accuracy of local oscillator. As discussed in previous meetings, a LP-WUS receiver may use a LO with a frequency offset of tens or even hundreds ppm [7][8][9]. When operating with a biased frequency, timing error accumulates over time. For example, with a frequency offset of 50 ppm, the receiver accumulates timing error of  every . To make things worse, if a low ADC sampling rate is used, the timing resolution is even coarser. For example, an ADC with sampling rate of 2MHz generate sequences with inter-sample interval of . Therefore, the performance under timing error within several  should be investigated for LP-WUS. 
We evaluate the performance impacts on N-pulse OOK using the assumptions shown in Table A 2 in Appendix except for the timing error assumption.
[image: ][image: ]
[bookmark: _Ref127461559]Figure 12 Impacts from timing error to 4bit-OOK demodulation
From Figure 12(a), it can be seen that for TDL-C 300ns, a timing error of  brings around 5dB performance loss at BLER level of 1%. A timing error of  leads to error floor. From Figure 12(b), a timing error of  cause performance degradation around 4 dB in TDL-C 1000 ns.
Observation 5: For 4-pulse OOK signal generated with OFDM transmitter using SCS of 30kHz, for TDL-C 300ns channel model,  timing error cause 5 dB performance loss. For TDL-C 1000ns channel model, timing error of 1 cause 4 dB performance loss.
· Impacts from frequency offset and phase noise
We evaluate the case of frequency offsets of 60 kHz and 150 kHz. Phase noise from LO is also modelled, the modelling method is discussed in [4].
To tolerate the frequency offset, we assume there are 10 subcarriers as guard bands at both sides of the signal bandwidth. 
As can be seen from Figure 18, the performance loss caused by frequency offset is marginal, this is because the assumed OOK receiver performs envelope detection, and signal envelope is affected by neither frequency offset nor phase noise. 
[image: ]
Figure 13 Impacts from frequency offsets and phase noise to FSK demodulation
Observation 6: If the guard bands can cover frequency offset, OOK demodulation is insensitive to frequency offset and phase noise.

[bookmark: _Ref127207285]FSK modulation
In this subsection we investigate the link level performance of FSK. 
Firstly, baseline performance of FSK is shown in Figure 15, similarly temporarily neglecting non-ideal factors such as timing/frequency error, ADC sampling rate and resolution, phase noise, etc. Simulation assumptions are summarized in Table A 2   in Appendix.
We evaluate 2bits-FSK modulation and compare performances with different signal bandwidths, i.e. 1.44 MHz, 4.32 MHz and 10.08 MHz, which corresponding to 4 RB, 12 RB and 28 RB for 30 kHz SCS. As illustrated in Figure 14, we assume each candidate frequency is comprised of a number of consecutive subcarriers, i.e. option 2 is evaluated in this section. A few subcarriers are reserved as guard band between two neighboring candidate frequencies. We use parallel envelope detector for the FSK receiver, please refer to [5] for details.

[image: ]
[bookmark: _Ref126240698]Figure 14 Candidate frequencies and guard band configuration for evaluation
In Figure 15 (a), performance with channel model TDL-C 300ns are demonstrated. It can be seen that bandwidth has significant impacts on the link level performance. At 1% BLER level, FSK with 10.08MHz bandwidth outperform 1.44MHz by more than 10dB. This can be explained by higher frequency diversity that can be harvested by wideband signal. Similar trends can be observed in Figure 15 (b), when TDL-C 1000 ns is used for evaluation. It also noticeable that for all BWs, the performances are improved compare to TDL-C 300 ns. Again, this is ascribed to the higher frequency diversity gain when delay spread is larger.
Observation 7: Higher bandwidth for FSK signal brings improved performance, due to higher frequency diversity gain. 
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[bookmark: _Ref126154053]Figure 15 Link level performance of FSK, assuming no timing frequency error, phase noise, ADC impacts
LP-WUS receiver is assumed to use components with degraded performance to achieve the ultra-low power budget, such as low accuracy LO. In the remaining of this subsection we investigate the non-ideal impacts on FSK modulation.
· Impacts from ADC
To achieve low power consumption, an LP-WUS receiver may need to use ADC with low sampling rate and low quantization resolution. The impacts are evaluated using the assumptions provided in Table A 3   in Appendix, while the performance is shown in Figure 16.
Figure 16(a) illustrated the performance impacts from ADC quantization-resolution. It can be seen that, for both sampling rate of 1.92MHz and 960kHz, quantization resolution of 2bit/sample brings acceptable quantization noise and lead to error floors. On the other hand, 4bit/sample shows almost no performance loss compare to the ideal case. This suggest FSK is rather resilient against low quantization resolution. 
Figure 16(b) investigate the impacts of ADC sampling rate reduction, while quantization-resolution is fixed to be 4bit/sample. It can be observed that sampling rate degradation from 1.92MHz, 960kHz to 480 kHz causes negligible performance loss. This is due to the fact that the assumed FSK has a long symbol duration and consequently, low symbol rate. In our evaluation, the subcarrier spacing is 30kHz, thus the FSK symbol duration is around , the symbol rate is only 28 kHz. Even with 480kHz ADC, the over sampling rate is more than x17, therefore provides sufficient margin. 
Observation 8: M-bit FSK demodulation with resolution of 4 bit/sample provides satisfactory performance with sampling rate of hundreds of kHz.
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[bookmark: _Ref126156584]Figure 16 Impacts of ADC to FSK demodulation
· Impacts from timing error
We evaluate the performance impacts by timing error on FSK using the assumptions shown in Table A 4   in Appendix.
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[bookmark: _Ref126158877]Figure 17 Impacts from timing error to FSK demodulation
From Figure 17(a), it can be seen that for TDL-C 300ns, the performance loss is negligible if timing error is less than , a timing error of  brings around 2dB performance loss at BLER level of 1%. The performance loss is more noticeable when delay spread is extended to . 
Observation 9: For FSK signal generated with OFDM transmitter using SCS of 30kHz, if the allocated bandwidth is 1.44MHz, a timing error less than  brings marginal performance loss. The performance loss can be more than 2 dB when timing error is more than .
· Impacts from frequency offset and phase noise
In this evaluation, we evaluate the case when the frequency offsets are 60 kHz and 150 kHz. Phase noise from LO is also modelled, the modelling method is discussed in [4]. We use the 2nd FSK configuration shown in Figure 14, i.e. bandwidth is set to 4.32MHz. Other simulation assumptions can be found in Table A 5   in Appendix.
As can be seen from Figure 18, the performance loss caused by frequency offset of 60kHz ppm, which is about 23 ppm for 2.6GHz carrier frequency, this is because the assumed FSK receiver perform envelope detection on each parallel branch, and signal envelope is affected by neither frequency offset nor phase noise. Also, the guard bands (120 kHz) provide enough protection for the frequency offset (60kHz). For frequency offset of 150kHz, which is about 58 ppm for 2.6GHz carrier frequency, 2dB degradation can be observed at 1% BLER. This is due to the fact that the frequency offset is now larger than the guard band and causing inter-branch interference.
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[bookmark: _Ref126242382]Figure 18 Impacts from frequency offsets and phase noise to FSK demodulation
Depending on implementation, many FSK receivers provides the capability to estimate the frequency offset. We discussed how frequency offset can be corrected for both parallel envelope detector and FM-AM FSK receivers in [5]. 
The residual frequency offset after correction is expected to be much lower than the initial frequency offset, e.g. on the order of a few ppm. Depending on the LO frequency drift, the calibration can be performed periodically. 
It worth mentioning that once the frequency offset is corrected, the timing error discussed above is also accumulate on a much lower rate. It will greatly alleviate the performance impacts from timing error.
Observation 10: If proper number of sub-carriers are used as guard bands between neighboring FSK candidates to cover frequency offset, FSK demodulation is insensitive to frequency offset. FSK demodulation is also not affected by phase noise.
Observation 11: FSK receiver provides capability for frequency error estimation and correction. 
Observation 12: Once oscillator frequency error is corrected, not only are smaller guard bands sufficient, but also the timing error is greatly reduced.
Sequence-based modulation
The performance of sequence-based modulation is evaluated by link level simulation with the following simulation assumption in Table A 6 in Appendix.
In Figure 19, simulation results under ideal cases without phase noise and I/Q imbalance are provided. The simulation evaluated different effective signal bandwidth, i.e. 1.44 MHz and 3.6 MHz with 4 cyclic shifts detection. 
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[bookmark: _Ref126613258][bookmark: _Ref127554425]Figure 19 Link level performance of sequence-based modulation under ideal cases
As shown in Figure 19, the performance can be improved by 5 dB with effective signal bandwidth increased by from 4RB to 10RBs. And the 4RB sequence-based detection performance is about 5~6dB better than that of energy detection based OOK.
Some comments were raised with respect to the performance impact due to non-ideal factors, e.g. phase noises and I/Q imbalance, when the discussed LP-WUS architectures are used. The modeling of phase noises can be found in our companion paper [4] and in [6]. 
In this evaluation, we choose power consumption of LO as 120uW and find c=0.24fs to make phase noise equals to minimum phase noise through simulation results. 2RB LP-WUS seems have too large gap compared with the NR legacy channel coverage, therefore, we will focus on the analysis on 4RB and 10RB LP-WUS. As seen in Figure 19 (a), when BLER=1%, the performance losses are about 0.8dB and 1dB for 10RB and 4RB, respectively. Therefore, although sequence-based modulation can be impacted by phase noise, the performance loss is within 1dB since the cyclic shift space between different candidate sequences is relatively large. 
In Figure 19 (b), the result shows that the impact of I/Q impact is so marginal that it can be neglected. The reason is that factory calibration has been applied to most hardware, which can also be applied to LP-WUR.
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[bookmark: _Ref127554841]Figure 20 Link level performance of sequence-based modulation considering (a) phase noise and (b) I/Q imbalance
Observation 13: For sequence based modulation, it can be observed that the performance would be degraded by 1dB due to the phase noise and I/Q imbalance when 120uW oscillator is used.
The performance impact due to the frequency error and timing error are also investigated. In the simulation, the ZC sequence with root u value of 1 is simulated. Considering there is a small sliding window for the correlation-based receiver, the timing error in certain range can be handled when the detection window slides. It can be observed that within 1us timing error, the performance degradation is less than 1dB (~0.7dB).
The frequency error may also have impact on the detection performance of sequence-based modulation. Therefore, the performance impact due to frequency error can be further investigated. It can be observed within 11ppm frequency error, the performance degradation is about 1dB. 
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Figure 21 Link level performance of sequence-based modulation considering (a) frequency error and (b) timing error
Observation 14: Sequence based modulation has good coverage performance than energy detection, considering sequence with good correlation property can have better rejection effect with respect to noises and interference, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered.

Summary of modulations and further consideration
Modulation type
· Summary and further consideration for OOK
As can be observed in 2.2.1, OOK modulation has some advantages: 1) it is insensitive to frequency offset and phase noise, 2) it can minimize the frequency resource cost from network side to support LP-WUS transmission, 3) the single-channel envelope detection mode can be naturally suitable for LP-WUR power saving.
For 1-pulse OOK, the waveform can be generated by modulating subcarriers of CP-OFDM symbols. The sequences are mapped to these subcarriers should be further studied, e.g. dedicated sequences or random sequences.
For method #1-2 N-pulse OOK generation based on DFT-S-OFDM, the sequence selected for OOK ON time domain pulses may have impacts on the frequency signal distribution after DFT operation and the output time signal envelope after IFFT operation, which may have impacts on the OOK detection and link performance, especially in fading channels. Thus, the time domain sequence of ON pulse shall be further studied. 
Furthermore, the time error impacts should also be further considered in the OOK signal generation since time error will degrade the detection performance of OOK and the robustness of anti-time error capability is essential to OOK waveform.
· Summary and further consideration for FSK
Three major benefits from FSK are 1) the resilience against inter symbol interference (ISI) caused by timing error and channel delay spread, 2) its capability to correct LO frequency/timing error and 3) relaxed requirement on ADC sampling rate.
FSK is robust against timing error due to its relatively long symbol duration. As FSK achieve higher data rate by exploiting frequency domain resources, the time domain symbol duration is kept the same as OFDM symbol. As can be observed from Figure 17, timing error up to  has negligible impacts on FSK demodulation performance, when the FSK symbol duration is around s (i.e. OFDM symbol duration for 30kHz SCS). This advantage is more evident for situations that experience large delay spread. This can be observed by comparing Figure 17(b) and Figure 12(b). The robustness against timing error allows FSK receiver to perform timing alignment less frequently and therefore reduces power consumption.
Another benefit from FSK is its capability to correct frequency/timing error. Frequency offset correction using FSK receiver is explained extensively in [5]. Once the frequency error is corrected, the timing error is also accumulated at a much lower rate. Therefore, not only are smaller guard bands sufficient, but also the timing error is greatly reduced.
FSK is also more resilient against ADC sampling rate relaxation. This is demonstrated by Figure 16(b). Again, this is due to its long symbol duration, and correspondingly, lower symbol rate. Even ADC sampling rate as low as hundreds of kHz provides enough oversampling margin. 
· Summary and further consideration for sequence based modulation
As can be observed in 2.2.3, sequence-based modulation has some advantages: 1) Sequence based modulation has good coverage performance, considering sequence with good correlation property can have better rejection effect with respect to noises and interference within certain frequency/timing error; 2) By using a complex valued sequence, it is natural that it is feasible to estimate the frequency error and timing error. 
From the evaluation results, it can be observed that for root u=1 with 10ppm frequency error the performance degradation is small (around 1dB). Considering there is a small sliding window for the correlation-based receiver, the timing error in certain range can be handled when the detection window slides. This is proven by our simulation that 1us timing error shall only cause 0.7dB performance loss. 
By using a complexed value sequence, it is natural that it is feasible to estimate the frequency error and timing error. Therefore, as a further work, further consideration on the design of LP synchronization signal may be studied for frequency/timing error estimation/correction. 
The performance can be further improved if timing and frequency error tolerance is enhanced.
[bookmark: _Ref126682941]Coverage
[bookmark: _Hlk118541157]The coverage performance of LP-WUS can be limited due to a large noise figure, and non-coherent detection. To improve the coverage performance of LP-WUS there are several ways:
· Power boosting. The transmitted power of LP-WUS can be power boosted to compensate the coverage gap between LP-WUS and target NR channel. But depending on gNB implementation, it is not always possible for LP-WUS to get power boosting gain.
· Channel coding. Due to the stringent requirements on receiver power consumption, it is unrealistic to adopt an advanced FEC with high decoding complexity. Nonetheless, LP-WUS is transmitting at a much lower data rate compare to main radio, each packet is transmitted in a prolonged time span, which means decoding is performed much less frequently compare to main radio. Also, the required decoding delay can be relaxed, since it has a trivial contribution to the LP-WUS delay budget. It is therefore reasonable to expect that power consumption of a LP-WUS decoder can be lower than its main radio counterpart in order of magnitude. For network perspective, channel coding is essential to improve network coverage and improve spectral efficiency. Therefore, FEC with low decoding complexity and low power consumption can be considered.
· Time domain diversity. For example, time-domain repetition or interleaving can be considered for LP-WUS to utilize time diversity. There are also different methods to exploit time diversity. For example, a packet can be transmitted on non-contiguous timing slots, that span over a time duration longer than the coherent time. Providing channel coding (can be as simple as repetition code) is used, more timing diversity gain can be obtained. 
· Frequency domain diversity. For example, frequency domain repetition or frequency hopping can be considered to utilize frequency diversity. Frequency diversity can be exploited in different ways, the simplest approach is to expand the signal bandwidth to be larger than the radio channel’s coherence bandwidth. Indeed, as can be observed in Figure 15, substantial performance gains are obtained. Such method is also receiver friendly, as it doesn’t require extra efforts at the receiver side. However, from system perspective, it is not an economic way to exploit frequency diversity. For the example shown in Figure 15, compare the cases where bandwidth of 10.08 MHz to 1.44 MHz, bandwidth is expanded by 7 times while data rate is unchanged. The spectrum efficiency drops phenomenally.   A more resource efficient solution is to introduce mechanisms such as frequency hopping. For example, a encoded of LP-WUS message can be divided into sections are each sent at a different frequency, each occupying a narrow bandwidth. It is expected such mechanism can obtain frequency diversity with less resource consumption compared to bandwidth expansion. Meanwhile, it does rely on channel coding, which may lead to additional power consumptions.
· Space domain diversity. For example, if multiple receive antennas can be used for LP-WUS, spatial diversity can be utilized by e.g. antenna selection.
Proposal 5: Study how to improve the coverage performance of LP-WUS.

LP-WUS multiplexing
Since the gNB may need to wake-up multiple UEs, or multiple groups of UEs, LP-WUS multiplexing needs to be supported, and the following methods can be considered, separately or jointly: 
Time Division Multiplexing (TDM): The LP-WUSs are transmitted on the same PRBs but on orthogonal time resources. The benefits include simple demultiplexing of LP-WUSs at the UEs, the applicability to OOK/FSK modulation and to sequence modulation and no need for guard bands among LP-WUSs. 
Frequency Division Multiplexing (FDM): The LP-WUSs are transmitted on the same time resources but on orthogonal PRBs. The benefits are similar as for TDM, although guard bands and multiple RX filters may be needed.  
Code Division Multiplexing (CDM): The LP-WUSs are transmitted on the same time resources and on the same PRBs. CDM is also applicable to sequence modulation and to OOK/FSK modulation, and may be an advantageous channel access method if there are many infrequent low-rate transmissions, e.g., as is expected for LP-WUS. 
For sequence modulation, CDM of LP-WUSs can be performed by letting orthogonal sequences carry modulation symbols, and this approach was used for the WUS in LTE, which is based on OFDM. For OOK/FSK modulation, CDM of LP-WUSs can be performed by operations directly on the bits before the modulator. Suppose  is an  binary matrix  and the  binary vector  contains bits of LP-WUSs of different UEs. For example, the vector  can either contain the bits of the UE IDs (in case of no FEC), or contain FEC encoded bits of the UE IDs. The binary vector  contains the multiplexed bits, which are transmitted by the OOK/FSK modulator. Demultiplexing is performed on the received bits that are output from the demodulator. For orthogonal multiplexing,  should have rank equal to , because then a UE can perfectly demultiplex the bits of its LP-WUS. 
As an example, Figure 22 shows a comparison between CDM and TDM with repetition coding for 2 users, each transmitting a UE ID of 48 bits, i.e.,  and in total  bits are transmitted. It can be observed that TDM is favorable for the larger  and CDM is favorable for the smaller . 
[image: ]
[bookmark: _Ref126065805]Figure 22. Mis-detection rate after demultiplexing for a UE ID of 48 bits as function of the BER at the demodulator output, for 2 multiplexed users using CDM or TDM, where in total N bits are transmitted.
Proposal 6: For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM.
Functionality and procedures for IDLE/INACTIVE mode
Information carried in LP-WUS 
[bookmark: _Ref126939332]Paging information
For IDLE/INACTIVE UEs, the most important information to be received is paging information. Hence it is natural that paging information can be carried by LP-WUS. For example, when a LP-WUS carrying paging information related to UE1 is received by UE1, inside UE1 the low-power wake-up receiver can trigger the MR to perform normal NR procedures.
When such information is carried by LP-WUS, it can replace legacy paging by indicating per-UE information, then after MR wakes up UE does not receive legacy paging by MR, but transmits PRACH directly after obtaining synchronization. Or, LP-WUS can be jointly used with legacy paging, e.g. LP-WUS may indicate per-group information like Rel-17 PEI, then after MR wakes up UE still receives legacy paging by MR to see whether it is really paged.
Proposal 7: At least paging information is carried in LP-WUS, where LP-WUS can indicate per-UE information or per-group information.
The target data rate of LP-WUS can be set to support the specific functionality. For indicating the paging information, data rate required by legacy NR paging procedures can be taken as the reference. In legacy NR paging, with the densest PO configuration there can be at most 4 POs in a PF, and at most 1 PF per radio frame. Within a PO, there can be up to 32 UE_IDs carried by paging PDSCH, where a UE_ID is 48-bit 5G-S-TMSI. The maximum required data rate for paging is 32*48*4 bit/10ms = 614.4kbps. However, the paging capacity configured by gNB in real deployment is usually lower than the upper bound. According to our evaluation, to meet the real paging requirement, the target data rate can be x101~x102kbps level.
Observation 15: The target data rate for LP-WUS design can be x101~x102kbps level.
Some evaluation results on power saving gain regarding LP-WUS carrying per-UE or per-group information are provided in our companion paper [4]. It can be observed that there is trade-off between power saving gain/latency and required data rate. Per-UE indication can provide larger power saving gain and smaller latency than per-group indication, but requires higher data rate which may degrade the coverage performance of LP-WUS. 
Observation 16: To indicate paging information by LP-WUS, there is trade-off between power saving gain/latency and required data rate/coverage performance. 
According to current spec, in IDLE/INACTIVE mode paging is transmitted by network within a tracking area/RAN area, where 5G-S-TMSI, the length of which is 48-bit, is used as the UE ID. UE will perform tracking area/RAN area update procedure when the tracking area/RAN area changes, thus as long as an ID carried by LP-WUS is unique among the UEs within a tracking area/RAN area it can be per-UE indication. A 48-bit UE ID provides a 248≈3*1014 address space, which is highly redundant for paging. Therefore, some enhancements to reduce the number of indicated bits can be considered. For example, by some method to eliminate the redundant to reduce the bit length while strive to minimize the false wakeup rate. 
Proposal 8: Further study how to indicate paging information to get a good balance between low data rate requirement and low false wakeup rate.
Other information 
Since paging is transmitted within a tracking area/RAN area, when UE moves to new tracking area/RAN area, network may not be able to reach the UE. On the other hand, configuration of LP-WUS can be different for different cell. Therefore, it is necessary to let the UE know the tracking area/RAN area/cell change when the UE monitors LP-WUS. One method to solve this issue is to indicate tracking area/RAN area/cell information by LP-WUS. 
Besides, to reduce the latency, SI change and ETWS/CMAS information can also be indicated by LP-WUS.
Proposal 9: The following information can be indicated by LP-WUS in addition to paging information:
a) Tracking area/RAN area information
b) Cell information
c) SI change and ETWS/CMAS information
To reduce the signaling overhead, such kind of information is not necessary to be carried in every LP-WUS for paging. Instead, it can be transmitted with large periodicity.
How to map information bits to LP-WUS 
Generally speaking, there are two ways to map the information bits to LP-WUS. First, The transmitted bits are block-coded and then mapped as modulated symbols (e.g. OOK symbols, FSK symbols, or sequence-based waveform symbols). In this manner, the number of indicated bits can be easily adapted by changing the length of the information block. Synchronization functionality can be provided by synchronization signal which is further discussed in Section 3.4. 
Secondly, information bits can be mapped to different sequences. And by detecting the correct sequence the UE knows which information bits are sent. For example, OOK sequences, FSK sequences, or ZC(-like) sequences can be used. It may be difficult to carry a lot of bits by a sequence, and careful design may be needed to adapt to variable number of carried bits. Another benefit of this manner is that the sequence itself may be able to provide synchronization functionality.
Proposal 10: Identify categories of feasible methods for carrying necessary information by LP-WUS.
[bookmark: _Ref117775372]Monitoring behavior of LP-WUS
Basically, two different monitoring behaviors can be considered: continuous monitoring and duty-cycle monitoring. Based on the simulation results provided in our companion paper[4], duty-cycle monitoring can introduce larger latency than legacy baseline scheme, which is not beneficial for latency sensitive traffics. Therefore, in our view, at least continuous monitoring of LP-WUS should be supported. After that, duty-cycle monitoring can be further studied on e.g. how to reduce the latency impact, and configured if necessary.
Proposal 11: At least continuous monitoring of LP-WUS should be supported.
[bookmark: _Ref125811406]Synchronization
Synchronization of LP-WUR
Due to the low power consumption and low complexity requirement, the accuracy for the clock of the wakeup receiver can be quite low, leading to high clock drift. This results in large time/frequency errors, which impact the detection performance of LP-WUS. If the wakeup receiver is not synchronized with gNB in time and frequency, the LP-WUS cannot be received correctly. Therefore, even though non-coherent detection is used for the selected modulation of LP-WUS, the functionality of synchronization should still be provided for time/frequency tracking purpose. 
[bookmark: _Hlk118319657]To support synchronization functionality, synchronization signal (denoted as LP-SS) can be transmitted. 
· As a first design, dedicated LP-SS can be transmitted periodically. In this way, the overhead of the LP-SS is fixed once the periodicity T is selected, while the periodicity T may be determined based on the tolerable timing drift ΔT, which is further determined by the tolerable frequency error Fe and/or frequency drift F’. A discussion about possible frequency error Fe can be found in [3]. The relationship between a frequency error, Fe, and corresponding timing drift, ΔT, over a time, T, is ΔT = ±Fe * T, and the relationship between a frequency drift, F’, and corresponding timing drift, ΔT, over a time, T, is ΔT = ±0.5 * F’ * T2. Another benefit of periodical LP-SS is that it can also be utilized reliably to perform RRM measurement. 
· A second design is to provide synchronization functionality by the LP-WUS itself. For example, a sync-header can be added at the beginning of each LP-WUS followed by information blocks, which is a similar design as 802.11ba. As another example, if the information is carried by a sequence, the sequence itself may be able to provide synchronization functionality. In this design, the overhead of LP-SS adapts to the traffic. If there is no LP-WUS transmitted, then there is no overhead. Thus, it cannot support reliable measurement functionality.
Proposal 12: At least support periodically transmitted LP-SS for LP-WUS/WUR.
Re-sync of MR
When UE monitors LP-WUS by LP-WUR, the MR stays in ultra-deep sleep to save power. When MR wakes up from ultra-deep sleep, the time and frequency synchronization is completely lost. So, MR has to spend a long time to perform re-sync procedure, which increases both power consumption and latency. To reduce the effort for re-sync, LP-WUR can assist the re-sync procedure of MR. Specifically, if the symbol/slot/frame structure of LP-WUR has some relationship with the symbol/slot/frame structure of MR, the LP-WUR can get timing information based on LP-SS, and send the information to MR for initial timing calibration. Then the number of SSB used by MR can be reduced since the coarse timing is already maintained by MR.
Similarly, LP-WUR can also estimate the frequency offset by LP-SS. If the frequency location of LP-WUS and that of SSB have special relationship, the estimated frequency offset by LP-WUR can be indicated to MR for initial frequency calibration. Then the residual frequency error can be small enough to be adjusted within a short time.
Some simulation results are provided in our companion paper[4].
Proposal 13: If there is time and frequency relationship between LP-WUR and MR, then LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
Measurements and mobility
Based on the SID [1], LP-WUS can be used for IoT devices, wearable devices, as well as smartphones. At least wearable devices and smartphones move among different cells, for which measurements and mobility need to be supported. Otherwise the UE may not be able to receive paging information correctly. An example is shown in Figure 23, where the green part represents the coverage area of LP-WUS and the yellow part represents the coverage area of legacy NR cell. In the first scenario of Figure 23, there can be some coverage gap between LP-WUS and legacy NR cell, which leads to a ‘coverage hole’ of LP-WUS (see the red circle in the figure). In the second scenario of Figure 23, even though the coverage of LP-WUS is aligned with legacy NR cell, LP-WUS may not be deployed in all NR cells. In both scenarios, measurement is needed for reception of paging information. Mobility is also expected to be supported to avoid losing paging e.g. when UE moves out of tracking area.
[image: ]
[bookmark: _Ref114582585]Figure 23 An example when measurement is required
The RRM measurement includes serving cell measurement and neighbor cell measurement. Since low-power wake-up receiver will anyway receive signals from the serving cell, serving cell measurement can be performed together with normal LP-WUS/LP-SS reception. For example, a dedicated reference signal for measurement, e.g. the LP-SS, may be used. As another example, the LP-WUS itself may be designed to support measurement (in a sequence manner), which may require always-on LP-WUS to ensure reliable measurement.  
Proposal 14: At least serving cell measurement is supported by LP-WUR using LP-WUS/LP-SS.
If RRM measurement can be performed by LP-WUR, it should be discussed how to define the measurement quantity. For example, whether legacy quantities, such as RSRP, RSRQ and RSSI, can be reused or new quantities should be defined. Also, how to use the measurement quantities should also be discussed. For example, in current specification S-criterial is supported based on SS-RSRP and SS-RSRQ. It should be discussed how to support S-criterial if new quantities are defined.
Proposal 15: Further discuss how to define and use the measurement quantities by LP-WUR.
For neighbor cell measurement, there can be two ways. One way is to perform neighbor cell measurement by LP-WUR. In this way, power saving gain can be maximized due to minimized switching to MR. But due to the non-coherent detection of LP-WUR (if OOK/FSK is used), advanced interference handling is not feasible. Thus, it should be carefully designed how to transmit the reference signal for measurement. For example, to avoid interference the reference signals from different cells can be TDM-ed. An example is shown in Figure 24, where the blocks in white are the ‘interference-free’ measurement occasions for different cell. Another way is that UE use MR to perform measurements, which may reduce the power saving gain due to frequent switching between low-power wake-up receiver and MR. To further reduce the power consumption, the measurement by MR can be controlled by the result of serving cell measurement by low-power wake-up receiver, e.g., only when the channel state of serving cell is worse than a threshold, is neighbor cell measurement performed.
[image: ]
[bookmark: _Ref125815359]Figure 24 An example for neighbor cell measurement in TDM manner
Proposal 16: Further study how to support neighbor cell measurement.
Some evaluation results on power saving gain regarding different RRM measurement assumptions are provided in our companion paper[4].
Consideration for CONNECTED mode
The signal design is highly related to receiver architecture. A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode to avoid supporting two kinds of LP-WUS receiver architecture for different RRC states. This will reduce hardware design complexity. However, the UE behavior in CONNECTED mode is different from that in IDLE/INACTIVE mode. So, the functionality and procedure of LP-WUS for CONNECTED mode can be designed separately. For example, in IDLE/INACTIVE mode, the power consumption is mainly caused by unnecessary paging monitoring. But in CONNECTED mode, the power consumption mainly comes from unnecessary PDCCH monitoring.
Observation 17: A unified LP-WUS signal design for CONNECTED mode and IDLE/INACTIVE mode can avoid supporting two kinds of LP-WUS receiver architecture for different RRC states. 
Proposal 17: A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we discuss the signal design, functionality and procedure for LP-WUS. The following observations and proposals are made:
Observation 1: OOK, FSK, and sequence-based modulation can be generated by existing NR transmitter on gNB.
Observation 2: Higher bandwidth for OOK improves the performance, due to higher frequency diversity gain. 
Observation 3: For N-pulse OOK, the value of N has impact to link performance.
Observation 4: 4-pulse OOK demodulation with a quantization resolution of 4bit/sample, and ADC sampling rate of around 2 MHz provides comparable performance to the ideal ADC case.
Observation 5: For 4-pulse OOK signal generated with OFDM transmitter using SCS of 30kHz, for TDL-C 300ns channel model,  timing error cause 5 dB performance loss. For TDL-C 1000ns channel model, timing error of 1 cause 4 dB performance loss.
Observation 6: If the guard bands can cover frequency offset, OOK demodulation is insensitive to frequency offset and phase noise.
Observation 7: Higher bandwidth for FSK signal brings improved performance, due to higher frequency diversity gain. 
Observation 8: M-bit FSK demodulation with resolution of 4 bit/sample provides satisfactory performance with sampling rate of hundreds of kHz.
Observation 9: For FSK signal generated with OFDM transmitter using SCS of 30kHz, if the allocated bandwidth is 1.44MHz, a timing error less than  brings marginal performance loss. The performance loss can be more than 2 dB when timing error is more than .
Observation 10: If proper number of sub-carriers are used as guard bands between neighboring FSK candidates to cover frequency offset, FSK demodulation is insensitive to frequency offset. FSK demodulation is also not affected by phase noise.
Observation 11: FSK receiver provides capability for frequency error estimation and correction. 
Observation 12: Once oscillator frequency error is corrected, not only are smaller guard bands sufficient, but also the timing error is greatly reduced.
Observation 13: For sequence based modulation, it can be observed that the performance would be degraded by 1dB due to the phase noise and I/Q imbalance when 120uW oscillator is used.
Observation 14: Sequence based modulation has good coverage performance than energy detection, considering sequence with good correlation property can have better rejection effect with respect to noises and interference, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered.
Observation 15: The target data rate for LP-WUS design can be x101~x102kbps level.
Observation 16: To indicate paging information by LP-WUS, there is trade-off between power saving gain/latency and required data rate/coverage performance. 
Observation 17: A unified LP-WUS signal design for CONNECTED mode and IDLE/INACTIVE mode can avoid supporting two kinds of LP-WUS receiver architecture for different RRC states. 

Proposal 1: The following methods for generating an N-bit OOK, where N > 1, waveform are considered in the study:
· Shortening the duration of each pulse within one OFDM symbol based on CP-OFDM signal generation process.
· Shortening the duration of each pulse within one OFDM symbol based on DFT-S-OFDM signal generation process.
· Generating N parallel OOK signals multiplexed on N frequency locations.
Proposal 2: The following options for candidate frequency resources for FSK waveform are considered in the study: 
· Option 1: Each candidate frequency resource for FSK comprises a single subcarrier.
· Option 2: Each candidate frequency resource for FSK comprises a set of contiguous subcarriers
Proposal 3: Study sequence-based modulation by carrying information via different sequences or cyclic shifts for the OFDM based signal/channel for LP-WUS.
Proposal 4: Study sequence-based modulation based on DFT-S-OFDM signal generation process or pre-storing the frequency sequences of candidate sequences, with mapping onto CP-OFDM symbols.
Proposal 5: Study how to improve the coverage performance of LP-WUS.
Proposal 6: For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM.
Proposal 7: At least paging information is carried in LP-WUS, where LP-WUS can indicate per-UE information or per-group information.
Proposal 8: Further study how to indicate paging information to get a good balance between low data rate requirement and low false wakeup rate.
Proposal 9: The following information can be indicated by LP-WUS in addition to paging information:
a) Tracking area/RAN area information
b) Cell information
c) SI change and ETWS/CMAS information
Proposal 10: Identify categories of feasible methods for carrying necessary information by LP-WUS.
Proposal 11: At least continuous monitoring of LP-WUS should be supported.
Proposal 12: At least support periodically transmitted LP-SS for LP-WUS/WUR.
Proposal 13: If there is time and frequency relationship between LP-WUR and MR, then LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
Proposal 14: At least serving cell measurement is supported by LP-WUR using LP-WUS/LP-SS.
Proposal 15: Further discuss how to define and use the measurement quantities by LP-WUR.
Proposal 16: Further study how to support neighbor cell measurement.
Proposal 17: A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode.
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Appendix
[bookmark: _Ref127551553]Table A 1  Simulation assumptions for OOK modulation
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits

	Modulation
	OOK

	Signal Bandwidth
	2RB (720kHz)/ 4RB (1.44MHz)/ 6RB (2.16MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns 

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Non

	ADC
	Ideal quantization, 1.92MHz sampling

	Coding
	1/2 Manchester encoding



[bookmark: _Ref126155279]Table A 2  Simulation assumptions for Figure 15
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bit

	Modulation
	2bit-FSK

	Maximal supported data rate
	56 kbps

	Signal Bandwidth
	4RB (1.44MHz)/ 12RB (4.32MHz)/ 28RB (10.08MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns /1000ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Non

	ADC
	Ideal, no down sampling or quantization



[bookmark: _Ref126156435]Table A 3   Simulation assumptions for Figure 16
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bit

	Modulation
	4bit-FSK

	Maximal supported data rate
	56 kbps

	Signal Bandwidth
	4RB (1.44MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Non

	ADC
	Sampling rate: 480kHz / 960kHz / 1.92MHz
Sampling resolution: 2bit/sample and 4bit/sample



[bookmark: _Ref126245016]Table A 4  Simulation assumptions for Figure 17
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bit

	Modulation
	2bit-FSK

	Maximal supported data rate
	56 kbps

	Signal Bandwidth
	12RB (4.32MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Timing error: 0/1/2/4
No frequency error

	Phase noise
	Non

	ADC
	Ideal, no down sampling or quantization



[bookmark: _Ref126245099]Table A 5   Simulation assumptions for Figure 18
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bit

	Modulation
	2bit-FSK

	Maximal supported data rate
	56 kbps

	Signal Bandwidth
	4.32MHz

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	No timing error
Frequency error: 20ppm (60kHz) / 50ppm (150kHz)

	Phase noise
	Modelled as discussed in [4]

	ADC
	Ideal, no down sampling or quantization



[bookmark: _Ref127554396]Table A 6  Simulation assumptions for Figure 19
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits

	Modulation
	Sequence base modulation

	Simulated sequence
	ZC sequence with different cyclic shifts are simulated
root , the length of the root sequence is first maximum prime which is smaller or equal than the DFT size of LP-WUS:
· 47 for 4RB LP-WUS
· 11 for 2RB LP-WUS
119 for 12RB LP-WUSroot 
maximum number of cyclic shifts 

	Signal Bandwidth
	2RB (720kHz)/ 4RB (1.44MHz)/ 10RB (3.6MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns 

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Non

	ADC
	Ideal, no down sampling or quantization

	Block FAR
	0.1%



[bookmark: _Ref127554832]Table A 7   Simulation assumptions for Figure 20
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits

	Modulation
	Sequence base modulation

	Simulated sequence
	ZC sequence
root 
maximum number of cyclic shifts 

	Signal Bandwidth
	2RB (720kHz)/ 4RB (1.44MHz)/ 10RB (3.6MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns 

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Modelled as discussed in [4]
white frequency noise coefficient c=0.24 fs

	ADC
	Ideal, no down sampling or quantization

	Block FAR
	0.1%
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