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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
[bookmark: _Ref115429333]Waveform and numerology
In the SID [1], it is required that “all WUS solutions identified shall be able to operate in a cell supporting legacy UEs”. Therefore, only supporting standalone deployment, i.e. using dedicated frequency spectrum/band for transmitting low power wake-up signal (LP-WUS), is not preferred in this study. When the LP-WUS is transmitted together with other NR signals within the same carrier, it is highly desirable that the mutual interference between LP-WUS and legacy NR signals is minimized. To achieve this goal, the same waveform as NR transmissions, i.e. an OFDM-based waveform, is considered. If LP-WUS is transmitted based on OFDM-based waveform, it can keep orthogonal with legacy NR signals. 
Observation 1: LP-WUS with OFDM-based waveform can be orthogonal with co-existing NR signals.
To make LP-WUS easier to deploy, it is better that the processing by the transmitter is changed little. In 802.11ba, the wakeup signal can be generated by OFDM transmitter with OFDM-based waveform. Similar way can be utilized in this study for LP-WUS.
Proposal 1: LP-WUS uses an OFDM-based waveform.
Furthermore, to avoid/minimize the inter-subcarrier interference, LP-WUS should use the same numerology as co-existing NR signal/channels. For example, typically 30 kHz is used for TDD band and 15 kHz for FDD band in FR1. 
Observation 2: Inter-subcarrier interference can be avoided/minimized if the numerology of LP-WUS is the same as that of co-existing NR signal/channels in deployment.
Proposal 2: [bookmark: _Ref115429341]LP-WUS is assumed to use the same numerology as other co-existing NR transmissions.
Modulation
In our companion paper [3], three types of architecture are discussed, i.e. RF envelope detection, heterodyne, and zero-IF. For those architectures, OOK and FSK modulations can each be supported.
As discussed in our companion paper [2], scalable data rates should be studied for LP-WUS. When OFDM-based waveform is used, after the SCS is selected, the data rate of LP-WUS is determined by the number of bits carried within one OFDM symbol. We consider 1-bit OOK/FSK, and N-bit OOK/FSK (N>1), where the scalable data rates are supported by setting different N values. The maximum supported data rates for OOK/FSK are shown in Table 1. The typical SCS is assumed, i.e. SCS 15 kHz for FDD band and 30 kHz SCS for TDD band in FR1.
[bookmark: _Ref118664770]Table 1 Maximal supported data rate for OOK/FSK
	N
	SCS 15 kHz
	SCS 30 kHz

	
	OOK
	FSK
	OOK
	FSK

	1
	14 kbps
	14 kbps
	28 kbps
	28 kbps

	2
	28 kbps
	28 kbps
	56 kbps
	56 kbps

	4
	56 kbps
	56 kbps
	112 kbps
	112 kbps



Observation 3: Both OOK and FSK modulation can support scalable data rates from 10 kbps to 100 kbps with typical SCS 15 kHz and 30 kHz.
Based on the OFDM-based waveform and the SCS of legacy NR system, some examples of OOK modulation and FSK modulation are shown below. 
OOK modulation
[bookmark: _Hlk114234488]An example of 1-bit 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 low-power wake-up receiver can demodulate this signal by comparing the received energy to a detection threshold. For a more detailed discussion on OOK receiver structure, please refer to our companion contribution [3].

[image: ]
[bookmark: _Ref114245247]Figure 1 An example of 1-bit OOK transmitter block diagram.
For OOK, to support scalable data rate up to 100 kbps, N-bit OOK modulation should be studied, where the information is conveyed via N pulses within an OFDM symbols. Two possible methods can be considered to generate multiple pulses within an OFDM symbol. 
Method #1 is to shorten the duration of each pulse within one OFDM symbol. For example, N = 4 is assumed. Firstly, we can get the 4 ideal time domain rectangle pulses  = [1,1,…,1,0,0,…,0, 1,1,…,1,0,0,…,0] within one OFDM symbol, where each element represents the value for a time domain sample. Based on the time domain signal , we can get the corresponding frequency domain signal  by FFT.   is truncated from  to satisfy the bandwidth restriction of LP-WUS, which is mapped to the REs of LP-WUS and then fed into 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 [4]. In this way, the N-bit OOK transmitter is compatible with legacy NR OFDM transmitter.
[image: ]
[bookmark: _Ref118483940]Figure 2 N-bit OOK time domain waveform generated by first method
Method #2 is multiplexing within N frequency locations, i.e. N parallel OOK signals are transmitted. As shown in Figure 3, the raw binary bits are distributed to N frequency locations via serial-parallel conversion. In each frequency location at transmitter side, 1-bit OOK modulation (introduced in the above section) can be applied. Since 1-bit OOK can be compatible with legacy NR transmitter, N-bit OOK generated by the second 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-serial conversion.
[image: ]
[bookmark: _Ref118473989]Figure 3 Illustration of N-bit OOK transceiver

FSK modulation
An example of 1-bit FSK transmitter block diagram is shown in Figure 4. For FSK modulation, the information is conveyed by transmitting via one of two candidate frequencies, e.g. for bit 1, the signal is transmitted in frequency resource f1; for bit 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. Also note that single tone generated FSK signal allows different FSK receiver structures. For example, a FM-to-AM frequency discriminator can be used to convert frequency signal to amplitude signal thus allow simple demodulations. For a more detailed discussion on FSK receiver structure, please refer to our companion contribution [3].
[image: ]
[bookmark: _Ref118473928]Figure 4 An example of 1-bit FSK transmitter block diagram
N-bit FSK can be directly extended from 1-bit FSK by transmitting signal via one frequency resource from more than 2 candidate frequency resources to support scalable data rate up to 100 kbps. 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. As agreed in RAN1#110bis-e, FSK receiver can be implemented by parallel OOK receivers and a comparator circuit as shown in Figure 5. Single tone generated FSK signal can also be demodulated with FM-AM based receiver structure as shown in Figure 6. In this example it can be seen that 4FSK signal is converted into 4 different amplitude levels.


[image: ]

[bookmark: _Ref118379334]Figure 5 Illustration of 4FSK receiver based on parallel envelope detectors
[image: ]
[bookmark: _Ref118379352]Figure 6 Illustration of 4 FSK receiver based on FM-AM converter
Observation 4: OOK and FSK modulation can be generated by existing NR transmitter on gNB.
Aspects to be studied for OOK and FSK
For OOK and FSK, the following aspects should be studied:
Methods to generate OOK and FSK:  In section 2.1, it is proposed that LP-WUS uses OFDM-based waveform. When the OFDM-based waveform is generated, different coefficients fed into IFFT may lead to different detection performance. For example, the coefficients can be generated by random bits or specific sequence. So how to generate OOK and FSK and the corresponding performance should be further studied. 
Frequency separation for FSK: For FSK, the frequency separation of N candidate frequency resources is directly related to the SNR level at the receiver side. The tradeoff between bandwidth consumption and the demodulation performance thus needs evaluation. 
Sensitivity to timing error for OOK and FSK: In LP-WUS study, it is important to take timing error into account due to low accuracy of the local oscillator. For 1-bit OOK and FSK, the symbol duration may be the same as one OFDM symbol, so 1-bit OOK and FSK can be robust to timing error. However, when N‑bit OOK is generated by the Method#1 as shown in Figure 2, the shorter symbol duration is more sensitive to timing error, especially in propagation with large delay spread. Therefore, the performance under different delay spread and the impacts from synchronization error should be further studied.
In Figure 7, we provide preliminary results on the impacts from time synchronization error, while the assumed parameters are listed in Table 2. It is observed for 4-bit OOK by Method#1 with delay spread of 300 ns, a timing error of  and  cause performance loss of 1.5 dB and 4.5 dB at 1% BLER level, while timing error of  causes an error floor. The effect is more evident when delay spread is extended to 1000 ns. In this case, timing error of  causes performance degradation of 3.3 dB, while error floor appears when  timing error is applied. So for N-bit OOK with Method#1, the way to reduce residual timing error and to resist delay spread should be studied.
The impacts are milder to 4 FSK. For delay spread of 300 ns, timing error of  causes negligible impacts, and timing error of  causes performance loss of 2.1 dB. For delay spread of 1000 ns,  timing offset causes a 0.9 dB loss. 
Clearly, the immunity is brought by the long symbol duration. By the same argument, 1-bit OOK and 4-bit OOK with Method#2 are also more resilient to timing error. 
[bookmark: _Ref118464282]Table 2 Simulation assumptions
	Parameters
	Assumptions

	Modulation
	4-bit OOK 
with Method #1
	4 FSK

	Bandwidth
	
	
Each candidate frequency use 360 kHz

	Subcarrier spacing
	30kHz
	30 kHz

	Packet size
	48 bit
	48 bit

	Manchester Code Rate
	1/2
	Not applied

	FEC code
	None
	None

	Symbol duration
	
	

	Channel modeling
	TDL-C 300ns / 1000ns
	TDL-C 300ns / 1000ns

	User mobility
	3 kph
	3 kph

	Number of RX antennas
	1
	1
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[bookmark: _Ref118453248]Figure 7 Evaluation of the impacts on OOK and FSK due to timing error
Observation 5: Initial analysis shows N-bit OOK generated by shortening pulse duration within one OFDM symbol is more sensitive to timing error. 
Observation 6: FSK, 1-bit OOK, and N-bit OOK generated by not shortening pulse duration within one OFDM symbol are less sensitive to timing error.

Frequency offset and protection bandwidth for OOK and FSK: One major challenge for heterodyne and zero-IF receiver architecture is the frequency offset and phase noise introduced by low accuracy LO. The reported frequency offset can be as large as . When there is frequency offset, some legacy NR signal in the adjacent RBs may be received by LP-WUR, which can be regarded as interference. To avoid this, a protection bandwidth, which covers the maximum frequency offset, can be added at each side of the LP-WUS as shown in Figure 8. However, the protection bandwidth increases the resource overhead of LP-WUS. For a 2.6 GHz carrier, a protection bandwidth of  is needed at each side of the LP-WUS, which results in a 1.04 MHz protection bandwidth in total.
[image: ]
[bookmark: _Ref118395520]Figure 8 Illustration of protection bandwidth required for LP-WUS if frequency error is not corrected
Observation 7: If the frequency offset cannot be estimated and corrected, a larger protection bandwidth is needed.
A benefit of FSK demodulation is to allow straightforward estimation of frequency offset. For example, with FM-to-AM based receiver architecture, the frequency offset is translated to the amplitude shift in the converted AM signal. This is shown in Figure 9, where we simulate a 2-FSK system with 240 kHz separation between candidate frequencies. The ideally converted amplitude signal is shown by the blue curve, and a 100 kHz frequency offset is shown by the orange curve which is shifted upward. It is clear that the frequency offset can be estimated directly from the amplitude offset after FM-to-AM conversion. 
[image: ]
[bookmark: _Ref118396306]Figure 9 Amplitude offset caused by frequency offset in FM-to-AM based FSK receiver
If properly corrected, the frequency offset is drastically reduced. Figure 10 lists the required protection bandwidth for different frequency offset. If the residual frequency offset is  corrected from  for 2.6 GHz (or 4 GHz) center frequency, the required protection bandwidth can be reduced to 104 kHz (or 160 kHz) from 1.04 MHz (or 1.6 MHz). According to our companion paper [3], with RTC reference the frequency offset can be reduced to 50 ppm at the cost of additional tens of μW power consumption. In this case, the problem caused by frequency offset may be not as serious as , but FSK can also help to reduce the frequency offset to a lower level. 

[bookmark: _Ref118397562]Figure 10 Required protection bandwidth for different residual frequency offset
Observation 8: FSK modulation provides a straightforward way for frequency offset estimation. If frequency offset is properly correctly, the need for protection bandwidth can be reduced. 
Proposal 3: Study at least OOK and FSK for LP-WUS, including the following aspects:
· Methods to generate OOK and FSK waveform
· Frequency separation for FSK
· Impact on time synchronization error for OOK and FSK
· Frequency offset and protection bandwidth for OOK and FSK

Further consideration on modulation
OOK and FSK may suffer from inter-cell interference due to envelope-based detection, considering the energy from the serving cell, neighbor cells, and noise can not be distinguished by envelope detection. Sequence-based design, e.g. conveying information for wakeup by different cyclic shift values, can be considered beside OOK and FSK. For example, Zadoff-Chu (ZC) sequences have properties of ideal periodic autocorrelation and good cross-correlation, the inter-cell interference can be eliminated by correlation detection in the low-power wake-up receiver. The interference issue causing the degradation of LP-WUS performance may be resolved by sequence-based design.
In our companion paper [3], the zero-IF architectures and heterodyne architectures with low IF with correlation detector are proposed for LP-WUS demodulation, where a time-domain correlation between the local sequence and the received samples is performed with a comparable complexity as envelope detector. 
Sequences can be directly generated by an OFDM transmitter, and both other NR subcarriers and LP-WUS subcarriers can be fed into IFFT jointly to generate time domain signals.
Sequence design of LP-WUS can be further studied and evaluated on detection performance, efficiency, power consumption, and etc.  
Proposal 4: Sequence-based design such as using different cyclic shift values, can be studied for e.g. conveying information for wakeup.

LP-WUS multiplexing
Since the gNB may need to simultaneously wake-up multiple UEs, or multiple groups of UEs, LP-WUS multiplexing among UEs needs to be supported. The LP-WUSs of different UEs could be multiplexed by either TDM or FDM. These are applicable for both OOK and FSK modulation. The WUSs in LTE can be multiplexed by CDM by using orthogonal complex-valued sequences, which is possible since OFDM is used and coherent detection is assumed. A benefit of CDM is statistical multiplexing gain, i.e., higher average spectral efficiency since the irregular transmission of LP-WUS benefits from having shared time-frequency resources. CDM is not restricted to using complex-valued orthogonal sequences, e.g., CDM could be performed at the transmitter before an FSK/OOK modulator. Thus, TDM, FDM and CDM should be part of the study for LP-WUS.
Proposal 5: [bookmark: _GoBack]For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM.
Considerations on coverage performance
[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, FEC with low decoding complexity can be considered.
· Time domain diversity. For example, time-domain repetition or interleaving can be considered for LP-WUS to utilize time diversity.
· Frequency domain diversity. For example, frequency domain repetition or frequency hopping can be considered to utilize frequency diversity. However, this may require the receiver to support receiving at different frequency locations.
· 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 6: Study how to improve the coverage performance of LP-WUS.
Functionality and procedures for IDLE/INACTIVE mode
Information carried in LP-WUS 
For IDLE/INACTIVE UEs, the most important information to be received is paging-related information. Hence it is natural that paging-related information can be carried by LP-WUS. For example, when a LP-WUS carrying paging-related 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-related information is carried in LP-WUS, 
· LP-WUS can indicate per-UE information or per-group information
· FFS other information.
Some evaluation results on power saving gain regarding LP-WUS carrying per-UE or per-group information are provided in our companion paper [2].
How to carry information
Generally speaking, there can be two manners to carry the information. First, the information can be carried by block-wise information. For example, the transmitted bits are block-coded and then mapped as modulated symbols (e.g. OOK symbols or FSK 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 3.3. 
Secondly, information can be carried by sequences. For example, OOK sequences, FSK sequences, or ZC(-like) sequences. 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 8: Identify categories of feasible methods for carrying necessary information by LP-WUS.
[bookmark: _Ref117775372]Synchronization
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 is selected, while the periodicity may be determined based on the tolerable frequency error and/or frequency drift. A similar discussion can be found in [5]. 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.
· 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.
Proposal 9: Study how to support synchronization functionality for LP-WUS/WUR at least for time/frequency tracking purposes.
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 related information correctly. An example is shown in Figure 4, 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 4, 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 4, 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 related 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 11 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.  
Observation 9: Serving cell measurement can be performed by low-power wake-up receiver along with LP-WUS/LP-SS reception. 
For neighbor cell measurement, there can be two ways. One way is to perform neighbor cell measurement by low-power wake-up receiver. In this way, power saving gain can be maximized due to minimized switching to MR. But due to the non-coherent detection of low-power wake-up receiver, 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. 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. For example, only when the channel state of serving cell is worse than a threshold, is neighbor cell measurement performed
Proposal 10: Study how to support measurement and mobility functionality based on low-power wake-up receiver to minimize the triggering of main receiver for more power saving gains.
Some evaluation results on power saving gain regarding different RRM measurement assumptions are provided in our companion paper [2].
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 10: 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 11: 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: LP-WUS with OFDM-based waveform can be orthogonal with co-existing NR signals.
Observation 2: Inter-subcarrier interference can be avoided/minimized if the numerology of LP-WUS is the same as that of co-existing NR signal/channels in deployment.
Observation 3: Both OOK and FSK modulation can support scalable data rates from 10 kbps to 100 kbps with typical SCS 15 kHz and 30 kHz.
Observation 4: OOK and FSK modulation can be generated by existing NR transmitter on gNB.
Observation 5: Initial analysis shows N-bit OOK generated by shortening pulse duration within one OFDM symbol is more sensitive to timing error. 
Observation 6: FSK, 1-bit OOK and N-bit OOK generated by not shortening pulse duration within one OFDM symbol are less sensitive to timing error.
Observation 7: If the frequency offset cannot be estimated and corrected, a larger protection bandwidth is needed.
Observation 8: FSK modulation provides a straight forward way for frequency offset estimation. If frequency offset is properly correctly, the need for protection bandwidth can be reduced. 
Observation 9: Serving cell measurement can be performed by low-power wake-up receiver along with LP-WUS/LP-SS reception. 
Observation 10: 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: LP-WUS uses an OFDM-based waveform.
Proposal 2: LP-WUS is assumed to use the same numerology as other co-existing NR transmissions.
Proposal 3: Study at least OOK and FSK for LP-WUS, including the following aspects
· Methods to generate OOK and FSK waveform
· Frequency separation for FSK
· Impact on time synchronization error for OOK and FSK
· Frequency offset and protection bandwidth for OOK and FSK
Proposal 4: Sequence-based design such as using different cyclic shift values, can be studied for e.g. conveying information for wakeup.
Proposal 5: For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM.
Proposal 6: Study how to improve the coverage performance of LP-WUS.
Proposal 7: At least paging related information is carried in LP-WUS, 
· LP-WUS can indicate per-UE information or per-group information
· FFS other information.
Proposal 8: Identify categories of feasible methods for carrying necessary information by LP-WUS.
Proposal 9: Study how to support synchronization functionality for LP-WUS/WUR at least for time/frequency tracking purposes.
Proposal 10: Study how to support measurement and mobility functionality based on low-power wake-up receiver to minimize the triggering of main receiver for more power saving gains.
Proposal 11: A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode.
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