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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In RAN#94-e, it is agreed to study on low power wake-up signal and receiver for NR [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]Consideration of Low power wake-up signal
[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 support standalone deployment, i.e. using dedicated frequency spectrum/band for transmitting low power wake-up signal (LP-WUS), is not preferred. When the LP-WUS is transmitted together with some legacy NR signals, it is highly desirable that gNB can transmit LP-WUS and legacy NR signals without mutual interference. For legacy NR signals, OFDM-based waveform is used. If LP-WUS is transmitted based on OFDM-based waveform, it can keep orthogonal with legacy NR signals. 
Observation 1: Low power wake-up signal with OFDM-based waveform can be orthogonal with co-existing NR signals.
Proposal 1: Low power wake-up signal uses OFDM-based waveform.
Furthermore, to avoid/minimize the inter-subcarrier interference, when LP-WUS is transmitted from gNB side, it is preferred to use the same numerology as co-existing NR signal/channels in deployment. For example, typically 30kHz is used for TDD band and 15kHz for FDD band in FR1. 
Observation 2: The inter-subcarrier interference can be avoided/minimized if the numerology of low power wake-up signal is the same as that of co-existing NR signal/channels in deployment.
Proposal 2: [bookmark: _Ref115429341]Reuse the numerology of legacy NR signal/channels for low power wake-up signal transmission at gNB side.
Modulation
In our companion paper [3], two potential architectures of low power wake-up receiver are provided. In those architectures, demodulation is performed by an envelope detector or a FM-AM converter to obtain significant power reduction compared with the main receiver. They are both non-coherent detectors. 
To utilize these kinds of architectures to get potential power saving benefit, the modulation of LP-WUS needs to be designed to support non-coherent demodulation, such as OOK and FSK. And as analyzed in our companion paper [3], OOK and FSK have good characteristics to enable the use of simplified receivers. 
· OOK and FSK do not require LO with high spectral purity and stability, thus low accuracy LO with lower power can be used. 
· OOK is amplitude modulation, therefore only amplitude information needs to be detected.  FSK can be demodulated by using FM-AM conversion or parallel OOK detection to convert frequency difference to amplifier difference, so it also only needs to detect the amplitude information for further processing. Since no information is intended to be detected by the LP-WUR receiver through the phase of the signal, the receiver to demodulate the OOK and FSK modulation does not need quadrature operation (I/Q processing). 
· As OOK and FSK do not need a high resolution quantizer in the receiver, a comparator can be used instead. 
· Complicated baseband processing can be avoided, e.g. FFT operation, channel estimation, and equalization.
Observation 3: OOK and FSK can enable low power wake-up receiver considering the following aspects:
· Low accuracy LO
· Not require quadrature operation (I/Q processing)
· Not require high resolution quantizer
· Not require complicated baseband processing, e.g.  FFT, channel estimation and equalization
It is important that the modulation for LP-WUS allows low power demodulation at the receiver side. It is also critical to preserve orthogonality within the OFDM symbol, resulting in no leakage from the LP-WUS to the adjacent subcarriers and vice versa. Based on the legacy NR waveform and numerology, some examples of OOK modulation and FSK modulation are shown below. 
[bookmark: _Hlk114234488]An example of OOK transmitter block diagram is shown in Figure 1. For OOK modulation, the information is conveyed via one or several pulses within an OFDM symbols. The Fourier coefficients of the IFFT are selected to produce a proper pulse shape. This is compatible with OFDM transmitter, and both legacy NR subcarriers and LP-WUS subcarriers are fed into IFFT jointly to generate time domain signals.  Figure 1 shows an example for a pulse shape with ideal step functions. The low power 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 OOK transmitter block diagram where 1 bit is transmitted per OFDM symbol.
[bookmark: _Hlk114234860]An example of FSK transmitter block diagram is shown in Figure 2. For FSK modulation, the information is conveyed by transmitting via one of multiple candidate frequencies, e.g. for bit 1, the signal is transmitted in f1; for bit 0, the signal is transmitted in frequency resource f0. As shown in Figure 2, this can be implemented by transmitting over one of two candidate subcarriers, and one bit can be transmitted within an OFDM symbol. 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 the same time, only one frequency location has energy. The low power receiver can use different filters matched to candidate frequency locations, and then demodulate this signal via the energy difference of f1 and f0. Figure 3 is just an illustration of one possible implementation of FSK transmitter. Also noted that single tone generated FSK signal allows different FSK receiver structures. For example, a frequency discriminator can be used to convert frequency signal to amplitude signal thus allow simple demodulations. These approaches are widely used in applications such as FM broadcast. For a more detailed discussion on FSK receiver structure, please refer to our companion contribution [3].
 [image: C:\Users\t00496347\AppData\Roaming\eSpace_Desktop\UserData\t00496347\imagefiles\DB5F7159-49DD-4D11-B45E-F6FC3C8B231F.png] 
[bookmark: _Ref114245698]Figure 2 An example of FSK transmitter block diagram
Observation 4: OOK and FSK modulation can be generated by existing NR transmitter on gNB.
Proposal 3: [bookmark: _Hlk114612176]Study low power wake-up signal using modulation types supporting non-coherent demodulation on UE side, e.g. OOK and FSK. 
Different pulse shapes could be used, e.g., OOK or OOK with Manchester coding. Moreover, based on the number of bits carried within one OFDM symbol, the modulation can be categorized into two types: 1-bit OOK/FSK (as shown in Figure 2 and Figure 3) and multi-bit OOK/FSK. Figure 3 is an is an example of a transmitter for multi-bit OOK. 

[image: ]
[bookmark: _Ref114670035]Figure 3 Illustration of multi-bit OOK utilizing different pulse shapes.
The 1-bit OOK/FSK can only support limited data rate.  For example, if OOK signal is generated with OFDM transmitter with SCS of 30kHz, the maximum supported OOK symbol rate is only 28 kbps, meaning that the supported maximum data rate is only 28kbps. However, as discussed later in Section 3.1, the required data rate may be on the level of tens or hundreds of kbps. Therefore, if required data rate is up to hundreds of kbps, solutions to increase supported data rate, e.g. multi-bit OOK/FSK, need further study.
To increase the data rate, one solution is to generate OOK/FSK symbols using OFDM transmitter with higher SCS, such as 60kHz and 120kHz. The supported data rate for 1-bit OOK/FSK with different SCS is shown in Table 1. However, as we analyzed in section 2.1 (see proposal 2), the numerologies used for LP-WUS and legacy NR are preferred to be the same. Increasing SCS may cause co-existence problem. Alternatively, multi-bit OOK/FSK could be used. For multi-bit OOK, one possible method is to generate several pulses within an OFDM symbol, an example design in shown in [4]. For multi-bit FSK, another possible method is to transmit the signal within one of multiple, e.g. 4, candidate frequency locations within an OFDM symbol.  

Table 1: Maximal supported data rate for 1-bit OOK/FSK with different SCS
	SCS
	Maximal data rate (w/o Manchester)

	15kHz
	14 kbps

	30kHz
	28 kbps

	60kHz
	56 kbps

	120kHz
	112 kbps



Proposal 4: Study multi-bit OOK/FSK modulation within one OFDM symbol for low power wake up signal. 

Considerations on channel coding
Before stable evaluation results are available in 3GPP, it is unclear how the coverage performance of LP-WUS is if no channel coding is used. If evaluations show bad coverage performance, coding can be considered to improve the performance. However, it’s anticipated that mere repetition will be inefficient. Especially if non-coherent receiver is used, the gain from combination of repetitions will be limited.
Therefore, it is reasonable to study the feasibility of FEC for LP-WUS if the coverage is proved to be an issue. Clearly, 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.
Observation 5: Repetition is inefficient to improve coverage performance, if non-coherent receiver is used for low power wake up signal. 
Proposal 5: Study FEC with low decoding complexity if the coverage performance of LP-WUS needs to be improved.
Functionality and procedures
Information carried in LP-WUS 
As analyzed in our companion paper [2], LP-WUS can at least be used for IDLE/INACTIVE mode. 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 wakeup receiver can trigger the main receiver on to perform legacy NR procedures.
When paging related information is carried by LP-WUS, LP-WUS can either replace legacy paging (then UE does not receive legacy paging by main receiver), or jointly used with legacy paging (then UE still receives legacy paging by main receiver).
Proposal 6: At least paging related information is carried in low power WUS, FFS other information.
The target data rate of LP-WUS can be set to support the specific functionality. For indicating the paging related 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 = 614.4 kbps. 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~x102 kbps level.
Observation 6: The target data rate for LP-WUS design can be x101~x102 kbps level.
 How to carry information
Generally speaking, there can be two manners to carry the information. The first is to carry the information in blocks. For example, the transmitted bits are block-coded and then modulated as modulated symbols (e.g. OOK symbols or FSK symbols). The second manner is to carry the information by sequences, in which the transmitted bits are directly mapped to a specific sequence.
Proposal 7: Identify categories of feasible methods for carrying necessary information by LP-WUS.
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. 
To support synchronization, there can be different designs. For example, the synchronization functionality can be supported by dedicated synchronization signals, or the LP-WUS itself may be designed to support synchronization functionality.
Proposal 8: 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] and as analyzed in our companion paper [2], 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 4 An example when measurement is required
To support measurement and mobility functionality, there can be different designs. On one hand, the measurement can be performed by the wake-up receiver itself. For example, a dedicated reference signal for measurement, e.g. the synchronization signal, may be used. As another example, the LP-WUS itself may be designed to support measurement, which may require always-on LP-WUS to ensure reliable measurement.  On the other hand, UE may switch to use the main receiver to perform measurements, which may reduce the power saving gain due to frequent switching between wakeup receiver and main receiver.
Proposal 9: Study how to support measurement and mobility functionality based on LP-WUR signal to minimize the triggering of main receiver for more power saving gains.
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: Low power wake-up signal with OFDM-based waveform can be orthogonal with co-existing NR signals.
Observation 2: The inter-subcarrier interference can be avoided/minimized if the numerology of low power wake-up signal is the same as that of co-existing NR signal/channels in deployment.
Observation 3: OOK and FSK can enable low power wake-up receiver considering the following aspects:
· Low accuracy LO
· Not require quadrature operation (I/Q processing)
· Not require high resolution quantizer
· Not require complicated baseband processing, e.g.  FFT, channel estimation and equalization
Observation 4: OOK and FSK modulation can be generated by existing NR transmitter on gNB.
Observation 5: Repetition is inefficient to improve coverage performance, if non-coherent receiver is used for low power wake up signal. 
Observation 6: The target data rate for LP-WUS design can be x101~x102 kbps level.

Proposal 1: Low power wake-up signal uses OFDM-based waveform.
Proposal 2: Reuse the numerology of legacy NR signal/channels for low power wake-up signal transmission at gNB side.
Proposal 3: Study low power wake-up signal using modulation types supporting non-coherent demodulation on UE side, e.g. OOK and FSK. 
Proposal 4: Study multi-bit OOK/FSK modulation within one OFDM symbol for low power wake up signal. 
Proposal 5: Study FEC with low decoding complexity if the coverage performance of LP-WUS needs to be improved.
Proposal 6: At least paging related information is carried in low power WUS, FFS other information.
Proposal 7: Identify categories of feasible methods for carrying necessary information by LP-WUS.
Proposal 8: Study how to support synchronization functionality for LP-WUS/WUR at least for time/frequency tracking purposes.
Proposal 9: Study how to support measurement and mobility functionality based on LP-WUR signal to minimize the triggering of main receiver for more power saving gains.
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